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ABSTRACT

This thesis consists of three sections, with one section on each
of the following subjects: 1) in situ fracture distribution, 2)
fault zone permeability, and 3) a pore model of permeability and
bulk modulus. 'Whilé not directly related, each of these deals with
the distribution of pore space in crustal rocks and the transport
properties of that pore space. The work has potential applications
in such fields as oil and gas exploration, nuclear waste disposal,
and earthquake studies.

The results of a study of the natural fracture distribution
encountered in boreholes are presented in the first section. The
ten wells studied were drilled in three areas of the United States:
five near Palmdale, California; three near Hollister, California;

and two near Monticello Reservoir, South Carolina. A1l but one of

the wells were drilled in granitic rock. Seven wells were drilled
to depths of 200-250 m, while three were drilled to depths of about
1 km. The distribution and orientation of fractures in these wells
were determined using an ultrasonic borehole televiewer. The number
of fractures observed was relatively independent of depth. Steeply
dipping fractures were found throughout the wells. Statistically
significant fracture orientations could not be related simply to the
measured orientation of the regional stress field. The data appear
to indicate that local rather than regional effects often control
the distribution and orientation of natural fractures. Therefore,
it is often not possible to predict the fracture distribution and
orientations that would be encountered in a well simply from an
analysis of the tectonic stress field and the fegiona] geology.
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The second section consists of an examination of the character-
istics of fluid flow around fault zones. Faults are often described
as conduits or barriers to fiuid flow; many times a single fault is
required to be both a barrier and a conduit. In cases for which
faults appear to act as both barriers and conduits, thg_required
perméabi1ity is highly anisotropic; high permeability is found
parallel to the fault plane in the hanging wall and the permeability
perpendicular to the fault plane is Tow. Several direct obser-
vations of fault zone structure are cited. It is generally found
that a throughgoing fault plane or fracture zone exists in the
hanging wall of a fault zone and that relatively fine grain, Tow
porosity "gouge" zone exists in the footwall. Based upon general
relations between porosity, sorting, pore and grain size, and perme-
ability, the structural characteristics of the observed fault zones
are consistent with the permeability distribution near faults.

These conclusions appear to be generally valid for all types of
rocks. As a result, faults should not be considered as two-
dimensional, planar features, but as three dimensional features
whose structure may determine the permeability and pore flﬁid |
distribution in situ. The permeability and porosity distribution
could be of importance to petroleum migration and the generation and
maintenance of high pore pressures.

In section three, a network model of pore space from which
permeability and bulk modulus can be calculated as a function of
confining pressure is presented. Pores are modeled as straight
conduits of circular, elliptic, or tapered section. Flow through

each conduit is modeled using Poiseuille flow. Permeability is
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modeled by considering a regular system of interconnected conduits
and applying network theory. Permeability as a function of con-
fining pressure and the effect of porosity on the bulk modulus are
determined by the elastic properties associated with the individual
pore shapes. The permeability and bulk modulus characteristics of
the network are similar to those found in 1aboratory experiments.
In particular, it is found that for rocks like sandstone the bulk
modulus is affected most by easily deformed, fine, thin cracks while
permeability is controlled by larger stiff, round pores. In
contrast, for rocks like granite and tight sandstones, both perme-
ability and bulk modulus are controlled by easily deformed thin
cracks. The results of this work indicate that network theory has
many applications to the study of porous media, particularly when
interactions of physical properties are conéidered. This work is a

first step toward a complete pore space model, one which adequately

predicts the rock response to any physical stimulus.
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THE DISTRIBUTION OF NATURAL FRACTURES AND JOINTS
AT DEPTH IN CRYSTALLINE ROCK



ABSTRACT

This paper presents the results of studies of the natur;]l
fracture distribution encountered in ten test wells drilled in three
areas of the United States. Seven of the wells were drilled to
depths of 200-250 m, while three were drilled to depths of about
1 km. Using an ultrasonic borehole televiewer, fracture depths,
strikes, and dips were determined. Steeply dipping fractures were
found throughout each of the wells and, in general, few horizontal
fractures weré observed. The number of fractures observed did not
decrease markedly with increasing depth. Statistically significant
fracture orientations which were basically invariant with depth were
found for each well. No simple relation between these preferred
fracture orientations and the orientation and relative magnitudes of
the current regional stress fields was observed. For wells in the
western Mojave Desert, California, possib]g relations between the
orientation of fractures and the current regional stress field were
found, but for wells near Hollister, California, and Monticello
Reservoir, South Carolina, the observed fracture orientations are a
product of the complex geologic histories of the areas and do not
seem to be related tb the current stress field. As found in the
wells in the western Mojave Desert and near Hollister, there is no
tendency for the intensity of fracturing to increase near the San

Andreas fault.



INTRODUCTION

The upper crust of the earth is composed of fractured rock.
Fractures are found on all scales from microfractures with |
dimensions of microns to lineaments with dimensions 6f kilometers.
These fractures exert a profbund effect upon the physical properties
of rock. Laboratory and theoretical fracture studies have been
extensive. Fractures have been found to affect the strength of rock
(e.g. Brace, 1960), the velocity of elastic waves (e.g. Nur, 1971;
Hadley, 1976), and the effective elastic moduli (e.g. Walsh, 1965;
Budiansky and 0'Connell, 1976). The permeability and distribution
of pore fluids in crystalline rocks are primarily determined by the
density and distribution of fractures (e.g. Snow, 1968; Brace,
1979). A knowledge of the in situ fracture distribution is thus of
great importance for characterization of the upper crust. But
éystématic subsurface observations of fractures have been few. Most
such observations have been made in tunnels and mines where the
stress field and fracture pattern may have been considerably altered
during operations. For example, McGarr (1971) and McGarr et al.
(1979) studied the relation of fracture occurrence and rock bursts
in deep mines. Fracture orientations were observed to be affected
by the presence of the tabular excavations, and burst fractures were
observed to occur where natural fractures were unusually sparse.
Overbey and Rough (1971) compared fracture orientations measured at
surface outcrops and from aerial photographs with those found in

oriented cores and impression packer surveys of hydraulically
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fractured intervals in easternAOhio. They found a fair degree of
correlation between natural and induced fractures at depth and major
fracture trends measured at the surface. The data discussed by
Overbey and Rough (1971) are significant in that both the existence
and the orientation of the fractures were determined; most borehole
studies have been concerned with only the presence of fractures
(e.g. Shanks et al., 1976).

In this paper we present the results of in situ fracture studies
performed in test wells drilled in three different regions: five
wells were in the Mojave Desert near Palmdale, California, three
were near Limekiln Valley, south of Hollister, California, and two
wells were at Monticello Reservoir, northwest of Columbia, South
Carolina. The wells were continuously logged using an ultrasonic

borehole televiewer (described below) and the fracture orientations

and distribution as a function of depth were determined.

The fracture patterns weré compared to the orientation and
nature of the measured current regional stress field and the
historic stress field as deduced from regional structural geology.
From this comparison, the possible mechanisms of fracture formation
which could be responsible for the current observed fracture
distribution were considered. Usiqg several holes in one region, an
idea of the horizontal and vertical distributions of fractures in
situ can be obtained and the results compared to theoretical
predictions and other field measurements of natural fracture
distributions. The results of this study should indicate whether

the distribution and orientation of fractures in situ can be



5
predicted from either the current stress field or the stress history
of a region and whether the fracture distribution at depth can be
predicted simply by the downward extrapolation of the near surface
fracture systems. |

A brief discussion of the mechanics of fracture formation is
warranted in order to interpret the significaﬁce of the fractures
encountered in these wells. Theories of fracture genesis can be
divided into four basic groups.

1) Observed fractures and joints appear to be primarily
extension fractures which form in planes perpendicular to the
directioﬁ of least compreﬁsioh (see Engelder and Geiser, 1980).
Such fractures are predicted to occur, for example, to accommodate
lateral expansion associated with isostatic uplift (Price, 1976;
Haxby and Turcotte, 1976). If an isostatically uplifted mass of
rock subtends the same arc as it moves outward, there will be a
decrease in the lateral stress as a result of overburden removal and
Poisson's effect, of lateral expansion, and of thermal contraction.
Fractures formed by such a mechanism would be near vertical,
tensile, or extension, fractures.

2) The second group we consider is shear failure due to
compressive stresses. The characteristic of shear fractures is
shearing displacement along the fracture surface. Fractures which
form as a result of shear failure may occur in conjugate pairs with
an angle of about 30° between the direction of maximum compressive

stress and the shear planes. For the case of shear fractures
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associated with wrench faults, Wilcox et al. (1974) point out that
often only one of the conjugate pair becomes a well-developed
fracture‘set.

3) Fracturing due to residual stress is a third mechanism to
be considefed (see Engelder, 1979). Residual stresses ére "locked
in" stresses associated with the previous history of the rock.
Natural fracturing due to residual stress effects would generally be
tensile in nature, caused by a reduction of confining stress. As in
the case of other extension fractures, fracture planes would be
predicted to occur perpendicular to the direction of least com-
pressive stress in the rock.

4) A fourth mechanism of fracture formation is natural
hydraulic fracturing (Secor, 1965). If pore pressures locally
exceed the least compressive stress, extension fractures will
propagate in a plane perpendicular to the least principal stress.

5) A final type of fracture, or joint, is that which is
generated or extended by near-surface weathering-type processes.
Such fractures are expected to be found in decreasing numbers with
increasing depth and to be more random in orientation than those
mentioned above,

In general, the ﬁumber of fractures' observed in this study
should be greatest near the surface where confining pressures are
low. For tensile fractures, simple elasticity theory predicts that
the increase of confining pressure with depth would tend to close
existing fractures and inhibit the formation of new fractures.

Increasing confining pressure would also tend to close shear
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fractures although crushed rock or gouge might prohibit this. Also,
the creation of shear fracture systems may not be very depth
dependent in the upper several kilometers of the crust.

Caution must be exercised in using any failure criterion to
predict fracture orientations within a body of rock. The fracture
orientations predicted by simple theory are those which would occur
in a uniform isotropic material. Real materials may contain flaws
or discontinuities which affect the failure mechanism. For shear
failure, the Coulomb law (see Jaeger and Cook, 1969) predicts the
orientation of only the first fracture or set of fractures. As soon
as the first fracture forms, the stresses in its vicinity are
markedly changed, and the Coulomb law is inadequate to predict
further fracturing of the material. Similarly, in the case of

tensile fracture formation, the degree to which a given fracture can

relieve tensile stresses will control the occurrence of secondary
fractures. The stresses near a fracture may not then be predicted
simply by a knowledge of the boundary stresses.

Clearly, the major complication in attempting to analyze the
mechanism of fracture formation in the upper crust is the
uncertainty of the geologic history of the rock mass. Rocks may
undergo repeated tectonic loadings with resultant folding,
fracturing, and faulting. Each tectonic cycle may add its own
distinct fracture set, or preexisting fracture sets may be
modified. The fractures or joints which are observed today reflect
the entire deformational history of the rock. The existence of

fracture sets which cannot be explained on the basis of the current



stress field is not unexpected. As examples, Tchalenko and
Ambraseys (1970), Freund (1974), and Wilcox et al. (1974) found from
field mapping and clay model experiments that the orientations of
fractures near faults may change with time and deformation§ and
Hodgson (1971) found little correlation of joints with fold axes in
his field mapping of the Comb Ridge area of the Colorado Plateau.

TECHNIQUE

The borehole televiewer (manufactured by Simplec Manufacturing
Co. under license of Mobil 011 Corp.) is a rotating acoustic
transducer emitting pulses focused in a 3° beam at a rate of 180
times per second (Zemanek et al., 1970). The transducer rotates at
3 revolutions per second and moves vertically in the hole at a speed

of 2.5 cm/sec. The amplitude of the reflected signal is plotted as

brightness on a three-axis oscilloscope as a function of the beam
azimuth and vertical position in the hole. The scope trace is
triggered at magnetic north by a flux gate magnetometer in the

tool. Essentially the smoothness of the borehole wall is mapped.
Where the smoothness of the borehole wall is perturbed by a planar
feature such as a fracture, a dark sinusoidal pattern is seen (see
Figure 1). Resolution of the tool depends upon hole diameter, wall
conditions, reflectivity of the formation, and acoustic impedance of
the well bore fluid. The wall condition is the most important
factor as a rough well bore makes detection of fine features quite
difficult. Except for highly fractured intervals, the conditions in

the Mojave and Monticello wells were nearly ideal and all fractures
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with apertures of more than a few mm were probably detected. The
conditions in the Limekiln Valley wells were highly variable. In
heavily fractured, poor picture-quality intervé]s, only a subset of
the total fracture population could be analyzed.

As an example, Figure 2 presents televiewer pictures of a 15.2 m
vertical section of well displayed in two sections. The interval
from about O to 4 m in Figure 2 is one in which numerous single
fractures are found. From about 4 to 7 m there is a relatively
unfractured interval, while from about 7 to 10 m is an interval in
which a few distinct, parallel fractures are found. Knowing the
well diameter the dip of these fractures may be calculated by
measuring the peak to trough amplitude of the sinusoids. The
fractdre strike is taken to be in the direction of the midpoint
between peak and trough (Figure 1). The test wells were drilled
with a diameter of approximately 15 cm so that the circumference
(horizontal scale) is about 50 cm. Thus, there is greater than 3:1
horizontal exaggeration in the pictures and as a result, fractures .
with dips of less than 50 appear to be horizontal. Apparently low
dipping fractures (such as those in the first few meters of Figure
2) actually dip at least 10-15°.

Televiewer surveys were run in each well from total depth (TD)
to the top of the water column or the bottom of casing; in either
case, usually to within several meters or tens of meters, of the
surface. Only those features for which the sinusoidal signature

could be resolved were picked as fractures.
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There are two major limitations in the analysis of fracture
orientation from televiewer data. First, with the televiewer, only
the orientation of a small portion of a fracture plane is actually
observed. On a large scale, many fractures may appear_planar,.but
when restricted to viewing only small portions of the eﬁtire
fracture, va?iations of strike and dip by as much as 10° may be
apparent. Thus, in trying to determine preferred fracture
orientation, data from televiewer surveys may result in more scatter
and lower levels of statistical significance for preferred
orientations than would be found in surveys which consider Targer
portions of the fractures. The second probliem is that nearly
vertical fractures are not often intersected by vertical wells.
Thus, there is a bias in the method as vertical fractures are not
sampled.

In order to evaluate the distribution of fracture orientations,
poles to fracture planes for all dipping fractures in each well were
plotted on a lower hemisphere, equal area projection. To obtain an
estimate of the statistical significance of these pole groupings
(and thus to arrive at an estimate of the preferred fracture
orientations), orientation-density diagrams were prepared using a
method described by Kamb (1959). The pole densities were contoured
in intervals of 20, where o is the standard deviation of the
total number of points in a given area under random sampling. The
expected density, E, for no preferred orientation is 30. The
. standard deviation and the sampling area used in preparing these

diagrams are both determined by a statistical relation based upon
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the number of poles plotted. The number of poles, N; the sample
area, A, given as a fraction of the total area of the hemisphere;
the expected density, E; and the standard deviation, o, are given
for each plot. Observed densities that differ from E (30) by more
than two or three times the standard deviation (i.e;, > 6a) are
1ikely to be significant, particularly if the higher densities are
clustered in one section of the diagram. An example of the method
is presented in Figure 3; the number of poles (N) is 165, the sample
area (A) is .05, the expected density (E) is 8.6, and the standard
deviation (o) is 2.9. As shown in Figure 3b, the only
statistically significant pole concentrations in Figure 3a are two
clusters with mean strikes and dips of about N20°w, 63°SN, and
NS2°W, S5ONE.

DATA AND INTERPRETATION

In' this section the results of the borehole fracture surveys are
presented. Plots of the number of fractures as a function of depth,
lower-hemisphere equal-area stereographic pole projections, and
orientation-density diagrams are presented for each well. The data
are then interpreted in light of what is known of the regional
geology and stress field. The detailed structural history of the
rock at the well sites is generally not well known. When further
information from either field geology or the fracture data is
lacking, it is assumed that the fractures currently observed are
oriented as they were at the time of their formation. In addition,

no analysis of the timing of fracture genesis can be made from the
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televiewer data. The interpretation of the fracture orientation

data is limited by these constraints.

MOJAVE DESERT WELLS

Five wells were drilled in the western Mojave desert as part of
an in-situ stress measurement program along the locked portion of
the San Andreas fault in southern California. The sites lie along
the part of the fault that last ruptured in the 1857 Fort Tejon
earthquake (Sieh, 1978). Throughout the western Mojave desert,
Tertiary formations rest unconformably upon a surface of pre-
Tertiary crystalline rocks that underwent deep erosion during late
Cretaceous and early Tertiary time (Dibblee, 1967). In middle to
late Miocene time the Mojave block was deformed primarily by normal

faulting along northwest trending faults (Dibblee, 1967). Geologic

and paleomagnetic studies indicate that as much as 10% north-south
shortening of the wedge between the Garlock and San Andreas faults
may have occurred during the Pliocene and QuaternaryA(Burke and
Ponti, 1979). This shortening has been accommodated by strike-slip
faulting on northwest striking faults, thrust faulting on east-west
trending faults, folding, and possible block rotation. The nature
of the deformation is consistent with an applied north-south |
compression. Geodetic measurements (Savage and Prescott, 1979;
VLisowski and Savage, 1979; Prescott and Savage, 1976; Thatcher,
1976) indicate that present deformation in the western Mojave near
Paimdale has a direction of maximum shortening of N10%-15% and

a direction of maximum extension of about N75°-80°E. This
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deformation field is basically consistent with the in situ stress
field orientations determined by hydraulic fracturing in two of the
wells considered in this study (Zoback et al., 1980).

Four of the wells in the western Mojave desert comprise a
north-northeast trending profile running across the‘San Andreas
fault from the foothills of the San Gabriel Mountains near Valyermo
to Adobe Mountain in the western Mojave desert (Figure 4).

Well 1 was drilled on the north limb of a large syncline 2 km
southwest of the San Andreas fault and between the San Andreas and
Punchbowl faults (Figure 4). Well 1 is the only well in this study
not drilled in crystalline rock. The results are presented here for
completeness. The axis of the syncline strikes N70%% and plunges
to the west. At the well site the d}p of the north limb was approx-
imately 45°-50° to the southwest. The well was drilled to a
depth of 245 m, entirely through the upper Miocene Punchbowl
formation. Here the Punchbowl formation consists of massive,
cross-bedded, coarse terrestrial sandstone with large lenses of
pebble and cobble conglomerate (Noble, 1954). At surface outcrops
the formation is relatively unfractured, although there are bedding
p1ane»fractures spaced at 1 to 3 m intervals and some vertical
joints with locally varying attitudes, spaced at 3 to 7 m intervals
(Sbar et al., 1979).

Wells 2, 4, 5, and XTLR were drilled at buttes located 4, 22,
34, and 4 km, respectively, northeast of the San Andreas fault
(Figure 4). These wells were drilled entirely in quartz monzonite

to depths of 257, 230, 239, and 869 m respectively. The quartz
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monzonite buttes are part of the suite of Mesozoic intrusives which
form the basement of much of the western Mojave. Horizontal and
steeply dipping fractures and joints were observed in outcrops at
these sites. The buttes are apparently composed of slightly more
siliceous material than the surrounding basement, and are thus more
resistant to erosion (D.B. Burke, pers. comm.).

The rock penetrated by the Mojave wells was found to be highly
fractured. Figure 5 contains frequency plots showing the number of
fractures per meter as a function of depth for each well and Figure
6 contains plots of the cumulative number of fractures in each well
as a function of depth. The number of fractures observed in well 1,
drilled in sandstone, is significantly less than that observed in
the wells drilled in quartz monzonite. The number of fractures per

meter is not uniform throughout each well. Fractures often occur in

relatively dense clusters, as at about 55 and 115-125 m in Mojave 4
(Figure 5). These fractured intervais appear in Figure 6 and
steeper portions of the cumulative fracture curve. The cumulative
fracture curve for Mojave 2 appears to flatten somewhat at depths
greater than 160 m, implying a decrease in the fracture density. In
the other wells, the curves indicate that the fracture density may
be decreasing with depth below 150-200 m, but there is only a very
moderate trend to lower fracture density with depth. Also, note
that in the upper 150 meters the number of fractures encountered in
Mojave 2, 4, and 5 are similar. The data show no tendency for the

fracture density to increase as the San Andreas fault is neared.
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Poles to all of the dipping fractures are shown in Figure 7a.
Figure 7b contains the orientation-density plots derived from the
pole distributions. At least two significant maxima are opserved in
the density plofs for each well. For all wells, the secondary
maxima are significant at only the 6o level. For wé]ls 2 and 4
the primary maxima also barely exceed the 60 level.

In Mojave 1 the predominant fracture set (> 10g) strikes
N20-30°% and dips 35-40° to the southwest. A second cluster (>
6g) with fractures striking slightly east of north is also
present. Bedding planes, which would strike about N70% and dfp
about 45-50°SN, were not observed. In Mojave 2 a broad cluster
(> 60) of northwesterly striking, southwest dipping (v 50°)
fractures are found. In Mojave 4, possible conjugate fracture sets
trending N35-55°E and dipping 50-60° to the northwest and
southeast are found at the 60 level. Most fractures in Mojave 2
and 4 appear to be randomly oriented, with minor significant
maxima. In contrast, in Mojave 5 a fracture set striking about
N80E and dipping steeply (v 60°) to the southeast is
extremely pronounced (> 16ag). A second set of fractures (> 60)
is also observed in Mojave 5 striking northwest and dipping to the
northeast. Note that the majority of observed fractures dipped from
40° to 70°. Very few horizontal fractures were observed in
these wells: 3 in Mojave 1, 2 in Mojave 2, 3 in Mojave 4, and 4 in
Mojave 5.

