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ABSTRACT

e conducted triaxial deformation experiments on large (0.1-m; 0.33-ft)-

diameter cores of four sandstones from the Moab area to investigate the

effect of total axial strain and effective confining pressure on the evolution
of bulk permeability of faulted samples. Sandstones with low bulk porosities (Dewey
Bridge and Slickrock Subkha) exhibited an increase in permeability with increasing
inelastic axial strain at low effective confining pressures, whereas those with high
porosity (Navajo and Slickrock Aeolian) showed a decline in permeability. However,
all samples showed permeability decline with increasing inelastic axial strain at high
effective confining pressures. Meanwhile, microstructural observations revealed no
systematic dependence of the width of the shear zone and the number of deformation
bands on either strain or effective confining pressure, although grain-size reduction
was more intense at high effective confining pressures. A new geometric model has
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been developed based on these observations for a constant effective confining pressure
and is shown to provide excellent agreement with the experimental data at all effective
confining pressures. However, the parameters of the model depend only weakly on
effective confining pressure for low-porosity sandstones, suggesting that cataclastic fault
seals in low-porosity rocks have a low sensitivity to burial depth in the range studied here.

INTRODUCTION

Faults are an important factor in the exploration,
production, and management of hydrocarbon pros-
pects. On the one hand, they act as hydrocarbon mi-
gration pathways through which reservoir rocks are
recharged from source rocks or through which hydro-
carbons are lost from reservoirs. On the other, they
provide seals for creating hydrocarbon traps. This con-
tribution will focus on the evolution of permeability in
cataclastic faults during active deformation of silici-
clastic sandstones from Moab, Utah.

In a general case, seals can be classified as mem-
brane or hydraulic seals based on their most likely fail-
ure mode (Watts, 1987). Membrane seals, also referred
to as capillary seals, arise from high capillary entry pres-
sures that prevent hydrocarbons moving through the
interconnected pore throats (Ingram et al., 1997). Mean-
while, hydraulic seals form when the hydrocarbon entry
pressure exceeds the mechanical strength of the seal
(Yielding et al., 1997). Research so far has shown that
faults forming hydrocarbon seals arise from several mech-
anisms operating singly or in combination (Smith, 1966;
Berg, 1975; Watts, 1987; Knipe, 1992, 1997; Macaulay et
al., 1997; Yielding et al., 1997; Ngwenya et al., 2000):

1) lithologic juxtaposition, in which the reservoir rock
is in contact with a low-permeability rock with high
capillary entry pressure

2) clay smearing, where clays and shales have been
entrained into the fault plane and thus impart to
the fault a high capillary entry pressure

3) cataclasis, in which grains are crushed to produce
finer grained, poorly sorted, fault gouge with better
packing and, hence, smaller pore throats

4) diagenesis, in which the fault is preferentially ce-
mented, either during regional fluid flow or en-
hanced precipitation kinetics of pressure solution
and Ostwald ripening resulting from the reduced
grain size

Although these mechanisms are now well understood,
the effective exploitation of this knowledge in hydro-
carbon production and management is limited by our
inability to predict sealing capacity of faults in the
subsurface. Prediction of fault-seal intensity requires
the development of mathematical algorithms that ac-
count for the effect of parent rock composition, stress,

fault displacement, and fluid chemistry (Main et al.,
1994; Knipe, 1997; Yielding et al., 1997).

In general, seismic data and production history give
some information about which faults act as seals, but
petrographic and petrophysical analysis at the core scale
is commonly required to assess sealing mechanisms to
aid development of predictive algorithms relating to
host rock composition (Fisher and Knipe, 1998; Knipe
et al., 1998). However, most of the petrographic and
petrophysical analysis is carried out at ambient con-
ditions. Consequently, it does not provide sufficient
information to predict fault sealing in a production
setting where changes in effective stress and fluid com-
position may lead to fault seals evolving because of
fault reactivation (Holdsworth et al., 1997) and/or dia-
genetic processes (Ngwenya et al., 1995). Laboratory
experiments can address some of these problems, be-
cause permeability of faulted and intact rocks can be
measured directly in the laboratory, considering external
variables. In addition, microstructural analysis of ex-
perimentally deformed samples provides a reasonable
image of the geometry of faults, thus allowing sealing
mechanisms to be correlated with in-situ conditions.

In this chapter, we present data from a suite of ex-
periments on siliciclastic sandstone reservoir analogs
sourced from the Moab area in Utah, United States. The
experiments were designed to investigate (1) the evo-
lution of permeability as a function of stress and fault
displacement and the relationships to fault zone micro-
structures and (2) variations arising from subtle changes
in host rock composition. The experimental data are
analyzed in terms of a new geometric model of per-
meability evolution that depends on increasing slip
displacement and is based on microstructural evolu-
tion of the faulted samples. The parameters of the model
are sensitive to effective confining pressure and capture
the style and geometry of deformation in rocks with
different petrophysical properties.

