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Abstract. We present a model for the nucleation and growth of faults in intact brittle
rocks. The model is based on recent experiments that utilize acoustic emission events
to monitor faulting processes in Westerly granite. In these experiments a fault initiated
at one site without significant preceding damage. The fault propagated in its own
plane with a leading zone of intense microcracking. We propose here that faults in
granites nucleate and propagate by the interaction of tensile microcracks in the
following style. During early loading, tensile microcracking occurs randomly, with no
significant crack interaction and with no relation to the location or inclination of the
_future fault. As the load reaches the ultimate strength, nucleation initiates when a few
tensile microcracks interact and enhance the dilation of one another. They create a
process zone that is a region with closely spaced microcracks. In highly loaded rock,
the stress field associated with microcrack dilation forces crack interaction to spread in
an unstable manner and recursive geometry. Thus the process zone propagates
unstably into the intact rock. As the process zone lengthens, its central part yields by

shear and a fault nucleus forms. The fault nucleus grows in the wake of the
propagating process zone. The stress fields associated with shear along the fault
further enhance the microcrack dilation in the process zone. The analysis shows that
faults should propagate in their own plane, making an angle of 20°-30° with the

Introduction

The mechanisms of fault nucleation and fault propagation
in rocks have been enigmatic since Coulomb proposed the
basis for faulting theory in 1773. Nucleation was first
attributed to an incipient flaw which grows in its own plane
[Griffith, 1920). However, stress analyses and experimental
works indicate that an incipient shear fault in rock could not
grow and propagate in its own plane [Brace and
Bombolakis, 1963]. Then, it was postulated that faults
formed by the coalescence of arrays of microcracks or
damage points which existed before faulting initiated [Brace
et al., 1966; Scholz, 1968; Peng and Johnson, 1972; Hallb-
auer et al., 1973, Ashby and Hallam, 1986; Horii and
Nemat-Nasser, 1985]. Recent experimental observations
however, indicated that preyielding microcracks in a
homogeneous granite have little effect on the geometry and
location of the future fault [Lockner et al., 1991; Lockner
and Byerlee, 1993; Moore et al., 1990]. We propose here
that a fault nucleates by local interaction among a few
microcracks and that it propagates into the unfaulted regions

£ by inducing microcrack growth at its front.
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maximum compression axis. This model provides a physical basis for "internal
= friction," the empirical parameter of the Coulomb criterion. '

The importance of preexisting flaws in controlling tensile
strength of brittle materials was first recognized by Griffith
[1920). McClintock and Walsh [1962] extended the
Griffith theory to shear failure under compression. The
resulting modified Griffith theory was successful at repro-
ducing the Coulomb failure criterion which predicts that
faulting occurs when

T=C+§ o,

where T denotes shear stress across the fault plane, C is
rock cohesion, p is coefficient of internal friction, and o, is
normal stress across the fault. C and p are experimentally
determined material parameters. The modified Griffith
theory did not, however, consider the well-documented
experimental result that faulting is preceded by growth of
microcracks which are subparallel to the maximum com-
pressive stress [Brace and Bombolakis, 1963; Tapponnier
and Brace, 1976, Madden, 1983; Peng and Johnson, 1972].
Further, experiments and model calculations [Brace and
Bombolakis, 1963; Horii and Nemat-Nasser, 1985] indicated
that shear cracks in brittle rocks will not grow in their own
plane. In a few experiments, shear cracks were found to
grow by in-plane propagation [Reches, 1988; Petit and
Barquins, 1988], but this growth does not occur in brittle
rocks or by Griffith's mechanism [Reches, 1988].

The observations of intense microcracking prior to
faulting led to the concept that brittle rocks yield due to
distributed microcrack damage. It was assumed that the
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microcracks form independently of each other until they
reach a critical density and then they coalesce unstably.
The coalescence occurs along a microcrack array which is
oriented obliquely to o,, and within this array the rock fails
through buckling of the intercrack columns [Peng and
Johnson, 1972; Horii and Nemat-Nasser, 1985; Ashby and
Hallam, 1986; Ashby and Sammis, 1990]. Brace et al.
[1966] interpreted acoustic emission data to suggest that in
advanced stages of faulting experiments the microcracks
concentrated within a restricted zone and that macroscopic
yielding eventually occurred along this zone. This notion
that microcracks are organized along the future fault zone
was also used by Peng and Johnson [1972], who mapped
the microcracks in faulted granite samples, by Hallbauer et
al. [1973], and by Ashby and Hallam [1986]. Du and
Aydin [1991] modeled the interactions within a long array
of microcracks. The main objectives of the present study
are to specify the processes of nucleation which lead to the
formation of a crack array and the manner in which this
array propagates to form a fault zone.
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Nucleation and Growth of Faults
in Westerly Granite

Lockneretal. [1991, 1992a] have presented experimental
observations of quasi-static fault growth in Westerly granite
and Berea sandstone. By using an array of piezoelectric
transducers, they recorded the arrival times of acoustic
emission (AE) events which indicate the impulsive growth
of microcracks. The arrival times were then inverted to
obtain three-dimensional locations of the events that
occurred during fault nucleation and growth. Results from
a triaxial experiment on Westerly granite are shown in
Figure 1. The following general stages of fault develop-

- ment were observed: (1) Prior to fault nucleation (not

shown), AE activity was low and uniformly distributed
throughout the sample; these early events reflected homoge-
neous microcracking during the loading phase. There was
no obvious precursor in AE event locations to indicate
either the time or the position of the nucleation zone,
although a relative increase in the number of
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Figure 1. Computer-generated display of over 1200 acoustic emission (AE) events in Westerly granite
experiment: (2) nucleation; coalescence of AE activity forming a distinct nucleus of the fault on the
sample surface and (b) and (¢) fault growth; the fault propagates away from the nucleation site within
its own plane. Sample dimensions were 19.1 ¢m length and 7.6 c¢m diameter. Confining pressure was
50 MPa. The AE sources are plotted in paired views which are rotated 90° to each other. Bottom plots
are viewed along the strike of the eventual fault; top plots view developing fault surface face on.
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Lockner and Byerlee, 1993]. (2) A sudden increase of AE
corresponded to fault nucleation at the sample surface
(Figure 1a). The fault plane inclination was already
apparent in this stage. The fault propagated in its plane as
mixed shear modes II and III (Figures 1b and 1c). The AE
activity was most intense at the front of the propagating
fault and activity decreased noticeably after the front
passed. (3) The fault front moved through the rock as a
distinct entity, with dimension of 1 to 3 cm in the direction
of propagation.