The pole distribution for Mojave 5 (Figure 7a) may be

interpreted as a girdle. A girdle is a concentration of points
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along a great circle. If the points are poles to planes, as they
are here, the planes are in a statistically cylindrical zone about
an axis which is perpendicular to the great circle forming the
girdle (see Dennis, 1972). For Mojave 5, this axis has an
approximate trend of $60%E and plunges about 50° to the
southeast.

Fractures occurring below a depth of 137 m were analysed
separately to test for depth dependence in the fracture orienta-
tion. Poles and density plots for the fractures found in these
intervals are shown in Figure 8. A comparison of Figures 7 and 8
shows that each of the maxima present below 137 m also appears when
fractures in the entire well are considered. Thus, the fracture
patterns in the deeper intervals are basically subsets of the

patterns found throughout the wells.
An approximately 1 km deep hole, well XTLR, was drilled at the

same site as Mojave 2. The results of fracture studies performed in
this well are shown in Figures 9 and 10. From Figure 9 it can be
seen that the quartz monzonite was highly fractured throughout the
logged section of the well (to about 870 m). Note that only a
slight decrease of fracturing with depth was observed. The greatest
decrease in fracture density was found at about 140 m, as in the
shallow wells. There is, however, no strong trend to relatively
unfractured rock with depth, in contrast to what might be expected

due to increasing confining pressure.
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One significant (> 140) cluster of poles was found in well
XTLR striking N5-25°W and dipping about 60°SW. A comparison of
Figures 7 and 10 shows that the fracture orientations found. in
Mojave 2 and XTLR are nearly the same. With the increased depth and
number of fractures in XTLR, the level of significance of this pole
cluster increased substantially.

Deep measurements of the stress field in XTLR indicate that the
minimum- horizontal stress is the minimum principal stress below a
depth of about 300 m. Below this depth strike-slip faulting would
be preferred. To test whether the change from a thrust-type
environment to a strike-slip environment affected the fracture
orientations, the distribution of those fractures found below 300 m
in XTLR was considered (Figure 11). One significant (> 1l4o)
cluster was found. The orientation of this cluster is indistin-

guishable from the preferred fracture orientation found above 300 m,
in the entire well, and from Mojave 2. The level of significance
for this fracture orientation is greatest when the deep fracture
data is included. The primary effect seen in the near surface
intervals seems to be the addition of randomly oriented fractures
which served to decrease the significance of the shallow interval

clusters.

INTERPRETATION

Let us now consider the mode of origin of the fracture systems
encountered in these wells based on the relation of the fracture

orientations and the orientation of the regional stress field and
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the geologic history of the area. The fracture clusters found in
the wells near the San Andreas fault have grossly similar strikes
and dips. This could mean that these fractures formed under similar
conditions. This is important when one considers 1) that well 1 was
drilled in a Miocene sandstone while wells 2 and XTLR were drilled
in Cretaceous quartz monzonite, and 2) the fact that well 1 and
wells 2 and XTLR are on opposite sides of the San Andreas fault and
were thus further separated in the past. In wells 1, 2, and XTLR,
particularly in the deep intervals, the fracture poles cluster about
orientations which are approximately parallel to the direction of
maximum compression. It appears that these fractures are being held
open, like tensile features, by the north-south compressional
regional stress field. In the shallow intervals, the strikes of

fracture planes represented by pole clusters ranges from subparalilel

to the direction of maximum compression (N10°-30°W) to sub-

parallel to the San Andreas fault (» N65°W). Those fractures
subparallel to the San.Andreas fault could be open as a result of
surface irregularities and debris associated with shear motion on
fracture planes. Both of these possibilities imply that the current
fracture orientation is related to the tectonic stress field and not
to surface effects.

The fracture clusters shown in Mojave 4 ére quite different from
those found in wells closer to the San Andreas fault, and could
represent a conjugate set of reverse faults striking to the north-
east. The stress field theoretically necessary to cause motion on

such fractures would have an axis of maximum compression which
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deviates by about 30° in a counterclockwise sense from the present
orientation. Garfunkel (1974) predicted counterclockwise rotations
of up to 40° for fault blocks in the Mojave desert during the
Cenozoic. So, it is possible that these are shear planes which have
rotated, but this cannot, of course, be stated with certainty.

In Mojave 5, a fracture set with a mean strike of about N80°E
and a dip of 60°E is dominant throughout the entire well. These
fractures could be currently active reverse faults generated as a
result of the regional roughly north-south compression.

Hydrofracture stress measurements in the shallow Mojave wells
indicate that both horizontal stresses are greater than the 1itho-
stat (Zoback et al., 1980), and therefore thrust-type stress
environment may be responsible, at 1ea$t in part, for the
orientations of the near surface fractures; but the magnitudes of
the stresses appear to be too low to be responsible for the
formation of the currently observed fracture systems.

“As a_whole, the fractures found in the Mojave wells appear to
owe their existence to tectonic stresses rather than to near surface
effects. This seems to be borne out on the basis of the orientation
of the fractures with respect to the tectonic stress fie]d, as
discussed above, and by two other observations: 1) the fracture
frequency does not decrease markedly with depth, and 2) the fracture
orientations are not depth dependent, even where the relative magni-

tudes of the principal stresses change, as in well XTLR.
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MONTICELLO RESERVOIR, SOUTH CAROLINA

Two approximately one km deep wells were drilled near Monticello
Reservoir, Fairfield County, South Carolina (Figure 12). The well
sites are in an area underlain by a complex series of almandine-
amphibolite facies, metamorphic rocks, and granitic intrusives of
the Charlotte Belt lithologies of the Piedmont Province (Dames and
Moore, 1974). These consist of interlayered and folded gneisses,
amphibolite, and schist, all of which have been intruded by plutons
of granite to granodiorite composition. The following description
of the geologic history of the region has been synthesized from the
work of Overstreet and Bell (1965), Fisher et al. (1970), and Dames
and Moore (1974).

Most of the metamorphic rocks presently exposed to the Piedmont

were originally deposited as a thick sequence of shale, siltstone,
volcanic tuff, etc., in the "Appalachian Geosyncline" between 250
and 600 million years ago. Episodes of folding, regional meta-
morphism, and igneous intrusion apparently followed each of three
long sedimentation intervals. At the end of the final depositional
period, the previously formed metamorphic rocks and the unmetamor-
phosed sediments experienced regional metamorphism. During this
time the Piedmont was uplifted, accompanied by fracture deformation,
folding, and the intrusion of discordant plutons. Also during this -
period, which correlates with the end of the Paleozoic, thrust

faulting occurred on a major scale in the southern Appalachians.
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By mid-Triassic much of the Piedmont had been worn down to a
broad peneplain which truncated the exposed complex rock structures.
Subsequent re-elevation of the region was acqompanied by the
formation of northeast-southwest trending structural troughs. These
troughs are generally parallel to regional northeast-southwest
trending Appalachian structures. Further uplift in late Triassic or
early Jurassic time was accompanied by the emplacement of numerous
northwest-southeast trending diabase dikes intruded along preexist-
ing fractures. After another erosional cycle, during which the
Piedmont was again reduced to a peneplain, continental uplift
elevated the region now occupied by the Appalachians and adjacent
Piedmont areas. Since the Jurassic, the region has undergone
weathering, erosion, and deposition without any major tectonic
disturbances.

The two wells, Monticello 1 and 2, were drilled to depths of
1100 and 1203 m, respectively, as part of a program to study induced
seismicity at Monticello Reservoir. Both wells were drilled in
intrusive granodiorite bodies of late Paleozoic age. The drill site
for Monticello 1 was located on the top of a broad ridge west of the
center of the reservoir. Monticello 2 was drilled within one km
downstream of the dam which impounds the reservoir. The two wells
are about 5 km apart.

Borehole televiewer records were obtained for the total depth of
each well. The well conditions were excellent and the recorded data

quality was generally very good.
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The results of the fracture surveys are presented in Figures 13
and 14. Figure 13 shows the number of fractures as a function of
depth in each well. Figure 14 shows poles to fracture p]anes.gnd
orientation-density plots.

The data show that the state of natural fracturing in the two
wells is significantly different. The total number of fractures in
Monticello 2 is approximately three times that in Monticello 1
(Figure 13). Fractures in Monticello 1 were found to occur mostly
in discrete intervals, such as at 140, 190, 300, and 580 m, within
relatively unfractured rock. In contrast, the granodiorite
encountered in Monticello 2 was highly fractured, particularly from
the surface to about 275 m and from about 460 to 510 m. Due to the
highly fractured nature of the rock, small discrete fracture zones,
as found in Monticello 1, are not as apparent in Monticello 2. The
lowest fracture density in Monticello 2 is found from about 510 to
750 m and is similar to the fracture density found in Monticello 1
at the same depth. Below 750 m, a slight increase in the fracture
density is observed in Monticello 2. It is interesting to note that
the slope of the cumulative fracture curve for Monticello 2 in the
intervals 275-460 m and 750 m - TD are about the same and the
segments are nearly colinear. In the interval from 460-750 m the
strain was apparently accommodated in the densely fractured zone at
460-510 m. As a result, the fracture density from 510 to 750 m is
the Towest found in this well.

Twenty-six of the 147 fractures in Monticello 1 and 65 of the

439 fractures in Monticello 2 were horizontal. This is by far the
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highest density of horizontal fractures of any of the data sets.
Horizontal fractures were found throughout each well; however, about
half of each total was found in the upper 300 m of the well (Figure
15). In both wells, several horizontal fractures were found at
depths greater than 1 km. In addition, the density of horizontal
fractures is relatively high in Montice]]oAZ in the interval
400-500 m. The presence of these horizontal fractures may be due to
decreased confining stresses as a result of the post-dJurassic
erosional history of the area.

The orientation density plot for Monticello 1 (Figure 14) shows
two small significant maxima (contours > 60) with approximate
orientations of strike N45°E, dip 60°E and strike NSOON, dip
25°w. For Monticello 2, there is one extremely dense cluster of
poles (maximum contour > 120) with a strike of about N5%E and
dip 70°E.

In addition to the major differences in fracture orientation
found within a horizontal distance of only 5 km, there were major
differences in fracture orientation vertically in each well. In
Monticello 1 this difference is shown in Figure 16 in which orienta-
tion-déhsity plots are shown for the intervals surface-305 m,
305-610 m, and 610 m - TD. In the upper zone (surface 305 m) one
significant cluster with northwest strike and southwest dip is
apparent, a subset of the cluster found when all fractures encoun-
tered in the well were considered. In the middle zone (305-610 m),
a northeast striking, southeast dipping cluster is apparent. This

cluster is also apparent when all fractures are considered. In the
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pole density plot for the bottom third of the well (610 m - TD), the
distribution is seen to be essentially random. In Monticello 2
(Figure 17) the fractures in the upper zone form two significant
clusters (> 60): one striking approximately north-south and -
dipping to the east, and one striking east northeast aﬁd‘dipping
gently to the southeast. In the lower interval (610 m - TD) there
is a dense cluster (> 160) of fractures striking north-south and
dipping steeply to the east. This north-south striking set is
prominent when the fractures as a whole are considered. The fracture
cluster found in the interval 305-610 m has a strike which differs
by about 60° from that found in the rest of the hole. 'This group
of fractures is the west-northwest trending, northeast dipping set
responsible for the extended lobe on the density plot for the entire
well (Figure 14). .

Secor (1980) presents the results of joint studies made at
surface outcrops near Monticello Reservoir. At outcrops within a
few kilometers of the well sites fracture distributions similar to
those found in both Monticello 1 and 2 were found. Secor concluded
that there was 1ittle regional consistency to the orientation of the
major joint sets. The marked difference we have observed in the two
wells seems to support this conclusion. Surface fractures were also
studied on the cleared bedrock surface at the site of the Virgil C.
Summer Nuclear Station (Dames and Moore, 1974). This site is about
6 km southeast of the Monticello 1 site and 1 km east of Monticello
2. Poles to 247 fractures with no observed shear displacement

across their faces and to 85 fractures which exhibited either shear
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displacement or hydrothermal alteration were plotted (Dames and
Moore, 1974). In both cases, a pole density maximum occurred for
planes striking about N44°E, dipping more than 60°SE. This
orientation is very similar to one of the maxima found in Monticello
1. However, other maxima in the surface data, such as a northeast
trending, northwest dipping set, are not apparent in data from
either well. There is no surface indication of the pronounced
nofth-south trending, eastward dipping set of fractures which is
found in Monticello 2, but as shown in Figure 16, this fracture set.
is most pronounced at depths greater than 600 m.

Dames and Moore (1974) note that the northeast trend of
fractures they observed is parallel to local regional trends.
However, the rapid variation of fracture orientations in both the
horizontal and vertical directions as shown by the stddy of Secor
(1980) and the well data seem to exclude the possibility that all of
the fractures were caused by the same regional stress field. The
current local stress field has been determined by in-situ stress
measurements using the hydrofracture technique (Zoback, 1980) and
from earthquake focal mechanisms (Talwani et al., 1978). In
Monticello 1 and 2, the difference in magnitude between the two
horizontal principal stresses is relatively small except at shallow
depth where the greatest horizontal principal stress is substan-
tially greater than the vertical stress. As discussed by Zoback
(1980), this vertical stress profile is indicative of conditions
conducive to thrust-type faulting in the upper 300 m or so if

appropriately oriented fracture planes are present. Seismologic
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studies confirm that the reservoir induced earthquakes which have
been recorded in this area are apparently occurring at depths of
less than 1 km (Talwani et al., 1978). The earthquakes appear to
occur in clusters and apparently do not define linear fault planes.
Events in the different clusters all have slightly different
composite focal mechanisms. Most earthquakes are of the thrust
type. A comparison of focal mechanisms for earthquakes close to the
Monticello 1 site (Figure 18) with the shallow fracture orienta-
tions in the well shows fairly good agreement of possible fault
planes and significant groupings of natural fractures (Figure 14,
af ter Zoback, 1980). A comparison of pole densities in the upper
third of Monticello 2 (34-305 m) with composite focal mechanisms for
earthquakes occurring near that well site also shows a good
correlation with one of the possible fault planes. Thus, the
shallow earthquakes at Monticello Reservoir seem to be associated
with shear motion on pre-existﬁng fractures such as those encoun-
tered in these wells.

It has been noted that the fracture distribution in the interval
305-610 m in Monticello 2 is markedly different than that found
above and below. The majority of the fractures found in this
interval were located in a highly fractured interval centered at a
depth of about 500 m (Figure 13). Pore pressure measurements made
in the well revealed a zone of artesian pressures from above 394 m
to somewhere above 591 m. The presence of the artesian zone
suggests that impoundment has raised the pore pressure in an aquifer

represen ted, perhaps, by the distinct fracture set found in the
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interval 305-610 m. The distinct orientation and hydrologic char-
acteristics could be an indication that this fracture set has an
origin different from that of the fracture sets seen in the shallow
and deep intervals of the well. Thus it is possible that the
fractures encountered in Monticello 2 are an example of superimposed
fracture sets which may have formed under different stress regimes

at different times.

INTERPRETATION

In neither well is there an appreciable decrease in the number
of observed fractures with depth. The measured in-situ stress field
and the shallow nature of the seismicity seem to indicate that
deviatoric stresses are small at depths greater than a few hundred

meters. These facts would seem to indicate that shear stresses

associated with the current stress field are not responsible for the
formation of the current fracture patterns. Qames and Moore (1974)
concluded that near surface fractures upon which there has been
shear displacement or hydrothermal mineralization were concentrated
along older features. As noted previously, the rapid change of
fracture orientation from well to well and from outcrop to outcrop
(Secor, 1980) seems to preclude a fracture origin due simply to the
historic regional stress field. It would seem, then, that the frac-
tures encountered in these two wells owe their existence to local
stress effects, whether from local amplification of the regional

stress field due to variable rock properties or as a result of local
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structural or thermal processes not yet known in detail. It is not
possible to determine here whether the mode of fracture formation

was of predominately shearing or tensile nature.

LIMEKILN VALLEY, CALIFORNIA

Fracture studies have been performed in thrge wells drilled near
the creeping section of the San Andreas fault in central California.
These wells were drilled to depths of about 220 m in Cretaceous
quartz monzonite of the Gabilan Range. The wells were located 2, 4,
and 14 km west of the San Andreas Fault (Figure 19).

The Gabilan Range is part of the Coast Ranges province of
central California. (For a detailed summary of the geology of this
area, see Page (1966) and Compton (1966)). The structural and
stratigraphic history of the Coast Ranges province has been quite

complex. In the Tertiary, folding, high angle reverse faulting,
thrusting, and strike-slip faulting in the Coast Ranges have been
more or less simultaneous. A1l of these types of deformation have
affected Plio-Pleistocene deposits in one.area or another, implying
that all have been at least locally active in the Quaternary. The
Gabilan Range itself is a broad granitic complex enclosing numerous
large metamorphic relics. Its length is about 75 km in a

nor thwest-southeast direction, with a maximum width of about 15 km.
It is bounded on the east by the San Andreas fault and on the north,
west, and south by Cenozoic clastic sedimentary rocks. As a whole,
the Gabilan Range appears relatively undeformed, although there is

evidence of small scale folding and lineation.
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Televiewer picture quality was generally good in wells LKB and
LKC, but well LKD was so intensely fractured that the overall data
quality is relatively poor. The fracture density (number of
fractures per meter) is greater in these wells than in any of the
other wells studied (compare Figures 6, 16, and 20). LKC, the least
fractured of the Limekiln wells is more densely fractured than
Mojave 4 and Monticello 2, the most densely fractured wells in the
other two data sets. Only in LKC is there a possible indication
that the number of fractures is decreasing with depth. There is no
relation between proximity to the San Andreas fault and the density
of fracturing in these wells. LKD, the well furthest from the
fault, encountered the most fractures, while LKB, the well closest
to the fau]t, lies between LKC and LKD in fracture density.

Poles to dipping fracture planes and orientation-density plots
for each well are presented in Figure 21. The fractures encountered
in the Limekiln wells seem to belong to a few well-developed frac-
ture systems as, in each case, the maximum contour on the density
plot is at least 10o0. In well LKB, located 2 km west of the San
Andreas fault, two significant clusters of poles are observed. The
most significant cluster (> 160) has a mean strike of about
N60°W and a dip of 60°W. The secondary cluster (> 10o) has an
approximate mean strike of N65°E and dip of 559E. It is
possible that the two maxima are part of a girdle, with the perpen-
dicular to the trend of the girdle having an approximate trend of
$10°E and plunge 55%SE. There are also two clusters in the

orientation-density plot for well LKC which is located 4 km from the
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San Andreas fault. The most significant cluster (> 10o) has an
approximate mean strike of N20% and dip 65°N, while the
secondary cluster (> 6ag) has an approximate mean strike of NSO%W
and dip 55°E. The fracture population picked for LKD is only a
subset of the total population due to the intense fracfﬁring and
resultant data quality problems. Three clusters are apparent on the
orientation-density plot for well LKD, located 14 km from the
fault. The most significant cluster (> 1l4g) has an approximate
mean strike of N10°E and dip of 60°W. The two lesser clusters
(> 8ag) have approximate orientations of N5°w, dip 65°€ and
N40°E, dip 65°E; these two clusters may not be statistically
distinct. Orientation;density plots for the upper 110 m and 110 m -
TD for each well are shown in Figure 22. A comparison of the
fracture orientations in the shallow and deep sections with those of
the entire well indicates that the orientations are consistent

through- out each entire well.

INTERPRETATION

The magnitude of the in-situ stress field was measured in
several intervals in each of these wells using the hydrofracture
technique (Zoback et al., 1980). Unfortunately, the orientation of
the stress field was determined only in well LKC, where the
direction of maximum horizontal compression was found to be about
north-south. This orientation of the horizontal components of the
stress field is compatible with right lateral shear on the San

Andreas fault which trends approximately N40%W in the Coast Ranges
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province of central California. The maximum and minimum horizontal
stresses measured in each of these wells were always greater than
the vertical stress, which would imply that thrust-type shearing
could be favored in near surface rock (Zoback et al., 1980).

Geodetic measurements of strain across the San Andreas fault
(Thatcher, 1979; Savage and Burford, 1973) have been modeled by the
motion of relatively rigid blocks. There has been no evidence or
strain accumulation on either side of the fault system, so that the
relative motion appears to be accommodated by slip accumulation in a
very narrow zone centered on the San Andreas fault. Such motion is
consistent with a roughly north-south regional compression. How-
ever, triangulation studies carried out by Burford (1965), and an
analysis of fold trends (Page, 1966) indicate that the direction of

maximun shortening is N3S°-40°E. Also, earthquake focal

mechanisms indicate general north-south compression, but with con-
siderable scatter (Zoback and Zoback, 1980). Gawthrop (1977), in a
study of the seismicity of the central coastal region of Califor-
nia, found that the least horizontal principal stress was oriented
about N60°W. This conclusion was based upon an average of 30
events, with approximately equal numbers of strike-slip and thrust
events. The direction of maximum compression varied from N10% to
N60°E, with an average of about N30°E, close to the direction
inferred from fold orientations.

As in the Monticello wells, the fracture orientations vary con-
siderably from well to well. In well LKB, the pole maxima may

represent conjugate shear sets lying on a girdle. Considering their



32
dips, these fractures probably represent dip-slip shear features.
[f they are Tike reverse faults, the indicated direction of maximum
compression is about N80°w, which is inconsistent with any of the
measured regional stress fields. If the fractures are like norﬁal
faults, the indicated direction of maximum extension wodld be
N80°W. This possibility is inconsistent with the observation in
this region that the in-sitﬁ stress field at shallow depth favors
thrusting, and in deeper intervals favors strike-slip faulting.
Thus, the orientation of the fractures in LKB does not bear a direct
relation to the current regional stress field. |

By considering the scatter in the orientation-density diagram
for LKC, it is possible to conclude that the two maxima represent a
conjugate éet of shear fractures. However, the data do not rule out
a tensile origin for at least one of the groups. If the maxima do
represent a shear set, a direction of either maximum compression or
extension of about N35°E is indicated. No observations of the
stress field favor normal faulting, so that, from the fracture
pattern, a direction of maximum compression of about N35°E is
indicated. This is approximately the direction of maximum compres-
sion axes found from focal mechanisms.