Another key concern in the management of faulted
hydrocarbon reservoirs, as well as in basin models, is the
possible reactivation of previously sealed faults in re-
sponse to changes in stress induced by changes in fluid
pressure during production and tectonic loading. The
resulting movement may breach a permeability bar-
rier (seal) that is critical to the maintenance of hydro-
carbon columns or indeed may be a desired effect that
creates a more effective hydrocarbon pathway to pro-
duction wells (e.g., Sibson, 1990). Thus, characterization
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of the evolution of permeability as a function of slip
displacement should also provide understanding of the
manner in which such reactivation episodes affect fault
seals.

EXPERIMENTAL METHODS
Test Materials

Four different sandstones from the Moab area in
Utah were tested for this study. The sandstones tested
are Navajo Sandstone, Slickrock Aeolian, Slickrock Subkha,
and Dewey Bridge sandstones. The latter three are mem-
bers of the thicker and more extensive Entrada Sand-
stone Formation, which overlies the Navajo Sandstone
formation (Foxford et al., 1998). Prior to testing, the
sandstones were characterized for mineralogy by pow-
der x-ray diffraction and in thin section using the pet-
rographic microscope. Initial porosities were determined
by the water saturation method.

All the sandstones are generally predominantly
quartzo-feldspathic in mineralogy but differ in grain
texture and/or proportions of diagenetic minerals,
which affects their petrophysical properties. Navajo
samples are fine to medium grained (with modal di-
ameter of 160 pm) and consist of subangular to sub-
rounded quartz (75%) and K-feldspar (25%), with trace
amounts of intergranular calcite. No obvious clays are
present other than perhaps those associated with heavily
altered individual feldspar grains. Slickrock Aeolian
samples are slightly larger grained (180 pm), with much
more rounded grains ranging from 0.1 to 0.5 mm (0.004
to 0.02 in.) in diameter. K-feldspar content is around
10%, and it is heavily altered. Calcite content can be as
much as 5%, whereas illite is a subordinate phase that
can locally reach 1%. Meanwhile, Slickrock Subkha
samples are finer grained (130 pwm) relative to Slickrock
Aeolian and contain about 84% quartz, 15% K-feldspar,
and about 1% carbonate [an-
kerite(?)]. Occasional laths of
mica and illite are present,
and all the detrital grains,
which are subangular to sub-
rounded, are coated in a rim

same texture as Slickrock samples (bimodal at 105 and
262 pm), but the amount of hematite is higher. Most
samples are also banded into light, coarser bands with
more tightly packed grains and finer bands, with more
angular grains and a higher content of intergranular
hematite. Dewey Bridge samples did not contain much
clay based on bulk rock x-ray diffraction analysis.

Initial connected porosity was determined by taking
the difference in weight of whole samples or end slabs
before and after saturation with distilled water under
the vacuum for 60 min. The weight of the saturated
sample was recorded, and then the sample was dried in
an oven at 60°C until there was no change in weight. At
this point, it was assumed that the sample was nomi-
nally free of pore fluid, and porosity was determined from
the weight difference, assuming a value of 1000 kg/m®
for the density of distilled water. The initial average po-
rosities determined in this way are 21, 23, 17, and 16% for
Navajo, Slickrock Aeolian, Slickrock Subkha, and Dewey
Bridge sandstones, respectively.

Deformation Experiments

The role of effective stress and axial strain on per-
meability evolution was investigated using a large-
capacity triaxial apparatus. This servo-controlled triax-
ial deformation apparatus was designed to apply axial
load and radial confining pressure to right cylindri-
cal samples of 100 mm (3.9 in.) diameter and 200-
225 mm (7.9-8.9 in.) long. Such large sample sizes are
required to simulate realistic analogs of natural defor-
mation bands (Main et al., 2000; Mair et al., 2000;
Ngwenya et al., 2003). The disadvantage, however, is
to limit the number of tests that can be conducted
for materials that are not locally available.

The triaxial deformation apparatus (Figure 1) con-
sists of several components. These include (1) a linear
actuator to provide axial load; (2) a large, cylinder-shaped
pressure vessel in which the sample sits on a basal plinth;
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(3) a confining pressure intensifier that supplies high-
pressure confining fluid to the pressure vessel; (4) a stiff
loading frame with a stiffness of 1.05 x 10° N m~!, de-
signed to minimize elastic stretching of the rig during
deformation experiments; (5) pore-pressure pumps and
control unit to apply pore pressure to the sample; (6)
a computer data acquisition system; (7) an electronic
control cabinet to control the apparatus; and (8) a large
hydraulic pump unit to supply pressurized oil to the
main hydraulic circuit and confining pressure inten-
sifier. A maximum axial load of as much as 2 MN can
be applied on the end surfaces of the sample by the ac-
tuator, and a maximum confining pressure of 70 MPa can
be achieved in the pressure vessel. Maximum principal
stress (o1) is applied axially to the end surfaces of the
sample, and an equal amount of intermediate stress (o)
and minimum stress (o'3) is applied radially as a confining
pressure (P. = o, = 03). All tests were loaded initially to
hydrostatic pressure (o7 = 0 = ¢3) conditions at room
temperature, and then o; was increased under constant
strain rate loading, keeping o3 constant. The effective
confining pressure (P.) is defined as the difference
between confining pressure (P.) and pore pressure (Pp)
(i.e., P.=P.— Pp). One suite of samples was deformed at
a constant confining pressure to different ultimate axial
strains of as much as 5.5%. A second suite of samples
was deformed to about 5% axial strain as a function of
confining pressure ranging from 20.7 to 55.5 MPa. In all
cases, a perforated Melinex® sheet was placed on both
ends of the sample to minimize frictional end effects.