_; These results provide a number of, important clues
¢ regarding the process of brittle faulting. The prenucleation
. AE locations indicate that in a homogeneous rock,
microcracks are sparse and microcrack damage remains
diffuse until near peak stress. Then, following nucleation,
the fault controls the location of further microcrack growth.
This damage is concentrated at the advancing fracture tip in
a pattern that resembles the process zone postulated for
shear along a preexisting fault plane [Rice, 1980]. While
the granite sample had no preexisting fault, the observed
structure of the propagating damage zone indicates that
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crushing, buckling, and rotation of microblocks.
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Rice's process zone may also be applied to fault propagation
in intact rocks.

A central result is the observation that a fault nucleated
at one site and propagated from it without significant
preceding damage. There are no indications that the fault
surface formed by coalescence of a preexisting, randomly
distributed arrays of microcracks as proposed previously
[Peng and Johnson, 1972; Horii and Nemat-Nasser, 1985,
Ashby and Hallam, 1986]. Thus we infer that the advanc-
ing fracture itself induces organized damage which is
restricted to its own plane. This model is supported by the
density and orientation of microcrack damage associated
with a propagating shear fracture as observed in thin
sections [Moore and Lockner, 1994].

A Model for Fault Nucleation and Growth

Approach

We propose here a model for faulting of brittle rocks that
is based on microcrack interactions in the experiments
described above. A key aspect of the model comes from

Nucleus of
fault zone

C. enlarged D. enlarged

- Figure 2. The idealized model for the faulting of a brittle plate by mutual enhancement of cracking. Plate
is under biaxial loading. (a) Preloading: sites of potential microcracks are randomly distributed (thin
lines). (b) After substantial loading: many dilated microcracks in random distribution (thick lines); the
local stresses induced by the dilation of a crack (in marked rectangle) could trigger its neighbor which
is on the verge of opening. (c) At about peak strength. Nucleation and local increase of crack density
lead to the development of a process zone (dotted region) by the dilation of potential microcracks due
to tension induced by a dilated crack. (d) Fault zone: the weakened tail of the process zone yields by




18,162

the stress calculations for a crack in an elastic solid. These
calculations predict that the region of maximum tension
induced by an open crack is not in the crack plane but is
inclined at an angle of at least 30° with respect to the crack
[Lawn and W ilshaw, 1975; Horii and Nemat-Nasser, 1985;
Pollard and Segall, 1987; Reches and Lockner, 1990]. We
first present the idealized model and then show that the
stress field associated with microcracks controls the angle
for reinforced crack interaction and the geometry of the
fault surface.

The model is derived for an idealized configuration of a
thin brittle plate that contains many microcracks (Figure 2).
The plate is biaxially loaded by uniform remote stresses of
Oy > ©3; O3 is constant, and o, increases until faulting
occurs. During early loading some microcracks dilate and
alter the stress field in their proximity. Because the dilating
cracks are sparse, they do not yet affect each other (Figure
2a). As the load increases, the density of the dilated cracks
increases, and locally a crack that otherwise would be stable
is caused to yield due to the tensile stress induced by its
dilated neighbor. We propose that in the highly stressed
plate, the dilation of one crack can induce the dilation of
closely spaced neighboring cracks that were themselves on
the verge of opening. This damage region with dense
interacting cracks is regarded here as the process zone
(Figure 2c). The process zone extends by inducing tensile
stresses across new cracks that are on the verge of opening.
As the process zone lengthens, its central part is weakened
by the dense cracking and eventually yields by shear
(Figure 2d). This locus of sheared, rotated and crushed
microblocks is the fault nucleus that develops into the fault

. zone (Figure 2d). The process zone continues to propagate
and to lead the fault zone until the sample is bisected.

Formation of the Process Zone

Microcracking. The growth of dilational microcracks in
brittle rocks that are subjected to compressive confining
pressure has been attributed to local loading associated with
microscopic structural features. The common features, de-
scribed in the appendix, include the mismatch of grain
boundaries, differences in elastic moduli between minerals,
intracrystalline flaws, and shear along grain boundaries
[Tapponnier and Brace, 1976; Ashby and Sammis, 1990).
These structural features apply inhomogeneous loading to
the interior of the dilating cracks [Lawn and Wilshaw,
1975; A shby and Hallam, 1986]. The exact stress analysis
of such internal loading may be complicated and will differ
from one microscopic geometry to another [Lawn and
Wilshaw, 1975]. In the appendix we adopt the approach of
Lawn and W ilshaw [1975] that the inhomogeneous loading
associated with microcracking may be represented by
uniform pressure inside the microcrack. We thus assume
that the linear and parallel microcracks in the idealized
model (Figure 2) can be analyzed in terms of cracks
subjected to uniform internal pressure P (equation (A3),
appendix). This assumption provides a unified representa-
tion to the various mechanisms of microcracking as de-
scribed in the appendix.