The fracture pattérn in well LKD seems to be indicative of a
conjugate set of shear fractures striking about N10°E, the set
dipping to the west dominating. Again, from the fracture pattern
this shear set could be a result of N80°W compression, as the

magnitude of measured stresses seems to exclude extension. As in
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LKB, the orientation of the fractures in LKD does not bear a direct
relation to the current regional stress field.

The directions of maximum compression derived from the fracture
orientations in wells LKB and LKD are nearly identical. It was
noted earlier that the pole maxima in LKB may be part of a girdle.
If the po]es'to the fracture planes in LKB are rotated about small
circles through the angle required to give the girdle a 90° dip,
then the effects of a possible structural plunge may be removed (see
Dennis, 1972; Billings, 1972). (A rotation of 50-60° about a
horizontal axis is required to give the girdle in LKB a 90° dip.)
The resulting orientation-density plot for LKB is very similar to
that found for LKD. This may be an indication that the fractures
found in LKB and LKD were originally formed under similar conditions
and that there has been considerable post-fracturing deformation of
these blocks of the Gabilan Range.

The Limekilﬁ Cényon wells were drilled in a re]ative]} stable
block in a region which has a very complex geologic history. The
fractures found in these wells were strongly oriented, yet these
orientations were not consistent from well to well. No simple
regional stress field can be proposed which can explain the observed
distribution of fractures. As is possible for each of the data
sets, and may be best shown in wells LKB and LKD, any inconsistency
between the fracture orientations and the regional stress field may

be due to post-fracturing deformation.
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SUMMARY AND CONCLUSIONS

In this paper, observations of the natural fracture distribu-
tions found in ten wells from three different regions of North-
America have been presented. All but one of these wells were
drilled in granitic rock. Fractures were numerous in all wells.
The lowest fracture density was found in Mojave 1, drilled in
sandstone 2 km from the San Andreas fault. The highest fracture
density was found in LKD, drilled in quartz monzonite 14 km from the
San Andreas fault in central California.

Fractures were found throughout every well. There is a slight
tendency for the fracture density to decrease with depth (see
Figures 6, 9, 13, and 20). From laboratory experiments and simple
elasticity theory on the effect of confining pressure on crack
closure, fracture density would have been expected to decrease more
rapidly with depth than was observed. Factors such as surface
roughness and debris, not usually important in laboratory and
theoretical developments, may be responsible for the fractures
remaining open to depths of more than 1 km with only a minor
decrease in fracture density.

In addition to orientation information, an estimate of the
apparent fracture aperture at the borehole could be made from the
televiewer data. Observed apparent apertures ranged from a few
millimeters to several centimeters. The size of the apparent aper-
tures was found to be roughly indeﬁendent of depth.

Most fractures were steeply dipping. Few horizontal fractures

were observed in any of the wells. Vertical fractures are not well
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sampled by vertical boreholes, and thus do not make a contribution
to the fracture populations observed in these wells.

At least one statistically significant concentration of poles to
the observed fracture planes was found in every well. These sig-
nificant pole concentrations were generally found thfoughout each
entire well.

Preferred fracture orientations found in the wells were compared
to the regional stress field and structure. In no area was there a
simple, genetic relationship between all of the fracture sets and
the regional stress field or structure. However, in the Mojave
wells it appears that there may be relationships between the cur-
rent, measured stress field and many of the fractures which are
observed. In the Monticello wells extremely local conditions appear
fo control fracture distribution and response. The Limekiln wells
are examples of cases in which local fracture patterns appear
distinct, but there is some evidence that much of the difference is
due to post-fracture deformation of the rock. Many factors, from
changing mineralogy to local structural effects to the superposition
of several unrelated fracture sets over geologic time could be
responsible for the complex fracture patterns observed in each area.

The measured shear stresses in these wells are currently low
(1ess than 100 bars) (Zoback et al., 1980; Zoback, 1980), even in
unfractured intervals. If such low shear stresses are represen-
tative of the stress state under which these fracture sets were
formed, extensive development of shear sets would not be expected

and most of the fractures would be of tensile origin. It is
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interesting to note, however, that in several cases the pole
clusters in the orientation density plots could be interpreted as
indicative of the presence of conjugate shear fracture sets. .
Whether these clusters are due to the fractures having'formed in
shear, or to the results of shear motion on favorably oriented,
pre-existing tensile fractures, or to processes not involving shear
stresses cannot be determined here. From the televiewer data it is
impoésib1e to determine whether the fracture sets are of shear or
tensile origin, or whether any shear deformation has occurred across
the fractures subsequent to their creation.

In most of the wells considered the fracture orientations did
not vary with depth. Thus, knowledge of the shallow fracture
orientations in a well may be a good indicator of the orientation at
depth. This is not always true as, for example, the fracture
orientations found in the artesian zone of Monticello 2 were
markedly different from those found in the rest of the well. Also,
as highly fractured intervals were often found throughout the wells
studied, a decrease in the fracture density in one interval does not
indicate that a more densely fractured interval is not located at
greater depth.

~ The Mojave and Limekiln Canyon wells were located close to the
San Andreas fault, which might be expected to affect the fracture
distributions. For example, Friedman (1969) studied the macro- and
microfracture distributions from cores recovered from wells drilled
near the Oak Ridge fault, a major reverse fault in the Ventura

basin. Friedman concluded that conjugate shear sets of fractures
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had developed, with one set parallel to the fault plane. He also
Eoncluded that the abundance of microfractures increases with prox-
imity to the fault and is independent of the depth of burial. The
Mojave and Limekiln wells closest to the San Andreas fault were 2 km
away from it. It is possible that closer to the fault the fracture
orientations may parallel the San Andreas (Friedman's (1969) data
generally came from within a half kilometer of the mapped subsurface
location of the Oak Ridge fault). However, the data presented here
show that there is no tendency for the fracture planes to align
themselves with the San Andreas fault, nor is there an increase in
fracture density.as the fault is approached.

Thus far this study has taken the measured fracture distribution
as a known and an attempt has been made to try to determine the
regional conditions which would be resonsible for such distribu-
tions. The reverse question could also be asked - knowing the
structural history and the regional stress field could one predict
the fracture distribution to be found in a well at a given site? In
the case of lineaments, one might expect a good correlation between
stress field, regional geology, and lineament orientation (see
Hodgson, 1961). Lineaments are fairly widely spaced, however, and
are not likely to be extensively sampled by wells (Kowalik and Gold,
1976). The data presented here indicate that fractures on a smaller
scale than Tineaments are not simply related to regional processes
and their distribution may be controlled by local factors. The use
of an approach based upon simple fracture mechanics in a homogenous

medium to predict fracture orientations seems not to be justified on
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the basis of the data presented here. It thus appears unlikely that
fracture orientations in a well can always be predicted with
certainty simply from a knowledge of the regional stress field -and

the geologic history of the area.
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FIGURE CAPTIONS

Isometric sketch of fracture or bedding plane intersecting
borehole at moderate dip angle, and corresponding Borehole
Televiewer log (after Zemanek et al. (1969), Fig. 7).
Televiewer pictures for 15.2 m of well in two 7.6 m
sections. Top of sequence is at upper left, bottom at
lower right. Numerous fractures are present, shown as
dark sinusoidal bands.
a) Lower hemisphere equal-area sterographic projection of
fracture poles encountered in well LKC.
b) The corresponding orientation-density diagram. The
standard deviation, o = 2.9, and the sampling area,
A = .05, are determined by the number of fractures,
N = 165, using the method of Kamb (1959). A random dis-
tribution of poles would yield pole densities between 20
and 40. Pole densities greater than 6c¢ represent
statistically significant preferred fracture orienta-
tions. Two significant pole clusters are shown here: a
north-northwest striking southwest dipping cluster with
maximum contour of 100, and a northwest strikfng,
northeast dippiﬁg cluster with maximum contour of 60.
Map showing location of wells in the western Mojave
desert, California. Well 1 is about 2 km southwest of the
San Andreas fault, and was drilled entirely through the
Miocene Punchbowl sandstone. Wells 2, 4, 5, and XTLR are

4, 22, 34, and 4 km, respectively, northeast of the San
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Andreas fault. A1l were drilled in Mesozoic quartz
monzonite which is part of the suite of Mesozoic intru-
sives which form the basement of much of the western
Mojave.
Frequency plot of the number of fractures per meter as a
function of depth in the Mojave wells 1, 2, 4, and 5.
Note that fractures were found throughout each well.
Cumulative number of fractures plotted as a function of
depth for the Mojave wells. The sandstone encountered in
Mojave 1 is significantly less fractured than the granite
encountered in wells 2, 4, and 5. In general, only a
slight decrease in the number of fractures with
increasing depth is observed.
Lower hemisphere, equal-area diagrams for Mojave 1, 2, 4,
and 5.
a) Poles to all dipping fractures in the entire well.
b) Orientation-density diagrams for all dipping frac-
tures. Significant fracture orientations (contours
> 60) were found for each pole population. Maximum
contours ranged from 6o in well 4 to 160 in well 5.
Note that there is no significant fracture orientation
common to all four populations, even though all were
sampled within 35 km of the San Andreas fault. There is
no single, simple relationship between these preferred
fracture orientations and the regional stress field.
Lower hemisphere, equal-area diagrams for Mojave 1, 2, 4,

and 5.



Figure 9

Figure 10

a) Poles to all dipping fractures below 137 m.

b) Orientation-density diagrams for all dipping frac-
tures below 137 m. Significant fracture orientation§
were found for each pole population. Each sfgﬁificant
fracture orientation observed in the deeper intervals was
also significant when the entire well was considered.
The density maxima in wells 2 and 4 are barely
significant. Well 5 has the only population for which
the maximum contour exceeds 6g.

a) Frequency plot of number of fracture plotted as a
function of depth for well XTLR.

b) Cumulative number of fractures plotted as a function
of depth for XTLR.

The number of fractures is almost uniformly distributed

with depth, with only a slight tendency to fewer
fractures with increasing depth.

a) Poles to all dipping fractures in the entire well.
b) Orientation-density diagrams for all dipping
fractures. The maximum contours (1l4g) indicate that
the preferred fracture orientation strikes north-
northwest and dips steeply to the southwest. This pole
distribution compares favorably, particularly in the
deeper interval, with that found in Mojave 2, which was
drilled at the same site as XTLR. The strike of this
significant fracture orientation is parallel to the

direction of the maximum regional compressive stress,
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Figure 12

Figure 13
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possibly implying that these fractures are being held
open like tensile features.

Lower hemisphere, equal-area diagrams for XTLR.

a) Poles to all dipping fractures below 300 m.

b) Orientation-density diagrams for all dfpping frac-
tures below 300 m.

The fracture distribution in well XTLR below 300 m is
substantially the same as that found throughout the
entire well. In situ stress measurements indicate that
the vertical principle stress is the minimum principal
stress above 300 m, and that the minimum horizontal
stress is the minimum principal stress below 300 m. No
significant change in fracture orientations was observed
due to the change from a thrust-type environment to a
strike-slip environment.

Map showing location of wells near Montice]lo Reservoir,
Fairfield County, South Carolina. Both wells were
drilled in intrusive granodiorite bodies of late
Paleozoic age in the Charlotte Belt.

a) Frequency plot of number of fracture plotted as a
function of depth for Monticello 1 and 2.

b) Cumulative number of fractures in Monticello 1 and 2
plotted as functions of depth.

The number of fractures encountered in Monticello 2 was
about three times that encountered in Monticello 1, which

was relatively unfractured. There is little indication



Figure 14

Figure 15

Figure 16
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in these wells of a decrease in the number of fractures
with increasing depth. Numerous fractured zones were
found in these wells, the largest of which was centered
at a depth of about 475 m in Monticello 2.

Lower hémisphere, equal-area diagrams for Monticello 1
and 2.

a) Poles to all dipping fractures.

b) Orientation-density diagrams for all dipping frac-
tures.

Although located only five kilometers apart, the fracture
patterns found in these wells are very different. The
maximum contours for Monticello 1 are 6o0 for two sha11
areas, while one pole cluster with a maximum contour of

120 was found in Monticello 2. There is an approxi-

mately 45% difference in strike between that of the
largest cluster in Monticello 1 and that in Monticello 2.
Cumulative number of horizontal fractures plotted as a
function of depth for Monticello 1 and 2. About half of
the horizontal fractures in each well were found at
depths above 300 m. Several horizontal fractures were
also found at depths of about 1 km in both wells and in
the highly fractured intervals between about 400-500'm in
Monticello 2.

Orientation-density diagrams for Monticello 1 for the
intervals surface-305 m, 305-610 m, and 610 m-TD.

Different fracture distributions are found in each of
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these intervals; shallow dipping, northwest striking
fractures in the upper interval, southwest dipping and
northeast striking fractures in the intermediate inter-
val, and a random distribution in the lower interval.

Figure 17 Orientation-density diagrams for Monticello 2 for the
intervals surface-305 m, 305-610 m, and 610 m-TD. In the
upper interval two significant pole maxima are found at
the 60 level. One of the maxima is part of the
north-south striking set found when the fracture
population of the entire well was considered (Figure
14). The second shallow dipping group shows up as a
slight (> 4o) concentration in Figure 14. In the
intermediate interval a strong northwest striking,
northeast dipping set is found; this set is responsible
for the extended lobe in Figure 14. Most of the
fractures in this interval are found in the densely
fractured zone at about 500 m depth. In the bottom
interval the north-south striking fracture set is very
prominent; there is little evidence below 600 m for the
northwest striking set of the intermediate interval.

Figure 18 Comparison of orientation-density diagrams for shallow
intervals of Monticello 1 and 2 and poles to probable
fault planes found from local focal mechanisms. Note
that the poles to the fault planes lie near or within

significant fracture pole concentrations.
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.Figure 20

Figure 21

Figure 22
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Map showing location of wells near Hollister, California.
Wells LKB, LKC, and LKD are 2, 4, and 14 km southwest of
the San Andreas fault, respectively. These wells were
drilled in Cretaceous quartz monzonite.
a) Frequency blot of number of fractures per meter
plotted as a function of depth for wells LKB, LKC and LKD.
b) Cumulative number of fractures plotted as a function
of depth. In general, these wells encountered more
densely fractured rock than any of the others in this
study. Again, there is only a slight tendency for the
number of fractures to decrease with depth. Also, there
is no tendency for the number of fractures to increase
near the San Andreas fault.

Lower hemisphere, equal-area diagrams for LKB, LKC and
LKD.

a) Poles to all dipping fractures.

b) Orientation-density diagram for all dipping fractures.
In each well dense pole concentrations were found. Note
that, again, there is no significant fracture orientation
common to each of the populations.

Lower hemisphere, equal-area diagrams for LKB, LKC and
LKD.

a) Orientation-density diagram for the interval
surface-110 m.

b) Orientation-density diagram for the interval 110 m-TD.
The fracture orientations found in these wells tend to be

relatively consistent with depth.
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PERMEABILITY AND FAULT ZONE STRUCTURE
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ABSTRACT

A critical review of the permeability characteristics in the
upper crust reveals that in the volume around a fault there.ié an
anisotropic permeability distribution which differs from that of the
surrounding rock. The most commonly observed permeability aniso-
tropy has high permeability parallel to the fault zone and Tow
permeability across it. The high permeability zone is most often
found on the hanging wall side of the fault zones, with the low
permeability zone on the footwall side. Consideration of the struc-
tural factors which affect permeability leads to the conclusion that
the high permeability zone is a result of increased fracturing and
porosity, while the 1ow permeability zone is a result of porosity
reduction, grain size reduction, and a lessening of the degree of
sorting in fault zone material. A comparison of this predicted
structure with that observed in mines and encountered by wells finds
relatively good agreement between the two. Highly fractured zones,
which would be relatively permeable, are found parallel to fault
zones and very often in the hanging wall side of the zone. Low
permeability "gouge" zones are very often found on the footwall side
of the fault zone..Both the permeability data and direct
observations indicate that fault zones have an anisotropic, three-
dimensional structure. This structure can have major effects on
such processes as hydrocarbon migration and the development of high

pore pressures during the faulting cycle.
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INTRODUCTION

The flow and distribution of pore fluids in situ is a subject of
both scientific and economic interest. Through the effective stress
law (Hubbert and Rubey, 1959), the important role of pore ffuids in
physical processes is predicted. Pore fluids also pTay an important
role in in situ geochemical processes. Pore fluid movement has been
called upon to explain temporal changes in geophysical phenomena
(e.g. Nur and Booker, 1972; Lachenbruch, 1980). Finally, distribu-
tion and ease of production determine the economic viability of oil,
gas, ore, and water accumulations.

With the knowledge that pore fluid flow and distribution play an
important role in physical and economic processes, it is appropriate
to study some of the factors which affect these parameters. In this
paper a review of the observations of pore fluid flow and distribu-
tion near faults will be presented. Many direct and indirect
observations of fluid flow and distribution near faults have been
made in such varied fields as ground water and oil field develop-
ment, tunneling, surface ?ie1d geology, and mining. Most of these
measurements are made within one or two kilometers of the surface,
although mining observations may be indicative of depths of at least
5 km and 0il wells have been drilled to more than 10 km.

A knowledge of the structures commonly found in fault zones and
their effect on fluid flow is of importance to fhe understanding of
such problems as hydrocarbon migration and earthquake mechanisms,
Structural elements such as faults and fracture zones may explain

much of the variation of in situ flow and pore pressure (e.g. Brace,
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1979). Direct field observations of fault zone structure will be
cited and the permeability distribution inferred from these obser-
vations will be compared to that actually found in thg subsurface.
The resulting fault zone permeability model is consistént with
observed flow paths near many faults in sedimentary, igneous, and

metamorphic rocks.

DARCY'S LAW

Most rocks are to some degree porous, and beneath shallow depths
their pores are usually filled with fluid. The empirical relation-
ship for the flow of this fluid through interconnected pore space in
response to potential differences is given by Darcy's law (Hubbert,
1940). 1In its tensor form, Darcy's law is (Biot, 1955; Bear et al.,
1968)

g = &
where g is the volume flow per unit area; h = p + pgz is the fluid
potential where p is applied pressure, p is fluid density, g is
the acceleration of gravity, and h is the distance from the datum
level; andlﬁ is the hydraulic conductivity. Darcy's law has been
shown to be appropriate for flows with a Reynolds number of less
than 1, which is appropriate for almost all naturally occurring
subsurface flow.

K is a symmetric second order tensor (Biot, 1955). There exist
in general three mutually orthogonal axes, the principal directions
of 5_, for which the off-diagonal elements are zero. The trace of ﬁ,

K11 + K22 + K33, is an invariant. In the case of K11 = K22 = K33,
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with Kij=0, i=J, g_is an isotropic tensor and the general
Darcy's law reduces to the original scalar law.

The components of the hydraulic conductivity are functions of
both the porous solid and the pore fluid. This relationshih has

been expressed as (Hubbert, 1940)

where k is the (intrinsic) permeability of the matrix and u is the
fluid viscosity. k is controlled by the flow paths through the rock
and the interaction of the fluid phases and matrix present. In an
isothermal system, u is essentially independent of position, so that
the variations of K are only due to variations of k. Thus, § is
also a symetric tensor.:

Much work has been done trying to correiate permeability with
parameters such as porosity and resistivity (Brace, 1977), which are
easily measured in situ. These methods have shown some success when
used on data from laboratory samples and from similar sedimentary
lithologies in the field. However, no functional relationship
between permeability and any other factor, such as porosity, which
is applicable for all naturally occurring flow paths has yet been
formulated.

Many researchers have investigated the various parameters which
influence the intrinsic permeability (Kozeny, 1927; Fair and Hatch,
1933; Rose, 1945; Ryder, 1948). These studies have shown that
permeability decreases with decreasing porosity, grain size, frac-

ture density, and degree of sorting., In addition, Fair and Hatch
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(1933) found that permeability decreases with increasing angularity
of grains. Zoback and Byerlee (1975), Nur et al. (1980) and Walls
(1980) found permeability to be affected by changes in confining
pressure and clay content. Summers et al. (1978) found that
permeability may be temperature and/or time dependent.

In the case of fractured rock, intrinsic permeability is not a
well-defined parameter (Snow, 1972). The volume flow rate through
fractured rock is a function of the cube of the fracture aperture
(Snow, 1968). Thus, the measured permeability of fractured rock is
generally much higher than that for similar but unfractured rock.
If the rock is extensively fractured, an effective permeability for
an equivalent porous rock may be used (Castillo, 1972). However,
for a rock with only a few important fluid conducting fractures, the
indicated effective permeability may be sample size or location
dependent.

With-a knewledge of the factors which affect permeability, e.g.
porosity, grain size, sorting, and fracture density; observations of
fluid flow and distribution near faults can be used to infer the
structure of the matrix. Similarly, from direct observations of
fault zone structure and material, the flow and distribution of

fluids may be estimated.

OBSERVATIONS OF FLUIDS NEAR FAULT ZONES
A fault zone is a distinct structual element in which the
parameters which affect fluid flow and distribution may be markedly

different than those found in the parent rock outside of the zone.
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In theories and observations of in situ fluid flow, fault zones have
been called upon to perform two seemingly contradictory roles; that
of barrier to fluid flow, and that of conduit. In this section
typical observations which lead to these conclusions will be

reviewed.