Concurrent measurements of permeability starting
at an initial hydrostatic permeability (ko) were made
during the deformation experiment with a specially
designed flowthrough fluid-pressure system (Figure 1).
Bulk permeability (kpuix) Was calculated using Darcy’s
law based on steady-state flow in the form

_QuL
kbulk = AdP (1)

where Q is the flow rate; p is the dynamic viscosity of
the permeant; L is the sample length; A is the cross-
sectional area of the sample; and dP is the pressure
difference across the sample. In this study, liquid per-
meabilities were measured under fully saturated con-
ditions using multipar-H isoparaffinic hydrocarbon as
permeant, which has a dynamic viscosity of 1.15 cp.
Fluid pressure in the downstream reservoir was main-
tained constant at 6.9 MPa for all experiments using a
backpressure regulator and a bladder-type accumulator.

The fluid delivered to the upstream reservoir was
maintained at a constant flow rate using a single-stroke
ISCO™ syringe pump, whereas the pressure difference
to maintain this constant flow rate was measured con-
tinuously using a Validyne differential pressure trans-
ducer. Flow rates used varied depending on the initial
permeability of each core sample, from 3.3 to 8.3 X

10°® m? s'. Permeabilities were measured continu-
ously over the entire deformation period, which was
carried out at an axial strain rate of approximately
5 x 107%s~'. It was assumed that this strain rate is low
enough to maintain a steady-state condition during
the experiment, so that the permeabilities can be mea-
sured continuously without stopping and holding the
differential stress (e.g., Zhu and Wong, 1997). This was
done to allow us to capture changes in permeability
during the strain-hardening and strain-softening phases
prior to dynamic failure of the sample. Although this
assumption cannot be independently verified, the lack
of differential pore-pressure transients during the quasi-
static phases of loading suggests that it may have been
satisfied. Under dynamic conditions, a strong suction
pump may affect the upstream pore pressure, render-
ing Darcy’s law invalid (Grueschow et al., 2003).

Volumetric strains of the sample were also deter-
mined by measuring fluid volume changes in the confin-
ing pressure system required to maintain the constant
confining pressure during deformation. The displace-
ment of the P, intensifier piston that occurred to main-
tain constant P. during deformation was converted to
the volume assuming that changes in the confining
pressure system volume are caused by changes in the
volume of the sample. Volumetric strain was calculated
from the change in sample volume divided by the ini-
tial sample volume before application of the initial
hydrostatic pressure.

Microstructural Observations
and Grain-size Analysis

After each test, deformed samples were dried and
sliced in a direction perpendicular to the core axis while
the sample was still encased in the rubber sleeves. The
cut surfaces were photographed, and fracture patterns
on the cut surfaces were examined. One-half of each cut
sample was impregnated with polyester resin, and thin
sections were prepared parallel to the sample axis and
perpendicular to the fracture plane. Microscopic obser-
vations were carried out using polarized light micros-
copy to determine the mode of deformation and details
of fracture geometry.

The fracture patterns on the lateral surfaces were also
examined after the removal of the rubber sleeve from the
second half. This second half sample was split along the
fractures, and gouge materials were collected from the
fracture surfaces. Grain-size analysis was carried out on
particles collected from the fracture surfaces using a laser
particle size analyzer with a range of 0.4-1000 wm. The
grain-size distribution of the starting material was ana-
lyzed by carefully breaking off thin slabs of the core by
hand. This provided a reference for the evolution of grain-
size distribution in the fault gouge during deformation.
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FIGURE 3. Graphs showing permeability evolution, normalized to the initial hydrostatic value and volumetric
strain for Navajo (a and b) and Slickrock Subkha (c and d) samples at different effective confining pressures.

track one another. For example, the postfailure perme-
abilities for Navajo, Slickrock Aeolian, and Slickrock
Subkha sandstones are nearly constant or decrease to
only 50% of the initial hydrostatic values, while sam-
ples are dilating. This implies that fault sealing more
or less balances or overcomes the increase in porosity
caused by dilatancy. Meanwhile, the trend for the Dewey
Bridge sample is of increasing permeability with in-
creasing postfailure strain and positive dilatancy, im-
plying only very weak fault sealing. This contrasts
strongly with the permeabilities for Clashach sandstone,
which were found to decrease by as much as three orders
of magnitude with increasing axial strain at similar
effective confining pressures (Ngwenya et al., 2003).
Changes in effective confining pressure also appear
to affect each rock type differently. For example, the
strain-dependent permeability of Navajo samples shows
slightly more nonlinearity as effective confining pres-
sure increases and as the volumetric response becomes
compactive (Figure 3a, b). This is consistent with other
studies (Teufel, 1987; Ngwenya et al., 2003) but contrasts
with the trend for Slickrock Aeolian and Slickrock Subkha
samples (Figure 3c, d), where the permeability change
remains linear with increasing inelastic axial strain at