Induced dilation of microcracking. The stress fields
associated with crack dilation have been studied in several
works. Here we use the formulation of Pollard and Segall
[1987]. They derived the stress fields of mode I, mode II,
and mode III cracks that are embedded in a linear, elastic
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Figure 3. (a) Crack with mode I and mode II driving
stresses and (b) geometry, coordinate system and stress
convention used in the present calculations [after Pollard
and Segall, 1987].

solid; the formulations are for plane strain and plane stress
conditions. )

The stresses at a point are the superposition of the _
remote stresses of the loading system and the local stresses
induced by the three modes of cracking. Figure 3 displays
the coordinates and sign convention for a crack with mode
I and mode II displacement under plane-strain conditions.
The stresses at a point (X, ¥') due to these displacements
are [Pollard and Segall, 1987, equations 8.44],

Syxx = (Oxx), + Aoy [(r/ R) cos(® - ©) - 1
+(L /2)? (/R sin 6 sin 30]

+ Aoy [(L /2)% (#/R>) sind cos 30] (la)
Oyy = (GXY)r + AO'II [("/R) COS(e - @) -1
- @ /2)% (/R sin 0 sin 30]
+ Ao [(L /2)? (r/ R%) sind cos 30) ()

Oyy =(Oyy), + Ac;[(r /R) cos(® - ©) - 1

-@L/2? /1%3) sin 0 sin 3@] + Aoy [2(r / R) sin(9-6)
~(L /2)* (+/ R%) sinB cos 30)] (Ie)

where (Cyy),. (Gyy), and (oyy), are the remote stresses,
Aoy and Aoy are the driving stresses associated with mode
I and mode II displacements, respectively, L is the crack
length, and the angles © and © and the distances » and R
are defined in Figure 3b.

We first consider the stress field induced by the dilation
of a crack A and its effect on a closed crack B that is on
the verge of opening; in the idealized case, crack B is
parallel and equal in length to A (Figure 4). Following the
appendix, we assume that the isolated crack A dilates when
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Figure 4. Schematic presentation of the crack normal
stresses induced on a closed crack B by the dilation of
crack A (mode I). Crack A is subjected to internal pressure

subjected to internal pressure P. The dilation of A gener-
ates a local, nonuniform stress field which induces stresses
on neighboring cracks. The dilation of crack B is most
significantly affected by the intensity of the ©y component
of the induced stress field, which is normal to the crack
(Figures 3 and 4). Thus only the oy) component is
displayed here, and it is termed crack normal stress, or CNS
(Figure 4).

The intensity of CNS is calculated by substituting (Gyy),
=0 (no remote stresses), Aoy = P = 1 (mode I dilation due
to internal pressure, appendix), and Aoy = 0 (no crack
parallel shear) into equation (la),

CNS = Agy [/ R) cos(® - @) - 1

+ (L / 2)% (r/ R®) sin 0 sin 30)] @

The intensity field of CNS according to the last equation
is shown in the left side of Figure 5. By using Aoy =P =
1, CNS is normalized with respect to the internal pressure
P (see the appendix for the magnitude of P).

Figure 5 shows that CNS is tensile in two regions off the
tips of crack A (upper left and lower left, Figure 5) and that
it is compressive along the center of the crack (center left,
Figure 5). As the CNS field is nonuniform, a crack of
finite length will be subjected to various intensities of CNS
along its strand (e.g., crack B in Figure 4). We thus
calculate average magnitude of the crack normal stresses,
CNSave;_age. The CNS,, pag 3t 2 point (x .,y ) is the integral
of oy, over the area of a potential crack centered at (x,y ).
Oyy 1s calculated from the last equation, and the potential
crack is taken as parallel to the dilating isolated crack and
equal to it in length (area). For a unit width of the model
plate,

) Yo +L /2

CNS =

average

oyxy dy

Yo-L1/2
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where L is the crack length. CNS,,.... is integrated
numerically according to the last equation and by using the
expression for oy, in (2). The intensity map of the
CNS,,era0c 1S plotted in the right side of Figure 5.
Consider now two cracks at the proximity of A which
are on the verge of opening (cracks 1 and 2 on right side of
Figure 5). Crack 1 is subjected to tensile CNS, . ..., and
thus its tendency to dilate is enhanced; crack 2 is sugjected

to compressive CNS,_ . ..., and thus its tendency to dilate
as a

is diminished. We regard the intensity of CNS,yerage
good approximation for the effect of crack A on the
potential cracks 1 and 2.

CNS,yerage is a function of the angle 6, and the distance
r; from the tip of crack A (Figure 3b). For constant
distance ry, CNSW:mge passes through a point of maximum
tension at an angle of 6; = 0,,. The loci of these points
with maximum tension were calculated for 0 <7, <3L and
for 0 <8, < 7. These loci are plotted as curve M in upper
right side of Figure 5 and in Figure 6. Cracks centered on
curve M are most likely to dilate due to the dilation of
crack A. The result is that new cracks that are induced to
open by the stress field associated with crack A are stepped
relative to A and are most likely to be centered on curve M.

1—H
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Intensity of tensile stress (gray)
(compressive stress is white)

Low

Figure 5. The crack normal stress (CNS = &) associated
with the dilation of a mode I crack (crack A in center). The
dilation is under uniform internal pressure without remote
stresses (see text). The intensity of the tensile CNS is
shown by the gray scale; zones with compressive CNS are
white. (left) CNS (oy,) associated with crack A dilation;
curve T connects the points with maximum intensity of this
stress component for a given distance from the tip of A.
(right) CNS,, . ... acting on a crack equal in length and
parallel to crack A (calculated with equation (2) from the
stress field shown on left). Curve M connects the points
with maximum intensity of CNSM"\age for a given distance
from the tip of crack A. Curves T and M are similar in
shape but slightly displaced. Cracks 1 and 2 are potential
cracks at the proximity of the dilating crack A. Note that
crack 1 is subjected to tensile CNS whereas crack 2

. . . average .
1s subjected to compressive CNS %m white zone).

average
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Figure 6. Details of the M curve as it extends from the tip
of crack A (details of the right side of Figure 5).

The recognition that an induced crack is off the axis of the
first crack is central to our model since the orientation of
the eventual shear fracture is controlled by this off-axis
constructive crack interaction.