FAULT ZONES AS BARRIERS

Several factors may account for fault zones appearing as
barriers to subsurface flow. Among these factors are (Davis and
DeWiest, 1966): 1) fault action may tend to pulverize rock in the
fault zone, creating a relatively impermeable gouge; 2) faulting may
juxtapose permeable and impermeable formations; 3) elongated and
flat clasts may tend to be rotated parallel with the fault surface

to reduce the permeability perpendicular to the fault; and 4)

deposition of minerals along the fault surface may reduce the
permeability. For multiphase fluid flow, barriers to one or more
fluid phases may be due to preferential wetting of the matrix by one
fluid phase (Smith, 1966). A barrier to subsurface flow is
indicated by abrupt lateral changes in water table elevation, fluid
pressure, fluid type, or fluid salinity.

That faults may be barriers to flow has been recognized by
hydrogeologists for many years. Many faults, such as the Raymond
Hill Fault near Pasadena, California, were first discovered because
they created barriers to subsurface flow (Bryant, 1978). Where
ground water resources have been extensively developed, faults are

often observed to divide the ground water basin into distinct
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subbasins with their own water tables and production histories.
Examples of such fault controlled subbasins are found in the Liver-
more Valley (Figure 1) and Coachella Valley ground water basins in
California (California Department of Water Resources, 1964, 1966,
1974). In these basins, water table offsets of up to 70 m (260
feet) (across the Mission Creek fault in the Coachella Valley ground
water basin) are observed. Fault gouge is thought to play a major
role in providing barriers to flow as juxtaposition of permeable and
impermeable beds and mineralization are not always probable factors.

In hydrocarbon production, faults in the reservoir rocks have
been found to wholly or partly form the trap for many 0il and gas
accumulations. Most pools found in structural t?aps are modified by
faults. Most oil and gas accumulations trapped by faults are found
in the footwall side of normal faults (Levorsen, 1967).

Hydrocarbon trapping by faults is indicated by abrupt lateral
variations in gas-oil and oil-water contacts, pore pressure, and
production characteristics. In the Kala field, Baku district of the
USSR, faults form the boundaries for separate pools, distinguished
by differing oil-water contacts (Figure 2) (Levorson, 1967). Five
major faults divide the Wilmington 0il1 Field, California into six
fault blocks (Gilluly and Grant, 1949; Long Beach Department of 0il
Properties, 1970). Each fault block possesses its own character-
istics as to oil-water contact, quantity of oil produced, and
pressures within producing zones. Evamy et al. (1978) reported that
for each major fault block in the Niger Delta, the petroleum

maturation and migration histories were distinct, implying separate
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fluid systems since the beginning of the petrogenic cycle, possibly
as early as the Eocene. As a further example, faults are important
trapping elements for gas accumulations in the Lower Devonian
Oriskany sand in northern Pennsylvania and southern New York (Finn,
1948). Finn (1948) noted that the "fault separating'the West End
Harrison pool from the East End Harrison pool has a very small
amount of displacement, but it is sufficient to separate the
~producing areas. Production apparently continues in both pools to
the fault plane, the fault acting only as a means of preventing
migration from one to the other.,"

Ground subsidence and faulting due to fluid withdrawal also
illustrate the role of faults as barriers to fluid flow (Reid, 1973;
Holzer, 1976). Kreitler (1976) noted that land subsidence due to
fluid extraction in the Houston, Texas area appears to be fault
controlled. He stated that "faults in the Houston-Galveston area
appear to act as fluid barriers. Fluid production on one side of a
fault causes pressure declines and aquifer or reservoir compaction
on that side of the fault ﬁnd not on the other. This differential
sediment compaction is translated to the surface as differential
land subsidenéé or fault movement." An example of fault controlled
subsidence measurements is presented in Figure 3. The producing
horizons of the oil and gas fields considered by Kreitler (1976)
extend to depths of more than 2500 m; implying that faults may act

as barriers to at least such depths.
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Fault zones are not always observed to be barriers to fluid
flow. Wasson (1948) observed that in certain Gulf Coast areas
trapping appears to be accomplished only by the juxtaposition. of
permeable and impermeable strata. In a recent study, Smith (1979)
concluded that trapping in sand-shale sequences is generally deter-
mined by the amount of slip which has occurred on the fault. If the
net slip has not been larger than the thickness of the formation,
fault trapping was rarely observed. This seems to imply that a
certain amount of motion is required to insure the creation of a
.gouge zone of great enough thickness and lateral extent to be a
barrier,

The observations presented so far have been primarily from sedi-
mentary rock. The number of pore fluid observations in crystalline

rock is less than that for sediments. However, similar observations

have been made in crystalline rock. For example, Price (1961) found
that in the basalt flow aquifers of the Walla Walla area, Washing-
ton, fault zones act as barriers to the lateral movement of ground

water.

FAULT ZONES AS CONDUITS

In apparent contradiction to the observations just presented,
when exploring for fluids in crystalline rock, fault zones are
preferred locations for well sites. This is generally due to the
increased supplies which may be obtained from the fractured rock
associated with fault zones. Meier and Petersson (1951) described

tests where yields from wells 19cated in fault zones in gneiss in
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Sweden were five to eight times the yield from wells in similar but
unfaulted rocks. The yields found in these wells indicate that the
effective permeability near faults in crystalline rock may be
relatively 1arge. Similar results have been reported for tﬁe
crystalline rocks of Idaho (Littleton and Crosthwaite, 1957,
Stevens, 1960). Ward (1946) has reported an instance in South
Australia where the flowing ground water was confined to a fractured
fault zone in which mineral deposition had occurred (Figure 4).

The rising hot waters which reach the surface as thermal springs
frequently use fault zones as conduits. A study of the distribution
of thermal springs (Wariﬁg, 1965), reveals a close correlation of
thermal ;pring locations and fault zones. Lowell (1974) calculated
that the depth of circulation of water in thermal springs in the

southeastern United States may be 1.5 to 2.0 km, Thus fault zones

may provide paths for fluid migration to depths of at least this
magnitude. _

Newhouse (1942) presented many examples of ore bodies whose
location and distribution are determined by fault zones. The
majority of these ore bodies were emplaced by liquids at depths of
at least several kilometers. Ore bodies discussed are generally
found emplaced along faults, particularly in areas where the fault
trend is not planar. The fractures associated with faults and gouge
material present are controlling factors in the distribution of ore
bodies which were emplaced as liquids.

In theories of hydrocarbon development and accumulation, faults

are often postulated as providing conduits for 0il and gas migration
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(e.g. Schowalter, 1979; McAuliffe, 1979). Surface evidence for such
migration is found in the 0il seeps associated with faults in such
areas as the Ventura Basin-Santa Barbara Channel area, Califofﬁia
(McCullogh, 1934), the Maracaibo basin, Venezuela (M111er et al.,
1955), and the o0il, bitumen, and gas seepages in the Lower Fars
"Salt Zone" in Iraq (Dunnington, 1955). In the Serendipity Gas Seep
area, south Texas offshore, extensive gas seeps are presumed to be
related to the presence of faults (Watkins and Worzel, 1978). In
the Big Horn Basin of Wyoming, Stone (1967) has postulated that
faults have acted as conduits for vertical oil migration to account
for observed !oca1 oil-water contact irregularities.

Previously, the role of faults as hydrocarbon trapping elements
in the Niger Delta has been mentioned. Trapping was observed'to
occur in accumulations found on the footwall side of the fault
(Evamy et al., 1978; Weber et al., 1978). However, flow along these
same faults is also presumed to occur. According to Weber et al.
(1978), the main reason for assuming that fluid flow along these
faults has taken place is that in downthrown blocks "the inter-
section of the top of the reservoirs and the faults appear to be at
the spillpoints of many accumulations" (Figure 5). Faults playing
such dual roles are observed to depths of more than 3 km in the
Niger Delta.

The observations briefly summarized here indicate that flow near
faults may be facilitated by the fracturing and increased porosity
(dilatency?) associated with a fault. In contrast, there are many

observations which indicate that flow across fault zones is minimal.
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The conclusion that faults in the Niger Delta have acted as seals
since the Eocene and the observation that faults which juxtapose the
same or similar formations may act as seals indicates that the
structure of fault zones rather than the temporary jyxtaposition of
permeable and impermeable beds or cross-fault pressure differences
is responsible for many faults acting as seals. Both high and Tow
fault zone permeability often appear to be due to the structure of
the fault zone. What is more, the observations of Weber et al.
(1978) are examples in which single faults exhibit both high and low
permeabilities, with high permeability zones parallel to the fault
plane, particularly on the hanging wall side, and low permeability
perpendicular to the fault zone. If this permeability anisotropy is
due to fault structure, the implications are that the fault zone
itself is structurally anisotropic. In particular, the zones of
high permeability could be due to well connected fractured zones or
high porosity, large pore, zones while the zones of low permeability
could be due to zones of relatively low porosity, small grain size,

poor sorting, or decreased fracture density.

DIRECT FAULT ZONE OBSERVATIONS
In the previoﬁs examples we have seen that faults may act as
bafriers to, and conduits for, subsurface fluid flow, It has been
shown that both roles may be played by the same fault. In this
section field observations of fault zone materials and structures
which may affect fluid flow are reviewed, with an attempt made to

explain the observed fault zone permeability characteristics.
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Fault zones may be directly observed in tunnels and mines, and
at the surface where repeated action has left a fault trace or where
erosion or excavation has exposed a previously buried feature.. A
commonly observed feature of fault zones whicﬁ could affect fluid
flow is fault gouge. Louderback (1942) described a section across a
fault zone as showing a "complex succession of fault fractures,
often ranging in magnitude and sense of dip, crush belts, brecciated
belts, thoroughly sheared belts, and gouge belts." In tunnels cut'
across the Hayward fault in California he described the most extreme
cataclastic belt as having the character of a thoroughly ground-up
gouge clay. The characteristic of clays and clay sized particles in
fault gouge that is important to fluid fiow is their small grain
size. As noted earlier, permeability decreases with decreasing

grain size for rocks with similar porosities. Materials such as

clays and gouge may have fairly large porosities, but their
permeabilities should be very low (Shi et al., 1980). Thus gouge,
or grain size reduction due to shearing, may be, at least in part,
responsible for fault zones appearing as barriers to fluid flow.
Aydin (1977, 1978; Aydin and Johnson, 1978) studied faults in
the Entrada and Navajo sandstones of southeastern Utah. The Entrada
sandstone, of Late Jurassic age, is composed of members of white,
cross-bédded sandstone and of red or brown silty sandstone, silt-
stone, and shale. The Early Jurassic Navajo sandstone is composed
mainly of white, cross-bedded sandstone. Grains in both sandstones

are primarily quartz and feldspar. Both sandstones are commonly
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cemented by calcite; siliceous and pelitic cements are locally
present. The Entrada sandstone is friable whereas the Navajo sand-
stone is firmly cemented.

~ Aydin recognized three forms of fault in these sandstonés:
1) deformation bands, 2) zones of deformation bands, and 3) slip
surfaces. Deformation bands are small faults with shear
displacements on the order of a few millimeters distributed across
the bands. In the outer portion of the band, the matrix, including
pores and matrix material, deforms. The inner portion of the band
is about 0.5 mm thick. In this zone sand grains fracture and
further consolidation takes place (Figure 6). The resulting
deformation band has "much smaller grain size, poorer sorting, and
lower porosity than the original parent sandstone" (Aydin, 1977).
The difference in grain size and sorting is illustrated in Figure
7. The porosity in undeformed Entrada and Navajo sandstones
averages 25 and 24 percent, respectively. For deformation bands in
these rocks Aydin found the average porosity to be 10 and 6 percent,
respectively.

A zone of deformation bands is formed by two or more deformation
bands adjacent fo each other which share the same average strike and
dip. Slip surfaces are through going, locally planar surfaces of
discontinuity of displacement. S1lip surfaces may accommodate
displacements on the order of several meters. Aydin found that slip
surfaces always form on either border of a region of highly concen-
trated deformation bands in a well-developed zone (Figure 8).

Microscopic studies of thin sections containing slip surfaces in
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Entrada sandstone show that there is intense granulation within an
area of 1 to 3 mm width adjacent to the slip surface (Figure 9).
Aydin estimated that the porosity immediately adjacent to the slip
surface was less than 1 percent.

The permeability within a deformation band should be less than
in an undeformed rock since the porosity, grain size, and degree of
sorting have all been reduced. Near a slip surface, where the
porosity and grain size have been even further reduced, the perme-
ability should be quite small. The capillary displacement pressure
for deformation band material should be quite large, particular]y
next to slip surfaces. Structural analysis of fault zones in
Entrada and Navajo sandstone shows that flow through such zones will
be small relative to that through undeformed rock under the same
conditions.

In the examples presented by Aydim (Figures 8, 10), slip sur-
faces were found on the hanging wall side of normal faults. On the
footwall side of the slip surface, nearly impermeable deformation
bands were present, while the hanging wall side of the slip surface
consisted of essentially undeformed country rock. Flow to the slip
surface from the hanging wall block would be unimpeded. Slip sur-
faces, as discontinuities in the formation, may provide paths for
flow in directions parallel to the surface of discontinuity.

Weber et al. (1978) noted that there was a zone of dilatation or
pore increase on the downthrown side, and compaction or pore
decrease on the upthrown side of faults formed in ring-shear

apparatus experiments and along small natural shear faults. They
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concluded that such a system could facilitate fluid movement along
the downthrown (hanging wall) side of faults. They also noted that
in synsedimentary faults at Frechen, West Germany, the fault zones
were asymmetric in their configuration wherever observed. At
Frechen, the fine-grained material in the fault zones was
distributed in a manner consistent with trapping on the footwall
side and vertical flow in the hanging wall side of normal faults.
These observations are also consistent with ore body emplacement
(Newhouse, 1942), where the majority of ore bodies are found in the
hanging wall block, apparently due to migration up the fault zone.

Anisotropic in situ permeability and pore fluid distribution was
clearly shown in the San Jacinto Tunnel of the Colorado River Aque-
duct near Banning, California (Thompson, 1966). This tunnel was
drilled through primarily Cretaceous granitic rock, with at least
one section of Paleozoic or older metamorphics. Twenty one north-
west striking faults intersecting the tunnel course were mapped at
the sqrface. The attitude of the faults as mapped at the surface

-proved to be consistent to depths of greater than 300 m. Thompson'
(1966) noted that large quantities of water were found in open
interconnected fractures and joints in the hanging (northeast) wall
of the northwest-striking faults. In the hanging wall the degree of
fracturing increased toward the fault zone, from relatively unfrac-
tured to highly fractured rock. As the tunnels approached the fault
zone from the hanging wall, water was found in hard but somewhat

fractured rock. As the heading neared the fault the number of open
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fractures and the volume of inflow increased. By the time the
footwall, where gouge and crushed material were present, was reached,

", ..the hydrostatic head had generally been reduced to the

extent that little difficulty was encountered in driving

through the soft, faulted material characteristic of the

actual planes of slippage. Conversely, when headings were

being advanced from the southwest side of the northeasterly

dipping faults (through their footwalls) large flows of

water under very high pressures were freed instantane-

ously..."

(Thompson, 1966). The high fluid pressues mentioned are due to the
total, unrelieved, hydrostatic head.

The large volumes of water under high hydrostatic pressure found
in the fractured zones are indicative of an extensive, intercon-
nected fracture system associated with the fault zone. It is also
important to note that the gouge zones are identified as the zones

fn which slippage takes place. Here again, the highest permeability
and porosity occurs on the hanging wall side of the fault zone, and
the inhomogeneous distribution of permeability and pore fluids was
nearly identical for every fault encountered.

Wallace and Morris (1979) studied faults in mines, principally
in the Coeur d'Alene mining district of Idaho. They concluded that
faults have a definite three dimensional, rather than planar,
character. They found that faults are "generally constituted of one
or more clay-like gouge zones in a matrix of sheared and foliated
rock bordered by highly fractured rock." The gouge material is
commonly saturated with water and is described as "resembling model-
ing clay". Many gouge zones developed at the margin of fault zones,

while others developed within complex faulted zones. Fractures
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associated with the faults are commonly conduits for water and in
the past served as channelways for hydrothermal solutions. Faults
were also seen to act as barriers to fluid flow. An example was
cited in which a water table difference of 50 m was encounfered,
even though the fault cut normally permeable quartzite. 0f par-
ticular importance is the observation that there was no striking
difference in the fault zone characteristics found to a current
depth of 2.5 km. Considering the environment of ore deposition near
these faults, it seems likely that they were buried as deeply as
5 km at the time of their formation and are thus representative of
faulting to such depths.

Most direct fault zone observations are made at or close to the
earth's surface. Regions which have undergone uplift and erosion
may provide opportunities to study features which at one time were
located several kilometers below the surface, but considerable
alteration may accompany such motion and could make interpretation
of fluid flow paths difficult. Thus, direct access to deep fau]f
zones, particularly in crystalline rock, is extremely limited. Re-
flection seismology, however, provides a means to study deep fault
zones indirectly. For example, Lynn (1979, and Lynn et al., 1979)
studied migrated data from the COCORP (Consortium for Continental
Reflection Profiling) seismic reflection profile of the southeastern
Wind River Mountains, Wyoming. In this data, both the Pacific Creek
thrust and the Wind River thrust are seen as strong seismic reflec-
tors. Coherent reflections from the Wind River thrust have been

interpreted to depths of as great as 32 km. As crystalline basement
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rocks occur on both sides of the fault at depth, it is unlikely that
the juxtaposed blocks have significantly different seismic
impedences. This suggests (as argued by Lynn, 1979) that the.fault
zone, itself, is the source of the impedence contrast causing the
reflections.

In the upper 10 to 15 km, where brittle processes dominate,
severe fracturing and the development of gouge would be expected.
Logs of wells which intersect the fault zone at depths of about 2 km
report "granite wash" - highly fractured water saturated crystalline
rock (Lynn, 1979). Lynn (1979) noted that the fault zone
reflections appeared to be due to lTow velocities in the fault zone,
itself. The fracturing and possible presence of clays or clay size
particles could well give the fault zone a significantly lower

velocity than surrounding undeformed rock (Wang et al., 1978).
Below 10 to 15 km, where ductile deformation is preéumed to occur,
the fault zone reflections may be due to strong velocity effects
that may be found in mylonites (Jones, 1981).

The conclusion to be drawn from the deep crustal reflection data
is that fault zones have a distinct structure which is apparent
throughout the region of brittle deformation and, apparently,
through much of the region of plastic deformation. The lTow fault
zone velocity (Lynn, 1979) is consistent with the observation that a
fractured or dilatant zone is found in fault zones in the near sur-
face. This observation is an indication, but not a proof, that the
structure of fault zones, as described above, may extend throughout

the region of brittle deformation.
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The size of fault zones is highly variable. There is only a very
general increase in fault zone width with increasing offset. The
fault zones studied by Aydin (1977) ranged from a few millimeters to
about a meter in width. Wallace and Morris (1979) found a rough
correlation of fault zone width and displacement in faults observed
in deep mines. Fault zones on which several kilometers of displace-
ment have occurred tend to be one hundred or more meters wide, while
those which show only a few hundred meters of displacement are only
a few meters wide. Gouge zones ranged in width from 20 to 30 meters
to about 0.1 m. The Wind River thrust, with over 25 km of displace-
ment, has a fault zone thickness, as interpreted from the COCORP

data, of over 1 km throughout much of its length.

IMPLICATION FOR HYDROCARBON MIGRATION

A hydrocarbon migration model for normal fault environments can
be formulated based upon the observed fault zone structures in the
Entrada and Navajo sandstones. These fault zones are characterized
by a layer of mechanically altered material. This layer has been
called a zone of deformation bands by Aydin, and correlates to
"fault gouge" often reported in the geological, geophysical, and
mining Titerature. As mentioned above, the matrix properties of
this gouge zone are such that permeability is much lower than in
undeformed rock. At the edge of fault zones in sandstone, slip
surfaces may be present. For normal faults, it appears that slip

surfaces may occur more often on the hanging wall side of the fault
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zone. Accompanying this slip zone there may be a zone of dilata-
tion. As a result, flow parallel to the fault may be quite good.

Fault zones will affect hydrocarbon migration and accumulation
only if they are continuous on the scales required for trapping and
vertical migration. Aydin's work has shown that there is a general
increase in the thickness of the deformed zone with increasing
displacement, from a single deformation band to a zone of deforma-
tion bands to a slip surface and concentrated zone of deformation
bands. Presumably the lateral extent of the deformed zones also
increases as the displacement increases. Smith (1979) found the
displacement on the order of the thickness of the reservoir bed was
necessary for fault sealing in the Gulf Coast salt basin. It thus
appears that a certain amount of displacement, which may be depend-
ent on the structure and type of the original, unfaulted rock, is
required before a fault zone may become an important element in
hydrocarbon migration.

As shown in Figure 11, hydrocarbon accumulation and migration
may be determined by fault zone structure. Hydrocarbons would tend
to be trapped by the deformed zones and would migrate along slip
surfaces and neighboring dilatational zones. For normal faults,
most accumulations should be found in the footwall block with the
deformed zone separating the slip surface and the reservoir rock.
In the downthrown side, fault trapping would not usually be observed
due to vertical migration of hydrocarbons along the fault trend.

For 0il trapped in structural accumulations in the downthrown
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block, the spillpoint should be at the intersection of the reservoir
and the fault.

In practice, trapping against the hanging wall side of faults is
rarely observed while trapping against the downthrown side'is fairly
common (Leversen, 1967). Vertical migration along fault zones is
usually postulated in theories of hydrocarbon migration (e.g.
Schowalter, 1979). Considerable evidence for such vertical migra-
tion is presented by surface oil and gas shows related to faults
(e.g. McCollough, 1934; Miller et al., 1955; Watkins and Worzel,
1978).