different effective confining pressures and depends only
weakly on confining pressure. For the Dewey Bridge and
Slickrock Aeolian samples, it is not possible to establish
any trend, because only one sample was deformed at a
higher (34.5 MPa) effective confining pressure, at which
the permeability also decreases linearly with inelastic
axial strain. With the exception of the Navajo Sand-
stone, the permeability evolution for Moab sandstones
has lower sensitivity to both inelastic axial strain and
effective confining pressure relative to the Clashach
sandstone (Ngwenya et al., 2003).

Fault Zone Microstructures and Gouge
Grain Size Distribution

All sandstone samples deformed in this study failed
by shear fracture (deformation band) with grain-scale
mechanisms that included dilatant tensile cracking,
crack extension by linkage of tensile cracks, cataclasis,
and frictional sliding. Macroscopic shear fractures devel-
oped at inclinations of 15-35° to the maximum com-
pression direction, and some samples exhibited incipient
conjugate fractures. At low effective confining pressure,



FIGURE 4. Graphs showing
the relationship between the
number of deformation bands
and total axial strain for
(a) Navajo, (b) Slickrock Sub-
kha, and (c) Dewey Bridge
sandstones. Unlike Clashach
sandstone (d), no correlation
exists between the number of
deformation bands and the
total axial strain for these
sandstones.
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deformation bands and the total axial strain for any of
the three Moab sandstones (Figure 4a—c). In other rock
types analyzed previously, the number of deformation
bands increased linearly with increasing total axial strain,
as shown in Figure 4d for the case of the Clashach sand-
stone (Ngwenya et al., 2003). In addition, shear frac-
tures that developed in samples deformed to large total
axial strain are only slightly wider than those at low
total axial strains (Figure 5). However, there appears to
be no systematic widening of the fault zone with in-
creasing effective confining pressure (Figure 6). This
contrasts with field observations of Shipton and Cowie
(2001), who found that the width of damage zones con-
sisting of deformation bands increased as offset on the
fault was accumulated in Navajo Sandstone. These dif-
ferences lend weight to the inference that microstruc-
tural characteristics are likely to depend on grain-size-
to-sample-size ratio (Mair et al., 2000).

Observations on the radial surfaces of the cores
commonly show that wider fracture zones consist of
multiple strands (deformation bands) of highly com-
minuted cataclastic zones and dilated pods with a
high density of extensional microcracks. However,
when slabbed parallel to the axial direction and nor-
mal to the fault zone trace, it is commonly found that
the distribution of strain is not homogeneous. For the
most part, only two to three distinct strands are evi-
dent, but the fault zone can locally splay into several
strands (Figure 7a). These observations were confirmed
by microscopic examination of thin sections made per-
pendicular to the fault zone (Figure 7b). Thin-section
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observations also suggest that at high effective confin-
ing pressures, some of the strain may be accommodated
by the formation of new strands within and at a low
angle to existing strands with finer grain sizes. This may
explain the apparent lack of positive correlation between
the number of deformation bands with total axial strain
and/or effective confining pressure. Additionally, defor-
mation bands in samples containing hematite develop
discontinuous stringers (Figure 7b) similar in structure
to phyllosilicate domains described from clay-rich gouge
(Fisher and Knipe, 1998).

The lack of variation in grain-size distribution with
total axial strain (Figure 8a, b) is consistent with ob-
servations on other siliciclastic sandstones (Mair et al.,
2000; Ngwenya et al., 2003). Similarly, analysis of the
grain-size distribution for Slickrock Subkha samples de-
formed at varying effective confining pressure shows a
shift toward increasing volume of finer grain size and
also poorer sorting (Figure 8c). These observations are
consistent with increasing grain comminution at high
confining pressures in both small samples (e.g., Craw-
ford, 1998) and large samples (Mair et al., 2002; Ngwenya
et al., 2003).

INTERPRETATION AND
DISCUSSION OF RESULTS

Our experiments were designed primarily to inves-
tigate the role of strain, effective confining pressure, and
host rock composition on fault permeability evolution
in different siliciclastic sandstones from the Moab area.
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The results generally demonstrate a small variation in
behavior for the different rock types analyzed. In this
section, the implications of these observations are
examined through the derivation of a geometric model
of fault permeability evolution that may offer potential
for predicting fault-seal intensity in siliciclastic hydro-
carbon reservoirs in rocks with similar properties.