Stepped cracks and the geometry of the process zone.
We propose that fault nucleation could initiate from a pair
of interacting, stepped cracks (Figure 2b). Such a pair
could propel nucleation if it could induce the dilation of
additional potential cracks in an unstable fashion. To
examine this possibility, the combined CNSavmge of two
stepped cracks that lie along each others M curve was
calculated (Figure 7). The field of the combined
CNSavmge of two cracks (Figure 7) is similar in shape to
CNSavmge field of one crack (right side of Figure 5). The
M curve of the two combined cracks is essentially identical
to curve M of a single crack (Figure 7 and right side of
Figure 5). Thus a third crack C, that is dilated by the
combined CNS, erace Of cracks A and B, would have
similar geometry with respect to B, as B has with respect to
A. In other words, the array of cracks A, B, C and so on,
maintains the same oblique arrangement of similar geome-

Further, when C is located with respect to B in the same
position as B with respect to A, then the combined
CNSavemgc on C due to A and B is larger by 20-70% with
respect to the CNSaVel,ase on B due to A alone (Figure 8).
Therefore the third stepped crack would be more easily
dilated then the second crack. This result indicates an
unstable process in a highly stressed sample. In such a
sample many potential cracks are on the verge of dilation,
and thus a pair of neighboring stepped cracks is likely to
activate crack C leading to a sequence of dilation of other
cracks. This dilation of a crack array would rapidly
develop into unstable faulting (Figures 2d and 9). If the
sample is not highly stressed, pairs of cracks might be

RECHES AND LOCKNER: NUCLEATION AND PROPAGATION OF FAULTS

High

Intensity of tensile stress (gray)
(compressive stress is white)

Low

Figure 7. The average crack normal stress (CNS, crage)
associated with the dilation of two parallel mode I cracks
{cracks A and B). Both cracks are on the M curve of each
other, and they dilate under uniform internal pressure
without remote stresses. The intensity of the tensile CNS is
shown by the gray scale; zones with compressive CNS are
white. The M curve of both cracks is plotted with respect
to crack B.

favorably oriented to activate each other, but they could not
nucleate faulting as the neighboring microcracks are
unlikely to be sufficiently stressed to continue the process.
We thus conclude that a system of stepped cracks within a
sample on the verge of yielding would extend itself unsta-
bly by inducing cracks arranged in similar geometry.
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Figure 8. Intensity of the induced crack normal stress
(CNSavemgQ along the M curve for one isolated crack
(crack A 1n Figure 5) and two stepped cracks (cracks A and
B in Figure 7). The induced stress is shown as fraction of
the internal pressure P. Note that for X/L >1 the tension
induced by two cracks is significantly larger in relative
magnitude then the tension induced by one crack.
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Figure 9. The geometry of three mode I cracks that mutual-
ly enhance their dilation. They are located on the M curve
of each other. The expression of the fault inclination P is
presented in equation (3).

If the process zone extends in a recursive style as shown
above, the geometry of an ideal two-crack unit controls the
geometfy of the process zone and the fault plane. The fault
plane in the two-dimensional model is the line which
connects the tips of two or more cracks which are centered
on the M curve of each other (Figure 9). The angle B
between the fault plane and o, the axis of maximum
compression, can be derived from Figure 9,

B= tan {[2(S / L) sin@y;)/[sin6y+2(S / L) cos 8y, 1}

where S is the crack spacing, L is the crack length and 0,
is the angle between &, and the line that connects the tip of
crack A and the center of crack B (Figure 6). Note that
crack B is centered on the M curve (Figure 7). The angle
6 ranges from 65° to 34° as determined numerically from
the M curve (Figure 6). Oy, was substituted into the last

NUCLEATION AND PROPAGATION OF FAULTS
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equation to obtain fault inclination B as a function of
spacing/length ratio, S/L (Figure 10). The last equation
indicates that for the known range of 6, B ranges from 0°
for S/L = 0 to 34° for S/L > 5 (Figure 10).

The range of P can be further restricted. First, the
tension induced by a dilating crack (CNSavm o) decays
approximately as the reciprocal of the distance from the
dilating crack (equation (1a)). Figures 8 and 10 show that
the induced tension decays exponentially with increasing
S/L. For S/L = 2 the induced tension is ~ 1% of the
internal pressure P required to dilate an isolated crack. We
estimate that 1% of induced tension only marginally affects
the potential crack, and we select S/L =~ 2 as the maximum
ratio for crack interaction. This selection implies an upper
bound of B = 30° (Figure 10).

Second, the pattern of potential cracks in a brittle rock is
likely to be related to the grain boundaries [Tapponnier and
Brace, 1976]; thus a reasonable spacing/length ratio of
potential cracks is around 1. This estimate is supported by
measurements of microcrack densities. Hadley [1975] (as
presented by Madden [1983]), and Lockner et al. [1992b]
presented crack density D in terms of (number of
cracks)/(unit area). Assuming random distribution of the
microcracks, one can show that

s=v up
and thus

S/L ~ ¥ 1LY

These relations were applied to the data of Hadley [1975]
and Lockner et al. [1992b]. We found that in the
undeformed samples, S/L ranges from 1 to 4 and in the
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Figure 10. Fault inclination B (solid line) predicted by the
mutual enhancement cracking model and the intensity of the
induced tensile stress (dashed line) along the M curve.
Crack spacmg, crack length and the angle $ are defined in
Figure 9. B is displayed 'in degrees; the induced tensile
stress is displayed as the ratio of CNS, rage 1© the internal
pressure (in percent). The angle B vanishes as the spacmg-
to-length ratio S/L vanishes and its maximum value is 34°
for S/L > 5; these angular relations are also apparent on
curve M in Figure 6.
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fractured samples S/L is roughly 0.35 to 1 [Lockner et al.,
1992b] . We thus estimate that S/L = 0.5 is a lower bound
at the time of yielding; this bound implies that § > 20°
(Figure 10).