As an example, consider the oil accumulations in the Escravos
Beach field, Nigeria, illustrated in Figure 5. For most of the
accumulations in this field, trapping is against the upthrown flank
of a growth fault. In the downthrown blocks, where reservoir rock

intersects a growth fault the hydrocarbon-water contacts are near
the intersection of the top of the reservoir and the fault. In
these accumulations any volume of oil in the structural closure has
presumab1yvmigréted up the fault zone. Only where trapping is
altered by the presence of an overpressured zone is there a signifi-
cant accumulation of 0il trapped against a fault in the downthrown
block. These observations from the Escravos Beach field and those
of Evamy et al. (1978) for other fields in the Niger Delta area are
consistent with the hydrocarbon distribution predicted by the

migration model developed here.
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IMPLICATIONS FOR EARTHQUAKE PROCESSES

In situ pore pressure and permeability can have enormous effects
on earthquake processes. Hubbert and Rubey (1959) used the effect-
ive stress law to illustrate the potential role high pore pressure
could have in reducing the magnitude of stresses required for
faulting. Bredehoeft and Hanshaw (1968) analyzed the hydrologic
characteristics of rocks containing high pore pressure and concluded
that the maintenance of high pore pressure depends critically on
permeability. Rocks of nanodarcy permeability are required to
maintain pore pressure at high levels for geologic times. Brace
»(1979) found that in situ permeability ofhcrystalline rock is rela-
tively high and tentatively suggested that the average crustal
permeability is of the order of 10 md. Brace (1979) concluded that
this high value of permeability seems to exclude the possibility of
pore pressure much greater than hydrostatic occurring in terrains of
outcropping crystalline rocks. From the data he presented, a hot
pluton environment or a blanket of low permeability, c¢lay-rich rocks
appear necessary for the maintenance of high pore pressure.

Recently, Lachenbruch (1980) proposed a model of thermally
induced pore pressures which arise during faulting. Thé model
bredicts that dynamic friction could be reduced to 10% of its
original value if fault zone permeability Qere less than 0.1 ud.
However, if the fault zone permeability were greater than 100 md,
thermally induced pore pressures should have a negligible effect on
frictional stress. Lachenbruch also noted that the fault zone

permeability is a relatively unknown quantity.
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Although no direct permeability measurements were made.in the
fault zones discussed earlier, order of magnitude estimates can be
based upon their sealing properfies. In the Niger Delta, faults
have acted as seals since the Eocene. In many areas,'faulfs are
seals in gas reservoirs with sands juxtaposed againct sands. The
sealing ability of faults in sedimentary basins seems to approximate
that of the cap rocks of the reservoir. Typical values of fault
zone permeability would then range from 10'5 to 10'9 darcies
(Brace, 1979). If the "gouge" zone of fault zones in crystalline
rock has permeability characteristics similar to those in sediment-
ary rocks, and examples of sealing fault in crystalline rock have
been found (see above), then permeabilities in parts of fault zones
in crystalline rock may also be as lTow as 107 to 16'9 darcies.
This value of permeability is considerably less than the 100 md
maximum required for thermally induced pore pressures to be
effective in reducing dynamic friction (Lachenbruch, 1980). Also
permeabilities of 10'9 darcy are of the order required for high
pore pressure maintenance (Brace, 1979). It is thus possible that
high pore pressures could be maintained for times appropriate for
recurrent faulting in, and trapped behind, low permeability fault
zones.

The possible presence of high permeability in directions
parallel to the fault zone, as indicated by the examples given
earlier, is also of interest. Simpson (1976) and Bell and Nur

(1978) note that the in situ permeability controls the rate of pore
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pressure diffusion, which is particularly important in cases of
induced seismicity. A high permeability fault zone would mean that
the delay time between loading and the increase of subsurface pore
pressure would be relatively small, and tﬁe increase in pore
pressure would originally be concentrated along the fault zone. A
key to undersanding induced seismicity may thus be found in studying
the details of in situ permability along fault where induced seis-
micity has, or has not, occurred.

The role of very low permeability rock in maintaining high pore
pressures in situ has been mentioned above. Another possible source
of high pore pressure in fault zones is tectonic stress, which can
create a transient high pore pressure (Hanshaw and Zen, 1965;
Bredehoeft and Hanshaw, 1968). The transient pore pressure increase
would be rapidly dissipated in the relatively permeable unfaulted
rock, and would be very rapidly dissipated in high permeability
zones associated with faults. The high pore pressure would be
relatively concentrated in the low permeability "gouge" zone of the
fault. In such a fault zone the effective stress would be low in
the gouge zone, possibly to the extent that unstable sliding may
take place at very low shear stresses. In the description of in
situ fault zones_given by Thompson (1966) note that the actual
slippage was observed to have occurred in "soft, faulted material”.
A zone of Tow permeability in the fault zone provides a mechanism
with which shear strain accompanying instability can be localized
without specifying a particular constitutive relation, such as the

strain softening model of Rudnicki (1977). The low permeabilities
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inferred for fault zones and the fact tht the permeability of low
permeability rock tends to be very sensitive to the state of stress
(Jones and Owens, 1980; Brace et al., 1968) makes a model of
faulting with high pore pressures concentrated in fault zones very
appealing. A parallel observation, noted by Hubbert and Rubey
(1959), is that thrust faults often follow evaporites, in which the
permeability is generally low.

Fault zones with the structures discussed in the first section
of the paper have a distinct permeability anisotropy. This aniso-
tropy, and the structures which cause it, imply that high pore
pressures may become concentrated along fault zones. If this is so,
the stresses required for faulting would be low. This would go a
long way to resolving the conflict between the interpretations of
seismic data (Brune, 1970), direct measurements of crustal stresses
(Zoback et al., 1980), and the absence of heat flow anomalies around
fault zones (Lachenbruch and Sass, 1973) which all indicate that
stresses related to faulting are low, with the high stresses
inferred from the experiments done on frictional sliding of rocks
(Stesky and Brace, 1973).

If, in fact, a zone of low permeability material is a charac-

.teristic of fault zones, it is unlikely that any increased pore
pressure in such a zone could be observed in a regional pore
pressure monitoring program. Such a pressure monitoring program
would be able to see only the small transient pore pressures induced
by tectonic strain in the relatively permeable unfaulted rock. This

also means that pore presure monitoring in low permeability fault
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zone material would be sensitive to very localized strain, thus
requiring large numbers of monitoring positions to gain a regional

picture of strain accumulation along fault zones.

CONCLUSIONS

Field examples which illustrate the role of fault zones on fluid
flow and distribution have been presented. It has been shown that
fault zones are often barriers to fluid flow. It has also been
shown that fault zones may act as channels for fluid flow, and that
many faults have been observed to exhibit both characteristics.
These characteristics have been observed in all types of rock:
sedimentary, igneous, and metamorphic, and they have been observed
as deep as the maximum depths to which each particular type of

_observation has been made. The examples have shown that
permeability and fluid distribution may be heterogeneously
distributed in faulted rock and there may be consistent
relationships between the orientation of the fault zone and the
permeability and porosity distribution.

The distribution of permeability and porosity yields information
on the structure of fault zones. The fact that faults may act as
barriers to fluid flow implies that the fault zone material has
either low porosity, small grain size, poor sorting, iow fracture
density, or any combination of these factors. These conclusions are
consistent with the observations made on the structure of fault
gouge and may give some indication as to the extent to which gouge

is distributed. Fault zones as conduits for flow are indicative of
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relatively high porosity or fracture density in some volume of the
fault zone and the continuity of faults from one area to another.

The behavior of fluids near faults has many tectonic and eco-
nomic implications. Based upon the observations presented here,
fault zones in sedimentary sequences are commonly composed of fine
grain, poorly sorted, possibly low porosity material whose presence
and structure is due to the physical process of faulting. This
fault zone material should have a very low permeability based upon
its matrix characteristics. As a result, fault zones are effective
hydrocarbon trapping agents. At the edge of fault zones, where slip
planes commonly occur, the continuous slip surface and the neighbor-
ing dilatant zone may provide a path for vertical hydrocarbon
migration. As a’result, hydrocarbon accumulations in normal fault

environments show consistent relationships, with trapping against

faults in the footwall block and with hydrocarbon-water contacts
(spillpoints) in the hanging wall block at the intersection of the
top of the reservoir and the fault plane.

It is significant that the fault zone permeability model here is
consistent with actual oil field data and does not require the pres-
ence of an alternating sand and shale or clay sedimentary sequence.
As a result, the model presented here should be appropriate for a
much wider range of environments than other models which require
impermeable clay or shale formations to be smeared along the fault

plane.
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For the faulting process, the fact that faults provide conduits
for fluid flow would seem to imply that any pore pressure build-up
and maintenance must occur in porous, nearly impermeable material in
the fault zone itself. Such materials would be shales,. clays or
gouges. If this low permeability fault zone material is common
along active faults, then the therﬁal]y induced pore pressure mech-
anism discussed by Lachenbruch (1980) will facilitate movement
during faulting. Also, high pore pressures in a Timited volume of
low permeability rock would result in a limited region of low
effective stress in which a faulting instability would occur with
stresses considerably less than those predicted from simple fric-
tion models.

In the case of reservoir induced seismicity, pore pressure |
changes should be most rapid along existing permeable fault zones.
The presence of a highly permeable fault zone greatly affects the
final stress state due to resérvoir loading and pore pressure diffu-
sion, -

The observations presented here have been interpreted to yield a
simple model of fault zone permeability and structure. Not all
faults exhibit such a simple structure or permeability distribution,
but the observations presented here appear to be so consistent for a
great many faults that lacking further, detailed data, they are
assumed to provide a valid first estimate of in situ conditions in
fault zones. Many factors, however, may serve to complicate the
analysis of actual systems. Important factors to be considered

include the timing of deposition, faulting and fluid movement;
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superimposed periods of tectonic activity; geochemical alteration
and precipitation; permeability variations in the aquifers and along
the fault, pore pressure and temperature distributions; and the
three dimensional nature of the aquifer énd fault zone. A complete
analysis of processes occurring around faults will be possible only
when the three-dimensional structure and characteristics of the

fault zone are understood.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Livermore Valley Ground Water Basin. Faults divide the
basin into several distinct groundwater basins.
Structure of the Kala o0il and gas field, Baku region,
USSR. The contour interval is 10 meters. The distri-
bution of the oil and gas in the Sabunchi series
(productive formation of Pliocene age) is shown. The
cross faults form separate pools along the axis of the
fold (from Levorsen, 1967).

Subsidence over Blue Ridge and Mykawa 0il1 fields. Note
increased subsidence on both sides of surface faults
east of Mykawa field (from Kreitler, 1976).

Successful and unsuccessful boreholes in dense slate
traversed by a fault zone cafrying vein quartz (from
Ward, 1946).

Map and section of the Escravos Beach field showing the
hydrocarbon fault re]a;ionships in a field with multiple-
growth faults.

Microscopic view of deformation bands in Entrada
Sandstone from Buckskin Spring area. Crushed grains
define a zone, about 0.5 mm thick. Displaced siltstone
laminae are in upper and lower right corners of the
photograph. Crossed nichols. Scale bar 2 mm long.
Detail of small area of Figure 6, showing small grain
sizes and poor sorting of material within deformation

band.



Figure 8

Figure 9

Figure 10

Figure 11

Figure 12
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Grain size distribution of Entrada and Navajo Sandstones
and their deformation bands. Grain size is much smaller,
and sorting is poorer in the bands than in the prigina]
sandstones (from Aydin, 1978).
Series of block diagrams showing sequentfal development
from a single band to a slip surface. (a) Single
deformation band. (b) Two insulation bands. (c) A zone
of deformation bands. (d) Slip surface developed on
left-hand edge of zone (from Aydin and Johnson, 1978).
Microscopic view of a cross-section of crushed sand-
stone adjacent to a slip surface in Entrada Sandstone.
S1ip surface is boundary near upper edge of photograph.
Strip of highly crushed sandstone next to-slip surface
is about 1 to 3 mm wide. Remainder of view shows part
of the associated zone of deformation bands (from Aydin
and Johnson, 1979).
Oblique view of a zone of deformation bands and slip
surface, San Rafael Desert, Utah. Dark siltstone and
shale beds are offset about 7 m (from Aydin and Johnson,
1978).
Model of petroleum migration based upon observations of

fault zones in sandstone.
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A PORE SPACE MODEL FOR PERMEABILITY AND BULK MODULUS
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ABSTRACT

A network model of pore space is presented in which permeability
and bulk modulus at different confining pressures can be calculated.
Pores are modeled as straight conduits of circular, e]]ipitfc, or
tapered section. The interconnection of these conddits is modeled
by emplacing them in regular two-dimensional hexagonal, square, or
triangular networks. Flow through each conduit is modeled using
Poiseuille's law. Flow through the network is calculated based upon
the analogy of fluid flow in Darcy's law to current flow in Ohm's
law. An estimate of the effective bulk modulus can be obtained by
summing the contributions of the individual pores. The effect of
confining pressure on permeability and bulk modulus is determined by
the elastic properties associated with the individual pores. For
appropriate aspect ratio distributions, the permeability and bulk
modulus characterist{cs of the network model are similar to those
found in laboratory experiments. For rocks of moderate porosity,
like sandstone, the model predicts that the bulk modulus is most
affected by small, low aspect ratio pores, while the permeability is
controlled by larger round pores. In contrast, for rocks like
granite and tight sandstones, in which there are relatively few
round pores, the bulk modulus and the permeability are both affected
by easily deformed pores. These relations are observed in
| experimental data. The success of the model in predicting these
bulk modulus and permeability responses indicates that the network

theory approach is a promising method for modeling porous media.
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INTRODUCTION

What constitutes an adequate model of the pore space of rocks?
Rocks are complex, multi-component physical systems. Their
responses to physical stimuli are a function of the responses of the
individual components, the component interactions, and the structure
of the system. In general, the details of the structure of the
system and the interaction of its components are not known. Most
measurements of the response of porous media to stimuli represent
macroscopic averages of processes taking place on the microscopic
scale. In order to understand the macroscopic processes, their
dependence on the structure and composition of the system, and how
they vary under differing conditions .of temperature and pressure
requires an understanding of the processes on the microscopic scale.

Early pore space studies attempted to relate a single parameter,
such as porosity, to measured properties, such as velocity (Wyllie,
et al., 1958), resistivity (Nyilie and Spangler, 1952), and perme-
ability (Archie, 1950). The results of these studies showed that
general trends may exist between the single parameter and the
measured property for a given formation, but, as is shown in Figure
1, direct functional relationships do not exist except for certain
simple geometries. Note that in Figure 1, permeabilities in two
‘different sandstones may be of the same order while their porosities
differ by 10% or more. It is certain now that single parameter

models cannot adequately predict the properties of rocks.
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More advanced pore space models, such as the ellipsoidal inclu-
sion model used to predict velocity and moduli properties (e.g. Nur,
1969; Cheng and Toksoz, 1979), and the pore shape - based ne twork
models used to predict permeability (e.g. Dullien, ;975), have
proven to be reasonably effective. However, almost all of these
advanced developments suffer from a fundamental flaw in that they
predict only one type of rock response. For example, in the ellip-
soidal inclusion model there is no discussion of crack interaction
and the model cannot be used to study the permeability or resist-
jvity of a rock. Similarly, permeability models which have been
proposed to date are not of use in describing the elastic charac-
teristics of rock. Therefore, even these more advanced models
cannot be used to predict rock properties other than those for which
they were intended.

A complete pore space model, then, is one which can be used to
predict the rock response to any physical stimulus under any
prescribed conditions. There are many commonly measured rock and
pore space properties such as porosity, density, compressional and
shear velocities, permeability, capillarity, resistivity, and grain
size. A complete pore space model would give accurate predictions
of both the velocity and permeability characteristics of rock, for
example, and it would correctly predict the change in both proper-
ties with increasing confining pressure or temperature. It has been
common in previous model studies to consider each response as
separate, but there is increasing evidence, especially from studies

of attenuation of elastic waves in saturated and partially saturated
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media (Winkler and Nur, 1979), that interactions of the various
physical components of the system and the factors which control
their responses are significant. A more complete pore space model
which addresses the different responses of the various components of
the physical system is essential to a fuller understanding of the
properties of rocks.

Very little work has been done developing models which
specifically address more than one type of physical response. To
this author's knowledge, Madden (1976)'has given the only discussion
of a model which may be used to evaluate more than one physical
response. In this particular case, Madden made a detailed statisti-
cal study of the mixing laws responsible for the observed electrical
conductivity properties of rocks (Archie's law) and briefly dis-
cussed some of the consequences that the results of this work would
indicate for the elastic properties of rock. Oue to‘the complexity
of the system studied and the.wide range of length scales required
(Madden (1976) noted that length scales ranging from about 10"9 to
10'2 m may be of importance to electrical conduction in rocks) it
is not now possible to develop a complete rock model. It is
possible, however, to use currently available modeling techniques to
investigate the role of pore space structure and distribution on
more than one rock property.

In this paper, a model is presented which can be used to
investigate the role that pore shape and pore interconnection have
on permeability as a function of confining pressure while at the

same time an estimate of the bulk modulus as a function of confining
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pressure is calculated. The ultimate goal of this work is to
produce a model which can reasonably predict the properties required
to give accurate modulus (or velocity) vs. confining pressure and
permeability vs. confining pressure curves for the same rock
(typical data shown in Figure 2).

A network theory approach to permeability modeling is used. The
conductive elements in the network are chosen to be circular,
elliptic, or tapered tubes of given aspect ratio. The flow through
these tubes is determined using Poiseuille's law. The pressure
differences in the network are found by applying Kirchoff's laws
throughout the network. The tube shapes were chosen because, for
these particular shapes, the change of tube shape as a function of
confining pressure is known (Berg, 1965; Mavko and Nur, 1978). By

considering the change in fluid conduction with confining pressure,
a model for the variation of permeability with confining pressure is
prdduced. In addition, an approximate ca]éu]ation of the effective
bulk modulus of a porous solid can be made using the tube shapes
considered here (Walsh, 1965; Mavko and Nur, 1978). Thus, for a
network of elliptic or tapered cracks, it becomes a straightforward
computer calculation to find the permeability and bulk modulus as
functions of confining pressure. Other factors which are calculated
include the porosity and the hydraulic radius, from which the cal-
culated permeability and the permeability predicted using Archie's

law may be compared.



134
THEORETICAL DEVELOPMENT
CALCULATION OF PERMEABILITY

The most promising approach to the study of transport phenomena
in porous media is based upon simple network theory. The applica-
tion of network theory to permeability studies is facilitated by the
analogy of fluid flow in Darcy's law to current in Ohm's law. The
network theory approach has been used by many, the first attempt to
apply it to rock properties (capillarity and permeability) appears
to have been made by Fatt (1956 a, b, ¢). Dullien and his coworkers
have had considerable success applying network theory to the study
of permeability, resistivity, and capillarity in sandstones (for a
review see Dullien, 1979). Simple network theory is also a basis
for Madden's (1976) embedded netwbrk approach to conductivity model-
ing.

A network theory approach to permeability modeling is superior
to the simple capillary tube dr hydraulic radius (Carman-Kozeny)
approach (Wyllie and Gregory, 1955) in that flow in more than one
dimension is considered and a relatively wide range of element
“resistances" and interconnections are possible, thus somewhat
better modeling the variable pore sizes and connections of real
rock. Both computer models (Rink and Schopper, 1968) and actual
constructed resistor networks (Greenberg and Brace, 1969; Shankland
and Waff, 1974) have been used to study network characteristics. In
these approaches, a distribution of resistances was chosen and the
resistive elements were randomly emplaced in the network. The

resistance and voltage of the system determine the current flowing,
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which determines the permeability or conductance of the modeled rock
system. Greenberg and Brace (1969) and Shankland and Waff (1974)
were interested in changes in rock resistivity as a result of
changes in confining pressure. To simulate the effect of inéreasing
confining pressure on the system they randomly remove& branches or
nodes (depending upon the type of experiment) to simulate a decrease
in porosity.

Computer models of networks will be studied in this paper. The
networks are created using a pseudo random number generator to
specify element location in the grid. The elements are tubes of
given section and size. The distribution of tube sizes and aspect
ratios can be found using experimental data on the bulk modulus or
flow as a constraint. Thus, as in the models of Rink and Schopper
(1968) and Shankland and Waff (1974), elements with a given “"resist-
ance" distribution are randomly emplaced in the network. The change
of permeability with increasing confining pressure is found by
calculating the effect of the stress field on each element and then
recalculating the permeability for the case of the new, deformed
system. In contrast to the approach of Greenberg and Brace (1969)
and Shankland and Waff (1974) where each element resistance is
unaffected by changing stress and the probability that any element
would be removed is uniform, here the magnitude of the resistance
and the probability that an element will be removed from the network
is completely determined by the shape of the conduit and the elastic

properties of the solid once the network has been established.
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NETWORK THEORY

A summary of the network theory approach used is presented here,

for a more detailed development see Noble (1969) and Peikari'(1974).
If we let v_ = voltage drop across the rth branch
Rr = resistance of the rth branch

i_ = current in the rth branch

r
then Ohm's law states that
V. = R (1la)
or
y=R1i (1b)
where
-1 - o - -p
Y1 Bl Ry
* o * 0
ve=| is=f. R= :
. . 0
Y{ jm L Rm

At each node it is possible to have a voltage or current source.

Let Vr and Ir be node voltage and externally applied current at

the rth node. Since there are no internal sources, the voltage drop
between any two connected nodes must equal the voltage drop across
the branch connecting them. Also, from Kirchoff's circuit law, the
sum of the currents at any node must be zero. If we assign a

reference voltage at one node, V.=0, we may then write out the
0



following equations for all nodes and branches except for the

reference node:
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v =R i (2)
y=31
d=A1i (3)
A=y (4)
_ .
where I1 V1
J=|. V=l
n '

and:é is an incidence matrix defined by Kirchoff's circuit law:

A

ij 1 when the current in branch j is incident to node

i

i and directed away from it.