Geometric Model for
Permeability Evolution

Main et al. (2000) developed a geometric model for
evolution of permeability against axial strain in the
postfailure phase. The model was based on the micro-
structural observations of Mair et al. (2000), notably the
linearly increasing width of the fault zone caused by the
formation of new deformation bands with increasing
total axial strain. The model was later shown to be valid
at different effective pressures (Ngwenya et al., 2003).
Because our Moab data do not show systematic changes
in the width of the shear band with postfailure strain,
this model is not applicable in its present form. Nev-
ertheless, the other assumptions on which the model
was based are still valid. Thus, during deformation at
constant effective confining pressure, (1) the bulk sam-
ple may either dilate or compact depending on the
effective confining pressure. Consequently, the perme-
ability of the matrix (ky,) can increase or decrease dur-
ing dilation or compaction, respectively. Furthermore,
(2) the porosity of each deformation band (db) is con-
stant, so that kg, stays constant with increasing in-
elastic axial strain. Finally, (3) permeability varies expo-
nentially with porosity over the small range of porosity
changes measured. Based on the last assumption, the
matrix permeability is defined by the equation

ki = ko exp[n(¢ — bo)] (2)

where m is a constant whose significance is discussed
later, whereas ko is the bulk permeability measured at
hydrostatic conditions, and ¢, is the initial porosity.
For most of our data, the volumetric strain varies lin-
early with inelastic axial strain (8 = ¢ — &.), where & is
the axial strain immediately after macroscopic failure
(axial strain is defined positive for axial shortening).
Thus, we define the porosity change in the postfailure
regime by (Ngwenya et al., 2003)

¢ — o =—1d (3)

FIGURE 5. Radial view of Navajo samples deformed to
different total axial strains, (a) 1.92%, (b) 3.37%, and
(c) 5.22%, showing that the fault zone width does not
scale linearly with total strain.
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where A is the rate of change of volumetric strain with
inelastic axial strain, such that when A is greater than O
and 3 is greater than 0, the sample compacts overall.
Combining equations 2 and 3 yields

km = ko exp(—ind) = ko exp(—vd) (4)

where y = An. This equation is identical to equation 4
of Main et al. (2000). Assuming that the bulk perme-
ability (kpui) of the sample is a geometric mean of the
permeability of the fault and matrix yields

Ink)l;
Akl ke + lo(1 = 8) — w) Inkn

Ip(1 )

n
i=1

In kpuik =

n
li
i=1

Q)

where k; is the permeability of the shear band; /; is the
individual path length; and w is the width of the shear
band, which, in this case, does not vary with postfailure
axial strain. Substituting equation 4 into equation 5
and simplifying leads to

~pin(R) + (- 1)¥0 + 992

In kpuix = Inko + T-0)

(6)

For ko = k., Y=, and Iy = I, where I. is the sample
length at critical strain (e), k. is the bulk permeabil-
ity at critical strain, and v; is the bulk inelastic strain
sensitivity parameter for the sample (Main et al., 2000;
Ngwenya et al., 2003), we have

ao + a18 + ax8%

In kpyx = Inke + (7&)

(1-9)
where
w ke
a = (K - 1)vl (7¢)
le
and
az = (7d)

FIGURE 6. Radial view of Slickrock Subkha samples de-
formed to the same strain at different effective confining
pressures: (a) 34.5 MPa, (b) 45.3 MPa, and (c) 55.5 MPa.
Unlike Clashach (Ngwenya et al., 2003) and Locharbriggs
sandstones (Mair et al., 2002), the fault zone width does
not increase with increasing effective confining pressure.
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Equation 7a describes the evolution of bulk permeabil-
ity with increasing postfailure strain at a constant ef-
fective confining pressure and can be evaluated for
samples deformed at different effective confining
pressures to place constraints on the geometric signif-
icance of the different parameters.

The use of the geometric mean in equation 5 can be
justified on physical grounds. By analogy with variations

FIGURE 7. (a) Axial view of
deformation bands in the
Slickrock Subkha sample.
The sample was fractured at
41.3 MPa and then slid at
55.5 MPa effective confining
pressure. A single deformation
band in the middle of the sam-
ple (bottom) splits into several
strands against the piston
(top end), and new strands
conjugate to these strands
start forming. (b) Thin-section
photomicrograph showing
that very few deformation
bands develop in these sam-
ples despite high strains (5%).
Note the hematite smears
along the edges of the fault
zone and the lack of dilatant
microcracks around the fault
zone.

in hydraulic apertures, the har-
monic mean corresponds to
the case in which the perme-
ability varies only along the
flow direction, whereas the
arithmetic mean describes
variation transverse to the
flow direction (Silliman, 1989;
Manzocchi et al., 1999). The
two means then form the low-
er and upper bounds, respec-
tively, for the general case of
three-dimensional heteroge-
neity (Zimmermann and
Main, 2004). In this case, the

hematite bulk permeability is best rep-

smears resented by the intermedi-
ate geometric mean (Dagan,
1993) as used here.
Evaluating the Model

Equation 7a was fitted to
the permeability data against
inelastic axial strain for the
Navajo and Slickrock Subkha
sandstones for which we had at least four different
effective confining pressures. The fitting was carried
out using a nonlinear least-squares routine based on
the Marquardt-Levenberg algorithm available in Nu-
merical Recipes and elsewhere (Ngwenya et al., 2001)
with k. fixed. The correlation coefficients, together
with the residual sum of squares, were used to assess
goodness of fit to the data. Table 1 is a compilation of
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Table 1. Parameters, correlation coefficients, and Bayesian information criteria (BIC) obtained
by fitting the experimental data to the three-parameter model (equation 7a). Note that a,, values
are close to zero, suggesting that permeability of the fault zone (kf) does not change significantly
during deformation. Permeabilities are all in square meters.

