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Abstract

Deformation bands form in porous granular rocks by localized inelastic yielding that is well described by a modified Cam

cap model. All five kinematic varieties of bands observed in the field, including dilation bands, dilation bands with shear, shear

bands, compaction bands with shear, and compaction bands, can be explained by this unifying mechanical framework once their

localization criteria are also specified. The growth of dilation bands with shear has been observed in the field and in the

laboratory for low-pressure conditions. More commonly, however, strain hardening of compaction bands with shear will lead to

faulting within, and eventually through, the resulting damage zone if the associated yield cap grows outward sufficiently to

intersect the frictional strength surface. This sequence is best explained by replacing the critical state line with a frictional failure

criterion in the general Cam cap approach. Given recent advances in localization theory and continuing refinement of field

observations, the term bfractureQ must now be expanded to include both weak and strong discontinuities, or deformation bands

and displacement discontinuities (i.e., cracks, joints, veins, solution surfaces, anticracks, dikes, sills, faults), respectively. Shear

zones and fault zones that accommodate both continuous and discontinuous changes in shear offset within them should also be

considered as fractures according to this expanded definition.
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1. Introduction

Deformation bands are an important class of

strain localization that occur in a wide variety of

rock types, including sandstones, limestones, silt-

stones, poorly welded volcanic tuffs, and breccias

(e.g., Aydin, 1978; Antonellini et al., 1994; Wilson

et al., 2003; Evans and Bradbury, 2004). They

may also occur in poorly indurated (bsoftQ) sedi-
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ments (e.g., Maltman, 1984, 1988, 1994; Du Ber-

nard et al., 2002). The compactional and/or cata-

clastic variety of deformation bands commonly

forms seals and impediments to fluid flow in

these rock types (e.g., Crawford, 1998; Shipton

et al., 2002; Vajdova et al., 2004a,b) and creates

distributed networks called bdamage zonesQ (e.g.,

Fossen and Hesthammer, 2000; Shipton and

Cowie, 2003; Kim et al., 2004) that can later

fail to form large-displacement faults (Aydin and

Johnson, 1978).

Much of the standard literature on rock deforma-

tion and fault formation centers on Coulomb fric-

tional sliding on a preexisting bzone of weaknessQ
such as cracks and joints (e.g., Segall and Pollard,

1983b; Martel and Pollard, 1989; Reches and Lock-

ner, 1994). While this approach may be relevant to

faulting in crystalline rocks having very low poros-

ity, such as granite, basalt, welded tuff, and high-

grade metamorphic rocks, it does not adequately

describe the faulting process in e.g., sedimentary

rocks having higher porosities, as are commonly

found in continental interiors and at plate margins

(such as accretionary prisms and continental rifts). A

considerable amount of theoretical work exists on the

localization and development of deformation bands

and faulting in these rocks (e.g., Rudnicki and Rice,

1975; Rudnicki, 1977; Aydin and Johnson, 1983;

Issen and Rudnicki, 2000; Bésuelle and Rudnicki,

2004; Borja and Aydin, 2004; Borja, 2004; Aydin et

al., in press) which provides a firm foundation for

understanding these important structures. That work

relies on a mathematically rigorous theory of band

localization that predicts where in the deformation

process the host rock’s properties bifurcate into a

two-phase medium consisting of less-deformed host

rock plus highly deformed bands. In this paper we

synthesize the results of much of this work, along

with recent field results, using Cam cap models of

yielding that are now widely employed in the defor-

mation band literature (e.g., Antonellini et al., 1994;

Cuss et al., 2003; Borja and Aydin, 2004; Borja,

2004; Wong et al., 2004; Aydin et al., in press;

Wibberley et al., in press). This approach provides

a simple yet powerful unifying framework for under-

standing the genesis and developmental sequence of

deformation bands, damage zones, and attendant

faulting.
A porous rock is defined here, following current

usage (e.g., Zhu and Wong, 1997), as one that has

greater than ~5% porosity. A crystalline rock has a

negligibly small porosity. The larger porosity that is

so characteristic of many poorly cemented and lithi-

fied sandstones, limestones, volcanic tuffs, and many

limestones, breccias, and bsoft sediments,Q drives a

different style of deformation than commonly found

for crystalline rocks like Westerly granite or various

basalts. These crystalline igneous rocks have por-

osities that are so small (e.g., bb1%; Goodman,

1989, p. 29) that they behave as solid crystalline

aggregates.