-1 when the current in branch j is incident to node

i and directed toward it.

0 when branch j is not incident to node i.

In the problem to be considered, d, A, and glwi11 be known, and v,
i, and V are unknown. We have three matrix equations in three
matrix unknowns. We want to find V. We start with (3)

Jd =

fix

i
Substituting i = 5:1'1 from (2) gives

J=ARty

1>
E)

and from (4) we get

3=aR"

AT v (5)

The problem presented is of the familiar form A x = b, where A

is a n by n matrix, and x and b are vectors of n elements. Here we
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1 AT, x with V, and b with J. Note that

may compare A with A 5_'
there is one equation for each node. In the problem to be consid-
ered, J will be known and will have the form J = (1,0,0,...,‘0)T.
This form of g represent a system in which there is one external
current source applied, such as is found in a laboratory permea-
bility test, where a fluid source is applied at one end of a
sample. The matrix A _5_'1 éT is known from the network, J is
known, and V is unknown. The problem is then one of solving the
system of linear equations for V. Using this development we solve
for the voltage required to have the desired current through the

network. The network resistance is found from the voltage differ-

ence across te entire network usﬁng Ohm's law.
-1 AT

The matrix A is particularly easy to generate for
regular networks. For example, a square network has the form shown
in Figure 3. The position of the nonzero elements in the matrix can
be found directly from the network connections without having to
resort to formulating both an A matrix and an B__ matrix and then
multiplying matrices. This is done by noting that for the ith row,
if there is an element connecting the ith and jth element, the i,jth
term is the negative value of the resistance between the two nodes,
while the i,ith term is the positive sum of all the resistances
incident to the ith node. A1l other entries in the ith row are 0.
Ohm's law has the form V = IR and Darcy's law has the form
q = KAP/AlL where q is the volume flow rate per unit area, K is

the hydraulic conductivity (which includes permeability and vis-

cosity terms), and AP/Al represents the pressure gradient. For
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modeling using tubular flow, the quantity q is not convenient.
Instead, fhe volume flow rate, Q, through each tubular section will
be considered. Correspondingly, the quantity K is changed to
include the area term. Thus, we have Q = KAP/AL as the fluid
flow equation to be considered, where all of the information about
the solid matrix is to be found in K. Comparing Darcy's law with

-1 -1,T

Ohm's Taw shows that K v+ R “. Thus the network matrix AR "A

becomes AK éT.

Three different network configurations will be considered:
hexagonal, square, and triangular (Figure 4). The different topol-
ogies of the network; can best be characterized by the number of
elements incident to any of the interior nodes (the coordination
number). For the hexagonal network, three elements are incident to
each interior node, for a square network the number is four, and in
the triangular network six elements are incident to each interior
node. For the same size network, i.e. for the same number of rows
and columns of nodes, the triangular network will have the most
elements and the hexagonal network will have the least. A1l of the
networks to be discussed will be two dimensional. The network
theory approach is suited to three dimensional analysis in theory,
but in practice the storage and computational problems associated
with three dimensional networks become prohibitive for all but the
smallest networks.

The A K AT matrix has certain qualities which make solving the

system of equations easier than solving an arbitrary nXn system of

equations. Figure 3 shows that the matrix is symmetric and sparse
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(i.e. it contains a large number of zero entries). The matrix is
also banded; for hexagonal and square networks the bandwidth is 2m+l
where m is the number of columns of nodes in the network. Thé band-
width for triangular networks is 2m+3. In the 1nitiai-éase of zero
confining pressure, the matrix is also positive definite and
diagonally dominant. However, after the applied confining pressure
reaches a level at which cracks may completely close, it is possible
for nodes to be completely isolated. In this case the network
becomes singular and care must be taken to avoid numerical compli-
cations. The procedure adopted in the case of isolated nodes was to
assign to the matrix a diagonal value for that node which would
prevent the matrix from becoming singular and would assign a zero
pressure value at that node.

There are several possible methods that could have been used to
solve the system of equations for the voltage or pressure. Since
the matrix is sparse, an iterative process such as the Gauss-Seidel
method (Dahlquist and Bjorck, 1969) would prove effective. Rink and
Schopper (1968) used Cholesky's method to solve the system for the
input voltage only. The method used in this study is based upon the
Householder decomposition (Dahlquist and Bjorck, 1969). Using this
method, the system of equations is solved to give all of the
elements of V. Thus, in addition to studying the overall permea-
bility of the system, fine scale details of the pressure and flow

fields in the system can be analyzed.
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The numerical problem can also be looked at from a differential
equation viewpoint. Darcy's law can be written as
g=KyP | (6)
where q is the volume flow rate per unit area, giis the hydfau]ic
conductivity (permeability divided by viscosity) and P is the fluid
pressure. The gradient of equation (6) is
9-q=-9-(K 9P)
For steady~-state, incompressible fluid flow, the conservation of
mass requires that V-q = 0, so that |
v-(K¥P) =0 (7)
Numerically, this yields a second-difference equation with non-
uniform weights. The relation between the network theory and the
difference equation developments are quite apparent, particularly

for the case of a square network.

PORE _SHAPES AND FLUID FLOW AS FUNCTIONS OF CONFINING PRESSURE: CASE
OF A SINGLE TUBE

In this section applfed-sfress flow-rate relations for long,
straight conduits of elliptic and tapered cross sections will be
developed. Each relation will model flow in a single fracture with
aspect ratio o (where a = b/c and ¢ and b are the half length and
maximum half width, respectively, of the crack). Deformation will
be due to an applied hydrostatic stress, p, with the cracks treated

as two-dimensional features in plane strain.
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Flow will be modeled for each conduit shape by considering
incompressible fluid flow through an "equivalent" elliptical con-
duit. In doing so, use is made of the conclusion by Lamb (1932, p.
587) that "considerable variations may exist in the section without
seriously affecting the discharge, provided the sectional area be
unaltered." The fluid pressure gradient will be assumed to be
constant and unaffected by the applied stress (drained conditions)

in every case considered.

DEVELOPMENT
The equation of an ellipse of half length Co and half bo is
Yo = by (1-(x/c,)%)1/2 (8)
and the cross sectional area is
Ag = Tb,C, (9)
For a flat, thin elliptical crack, the length is unaffected by an
applied ‘hydrostatic stress while the half width varies as (Berg,

1965):

b(p) = by(1-Zpc, (1-v) (10a)
T Db ”
() = <, (100)

where p is the applied stress, v is Poisson's ratio, and E is
Young's modulus.
The equation of the simple nonelliptical crack considered here is

¥y = by(1-(x/c,)?)3/2 | (11)
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and the cross sectional area is
At =3/4 7 bocO (12)
Mavko and Nur (1978) found that the deformation of such a crack as a

result of an applied hydrostatic stress could be described by

(1-4(1-v2)cop)3/2

b(p) = bg 3ebg (13a)
~4(1-v2 1/2
c(p) = ¢ (L (§g§;)°°p) (13b)

Note that for the nonelliptical crack the length is not constant as
a function of applied stress. Figure 5 shows one quadrant of both
elliptic and nonelliptic sections.

Fluid flow through a conduit of elliptic cross section is found
through a simple modification of Poiseuille's law for flow through

circular tubes (Lamb, 1932). The volume flow rate, Q, is given by

_pr b3c3

=4 b& 2

(14)

where P is the hydraulic pressure gradient, u is the viscosity, and
b and c are the half width and half length of the ellipse, as
before. Using equations (10a,b), and volume flow rate as a function

of applied stress for an originally elliptic crack becomes

21,3
Qe(p) = Qgell-ZCol1-v%)) (15)
e oe T hgf
where 33
b
Qoe = 'P—“ 0% (16)

4].1 bo+C°
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and in (15) we have used the fact that b<<c. This relation between
flow and applied stress is shown in Figure 6 for a910'3,

E=6.8(105) bars, and v=0.25. A similar development for cracks

of circular section gives

Qe(p) = Qocr? (1- gﬂ%ﬂz’)‘* (17)
. Pw
Q¢ = B (18)

The elliptic section used to model flow through tapered cracks
must have an area of 3/4wbc. Analysis of equation (14) shows
that, for b<<c, the width, b, is the most important parameter in
describing the volume flow. Thus, the equivalent ellipse was chosen
such that the half width equalled that of the nonelliptic section,
while the equivalent half length was 3/4 as long. A look at Figure

7 shows that a none]liptical_section and its "equivalent" ellipse

differ mainly for y < b/4. Thus, for a tapered crack we have
: Pr b3(3/4 ¢)3
th— 2
4u b&+(3/4 c)

Using equations (13a,b), we have

4 -
Qt(p) = Qot(1- —"%‘g%fl )° (19)
where
3 3
Qot - H b0(3/4 Co) (20)

du bow(3/4 cg)?

and in (19) we have used the fact that b<<c. The relation given by

-3

equation (19) is shown in Figure 8 for a=1077, E=6.8(105) bars,

and v=0.25,
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Figures 9 and 10 illustrate the great sensitivity of the volume
flow rate as a function of confining pressure to the aspect ratio.
An evaluation of the trends shown in Figures 9 and 10 indic;tes that
flow through circular pores is little affected by chgnges in confin-
ing pressure due to the stiffness of the tube shape.

A different functional relationship between flow rate and
applied stress has been found for cracks of elliptic and nonelliptic
sections. For an elliptic crack, the relation is a third order
polynomial in the pressure, p, while for a nonelliptic crack the
relation is a fifth order polynomial. For small p, both relations
are approximatefy linear. The flow rate decreases most rapidly with
increasing confining pressure at confining pressures of less than
200 bars.

-3, £=6.8(10°) bars, and v=0.25,

For an aspect ratio of 10
the elliptic crack closes at an applied hydrostatic stress of about
360 bars. At this stress the flow is, of course, zero (Figure 7).
The flow has fallen to 50% of the original unstressed value when the
applied stress reaches 75 bars, or 20% of the stress required to
close the crack. The flow is 10% of the unstressed value when the
applied stress of 190 bars, or "just over 50% of the closing stress.
These values illustrate the fact that the flow rate predicted by
this model is a rapidly decreasing function of the applied stress.

A simple nonelliptical crack will close when the applied stress
is approximately 540 bars, when E=6.8(105) bars, v=0.25, and

a=10"3, as above. Analysis of Figure 8 shows that the flow is

reduced to 50% of the unstressed value when the applied stress
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reaches about 70 bars, or 13% of the closing stress, and the flow is
reduced to 10% of the unstressed value when the applied stress
reaches 200 bars, or.37% of the closing stress. Thus for equal
aspect ratios the relative decrease in permeability with applied
stress is initially more rapid for the nonelliptical crack. For
applied stresses greater than about 150 bars, Qt(p)/Qot is
greater than Qe(p)/Qoe. It is interesting to note that for con-
fining pressures greater than about 40% of the closing stress for a
nonelliptical crack, and 50% of the closing stress for an elliptic
crack, the flow is less than 10% of the flow through the original,
undeformed conduit.

Figure 11 shows the stress-flow relations for elliptical and
nonelliptical cracks of equal aspect ratio and equal initial half
widths and lengths. In this case the flow through the tapered crack
is less than that through the elliptical crack until the applied
stress reaches about 65% of the stress required to close the ellip-
tical crack. For greater applied stresses, flow through the tapered
crack is larger, but the net flow is less than 10% of the flow |
through undeformed cracks.

Figure 12 shows the stress-flow relation for the two crack types
when the cross sectional areas are equal and the aspect ratios are
equal. For a simple rock model in which the porosity is composed of
only such crack shapes, this corresponds to the case of equal poro-
sity. The flow through the tapered crack is larger than the flow

through the elliptic crack over the entire range of applied stress.
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The case of initially equal permeabilities and aspect ratios is
shown in Figure 13. In this case the two curves are practically
indistinguishable over the entire range of applied stress. .The
largest difference occurs at high stresses where the total flow is
small.

One point to be noted is that the Poiseuille relation for flow
through an elliptic section of small aspect ratio is of the same
functional form as that which describes flow between parallel planes
(Snow, 1968). In both cases

qQrvlc |
Thus, the relations between flow and fracture size for elliptic and
nonelliptic sections presented.here are consistent with the conven-
tional fracture flow developments based upon the parallel plate
fracture model (see Appendix A).
A comparison of equations (15) and (19) with the Q=KAP/Al

form of Darcy's law used in the QKL:QT matrix shows that the fol-

lowing relations hold for each tube:

Co(1-v2
For elliptic cracks K(p) = %% (1- zpb°é ) 3 (21)
0
Qo ,, 4pco(l-v2) ¢
d k K = — (1- 22
For tapered cracks (p) p ( “TbE ) (22)

where AP is now the pressure difference across a given tube in the
network. - Thus, at each pressure step, a K(p) is calculated for
every element to form the Alg_AT matrix required for the pressure

(permeability) calculations.
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There are several assumptions made in using a conduit flow
approach to the network permeability problem. The model calculations
assume laminar flow of an incompressible fluid. The equations for
fluid flow from Poiseuille's law are strictly valid only in the case
of long, uniform conduits. In contrast, in the model the tubes are
of finite length, with the length chosen to be greater than the
greatest open dimension of the tube. Also, it is possible for tubes
of different cross-section to be connected with Poiseuille's law
used to describe the flow in each tube. Thus, as noted by Dullien
(1979), in the simple network model no account is generally made of
the excess viscous dissipation due to convergent-divergent fiow in
the capillaries. For conduits of circular section and varying
diameter, Azzam and‘Dullien (1976) report that the correct pressure
losses, found from a numerical solution of the Navier-Stokes equa-
tions, are apparoximately 15% greater than those calculated from
Poiseuille's lgw. ;osses due solely to changing the conduit section
are expected to be somewhat less than this. No attempt to correct
for these factors has been made in this work.

A further assumption concerns the character of the pore space at ‘
the nodes. In the calculations the nodes have been assumed to
possess a negligible volume and to have an infinite conductivity so
as to provide no net contribution to pressure losses in the system.
The junction of capillaries of varying shape and size requires that
actual pore junctions or nodes have a finite volume. Also, the
convergent-divergent flow pattern at these nodes could be complex.

The neglect of the contributions of the nodes to the flow, porosity,
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and elastic response of the network is equivalent to the assumption
in electrical network theory that the connections between elements
are of infinite conductance with no junction effects.

Since the conduits are assumed to be deformable, it is assumed
that the pore pressure gradient across the sample is small. This is
consistent with the réquirements of laminar flow for Poiseuille's
law and Darcy's law, and it means that each capillary tube will be

of constant section throughout its length.

CALCULATION OF BULK MODULUS

The calculation of effective elastic moduli in porous materials
is, in general, quite difficult. Watt et al. (1976) give a summary
of theoretical results. They note that for pore- or crack-
containing media, specific geometry models must be considered if
numerical results are to be obtained. Pore geometries generally
considered are penny shaped cracks (Walsh, 1965), two dimensional
cracks of elliptic (Walsh, 1965) or tapered (Mavko and Nur, 1978)
section, or ellipsoidal inclusions (Eshelby, 1957).

In this work, the response of the conduits to applied confining
pressure has been determined assuming the tubes to be effectively
two dimensional features. The contributions of the conduits to the
effective bulk modulus is determined using the simple sum approach
(Reuss bound), based upon the Betti-Rayleigh reciprocity theorem, as
used by Walsh (1965) and Mavko and Nur (1978). This method is
strictly valid only for a dilute distribution of non-interacting

cracks. Here, however, a relatively dense network of cracks is to
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be connected so as to provide a through going passage for fluids;
thus, there must be some degree of interaction between the various
elements. The self-consistent approach (0'Connell and Budiansky,
1974; Korringa et al., 1979) was developed to take crack interaction
into account, but there has been some question as to the method of
calculation (Bruner, 1976). Also, as shown by Mavko and Nur (1978),
the prediction of features such as the bulk modulus under varying
confining pressure depends upon the specific c¢rack model used and is
thus nonunique. Therefore, considering the simplicity of the model,
it is believed that the simple sum approach will provide an adequate
indication of the role of the cracks in determining the bulk modulus.

The bulk modulus of a dry rock containing elliptic or tapered
cracks can be calculated from the expression

2n (1‘\)2) N C-izd'i ) (23)
T A=DT 4

g TR

where K' is the effective bulk modulus of the porous solid, K is the
intrinsic bulk modulus of the rock material, v is Poisson's ratio,
c; is the semimajor axis Tength for the ith crack, di is the

crack Tength in the third dimension, V is the volume of the rock
sample, and the summation is over the total number of cracks in the
sample, N. Here, d. will be constant for all cracks and the

volume V will be determined by the size of the network. Since the
network models considered are essentially two dimensional, the
volume V can be thought of as a thin layer from a larger sample,

where the thickness of the layer will be of the same size as the

length of a single element.
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The stress dependence of the bulk modulus is determined by the
stress dependence of Cye Under hydrostatic confining pressure the

variation of c, at stresses less than the closing stress is

-2 _
c(p) = co(1- %—3 2p) circular section
c(p) = ¢q elliptic section
-2
c(p) = co(l- %ﬁ;%-)Zp) tapered section

In pafticu]ar, note that below the stress required to close an
elliptic crack its length remains unchanged. The contribution of
elliptic cracks of given initial aspect ratio is constant until the
closing stress is reached, at which point the contribution of these
cracks to the effective bulk modulus vanishes. The contribution of

tapered and circular cracks on the other hand, changes as the con-
fining pressure different aspect ratio distributions are required -
for each type of crack.

The static saturated bulk modulus, K., can be obtained from

the dry rock modulus using Gassmann's (1951) relation

K'+
Ks = K Rog (24)

where
Q=K Kg(K-K")
(K-Kf)
Here K', K, and Kf are the bulk moduli of the dry porous rock, of
the intrinsic rock material, and of the fluid, respectively, and ¢
ijs the porosity. This result assumes that the pore pressure is

uniform everywhere throughout the rock.
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Because of the pore geometry chosen (2-D cracks), it is not
possible to consider the magnitude and stress dependence of the
shear modulus. This is a result of the fact that the cracks have
been modeled in opening and closing mode only, with no shear dis-
placement across the crack surface. Therefore, it is not possible
to investigate the pressure dependence of the velocities of compres-

sional and shear waves in the rock represented by the network model.

POROSITY AND HYDRAULIC RADIUS

Two additional factors, porosity and hydraulic radius were cal-

culated for the porous medium represented by the network. These two
parameters are of importance in many conductivity and permeability
studies (e.g. Wyllie and Spangler, 1952; Brace, 1977).

The porosity calculated from the network model should approx-
imate that of the desired rock if the model is to be considered
adequate. Porosity can be simply calculated from the Known cross-
sectional areas and 1engths of the individual tubes, and the volume
of the layer represented by the network. -The network, however, is a
two dimensional representation of pore properties. Pseudo~three
dimensional porosities were calculated from the two dimensional
model by assuming that the medium was homogeneous and isotropic, so
that ¢3p = 1.5 $2p- ‘

The hydraulic radius of a porous medium is defined as the volume
of the intérconnected pores divided by their surface area (Bird et

al., 1960). Since the conduit shapes were known, it was possible to
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calculate the hydraulic radius of the two dimensional network using

the known cross-section area and perimeter of each element, i.e.

N
£ Py
i=] !

where Ai and Pi are the cross-sectional area and perimeter of
the ith element.

Porosity and hydraulic radius are important factors in the
empirical relation between porosity and permeability, based upon
Archie's law. Wyllie and Spangler (1952) and Brace et al. (1968)
found the following relation between fluid flow and electrical con-
ductivity of rock:

k = (m2/ko)F'2¢'1 (25)
where k is permeability, k° is a shape factor which can vary
between 2 and 3, m is the hydraulic radius, ¢ is porosity, and F
is the formation factor, defined as the ratio of the resistivity of
a fluid saturated rock to the resistivity of the fluid alone.
Archie's law, an empirical relation between the formation factor and
porosity which appears to hold for a wide variety of rocks (Brace et
al., 1965) is given by

F=o (26)
where r is a constant close to 2. If r = 2, combining (25) and (26)
gives

k = (m%/k;)e% = (n2/k, )15 (27)



| 154
Equation (27) states that the permeability can be calculated once
the porosity and hydraulic radius are known. Since both of these
factors are calculated in the network model it is possible to-com-
pare the permeability calculated directly from the permeability

model with that calculated from the porosity and hydraulic radius.

SUMMARY OF COMPUTER OPERATIONS

The sequence of computer operations is shown in the flow chart

in Figure 14. There are three major routines in the process: SETUP,
MAKEA, and HHOLDER.

The main input parameters describe the network size and the tube
size distribution. To describe conduit sizes, distributions of
aspect ratio and a length scale for the sections are required. Spec-
ifying the aspect ratio and length scale determines the flow,
porosity, and all related properties for each conduit. For each
aspect ratio a distribution of length scales is possible, and for
each length scale a distribution of aspect ratios is possible.
Aspect ratios of 100, 10'1, 10'2, 10'3, and 104 were
considered here. After specifying the aspect ratio, a length
parameter is needed. There are several choices for the length
scale, three of those choices are mentioned here. |

1) Equality of semiminor axes, b. The case of equal semi-minor
axes for each pore shape and aspect ratio is that distribution which
would be chosen to satisfy capillary pressure data. The capillary

pressure response of a porous medium is controlled by the pore
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sizes, as given by Laplace's equation

p=a(l/r +1/rmax) = g(1/b+1/c)

min
where p is capillary pressure and o is surface tension. For a
c¢ircular conduit, b = ¢, p = 20/r. For aspect ratios of 10'-'1

and smaller, 1/b+l/cvl/b. Thus, if capillary pressufe curves are
used to determine pore size distribution, the semiminor axes should
be the same for each aspect ratio.