Curve Fit Parameters for the Three-parameter Model of Equation 7a

Sample P, (MPa) In k. ao a; a, r? BIC
NVJ 3 20.7 -28.8 0.004 + 0.001 —-3.48 £ 0.15 174+ 3.8 0.735 334
NVJ 6 34.5 -29.4 0.011 + 0.001 -14.3 £ 0.27 196.2 + 14.5 0.934 390
NVJ 8 44.6 -28.9 0.031 + 0.005 —-25.0 £ 0.69 109.2 £+ 17.8 0.987 119
NVJ 5 55.4 -29.1 —-0.021 £ 0.002 -7.59 £ 0.34 -723.1+£9.9 0.995 212
SRS 9 20.7 -32.7 —-0.012 + 0.001 -1.23 £0.15 77.1 £ 6.9 0.125 1007
SRS 3 34.5 -30.7 0.012 + 0.001 -7.24 £0.14 -72.1+t4.6 0.994 406
SRS 8 45.3 -31.8 —0.007 £ 0.001 -2.23+£0.14 -170.4 £ 4.0 0.988 632
SRS A8 55.5 -31.9 —0.003 + 0.001 -8.24 +0.13 —459 +4.0 0.992 683

Hence, to compare the two fits, we used a modified
version of Schwarz’s information criterion, which uses
Bayesian theory to penalize increased complexity in
mathematical models (Main et al., 1999; Ngwenya et al.,
2003) to demonstrate which of the two models is jus-
tified. To do this, it is necessary to compare Bayesian
information criteria (BIC) values listed in the final col-
umn of Tables 1 and 2 for the same test (BIC fluctua-
tions between tests contain no information; only com-
parisons between different models on the same data
set have value). We conclude from this exercise that
the three-parameter model was not justified by the
data, because BIC3 (Table 1) is less than BIC, (Table 2),
where the subscript denotes the number of fitted pa-
rameters. This is illustrated visually in Figures 9 and 10,
where the three-parameter model fails to improve the
curve fitting to the data in a significant way. The supe-
riority of the two-parameter model is further evidence
that the permeability of the fault does not change sig-
nificantly during postfailure deformation. In the dis-
cussion that follows, only values obtained from the
two-parameter model of Table 2 are used.

The parameter y; lumps together all the effects that
determine the evolving geometry of the flow path and,
hence, encapsulates the whole geometric model for
permeability evolution (cf. Ngwenya et al., 2003). By
definition, y; = mA (equation 4), where r defines the con-
tribution of the matrix to the overall rate of deformation.
Comparison of equations 7c and d suggests that we
should expect b, ~ —b; because w is much less than I.
However, this is not borne out by values for by and b,
determined by the curved fits, except for two Navajo
tests (NVJ3 and NVJ6). We are not able to resolve the
reason for this discrepancy at present, suggesting that
although equation 7a is a good statistical model for
the data or for practical prediction of fault sealing after
appropriate calibration, any physical interpretation of
these two parameters should be treated with caution.

Table 2 also shows that v is greater than O for all
Navajo samples, except the one test at the highest ef-
fective confining pressure (NVJ5). Meanwhile, A is less
than O for all these tests (Figure 3b), although NVJS
might be transitional. It follows that with the exception
of NVJ5, n is less than O for all the Navajo samples,
because y; = mA. These values are, however, associated
with decreasing permeability as a function of inelastic
axial strain (Figure 3a). The apparent paradox of de-
creasing bulk permeability in the face of global dilation
(A < 0) has previously been interpreted to result from
increasing tortuosity of the flow path (Zhu and Wong,
1996; Main et al., 2000; Ngwenya et al., 2003). Because
the inferred permeability of the fault remains approx-
imately constant during deformation, we infer that
most of the dilation occurs in the matrix around the
fault. This is consistent with microstructural observa-
tions of localization of aligned dilatant microcracks
(e.g., Ngwenya et al., 2000).