Figure 10 provides a robust result: in a brittle homoge-
neous rock the angle between a fault and the axis of
maximum compression is within the range of 20° < B <
30°. B can be expressed through the Coulomb criterion as
B == (45° - &/2), where @ is the angle of internal friction
[Jaeger and Cook, 1984]. The deduced limits on B yield
50° > @ > 30°, in agreement with countless experimental
results. '

Growth of the Fault Zone

Our experiments revealed intensive AE activity in front
of the propagating fault (Figure 1). These observations,
supported by the thin section analysis of Moore and
Lockner [1994], were interpreted as indicating that the
propagation is controlled by a process zone followed by
shear along the newly formed fault zone (Figure 2d). The
effects of this shear on the faulting processes are evaluated
by calculating the stresses associated with a fault that is
represented here by a mode II fracture.

The calculations for the fault are for 6,,/03, = 6, a
typical stress state in the present granite faulting experi-
ments [Lockner et al., 1991]; 0,,and O3, are applied by the
loading apparatus, and both are compressive (Figure 11a).
The intensity of the tensile o, at the proximity of a slipping
fault is plotted in Figure 11b; o5 is the sum of the remote
stresses (associated with the loading system in Figure 11a)
and the local stresses induced by the fault zone (equation
(1)). The o3 component is plotted because the present
model is based on dilating microcracks. Figure 11b
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displays two regions in which o is tensional: lobe A in
front of the fault and lobe B to the left of the fault tip for
left-lateral shear. The length of lobe A is 10-15% of the
length of the fault, and it correlates in location and extent
with the process zone. As the microcracks in the process
zone are parallel to o; (Figure 2) and as o, in lobe A is
subparallel to the remote o, (Figure 11b), the stresses of
lobe A enhance the tensile stresses acting on the
microcracks in front of the fault zone. The effect of lobe
A is independent of the tension induced by the microcracks
on each other (described above), and it amplifies the
tendency of the process zone to propagate in its own plare.
Tensile microcracking that correlates well with lobe A has
been shown experimentally by Petit and Barquins [1988].

Lobe B is the site of the well-documented tensile cracks
that form close to the tips of a fault [Brace and
Bombolakis, 1963; Ashby and Hallam, 1986, Horii and
Nemat-Nasser, 1986]. These tensile cracks, sometimes
called wing cracks, are usually stable in that their extension
requires an increase of the loading stress. If the fault does
not propagate into the uncracked host material, the wing
cracks grow longer and wider with loading [e.g., Brace and
Bombolakis, 1963, Horii and Nemat-Nasser, 1986].

The process that is considered here differs from the wing
cracking. The fault of Figure 11 propagates, and both lobes
A and B move. with the fault (and the leading process
zone). It is not clear if the fault is "pulled” by the process
zone or if the fault "pushes" the process zone. In either
case, as lobe B advances with the fault tip its tensile cracks
are left behind and enter the compressive conditions
associated with the central part of the fault (Figure 11b).
Therefore for a propagating fault the tensile stresses of lobe
B exist momentary at any given location. This momentary
tension is restricted to one side of the crack: when the left-

v S P P P -
”~ o S S T

s
s

L R P P .

A Y
e

- Sense of
v\ shear along
VLA \Yihefautt
CU W W W § | 2 TR SR

Low

Intensity of tensile §trés; (gray)
(compressive stress is white)

Figure 11. Stresses associated with the slip along a left-lateral fault (mode II fracture). (a) The sample
setup. The dotted region at the tip of the fracture is displayed in Figure 11b. The sample is subjected
to compressive remote stresses of 6; /o5 =6 and B =26.5%; B = 26.5° is the predicted fault inclination
for spacing/length of 1 (Figure 10). (b) The intensity of the tensile stresses o3 (gray scale); regions of

compressive o

are white; solid, short lines indicate the local orientation of maximum compression axis.

Note the two lobes of tensile stress lobe A in front of the shear crack and lobe B on its left side (see

text).
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lateral crack of Figure 11b propagates upward, the left
block is expected to be more damaged by microcracks of
lobe B than the right block. Opposite relations would exist
for a right-lateral crack. This prediction has been con-
firmed for both laboratory faults [Moore and Lockner,
1994] and field observations [Scholz et al., 1993]. In
conclusion, the tensile stresses developed close to the tip of
a propagating fault zone (mode II fracture) enhance the
tensile conditions in the leading process zone and intensify
its propagation (lobe A); they also cause damage on one
side of the propagating fault (lobe B). This prediction of
asymmetric damage is tested in the next section.

Experimental Observations in
Light of the Model

Fault Nucleation

The experiments reported here provide key observations
with regard to fault nucleation and growth in granite. We
use the distribution of the AE events in these experiments
to represent the distribution of microcracking events during
faulting (following Brace et al. [1966], Lockner et al.
[1991], and others).

The prefaulting AE events in the experiments display no
apparent localization pattern [Lockner et al, 1991]. The
only noticeable deviation from randomness is the relative
deficiency of events close to the loading pistons, probably
due to local higher confinement. The AE events during
nucleation display a different pattern. The locations of 100
AE events that occurred before, during, and after nucleation
in Westerly granite are plotted in Figure 12 (test G3 of
Lockner et al. [1992a]). The events are separated into five

A. B. C. D. E.

Figure 12. Locations of 100 acoustic emission (AE) events
which occurred before, during and after nucleation in G3
test, Westerly granite [Lockner et al., 1992a]. Legend is
same as in Figure 1. (a)-(e) Plots of five groups of AE
events, 20 events in each. Note the closely spaced events in
Figures 12b-12e.
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groups of 20 consecutive events. While the events of the
first group (Figure 12a) are dispersed, the events of the
following four groups are clustered along a distinct inclined
zone (Figures 12b-12¢). Thus nucleation occurred during
the transition from the first to the second group.

Another effective way to recognize the nucleation is by
using a geometric parameter termed here as the containment
sphere. A containment sphere is defined for a group of N
consecutive AE events; its center is (XY ,Z;) and its
radius is R, where X, = ZX/N, Y _ = XY /N and Z_ =
ZZ /N, X indicates summation for i = 1..N, (X, ¥ ,Z) is the
location of the ith AE event, and R = Zr/N where r; is the
distance from (XY ,Z) to (XY ,Z_). An illustration for
the containment sphere is shown in Figure 13a for 20
events under two-dimensional conditions (Z, = const). Itis
apparent from Figure 13a that the volume of a containment
sphere is a sensible approximation for the volume occupied
by the group of events.