2) Equality of flow. In the case of equal flow through all
sections of the same length scale, either b or ¢ would be fixed and
the other varied with the aspect ratio. This approach insures that
approximately equal volumes of fluid will flow in tubes of every
aspect ratio.

Both of these first two approaches have the limitation that the
low aspect ratio pores are relatively large. For example, in case
(1) above, if b = 10 ym and a = 10'4, then c = 105 wm = 10 cm.

Such a large thin pore is not realistic in uqfraCtured rock. The
results are only slightly better for case (2). For specific
problems, particularly those for which "min is relatively constant
and small, either case (1) or (2) would be applicable. However,
based upon pore size arguments, case (3), below, was most often used
in the examples presented here.

3) Equality of semi-major axes. In this case each ¢ would be
constant for all aspect ratios. This choice has the advantage that
it keeps low aspect ratio pores from having unrealistic lengths. It
has the disadvantage in that the permeabilities and porosity con-

tributions of the low aspect ratio pores are relatively small.
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small. Thus, the choice of keeping each ¢ constant for all éspect
ratios is made on a pore size argument.

The input parameters into the routine SETUP are thus the network
size, the aspect ratio distribution, and the length scale distri-
bution. SETUP uses a pseudo-random number generator to create
randomly ordered lists of aspect ratio and length scale. These
lists are then used by MAKEA to create the é__lééT matrix. Addi-
tional input parameters into MAKEA are starting and final confining
pressures and the size of the confining pressure increment. Using
the confining pressure - f]ow rate equations presented earlier,
MAKEA creates the éii\: matrix at a given confining pressure. In
addition, the porosity, bulk modulus, and hydraulic radius as func-
tions of confining pressure are calculated in MAKEA.

The AK éT matrix constructed by MAKEA is used in HHOLDER to

solve the system of linear equations for the node pressures. After
writing the results, the value of the confining pressure is
checked. If this is less than the maximum confining pressure, it is

increased by the pressure increment, a new A K AT

matrix is cre-
ated for the new confining pressure level, and HHOLDER is again used
to solve the system of equations. This process continues until the

maximum confining pressure is reached.

RESULTS
NETWORK SIZE AND STRUCTURE

In early work with this network model, basic questions arose as

to the effect of network size and element location on the calculated



157
permeability. Also, the response of simple aspect ratio distribu-
tions was desired, so that the influence of the aspect ratio distri-
bution and bulk modulus could be understood and rough predictions
made of the aspect ratio distribution réquired to model laboratory
measurements of permeability. |

The question of optimum network size does not appear to have
been answered completely. Networks must be large enough to ensure
that the calculated values are representative of network properties
in general and not of the specific geometry of .the particular net-
work, and they must also be small enough so that the problem is
tractable. The size of the networks studied here was 20X25 nodes
for square and triangular networks, and 19X25 nodes for hexagonal
networks. These network sizes compare favorably with those of the
physical and computer generated hetworks studied by Shankland and
Waff (1974). Calculated pressure values for smaller networks were
comparable to those for the large networks. Also, detailed analysis
of the flow paths through sample networks (see below) indicate that
edge and/or size effects are not large. It appears that the 20X25
node and 19X25 node networks studied hefe were adequate to represent
permeability in a porous medium without major size effects.

The effect of element location on the value of the calculated
permeability was addressed by considering networks of a given aspect
ratio distribution in which the order of element emplacement was
varied. This was achived by starting the random number generator
with different seeds and constructing differently ordered lists of

aspect ratios and semi-major axes. Results of several calculations
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of the flow of water through each type of network are listed in
Table 1. The network considered in each case had 30% of its pores
with an aspect ratio of 100, 30% with 10'1, 35% with 1072, and
5% with 107, 35% of the semimajor axes were 10 um in length, 30%
were in 18 um, and 35% were 28 um in length. The aspect ratio
distribution was chosen at random, while the pore sizes were adopted
from a table of tube sizes given by Dullien (1979, p. 182) for a
Berea sandstone model. The results listed are for the flow through
tapered cracks. The permeability behavior of elliptic cracks is
similar to that through tapered cracks. Due to the difference in
cross-sectional areas, permeability of a network of elliptic
conduits is 25-40% higher than that through the same network with
tapered cracks. This is consistent with the results found earlier
for single conduits.

Note that for networks_with approximately the same number of
nodes, the triangular network ha§ the most elements, followed by the
square network, with the hexagonal network having the fewest ele-
ments. It follows that the triangular network would be expected to
have the highest permeability (least measured pressure difference
across the sample) while the hexagonal network would have the lowest
permeability. The results of the sample calculations show this
relationship. The standard deviations from the averages reflect the
varying flow paths present in each of the randomly generated net-
works. The standard deviation is largest for the network with the
fewest elements, the hexagonal system, and is smallest for the

network with the most elements, the triangular system. It might be
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expected that the standard deviation would be somewhat lower if
considerably larger networks were considered, however, as mentioned
above, the networks studied here appear to be of adequate si;e to
model the network properties.

It is impossible to avoid the fact that, for a given range of
element values, the network topology will affect the magnitude of
the calculated permeability. It also follows that this effect is
expected to be largest in the network with the lowest coordination
number, i.e. the hexagonal system.

Figure 15 shows the dependence of permeability on confining
pressure for each of the network types. The elastic constants used
were E = 6.8( 105) bars and v = 0.25. For each network type
curves showing the greatest and least measured confining pressure

effect are shown. For each network type the absolute values of

permeability may vary by about a factor of three, however, the
relative permeability loss with increasing confining pressure is
nearly the same for all networks of a given type. The difference in
relative permeability loss was smallest for triangular networks,
about 2% for this particular aspect ratio distribution, and largest
for hexagonal networks, where it was about 5%.

The relative decline in permeability is greatest for hexagonal
networks and least for triangular networks. This can again be
explained by network topology. Flow through hexagonal networks is
more likely to be forced to pass through small, easily deformed
conduits (a < 10‘1) than is flow in square or triangular net-

works, and thus shows a greater variation with confining pressure.
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The effect of varying Young's modulus is shown in Figure 16.
The upper data points represent the average permeability decrease
for a triangular network with aspect ratio and pore size
distributions as in Figure 15, and a Young's modulus of 6.8(105)
bars. The lower points represent the average permeability loss for
the same network with Young's modulus equal to 4.8(105) bars. The
network with the lower Young's modulus is distinctly more sensitive
to the increase in confining pressure. The difference between the
measured values for the two averages increses as the confining
pressure increases. Thus, even for a network with predominantly
stiff shapes such as this, the magnitude of Young's modulﬁs
distinctly affects the permeability loss through its effect on the

pore response to confining pressure.

POROSITY AND HYDRAULIC RADIUS

Table 2 contains typical values of calculated porosity for the
networks discussed above. For the same size network, the porosity
of the triangular network is greatest and that of the hexagonal
network is the least. The change of porosity with confining pres-
sure is shown in Figure 17. For these networks in which most of the
pore space is in relatively stiff circular or high aspect ratio
pores, the porosity loss is very small, less than one percent of the

total porosity.
Permeability calculated from the relation k = % m ¢gD
was found to be consistently higher than that calculated from node

pressures. For triangular and hexagonal networks, the permeability
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from the hydraulic radius approach was 30-40% larger than calculated
from node pressures, for square networks the excess was about 50%.
The hydraulic radius, and the permeability calculated from the
hydraulic radius, were generally lower for networks with 1owér perm-
eabilities. However, in compafing two networks, it wés found that
the higher network permeability could belong to the network with the
lower hydraulic radius permeability.

That there is only a general relation between the actual perme-
ability and that calculated from the hydraulic radius is not
unexpected. First, Darcian flow is being modeled, which means that
the flow is laminar. As noted by Dullien (1979) and Bird et al.
(1960), the hydrau1ic radius concept is known to be a good approxi-
mation to rea]itx only for turbulent flow. To adapt the approach to

the Taminar flow regime correction factors, including tortuosity,

are required. Second, the hydraulic radius approach is fundamentally
a one-dimensional approach to fluid flow. As noted by Dengler
(1978) and Dullien (1979), the consideration of flow in two and
three dimensions changes the corrections required for the hydraulic
radius approach, and can invalidate it altogether. In this light,
it should be remembered that both the actual permeability and that
calculated from the hydraulic radius approach were based upon
two-dimensional flow. The addition of a third degree of freedom
could change the magnitude of the permeability somewhat, but it is
guaranteed to greatly affect the permeability given by the hydraulic

radius approach due to the presence of additional pores.
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PORE PRESSURE AND FLOW PATHS

Additional insights into network behavior are gained by studying
the pore pressure at each node and the fluid flow through each
element. If all of the elements were identical, the pore pressure
would be constant along each row of nodes and there would be a
linear pressure decrease along each column of nodes. With a wide
range of element values, this situation is not found. A schematic
diagram of node pressures is shown in Figure 18 for a square network
of tapered cracks with 30% of the elements circular, 30% with an
aspect ratio of 10'1, 20% at 10'2, 15% at 10'3, and 5% at
10™%. Note that there are large areas where the measured pore
pressure is more than 10¥ above or below the pressures predicted
from the uniform case. The actual pore pressure distribution is far
from uniform. The histogram at the bottom of Figure 18 shows that
the range of pressure deviations, .defined by

&P = P-Punif |
where P is the measure pore pressure and Punif is the pore
pressure for a uniform case, is rather large. The peak of the
histogram is centered at a pressure less than zero, indicating that
most of the pore volume is at a pore pressure lower than would be
expected for the uniform case.

The flow through each tube can be calculated knowing its dimen-
sions and the pressure difference across it. A plot of the flow
paths for all tubes through which more than 0.1% of the total flow

passes is presented in Figure 19. Most of the flow follows just a

few paths. At one level in the middle of the network, 66% of the
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total flow passes through just one tube. At the inlet end, the
greatest concentration of flow in one tube is 36% of the total,
while at the outlet end it is 27%. The flow converges and diverges

“throughout the network. A comparison of the flow paths witﬁ tube
size reveals that almost 100% of the tubes with greafer than 0.1% of
the total flow have aspect ratios of 10° or 10'1. The flow thus
follows the path of least resistance, converging where few tubes at
a level are large and diverging when many tubes are large. Note
also that there are instances in which the direction of flow is
apparently reversed where the flow path skirts high resistance ele-
ments.

The network model of flow is considerably different than that
predicted by hydraulic radius or bundle of capillary tube models.

The magnitude of this difference is indicated by the fact that the
flow through this network could be modeled as flow through the

network volume in just 18 long capillary tubes with an aspect ratio
of 10'1 and semimajor axis of 10 um (as used here). The hydraulic
radius and porosity for 18 capillary tubes is less than that for the
network as a whole. This example serves as a further demonstration
that hydraulic radius and bundle of capillary tube models of fluid

flow are not realistic models of flow in more than one dimension.

BULK MODULUS

The bulk modulus calculations are not dependent upon the network

topology. As the aspect ratio and length distributions were the
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same for each of the test cases considered in the permeability sec-
tion, very little difference in bulk modulus was calculated for each
network type. For calculating the effective dry and saturated.bulk
moduli, the intrinsic bulk modulus was taken to be 4.5(;05) bars
(E = 6.8(10°) bars), v=0.25, and K, the bulk modulus of
water, was 2.2(104) bars. For equal aspect ratio and pore size
distribu- tions a triangular network has the lowest effective bulk
modulus while a hexagonal matrix has the largest effective bulk
modulus. This is a result of the different number of cracks in the
systems.

The e1astic'responses of tapered and elliptic pores are dif-
ferent. Thus, while their permeability behavior as a function of
confining pressure is very similar, their effective modulus

properties may be different. Table 3 gives the effective dry and

saturated bulk moduli for networks with 30% of the pores having an
aspect ratio of 109, 30% with 1071, 35% with 1072, 5% with

10'3, and 35% of the semimajor axes being 10 um, 30% 18 m, and 35%
28 m.

Examples of effective bulk moduli as functions of confining
pressure for a square network of elliptic and of tapered cracks are
shown in Figure 20. For this particular aspect ratio distribution
neither the change of effective modulus with confinjng pressure nor
the difference between the tapered and elliptic crack effective
modulus is great. This result is due to the fact that most of the
pore space is composed of relatively stiff crack shapes. The
response of most rocks would require more thin cracks (aspect ratios

of 1073, 10-4, and lower) than are present in this model.
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RESPONSE OF SAMPLE ASPECT RATIO DISTRIBUTIONS

In this section the permeability and effective bulk moduli will
be examined for the following aspect ratio distributions: 1) all
cracks of equal aspect ratio, 2) a uniform distribution of éspect
ratios, 3) an aspect ratio distribution with only neérly round
pores, and 4) a distribution with only very thin cracks. The pur-
pose of this exercise is to show the range of network responses so
that rough predictions of pore aspect ratio distribution can be made
as first attempts to fit experimental data. Unless otherwise speci-
fied, the results presented will be for tapered cracks with
E = 6.8(10°) bars, K = 4.5(10°) bars, v = 0.25, yu = .0l poise,

K, = 2.2(10%) bars, and d = 120 ym.

f

SINGLE ASPECT RATIO

The case of all of the tubes having the same aspect ratio is

réther simple. Due to the equality of the permeabilities in each
tube, there will be no flow in the network in the direction perpen-
dicular to the overall pressure gradient. Flow will occur only in
the tubes parallel to the direction of flow and the pressure drop
will be uniform across the network. The permeability of the network
will decrease with increasing confining pressure in exactly the same
way that flow through a single element of the same aspect ratio
would decrease.

The bulk modulus would increase linearly with increasing confin-
ing pressure until the cracks were closed in the case of tapered

cracks. For elliptic cracks the effective bulk modulus would be
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constant at all confining pressures less than that required to close
the cracks. At the critical confining pressure there would be a
step increase in the bulk modulus from the effective, open crack,

modulus to the intrinsic modulus.

UNIFORM ASPECT RATIO DISTRIBUTION
The case of a uniform aspect ratio distribution (20% of the
-1 1072

pores having each of the aspect ratios 100, 10
10'3, and 10'4) is one which could possibly represent a rock

with pore space somewhere between that of a sandstone with equi-
dimensional pores and a granite with thin, deformable pores.
However, the case better illustrates one of the numerical problems
presented by the range of length scales needed for an accurate
model. In an earlier section it was shown that the flow through an
elliptic section is proportional to b3c where b and ¢ are the
semiminor and semimajor axes of the ellipse, respectively. Using
the definition of the aspect ratio, a = b/c, the quantity b3c can
be rewritten as a3c4. Thus, if ¢ is constant and a ranges from

109 to 10'4, there is a range of element permeabilities of

1012. If only a sma11 percentage of elements at either extreme

are present in the system, there is a very small probability that
there will be numerical problems. However, with a large percentage
of very small cracks it becomes very probable that the range in
magnitudes of the diagonal entries in the A K AT matrix will reach

1012, and numerical instabilities in the solution of the system of

linear equations result. These numerical problems in
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dealing with large element contrasts are one factor which motivated
Madden (1976) to develop the embedded network approach. As a result
of the numerical problems, no successful computations of randomly
created networks with a uniform aspect ratio distribution we?e '

obtained.

HIGH ASPECT RATIOS

Tests were run on cases in which 50% of the conduits were circu-
lar and 50% had aspect ratios of 10'1. The results are shown in
Table 4 and Figures 21 and 22. As expected, the network permeabili-
ties were high., The pore shapes studied are stiff, thus, the small
change in effective modulus and the small decrease in permeability
with increasing confining pressure are expected. The triangular '
network was significantly more permeable than either the square or
hexagonal networks. Also, the triangular network had the smallest
decrease of permeability with confining pressure. This is, again,
due to the network topology'(increased number of connections at each
node and a higher probability of having paths which bypass less

permeable elements).

LOW ASPECT RATIOS

Results of tests run with 50% of the pores having an aspect

-2 and 50% with an aspect ratio of 1073 are shown in

ratio of 10
Table 5, and sample data are plotted in Figures 23 and 24 for square
networks. As expected, the permeabilities are low, smaller by a

factor of about 106 than the calculated permeabilities for high
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aspect ratio conduits. Figure 23 shows the permeability as a func-
tion of confining pressure for square networks of both tapered and
elliptic section. The bulk modulus data in Figure 24 shows that the
initial elastic response of the elliptic cracks is stiffer th;n that
of the tapered cracks, but, as noted in the discussion.of single
elements, conduits of tapered section close at a higher confining
pressure, and thus are open to flow to higher pressures. This

conclusion is illustrated in Figure 23.

SUMMARY OF SAMPLE CALCULATIONS

These sample calculations have illustrated the application of

network theory to permeability problems and the sensitivity of the _
approach to the length and shape parameters. it was generally found
that for randomly constructed networks, permeability increased with
increasing porosity and that small, thin cracks make a small contri-
bution to the total flow when there is a population of larger tubes
which form a continuous flow path across the network. The degree of
pressure dependence is affected by the proportion of thin cracks in
the network. To increase the pressure dependence of permeability,
Young's modulus could be decreased or the porosity residing in stiff
pores could be decréased. One way by which the porosity residing in
stiff pores can be decreased is to change the aspect ratio distribu-
tion. It is also possible to do this by changing the individual
pore sizes using a different scaling system, as mentioned earlier.
Figure 25 shows a sample permeability calculation for a network in

which the initial flows were equal for every e]ement. This scaling
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has the effect of making the thin crack porosity relatively large,
i.e., the circular tubes have relatively small cross-sections. This
particular scaling may be appropriate for materials like clays or
shales. However, if the size of the tubes and contribution of each
aspect ratio to the total porosity is fixed, the only way to
increase the pressure dependence of the network permeability is to
decrease Young's modulus.

The sample network calculations demonstrated that the hexagonal
network is relatively sensitive to element location and network
topology. Hexagonal networks had the lowest permeability, the
greatest relative loss of permeability with increasing confining
pressure, the lowest porosity, the highest effective bulk modulus,
and the smallest change in effective bulk modulus with pressure.
A11 of these factors are due to the small number of tubes and Tow
coordination number for the hexagonal network. As a result, the
hexagonal network is not a good network configuration for modeling
most rocks, particularly moderate to high porosity rocks. The
square network is better than the hexagonal network for modeling
rock pore space due to its increased number of pores and higher
coordination number. The square network may be suitable for model-
ing low to moderate porosity rocks, where the required coordination
number is not too high. The best two dimensional network for
modeling rock pore space is the triangular network with its rela-
tively large number of elements and its high coordination number.
For moderate to high porosity rocks with highly connected flow

paths, the triangular network is the only one of the three network



170
types discussed here that should be used. In three dimensional
networks, Dullien (1979) has had success using very simple cubic
networks to study moderate to high porosity sandstones. Thus, in
three dimensions it appears that cubic or tetragonal systems may be

adequate.

COMPARISON WITH LABORATORY DATA

Nur (1979) presented a comparison of laboratory permeability,
resistivity, and velocity measuréments. He compiled the data
presented here in Figure 26 in which the inverse of permeability is
plotted against velocity. The velocity increases are due solely to
increased confining pressure, so that these figures represent some
indication of the relative sensitivity of permeability and velocity
to pressure. For sandstones (St. Peter, Berea, and Massilon)
confining pressure influences velocity much more than permeability.
In Westerly granite, there is a large effect observed for both
permeability and velocity. The~exp1anatioﬁ offered by Nur (1979) to
explain this behavior is that the permeability changes might be
controlled by the stiffest part of the pore space, while velocity
changes are controlled by the more easily deformed parts of the pore
space. In sandstones the stiffest parts of the pore space are the
round pores which have little effect on the change of velocity with
confining pressure. In contrast, the easily deformed cracks which
control the change of velocity with pressure might not be expected

to affect the permeability. On the other hand, there are not many
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round pores in granite so that both permeability and velocity are
controlled by thin cracks, and the pore pressure effect on perme-
ability and velocity is greater.

In this section the explanation given above for permeabiiity and
velocity data will be tested using the network theory approach., The
rocks to be considered are Berea sandstone and Westerly granite.

The aspect ratio spectra used are modified from the work of Cheng
and Toksoz (1979), who obtained aspect ratio spectra for ellipsoidal
‘inclusions from the inversion of laboratory seismic velocity
experiments. (In using this data, the assumption is made that the
dynamic and static moduli behave similarly. Cheng and Toksoz (1979)
also made this assumption.) Cheng and Toksoz (1979) also determined
the intrinsic moduli from the inversion. The pore sizes for Berea
sandstone were derived from a table of pore sizes given in Dullien
(1979, p. 182). These values were determined from detailed poro-
simetry and microscopic measurements. The pore sizes for Westerly
granite were derived from a table of crack dimensions compiled by
Hadley (1976) from scanning electron microscope data.

Typical laboratory measurements of velocity and permeability as
functions of confining pressure for Berea sandstone samples are
shown in Figure 27. As noted by Walls (1980) and Jones (1979), the
responses vary for different Berea sandstone samples.

Table 6 contains a 1ist of input parameters for the Berea sample
modeled here. The results of the calculation of bulk modulus and
permeability for a triangular network are shown in Figures 28 and

29. Points for both saturated and dry elliptic and tapered cracks



172
are presented in Figure 28. The overall change in dry and saturated
bulk modulus with increasing confining pressure approximates, but is
somewhat smaller than, that predicted to produce the compressipnal
velocity increase in the data modeled by4Cheng and Toksoz (1979).
The initial and final dry and saturated moduli of elliptic and
tapered systems are close in magnitude, but the tapered crack net-
work shows a steady increase in modulus from O to 400 bars confining
pressure, by which time the 10"3 aspect ratio cracks have closed,
while the elliptic crack network modulus remains constant until the
1073 aspect ratio cracks close.