Although empirical and limited in applicability to
natural data set, the Kozeny-Carman relation in the
form of equation 2 has been found to fit a large num-
ber of data from deformation experiments (Zhu and
Wong, 1997; Ngwenya et al., 2003). Using this relation
in the form given by Walsh and Brace (1984)

°
Koul = 3 763 (8)

where ¢ is the porosity; b is a shape factor (dependent
on the geometry of the pores); 7 is the tortuosity of the
flow path; and S is the specific surface area per unit
volume of the porous medium, we identify two other
mechanisms to explain the apparent paradox of de-
creasing permeability in a dilating rock: (1) the geom-
etry of the connected pores evolves from approximate
circular tubes where b = 2 to planar cracks with b = 3;
and (2) the development of microcracks increases the
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surface area-to-volume ratio in the rock (Ojala et al.,
2003). In fact, mechanisms 1 and 2 are likely to be as
important as changes in tortuosity, unless the axial mi-
crocracks that develop are highly inclined to the flow
direction (see figure 6.3 in Middleton and Wilcock, 1994).
In contrast to the Navajo samples, Slickrock Subkha
samples yield y; less than 0, except SRS9, which was de-
formed at low effective confining pressure, whereas A is
less than O for all these tests (Figure 3d). These trends lead
to m greater than O for most Slickrock Subkha sam-
ples and m less than O for SRS9. As with Navajo sam-
ples, these values of m greater than O are associated with
decreasing permeability as a function of inelastic axial
strain, whereas the permeability of SRS9 increases slightly
(Figure 3c). By contrast, with Navajo samples, for v greater
than O to be coupled to reduction in permeability in
the face of global dilation implies that the matrix
must be compacting (equation 2), because k¢ is approxi-
mately constant. It follows that m may be regarded as an
inelastic strain sensitivity index for the matrix, such that
when 7 is less than 0, the matrix dilates, whereas com-
paction is implied when v is greater than 0. Thus,
Navajo samples dilate at most of the pressures used in
this study, except at the highest effective confining
pressure of 55.4 MPa. Meanwhile, only the sample at
low effective confining pressure experiences dilation
in the matrix in the Slickrock Subkha tests (Table 2).
The lack of multiple deformation bands in sam-
ples deformed at higher effective confining pressures
in Figure 6 is further evidence that compaction domi-
nates matrix deformation in Slickrock Subkha samples.
However, these samples also dilate globally (Figure 3d);
hence, the fault zone must be dilating overall to
account for the observed global dilation. This occurs
despite the compaction involved in producing a poorly
sorted close-packed fault gouge and is not consistent
with the model results, which suggest that the
permeability of the fault zone does not change during
deformation. Experimental studies have shown that
dilation is commonly observed at high strains because
of shear localization via formation of secondary Reidel
shears in the fault zone (Zhang and Tullis, 1998).
Although evidence for their presence is not convincing
in the samples examined here, the enhanced grain
comminution that accompanies this process can offset
the expected increase in permeability. More studies,
perhaps involving hypocentral mapping of acoustic
emissions, are required to resolve the relative contri-
bution of matrix and fault zone volume changes.

FIGURE 9. Graphs showing the comparison of experi-
mental data in the postfailure phase with model pre-
dictions based on three-parameter and two-parameter
evaluations of equation 7a for the Navajo Sandstone. Note
that the three-parameter model does not improve data
fitting, as shown by BIC data (Tables 1 and 2).
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Implications for Fault-seal Evolution

Although we have not specifically quantified fault
sealing in this study, the results have implications on
predicting the evolution of fault seals in siliciclastic
reservoirs of varying petrophysical properties. Previous
petrographic analysis and petrophysical measurements
of outcrop and core samples show that for a given
stress state, the sealing properties of a fault are a func-
tion of lithologic juxtaposition, fault rock types (clay
vs. cataclastic gouge), diagenetic cementation (Knipe,
1992), and host rock composition (e.g., Storti et al.,
2003). Some of these measurements also reveal that
clay gouge forms more effective seals relative to cata-
clastic faults, which support smaller columns (e.g., Smith,
1980; Knipe, 1992; etc.). Moreover, significant im-
provement in sealing capacity can be achieved with
diagenetic overprinting of the cataclastic fault gouge
(Fulljames et al., 1997; Ngwenya et al., 2000; Fisher and
Knipe, 2001). Thus, lithology, and clay content in par-
ticular, exerts a primary control on fault-seal intensity
(Fisher and Knipe, 1998). In addition, evidence from
reservoir core studies indicates little variation in cata-
clastic sealing for siliciclastic rocks containing as much
as 5% clay (Fisher and Knipe, 1998). We therefore ex-
pected little difference in behavior among Moab sand-
stones, because there was very little variation in clay
content. The role of hematite cementation (Slickrock
Subkha and Dewey Bridge) is unknown, but it may
act as a lubricant for grain boundary sliding (Ngwenya
et al., 2000). However, they may also form discontin-
uous stringers similar to phyllosilicate domains (Fisher
and Knipe, 1998) in the deformation band, which are
likely to accelerate permeability impairment. We have
seen evidence of such stringers (smears) on the margins
of deformation bands in thin section (see Figure 7).