We calculated the containment spheres for the 100
consecutive AE events presented in Figure 12. The
containment spheres were calculated for groups of 20
consecutive events; the first group is for i = 1,2,-20,
second group is for i = 2,3,-,21 and the last group is for i
= 80,81,,100 (in a similar style to running average).
Figure 13D displays the calculated volumes of these contain-
ment spheres with respect to the time of the first event in
each group. The volumes of the first 17-18 groups are 20-
25 cm® whereas the volumes of the following groups are
about 5 ¢m? or less (Figure 13b). This abrupt volume drop
reflects the transition from sparse cracking at random
distribution to localized cracking within a process zone
approximately 3 cm® in volume (Figure 13b). This is the
nucleation stage.

It is unknown what controls the volume of the process
zone. We think that it is related to the size of the
microcracks and the length of the fault, and we thus
anticipate a larger process zone will be associated with a
larger fault.

Figure 13 shows that the nucleation stage is short: it
takes less than five AE events (out of the 13,500 well-
located events) to establish the transition from random
distribution to well-organized pattern. Note also that all the
100 events of Figure 12 occurred above 0.995 of the maxi-
mum load in this experiment. If the experiment had been
stopped a few events before the observed nucleation, the
location and the orientation of the future fault could not be
recognized. This observation is in complete agreement with
the nucleation process of the present model.

The propagation stage which follows the nucleation is
characterized by AE activity within a thin zone (1-5 mm)
(Figures 12b-12¢). The density of microcracks associated
within this zone is 100 to 1000 times the density of
prenucleation microcracking. Thus the sparse uniformly
distributed prenucleation cracks cannot control, or even
effect, the dense cracking of the propagating fault. This
thin zone of intense microcracking corresponds to the
process zone of the model (Figure 2b), which eventually
transforms into a fault zone (Figure 2d).

Asymmetric Damage
The present model predicts that the tensile stresses

developed close to the tip of a propagating fault zone would
cause more damage on one side of the propagating fault
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Figure 13. Geometry of the nucleation process in experiment G3 of Westerly granite presented by means
of containment spheres of acoustic emission AE events (see text). (a) The containment sphere for 20
events under two-dimensional conditions for which the sphere is reduced to a circle. Solid squares are
locations of the events; the circle was calculated according to the text. (b) Volumes of the containment
spheres for groups of 20 consecutive events out of the 100 events displayed in Figure 12. The groups
of 20 AE events were calculated in a style similar to running average, and 100 events have 100 contain-
ment spheres (see text). The horizontal axis indicates the elapsed time during the experiment; this time
is controlled by the rate of AE events, and it has no physical significance (see experimental description

in text).

(Figure 10). This prediction of asymmetric damage of the
fault margins is now compared with the microcracks at the
proximity of the fault in experiment G3 of Westerly granite
(Figure 14). Figure 14a includes a cross section normal to
the fault with a nucleation zone (large circle) and propaga-
tion direction (two opposing arrows) (Figure 14a is similar
in position to the lower part of Figure 1). Postfailure
displacement of about 2 mm occurred along the fault, and
an ~]-mm-wide gouge zone formed. The sample was
impregnated with blue epoxy under vacuum; the epoxy
penetrated into the gauge zone and into the microcracks
close to it. The open S shape of the fault reflects disinte-
gration of the sample upon the release of the confining
pressure. Figure 14b is a map of the microcracks at the
proximity of the fault as traced on photographic enlarge-
ments of a thin section. A total of 1174 cracks were traced
with trend distribution as in Figure 14c. Cracks shorter
than ~ 100 pm are inadequately represented due to resolu-
tion limits.

Figure 14 portrays that the microcracks at the proximity
of the fault are subparallel to maximum compression axis
(Figures 14a-and 14c). The microcracks are concentrated
along the fault zone and are less abundant at distances of
~2 mm or more from the fault (Figure 14b). Further, more
microcracks (894 cracks) appear on the left side of the fault
than on the right side (280 cracks) (Figure 14b).

This damage asymmetry is not expected from the setup

“of the sample. The left side of the fault is closer to the
loading end pieces than is the right side (Figure 14a). The
region close to the loading end pieces is subjected to

relatively high local confinement as is evidenced by the
lack of local AE activity [Lockner et al., 1991]. It is
expected that, owing to this higher confinement, the left
side would be less fractured than the right one. Thus the
observed asymmetric damage of Figure 14b contradicts the
confinement consideration. On the other hand, this damage
asymmetry fits well the prediction of the present model: one
side of a propagating fault should be more damaged than
the other (Figure 11). According to this prediction, the
propagation direction of a fault can be determined from the
difference in crack distribution on both its sides.

Discussion

Faulting: Nucleation and Propagation of a
New Crack Array Versus Coalescence of
Prefaulting Crack Arrays

Two concepts central to the present model are that a fault
nucleates within a small volume and that it propagates as a
microcrack array into the unfaulted rock. These concepts
are based on recent experiments which indicated that
nucleation in Westerly granite occurs within a zone of 3
cm? in volume, at differential stress above about 0.995 of
maximum load, and with no preceding development of an
embryonic fault zone. These experiments, presented here
and elsewhere (details are given by Lockner et at [1991,
1992b]), provide continuous, nondestructive, and three-
dimensional mapping of microcracking during a complete
experiment. We regard these experiments as the most
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reliable in recognizing the details of nucleation and propa-
gation processes. However, the dimensions of the experi-
. mental process zone or the fault nucleus probably reflect the
sample dimensions, and they may differ under other
conditions.