The steep increase in bulk modulus usually seen at very low
confining pressures is not present 1n.the model calculations because
no very thin cracks (a < 10'3) were included. The large step in
the response of the elliptic crack model does not represent real
rock response. -This jump is a result of the use of only a few
" discrete aspect ratios rather than a continuous distribution. The
bulk modulus data points would lie on a muéh smoother curve if a
continuous spectrum was available; however, the different response
of the el]iptic'and tapered sections illustrate the dependence of
the calculated bulk modulus on the crack shape considered.

The initial network permebility (ko) for this model of Berea
sandstone was 594 md. In Figure 29 the model results are plotted
along with laboratory results for a Berea sample with ko = 382 md
(1aboratory data courtesy J. Walls). The permeability loss as a
function of confining pressure in the model is very close to that

actually measured. Considering the relatively good approximation of
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the magnitude of the permeabilities and the similar behavior as a
function of confining pressure, the two dimensional network model
appears to give an adequate representation of the permeabi]jty and
bulk modulus properties of a Berea sandstone sample.

This model was run with the semimajor axes held Eonstant. the
flow through the network is primarily through tubes of aspect ratios
of 100 or 10'1. This follows from the pressure dependence of
permeability, and it also follows from the fact that the percentage
of pores with aspect ratios greater than 10'1 exceeds the critical
probability for a triangular matrix (Madden, 1976). Based upon this
model calculation, it follows that those pores which most affect the
velocity, and low aspect ratio pores, have little effect on the
permeability, and those pores which most affect the permeability,
the high aspect ratio pores, contribute little to the bulk modulus
and velocity increase with confining pressure, as predicted by Nur
(1979).

The quantities used in modeling Westerly granite are listed in
Table 7. Results of model calculations are shown in Figure 30. The
data for bulk modulus are shown for dry and saturated cases for both
tapered and elliptic sections. There is a very large increase in
the dry moduli and a smaller increase in the saturated moduli.
Again, no cracks with an aspect ratio less than 10"4 were
modeled. Note the large increases in dry bulk moduli as the cracks
with aspect ratio of 10'4, fully 80% of the total number of

cracks, close at less than 100 bars.
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Permeability of the Westerly granite model decreases very rap-
idly with increasing confining pressure, the permeability becoming
zero when the confining pressure reaches about 50 bars. The )
permeability loss behavior is very much 1ike that for a single crack
with an aspect ratio of 1074, with over 80% of the pores having
an aspect ratio of 10'4, it is not probable that a continuous flow
path through larger pores will be present in a randomly constructed
network. In a system such as this, where one aspect ratio predomin-
ates, the velocity and permeability are both affected by the same
portion of the pore space. Rocks in which this should occur include
granites and shales, that is, in any rock in which the majority of
the pore space is composed of easily deformed pores.

Laboratory measurements of permeability in Westerly granite as a
function of confining pressure range from 260 nd at a confining
pressure of 100 bars to 4 nd at 4 kbars (Brace et al., 1968). These
experimental values i11ustrate.one of the limitations of the model
development. The model permeability is zero at 50 bars, whereas
measured values are nonzero to at least 4 kbars. The model limita-
tions 1ie with the simple shapes chosen to model the pore space.
Models using higher order tapered cracks, y = bo(l-(x/co)z)m+l/2,
where m is an integer greater than 2, could possibly give a better
match to the Westerly granite data. Such cracks ré§d11y deform, as
do tapered and elliptic cracks, but they do not completely close at
confining pressures which would close a similar tapered or elliptic
crack, and thus continue to contribute to permeability (G. Mavko,

pers. comm.). Real pores are not smooth cracks of regular section,
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but are voids of irregular shape and surface. In such a system,
parts of the pore space remain open at high pressures due to the
increas- ing stiffness of the pores as the irregularities come into
contact (Mavko and Nur, 1978; Walsh and Grosenbaugh, 1979); In
using pore space models based upon tubes of smooth,.regular section,
one has to remember that he is using a mathematical tool to look at
pore space effects rather than accurately modeling the shape and

behavior of actual pores.

SUMMARY AND DISCUSSION

The examples given here show that a network model of pore space
can reasonably predict the magnitude and behavior of rock perme-
ability and bulk modulus as functions of confining pressure. The
results indicate that for a rock in which much of the pore space
consists of stiff, nearly round pores, such as in a sandstone of
moderate to high porosity, the permeability response is controlled
by the large round pores, while the modulus and velocity responses
are determined by small thin poreé and pore edges. in éontrast, in
rocks in which there are few round, stiff pores, such as granite,
both the permeability and velocity are controlled by thin, crack-
1ike pores.

Thus, it may be concluded that, in general, the greater the
proportion of total porosity that resides ih thin cracks, the lower
will be the permeability and the greater will be the effect of
stress on permeability. This conclusion is supported by laboratory

evidence from low permeability (tight) gas sands. Jones and Owens
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(1980) and McLatchie et al. (1958) concTuded that very Tow
permeability rocks are affected to a greater degree than those
having higher levels of permeability. Jones and Owens (1980) also
noted that permeability measurements suggest that "apertures
controlling flow in tight gas sands may be slit-like rather than
round."

Given that the network model reasonably represents the bulk
modulus and permeability behavior as functions of confining pres-
sure, what predictions can then be made from laboratory velocity,
compressibility, and permeability measurements? From the examples
presented here, it can be claimed that a rock sample which has a
large increase in bulk modulus with confining pressure will also
have- a large decrease in permeability with increasing confining
pressure. For relatively stiff rocks, the predicted decrease of
permeability would be small. The converse should also hold, rocks
with large permeability losses with increasing confining pressure
should also have re]afive]y large increase§ in bulk modulus and
those with small permeability losses should have small increases in
bulk modulus. However, as modulus or velocity data gives no
information on the topology of pore space and as the permeability
gives virtually no information about the present of thin, easily
deformed cracks, there is no direct method évai]ab]e to predict the
magnitude of either the modulus or permeability from information

about the other.
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In the opening of this paper the question of what constitutes an
adequate pore space model was asked. The network model presented
here is two-dimensional, consists of pores of idealized shape and
behavior emplaced iﬁ regular, unrealistic connected networks, with
only a limited range of length scales represented, and predicts the
appropriate behavior of only two quantities. The model presented
here is thus neither a complete nor an accurate representation of a
porous rock. Considering the complexities, it is probably not
possible to develop a completely accurate pore space model. How-
ever, the network approach used here does appear to provide the
means for constructing an adequate pore space model, one from which
many facets of rock behavior can be predicted. In this respect, the
network theory approach, particularly in conjunction with the
embedded network, or renormalization group, approach of Madden
(1976), provides a promising avenue to a better understanding of the
role of pore space in physical processes and, from this, the ability
to predict a wide range of rock and rock-fluid properties.

This study has been specifically concerned with steady-state
flow of an incompressible fluid through a porous medium whose flow
paths are represented by a simple two-dimensional network of tubes.
There are several further lines of study which are immediately
apparent. First, an extension of the approach to three dimensions
could be performed. The general form of the mathematics required is
the same as for a two-dimensional network, however, the size and
complexity of the _ﬁi__&T matrix becomes great for even relatively

small 3-D networks. Three dimensional networks should prove more
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accurate in modeling the flow properties of rocks, and it should
prove possible to study anisotropic elastic and flow properties by
specifying crack orientations. In this way, rocks, which are
generally anisotropic to some degree, could be more fully studied.

Time dependent processes could be studied using a network theory
approach. Time-dependent processes in networks are ofteh studied in
electrical engineering using Fourier and Laplace transform tech-
niques. One possible time-dependent process that could be studied
is fluid-solid interaction due to pressure pulses in either the
fluid or the solid. In such a problem the elastic properties of
both solid and fluid would have to be considered along with the
problem of compressible fluid flow. Another time-dependent process
that could be studied is the passage of elastic waves, particularly
compressional waves, through a saturated solid. It is possible that
some of the elastic energy could be dissipated by inter- or intra-
pore flow, particularly in thé case of partial gas saturation. Nur
et al. (1980) present laboratory data which make it clear that
solid-fluid interaction plays an important role in attenuation. A
network approach to this problem may be of particular importance
because, as seen in the case of flow through a network (Figure 18),
the pore pressure is not likely to be uniform throughout the system.
This nonuniformity would be caused by the variable elastic reponses
of the different pore shapes to the stresses setup as the waves move
through the solid. Several other processes such as capillarity,
diffusivity, and even the chemistry of fluid-solid interactions in

stresses systems could eventually be studied.
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In conclusion, future efforts in pore space modeling must be
increasingly concerned with the interrelation of physical processes
and the environment in which they occur. Many of the theoretical
developments of elasticity, hydraulics, and electro-magnetisﬁ which
should be applied to porous medium problems are sti]]Atqo primitive
to be completely successful. However, there is active regearth
proceeding on this problem in geophysics, chemical an& betfoleum
engineering, materials science, electrical engineering, mechanics,
and geology. Approaches such as network theory and renormalization
group theory will become increasingly used as problems involving
many elements and 1ength.sca1es are addressed. Advanced mathe-
matical and statistical techniques and an interdisciplinary approach
will be the only way in which to develop a fully adequate pore space

model for rocks.
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TABLE 2. Network porosity | 186

NETWORK NO. ELEMENTS POROSITY

TRINET 1451 12.5

SQNET 995 8.8

HEXNET 719 6.2

aspect ratio % of total semimajor axis % of total

10° 30 10 ym 35
107t 30 18 ym 30
1072 35 28 um 35
107 5
107 0

element length = 120 um
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Relation between porosity and permeability in two
reservoir rocks; at left the Eocene Upper Wilcox™ -
sandstone; at the right the Upper Cretaceous Nacatoch
sandstone. For each rock there is a general increase in
permeability with an increase in porosity, however, at
the same. permeability the porosity of the Nacatoch
sandstone is 10-15% greater than that of the Wilcox.
(from Archie, 1950).

Typical laboratory experimental data for velocity
(upper) (Jones, 1978) and permeability (lower) (Nur et

al., 1980) as functions of confining pressure.

Example of a sma11'square network with 10 nodes and 18

elements. Four elements are incident at each interior
node. V = 0 at node 10. Below is the‘ﬂ‘g_ﬂT matrix

product for this network. Kii is the positive sum of
the elements incident to the ith node (sum of the off
diagonal entries in a row or column); i.e.
K77=K37+K67+K78+K710. Note that the matrix is
symmetric and sparse. The matrix retains this general
form for all square networks.

Network configurations to be considered. a) square, b)

triangular c) hexagonal.
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Figure 5 Comparison of elliptical and nonelliptical sections.
One quadrant is shown, the axes are normalized half
length and half width. Note that the nonelliptical
curve is lower than the elliptical curve for all x.
Figure 6 Volume flow rate as a function of app]ied hydrostatic
stress for an elliptic crack. The horizontal axis is
applied hydrostatic stress in bars. The vertical axis
is normalized ffow rate, Qe(p)/Qoe.
Figure 7 Comparison of nonelliptical and equivalent elliptic
shapes. One quadrant is shown. The axes are normalized
half length and half width. These two curves have the
same area. Note that the difference in shape is mainly

confined to the region in which y < b/4.
Figure 8 Volume flow rate as a function of applied hydrostatic
stress for a nonelliptic crack. The horizontal axis is

applied hydrostatic stress in bars. The vertical axis

is normalized flow rate, Q.(p)/Qy;

Figure 9 Volume flow rate as a function of applied hydrostatic
stress for elliptic cracks with aspect ratios of 10'2,
10'3, and 10°%. The horizontal axis is applied
hydrostatic stress in bars. The vertical axis is
normalized fiow rate for each particular case,

Qe(D,G)/Qoe(a) .



Figure 10

Figure 11

Figure 12
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Volume flow rate as a function of applied hydrostatic
stress for nonelliptic cracks with aspect ratios of

3, and 107, The horizontal axis is

1072, 10”
applied hydrostatic stress in bars. The vgrtica] axis
is normalized flow rate, Qt(p,a)lqoe(a).

Volume flow rate as a function of applied hydrostatic
stress fqr e]]ibtic and nonelliptic fractures with equal
half length and half width. The horizontal axis is
applied hydrostatic stress in bars. The vertical axis
is the flow rate relative to the flow through an
unstressed elliptic fracture, the curves are

Qa(P)/Qy, and Q,(p)/Q,,- Note that flow through

tapered cracks is less than that through elliptic cracks
for stresses below about 230 bars, and it is greater
above 230 bars. |
Volume flow rate as a function of applied hydrostatic
stress for elliptic and nonelliptic fractures of equal-
aspect ratio and cross sectional area. The horizontal
axis is applied hydrostatic stress in bars. The
vertical axis is flow rate relative to the flow through
an unstressed elliptic section, the curves are
Q.(P)/Q,,- Note that Q.(p) is larger than Q(p)

for all p.



Figure 13

Figure 14
Figure 15

Fiqure 16

Figure 17
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Volume flow rate as a function of applied hydrostatic
stress for elliptic and noneliptic fractures of equal
aspect ratio and equal initial flow rate. The hori-
zontal axis is applied hydrostatic stress in bafs. The
vertical axis is the flow rate relative to the flow
through an unstressed elliptic sgction, the curves are
Qt(p)/Qoe and Qe(p)/Qoe. The two curves are
nearly identical.
Flow chart for computer operations
Relative permeability loss as a function of confining
pressure for hexagonal, square and triangular networks
of tapered cracks. 30% of the tubes were circular, 30%
had an aspect ratio of 10'], 35% 10'2, and 5%
10'3. For the same size network, hexagonal networks

had the greatest relative loss and the triangular
network had the least permeability loss.

Relative permeability loss for triangular networks of
tapered cracks with the same aspect ratio distribution
as in figure 15. The difference is due to a change of
Young's modulus. E is 6.8(105) bars for the upper
points and 4.8(105) bars for the lower data points.
Porosity as a function of confining pressure for the
networks studied in figure 15. The porosity loss is
less than 0.1% for this particular distribution of

mostly stiff tubes.



Figure 18

Figure 19

Figure 20
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Node pressures in a network with 30% of the pores having
an aspect ratio of 100, 30% 10'1, 20% 10'2, 15%
10-

not uniform when there is fluid flow through the

and 5% 10'4. The pore pressure distribution is

network. The histogram gives the number of'nodes with a
given deviation from the pore pressure predicted for the
case of uniform flow through the network. The majority
of node pressures are lower than predicted from the
uniform model.

Map of flow paths through the network considered in
figure 18. Tubes through which pass more than 0.1% of
the total flow are shown. Direction of flow in each
tube is shown with an arrow. The magnitude of the flow
is given by line type and weight: light line - 0.1-1%,
dashed light line - 1-10%, heavy line - 10-50%, heavy
dashed line, > 50%. Flow converges, diverges, and even
reverses direction throughout network. Almost all flow
occurs in tubes of aspect ratios of 10° or 10‘1.
Variation of dry and saturated bulk moduli with
confining pressure for the networks considered in
figures 15 and 17. Results shown are for elliptic
(upper) and tapered (lower) cracks. There is a step
increase in the bulk modulus of the elliptic crack
network at 400 bars as the 1073 aspect ratio pores
close. There is relatively little change in modulus for

either case, due to the stiff pore shapes.



Figure 21

Figure 22

Figure 23

Figure 24
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Permeability vs. confining pressure for networks of
tapered cracks with 50% of the tubes having an aspect
ratio of 10° and 50% with an aspect ratio of 1071,
The permeability loss is relatively small. '
Dry and saturated bulk moduli vs. confinfng pressure for
networks of tapered cracks with the same aspect ratio as
in figure 21. There is very little change of aspect
ratio for round or nearly round pores at these low
confining pressures. |
Permeability vs. confining pressure for square networks
of both tapered and elliptic cracks. 50% of the tubes
had a aspect ratio of 10'2 and 50% had an aspect ratio
of 1073, The permeability loss is great, flow through
the network becomes 0 at 400 bars for the elliptic crack
network and 600 bars for the tapered crack network.
Dry and saturated bulk moduli as functions of confining
pressure for square networks of tapered (circles and
squares) and'e\1iﬁtic (crosses and triangles) cracks.
The aspect ratio distribution is as in Figure 23. There
is a significant increase in dry bulk modulus,
particularly at 400 bars for the elliptic crack network
and below 600 bars for the tapered crack network, in

both cases this is due to closing of the cracks of

10"3 aspect ratio.



Figure 25

Figure 26

Figure 27

Figure 28
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Relative permeability loss as a function of confining
pressure for a square network with the following aspect
ratio distribution: 30% 10°, 30% 10°%, 20% 1072,
15% 10’3, 5% 10", The tubes had initial]y_equa1
permeabilities. In this representation the low aspect
ratio pores are relatively large. The decrease in the
permeability is greater than for the case of equal
semimajor axes as the easily deformable tubes initially
carry much of the total flow.
Velocity in dry rock vs. the inverse of permeability at
various confining pressures from Nur (1978j. The
increase of velocity and decrease of permeability is due
to increased confining pressure. In sandstones,
confining pressure affects velocity much more than
permeability, while in granite there is a large pressure
effect for both pérmeability and velocity.
Typical laboratory result for Bérea sandstone. Velocity.
measurements from Jones (1978), permeability
measurements courtesy J.D. wa11s.‘
Dry and saturated bulk moduli for triangular networks of
tapered (circles and squares) and elliptic (crosses and
triangles) cracks of a Berea sandstone model. The input
values are listed in Table 6. The aspect ratio

distribution is adapted from that given by Cheng and



Figure 29

Figure 30
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Toksoz (1979). The increase in bulk modulus is slightly
below that appropriate for the laboratory data modeled
by Cheng and Toksoz. This is due to the fact that no
aspect ratios less than 10" were input into the model.
Model calculations and laboratory results for Berea
sandstone (lab results from J.D. Walls.) K0 for the
laboratory sample is 382 md; Ko from the model
calculation is 594 md. The model calculations are for a
triangular network of tapered cracks. The permeability
declines of the model system closely approximates that
of the real rock. |
Westerly granite model calculations of permeability and
bulk modulus as fractions of confining pressure for
triangular networks. Note the change in confining
pressure scale in the permeability curve. the bulk
modulus data show large increases from O to 100 bars as
the 1074 aspect ratio pores, él% of the total, close.
Tapered crack data shown with circles and squares,
elliptic crack data with crosses and triangles. The
network permeability decrease is very much like that of
a single conduit with an aspect ratio of 10‘4. The
permeability is zero by 50 bars of confining pressure.
Actual laboratory measurements of permeability in
Westerly granite are nonzero a confining pressures of at

least 4 kbars.



Figure Al
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Comparison of permeability vs. confining pressure curves
of Gangi (1978) and for elliptic cracks of aspect ratios
of 10~ and 1072%-°
permeability from Nelson and Handin (1977).. The bed-of

with data for fracture

nails model and the elliptic conduit model are possible
alternatives to the parallel plate model for fracture

flow.
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APPENDIX A: ELLIPTIC AND TAPERED CRACKS AS MODELS FOR FRACTURE FLOW
Snow (1968) and Witherspoon et al. (1979), among others, have

shown that for steady state linear flow between two parallel plates

with an aperture of b, the volume flow rate, Q, is given by

b3D AP
qQ = o ol _ (A1)

where D is the extent of the fracture normal to the direction of
flow and b,y is the fluid viscosity, and AP/Al is the pressure
gradient.

As a comparison, we have seen that the volume flow rate through

an elliptic conduit of semimajor axis ¢ and semiminor axis b is

given by
b3c3 4P
Q = 2 =, = (A2)
4y b c?a
If b<<c, this becomes, to a good approximation
3
o - FEE& (A3)

Equations (Al) and (A3) are both of the form Q «» b3c AP/ AL
and thus may be used to discuss fracture flow. For situations of
changing confining pressure, fractures of elliptic or tapered
section may more accurately predict variations of fracture flow
because, as we have seen, there are solutions to the elasticity
problem of the change of conduit shape with con?ining stress. In
contrast, ideal parallel plates are never in contact, so that there
is difficulty describing the appropriate constituitive relation.
According to the models developed earlier, the flow rate as a func-

tion of confining pressure for tapered and elliptic cracks are given
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by equations (13) and (17). From these equations we get

ke(p) = ke (1- 22{1vE))3 (A4)
ke(p) = kg (1-42E{L02))5 )

Gangi (1978) used a phenomenological "bed of nails" to model
flow through a deformable fracture. For this model he arrived at
the relation

k(p) = ky(1-(p/p)™3 0 <m<1 (A6)
where p is confining pressure and Py is a constant. Form =1,
(A6) is of the same form as (A4), the expression for elliptic
cracks. Figure (Al) shows a comparison of laboratory data on frac-
ture flow in Navajo sandstone acquired by Nelson and Handin (1977),

the best fit curve to this data given by Gangi for the bed of nails

model, and representative curves from the elliptic crack model. Both
of the theoretical curves decay steeply at small confining pres-
sures. However, the confining pressure at which the bed of nails
fracture closes is over an order of magnitude larger than that
pressure at which either an appropriate elliptic or tapered crack
would close.

The fact that the elliptic or tapered crack model permeability
will generally become zero at pressures less than is actually
observed would imply that the model is applicable primarily where
confining stresses are low. If the fracture surface is nonuniform,
bringing the two opposing surfaces close together could bring asper-

ities or irregularities into contact. As noted by Mavko and Nur
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(1978) and Walsh and Grosenbaugh (1979), this would act to stiffen
the crack and make further closing and loss of permeability more
difficult. Thus, either the complex irregular crack model
considered by Mavko and Nur (1978) and Walsh and Grosenbaugh (1979)
or the bed or nails model may provide accurate predictions of frac-
ture permeability as a function of confining pressure, particularly
at high confining pressures. This is impossible in the parallel

plate model without an empirical constitutive relation.
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