We assume, therefore, that the increasing perme-
ability with inelastic axial strain shown by Dewey Bridge
samples at 20.7 MPa, which contrasts with other rock
types, is caused primarily by petrophysical and/or tex-
tural properties of this rock. Previous studies have
documented a log-linear relationship between perme-
ability reduction (defined as k¢/ky) and porosity of the
matrix (Fulljames et al., 1997) for cataclastic deforma-
tion bands, where k¢ is the permeability of the defor-
mation band, and k,, is the permeability of the matrix.
Available data show that for porosity below about 16%,
the permeability of the deformation band is likely to
be higher than that of the matrix (k¢/ky, > 1) for active

FIGURE 10. Graphs showing the comparison of experi-
mental data in the postfailure phase with model predic-
tions based on three-parameter and two-parameter evalu-
ations of equation 7a for the Slickrock Subkha sandstone.
Note here that the two-parameter model is also superior
to the three-parameter model (Tables 1 and 2).
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Table 2. Parameters, correlation coefficients, and Bayesian information criteria (BIC) obtained
by fitting the experimental data to the two-parameter (without ay) model of equation 7a (see text
for details). Note the consistently higher BIC values compared with the three-parameter model,
which shows that the two-parameter model is superior to the three-parameter one. Also included
are the steady-state permeability values measured under hydrostatic conditions (k,), which are
used to normalize permeabilities in Figures 2 and 3.

Curve Fit Parameters for the Two-parameter Model of Equation 7a with a, = 0

Sample P, (MPa) In ko In k. b; b, r? BIC
NVJ 3 20.7 —-28.6 —-28.8 —-2.94 £ 0.07 3.74 £ 2.96 0.733 500
NVJ 6 34.5 -29.1 —-29.4 —-11.8 £0.16 90.6 £ 11.1 0.929 535
NV] 8 44.6 —-28.5 —-28.9 —-21.6 £ 0.39 33.4+129 0.985 168
NVJ 5 55.4 —28.8* —-29.1 —-10.1 £ 0.20 —-660.2 + 7.2 0.995 286
SRS 9 20.7 -32.4 -32.7 —-3.53 £ 0.09 167.5+ 5.3 0.00 1364
SRS 3 34.5 -30.4 -30.7 —-5.98 £ 0.15 —101.0+ 5.4 0.990 524
SRS 8 45.3 -31.4 -31.8 —-3.02 £ 0.08 —-151.3 £ 2.83 0.987 933
SRS A8 55.5 —-31.5* -31.9 —-8.64 £ 0.07 -35.3+2.77 0.992 1025

*Measured at P, = 41.7 MPa.

faults. As porosity decreases further, deformation is
dominated by sample dilation, particularly with in-
creasing strain, which reduces the rate of permeability
impairment (Zhu and Wong, 1996). It was not pos-
sible to investigate the dependence of permeability
reduction on porosity in this study, mainly because of
lack of sufficient samples and because only bulk per-
meability values were measured. Nevertheless, the small
differences in the strain dependency of permeability
between the Navajo Sandstone and other Moab rock
types are likely to reflect porosity differences.

The field data of Fulljames et al. (1997) also show
that for a given porosity, cataclastic sealing intensity
increases with depth. This occurs as a result of increased
grain comminution for active faults (Crawford, 1998)
or because of diagenetic cementation of faults of shal-
low origin (Fisher and Knipe, 2001). Using the model of
Main et al. (2000), Ngwenya et al. (2003) published an
empirical equation for predicting permeability of cata-
clastic faults as a function of inelastic axial strain and
effective confining pressure for Clashach sandstone.
However, the parameters for both Navajo and Slickrock
Subkha samples do not vary systematically with effec-
tive confining pressure. In general, both b; and b, de-
crease systematically with increasing effective confin-
ing pressure (Figure 11), but the correlation coefficients
are very low (r? < 0.514). Nevertheless, the trends
suggest that permeability will decrease with increasing
effective confining pressure and inelastic axial strain
for the rock types examined here. However, in
comparison to high-porosity sandstones, cataclastic
fault seals in the low-porosity sandstones examined
here are less sensitive to burial depth. This can also be
seen by comparing the two rock types in this study,

where the sensitivity to effective stress is lower for the
low-porosity Slickrock Subkha samples than for the
Navajo samples (Figure 11). The low sensitivity to stress
is most likely caused by the fact that deformation is
dominated by shear-induced dilation of the shear band
at high strain. This may indicate that a more complex
physical model is needed, with matrix, fault gouge, and
near-fault localized deformation all being separately
included to interpret the data.

CONCLUSIONS

We have reported an experimental program designed
to investigate the evolution of permeability during de-
formation of siliciclastic sandstones with varying petro-
physical properties and/or mineralogy. The results show
subtle differences in strain-dependent permeability evo-
lution, with low-porosity sandstones exhibiting an in-
crease in permeability after fault development at low
effective confining pressure, whereas high-porosity sand-
stones show a permeability decline once the fault is
formed. A geometric model based on the rate of growth
of the shear band width as a function of inelastic axial
strain provides a good statistical description of the data
at different effective confining pressures. The observa-
tion of a slow increase in the width of the zone of de-
formation bands with increasing strain is borne out by
the model parameters. Unlike previous results (Ngwenya
et al., 2003), the parameters of the model do not vary
systematically with effective confining pressure in the
range studied here most likely because of sample dila-
tion at high strains. Nevertheless, the model appears to
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