Previous microcrack models of faulting assumed,
explicitly or implicitly, that faulting occurs by coalescence
of microcracks which form prior to faulting [Brace et al.,
- 1966; Peng and Johnson, 1972; Segall and Pollard, 1983,
Hallbauer et al., 1973, Horii and Nemat-Nasser, 198S;
Ashby and Hallam, 1986]. It was also suggested that the
prefaulting microcracks are localized along the surface of
the future fault [Brace et al., 1966].

This view that microcracks outline the fault zone prior to
& faulting is not supported by observations made in the new
& . experiments with AE control (see above and Lockner et al.
[1991, 1992b]), or by the microscopic observations of
experimentally faulted samples of Westerly and Barre
granites conducted by Moore et al. [1990]. Moore et al.
[1990, p. 11] concluded that "the patterns of microcracking
in samples run to 90% and even 99% of the failure stress
. give no indication of the eventual position of the fault."
~ Microcrack arrays could also form by the development
- of a pervasive network of cracks and damage points prior
to faulting. The suitable array could be established by
coalescence of cracks from a dense yet random pattern.
. This concept implicitly requires that the density of cracking
-~ (or damage) away from the fault would be comparable to

C.

Figure 14. Microcracks at the proximity of the fault in experiment G3, Westerly granite [Lockner et al.,
1991]. Maximum compression is vertical. (a) Cross section normal to the sample in a similar orientation
to the lower sections in Figure 1; the nucleation zone is marked by a circle, and the propagation direction
appears by opposing solid arrows. Postfailure displacement of about 2 mm occurred along an ~ 1-mm-
wide gouge zone. (b) Microcracks at the proximity of the fault as traced on photographic enlargement
of a thin section. (¢) Trend distribution of the microcracks (with respect to maximum compression).

the density of cracking along the initial fault. This require-
ment contradicts field observations that unfaulted blocks are
only slightly cracked or damaged away from the faults.
This interpretation also contradicts the current experiments
in which the AE density within the fault zone is 2-3 orders
of magnitude larger than the density outside the zone (see
above and Moore and Lockner [1994]). While a critical
density of cracks is probably needed for fault nucleation,
the prenucleation cracks are too sparse to control, or even
affect, the dense cracking of the propagating fault.

It appears that the microcracking in the described granite
experiments contradicts the conditions necessary to generate
faults by coalescence of a prefaulting crack array. On the
other hand, the experimental observations support the
present concept that faults grow unstably from a nucleation
site by mutual enhancement of microcrack dilation (Figure
2). Petit and Barquins [1988, 1990] reached similar conclu-
sions following their experiments with slabs of modeling
plastic. They used an experimental configuration similar to
that of Figure 10, and they observed a microcrack array
developing in front of the fault. However, the fault did not
grow or propagate in their experiments, probably due to the
relatively high strength of the plastic.

Pattern of Microcracks

The present model is based on the interaction among two
or three planar and parallel microcracks that have equal
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A. B.

Figure 15. Schematic presentation of the dominant
microcracking mechanisms in brittle rocks [after Tapponnier
and Brace, 1976, Kranz, 1979]. (a) Geometry of the three
cracking mechanisms: (1) wedging of a grain or the contact
between two grains by an intruding rigid grain, (2) cracking
due to difference in the elastic moduli of two adjacent and
bonded crystals Bi is a biotite grain, Qz is a quartz grain,
and (3) slip along micro fractures with tensile cracking at
its ends ("wing crack"). (b) Idealized configurations of the
nonuniform loading associated with the mechanisms in
Figure 15a: (1) concentrated force at the points p, (2) shear
stresses acting parallel to the grain surface leading to crack

_widening, and (3) concentrated forces applied at the fracture
tip to generate the crack.

length. Previous studies referred to other crack configura-
tions: A shby and Hallam [1986) investigated the growth of
wing cracks, Du and Aydin [1991] analyzed interaction
within an array of tensile cracks, and Sammis and A shby
[1986] studied crack growth from circular inclusions and
holes. Horii and Nemat-Nasser [1985, 1986] investigated
an infinitely long array of equally spaced, identical shear
fractures which extend by wing cracking. They solved for
fracturing associated with an array of well-constrained
geometry, and their solutions provided some impressive fits
to experimental results [Horii and Nemat-Nasser, 1985,
Figures 15 and 16).

Choosing a well-constrained array geometry provides a
rigorous basis for the analysis, yet such "choices are not
guided by any actual microcrack observations." [Horii and
Nemat-Nasser, 1985, p. 3116)]. Microscopic studies indicate
that microcrack dilation under confining pressure may be
attributed to local loading associated with mismatch of grain
boundaries, differences in elastic moduli between minerals,
intracrystalline flaws, and shear along grain boundaries
(appendix). However, we have not seen an attempt to
quantify the dilation mechanisms. We chose to replace the
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nonspecific, inhomogeneous loading of microcracking
(Figure 15) by a uniform pressure P (Figure 16b).
Interestingly, the analyses of microcrack interaction by
the different approaches provide similar results. Horii and
Nemat-Nasser [1985] predicted fault inclinations of 29°-36°
or as small as #20° under low confinement. Du and Aydin
[1991] derived fault inclination of ~ 28° from a crack array
arrangement. We predicted as described above that fault
inclination should be 20°-30°. This general similarity of the
predicted fault angles despite the different analytical ap-
proaches is not fortuitous and not so surprising. Stress
analysis indicates that the region of maximum tension
induced by an open crack is not in the crack plane; rather,
it is inclined at an angle of at least 30° (Figure 5) [Lawn
and Wilshaw, 1975; Pollard and Segall, 1987]. This stress
field controls the angle for reinforced crack interaction and
tension enhancement. We suggest that regardless of the
detailed geometry of the microcrack arrays, they behave as
arrays of dilating tensile cracks, inducing similar stress
fields (for example, the stress field in Figure 5). Therefore
the simple tensile crack configuration analyzed here can
approximately represent the complex cracking processes in -
front of a fault.

Conclusions

The experimental observations indicate that in brittle
homogeneous rock a fault nucleates at a point without
apparent precursors and that the fault propagates in its own
plane by means of a leading process zone. We derived a
model based on mutual enhancement of microcracking due
to stress induction. The analysis predicts that a fault should
propagate within its own plane making an angle of 20°-30°

4 N A

i

Figure 16. The cracking mechanisms of Figure 15 idealized
as mode I crack loaded by (a) an intra-crack force F at its
center or by (b) uniform pressure P.
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with the axis of maximum compression. This prediction is
in agreement with the bulk of experimentally formed faults
and provides a physical mechanism for the fault inclination
determined by the Coulomb faulting criterion.

Appendix

The main objective of this appendix is to obtain a simple
crack form which may approximately represent the various
microcracking mechanisms in brittle rocks. Microcracking
has usually been attributed to the inhomogeneous structure
of brittle rocks [Tapponnier and Brace, 1976, Kranz, 1979].
One common cracking mechanism is the wedging of a grain
or the contact between two grains by an intruding rigid
grain (Al in Figure 15a). Quartz grains are likely to serve
as the rigid wedges in granites. In the ideal configuration
the intruding wedge applies loading forces at a point of
contact (Bl in Figure 15a). Another mechanism (A2 in
Figure 15a) represents cracking due to the difference in the
elastic moduli of two adjacent and bonded crystals. Under
a given state of stress the two crystals will extend different-
ly due to the difference in their elastic moduli and crystallo-
graphic orientation. The grain which extends more (e.g.,
the biotite in A2, Figure 15a), applies shear along the grain
contacts leading to cracking of the grain which extends-less
(e.g., the quartz in A2, Figure 15a). A third mechanism
includes slip along microfractures that causes tensile
cracking at the termination zones of the slipping fracture
(A3 in Figure 15a) [Lawn and Wilshaw, 1975].

We now examine the common properties of these mecha-
nisms in terms of fracture mechanics. The stress intensity
factor associated with a mode I crack in a two-dimensional
infinite body may be expressed in several forms. For a
crack subjected to a uniform tensile stress normal to it, o;,
[Lawn and Wilshaw, 1975],

K=o, V xLn @D

For a crack subjected to uniform internal pressure P,
(Figure 16b),

k=P V nLn %)

To apply the uniform stress distributions to the nonuni-
form loading in Figure 15, we idealize these cracks as
continuous mode I cracks loaded by intracrack force F.
This force acts along a line at the center of the crack
(Figure 16a). Lawn and Wilshaw [1975, p. 65] considered
a crack mside an infinite plate which is subjected to point
line forces F at (x,0). The stress intensity factor K for the
case of x = 0 and G5 = 0 is [Lawn and Wilshaw, 1975,
equation 3.25]

K=F/ V =Ln )

where F is measured in Newton per unit thickness of the
plate. The last two equations are analogous: they express
K; in terms of either internal force (F in (A3)) or internal
pressure (P in equation (A2)). Equating (A2) and (A3)
yields

P=2F/(nL). Ad

This equation shows that the intracrack force F may be ex-
pressed in terms of an equivalent internal loading. Finally,

Internal pressure (MPa) Intra-crack force (N/m)

1000 77 100000

100 10000

10 ——t—t 1000
2 128 612 2048

Crack length (microns)

Figure Al. The intracrack force F (equation (A3)) (heavy
lines) and the internal pressure P (equation (A2)) (light
lines) required to dilate tensile cracks of the marked length.
Plots are for K¢ = 0.5, 1, and 2 MPa m!”? as marked on
the lines.

we accept that a crack dilates when K
the fracture toughness.

Figure Al displays the magnitudes of intra-crack force F
(equation (A3)) and the internal pressure P (equation (A2))
for cracks of 2 pm <L < 2048 pum. The values of F and
P are plotted for K; = 0.5, 1, and 2 MPa m!’2, the range of
fracture toughness of the common mmerals in granites.
Crack growth by internal point loads is stable as F increases
with increasing crack length (Figure Al). On the other
hand, P decreases with crack length, indicating unstable
crack growth (similarly to the unstable cracking under
remote tension, (Al)). The internal pressure P can be used
as equivalent to the intracrack force F (equationi (A4)). For
example, a crack which is 32 pm long within a niineral of
which Kjo = 1 MPam 122 could be dilated either to P ~
141 MPa or F =~ 7900 N/m equivalent relations can be
found for other cracks. Confining pressure may be super-
posed on the solutions, utilizing the additive nature of the
stress intensity factor.

Hadley [1975] measured the den51ty of microcracks in
Westerly granite for thre¢ loading levels: preloading,
loading to 65% of yielding strength and postfailure The
median crack length in the preloading stage is 3-10 pm and
the median crack length is 30-100 pm in the postfailure
sample (Figure A2). Cracks longer than 1000 pm are
essentially absent even in the failed sample. Similar results
were recently reported by Lockner et al. [1992b] and M oore
and Lockner [1994]. These measured lengths may be used
to bound the magnitude of F and P of Figure Al. The

= K¢ where K is
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Figure A2. Crack length populations in Westerly granite
(measurements by Hadley [1975]). Crack densities are
shown for preloading, loading to 65% of yielding strength
and postfailure.

general absence of cracks longer than 1000 pm provides an
upper bound on the intracrack force: F < 20,000 N/m, with
equivalent internal pressure of 12 MPa (above confine-
ment). Determining the lower bouiid is less clear. In the
preloaded sample fewer than 10% of the measured cracks
are longer than 30 um (Figure A2). Thus we deduced that
the highest loads on the original rocks could dilate cracks
of L < 30 um; this implies F < 3425 N/m and P ~73 MPa
for the weak minerals (Figure Al).

In summary, first, we assert here that the various crack-
ing mechanisms in rocks (Figure 15), may be represented
by a simple mode I crack subjected to intracrack, nonuni-
form load (Figure 16¢). Second, following the approach of
Lawn and W ilshaw [1975], the nonuniform load associated
with these mechanisms can be replaced by a uniform
pressure P inside the crack. These two deductions are
utilized in the stress analysis in the text.
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