Porous rocks deform and localize zones of poten-

tial shearing in a very different fashion than do low-

porosity crystalline rocks (e.g., Wong et al., 1992,

1997, 2004; Menéndez et al., 1996; Zhu and Wong,

1997; Johnson, 2001). The key difference in behavior

between these two fundamental types of rock is that

cracking in a crystalline rock (i.e., moving the grains

apart) requires less energy than does shearing (e.g.,

Aydin, 2000). In a porous granular rock, grains shift

(i.e., shear, dilate, or compact) around by rearranging

their packing and by grain-size reduction by crushing

of the individual grains (Aydin and Johnson, 1978;

Zhang et al., 1990). This shifting of grains in a porous

rock leads to byieldingQ (e.g., Khan et al., 1991) which
is identified with the nucleation, or formation, of the

kinematic classes of deformation bands identified by

Aydin (2000), Du Bernard et al. (2002), and Bésuelle

(2001a,b), among others, as long as certain additional

criteria for band localization are met. As a result, the

crystalline rock creates joints, as preexisting bplanes
of weakness,Q before it faults (i.e., slides frictionally;

e.g., Segall and Pollard, 1983b; Martel and Pollard,

1989; Crider and Peacock, 2004), or it creates micro-

crack swarms that form the weak zone of shear as an

earlier part of the same deformation event (e.g., Rud-

nicki, 1977; Lockner et al., 1991; Moore and Lockner,

1995). In both cases, the deformation of crystalline

rock involves dilatant cracks and local volume

increase that subsequently shears (e.g., Reches and

Lockner, 1994).

Faulting of a zone of deformation bands is defined

as the superposition of an array of linked slip patches,

formed by Coulomb frictional sliding, onto the pre-

existing or precursory zone, forming a surface of

displacement discontinuity through the zone (Schultz,
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in press). Because shearing of crystal grains is more

difficult than dilatancy when the host-rock porosity is

small, mode-II faults are unable to propagate in-plane

through a crystalline rock as bshear cracksQ (e.g., Petit
and Barquins, 1988). Instead, faulting typically occurs

only after a zone of deformation bands or other types

of localized strain (e.g., Flodin and Aydin, 2004)

already exists (e.g., Aydin and Johnson, 1978, 1983;

Shipton and Cowie, 2001, 2003; Schultz and Balasko,

2003). As a result, faulting corresponds mechanically

to bfailure,Q rather to initial yielding of the rock.

This dichotomy in response as a function of rock

porosity is probably the main reason why a distinction

is often drawn in the literature between what have

classically been called bfracturesQ (cracks and faults in

crystalline rocks) and deformation bands (as formed

in porous rocks). However, this distinction is not

particularly useful or necessary anymore, since cracks,

faults, and deformation bands (of all five kinematic

types; Borja and Aydin, 2004) function as fractures,

or discontinuities, within the deforming rock mass

(e.g., Aydin and Johnson, 1983; Du and Aydin,

1993; Schultz and Balasko, 2003; Okubo and Schultz,

2005, in press; Schultz, in press). Indeed, the condi-

tions for localization of either type of discontinuity in

a pressure-sensitive, dilatant/frictional material are

quite similar, as discussed by Borja (2002) and more

recently, by Aydin et al. (in press). Bands having a

continuous change in normal or shear strain across

them (by definition) are predicted by an increase in

the displacement gradient in the host rock (analogous

to a classically defined shear zone, called a bweak
discontinuityQ by e.g., Borja, 2002; see also Crouch

and Starfield, 1983, pp. 208–210). On the other hand,

cracks and faults are associated with a step-wise

change in the displacement distribution, leading to

the terms bdisplacement discontinuityQ (e.g., Crouch
and Starfield, 1983, pp. 80–84; Pollard and Aydin,

1988) and bstrong discontinuityQ (Borja, 2002; Aydin
et al., in press). In the limit of zero band thickness, a

shear deformation band would be considered to

become instead a slip patch (Aydin et al., in press).

As a result, the generic term bfractureQ should be

expanded to include both weak and strong disconti-

nuities; that is, both deformation bands (of any of the

five kinematic varieties as discussed in Section 3.1)

and the classical displacement discontinuities (i.e.,

cracks, joints, veins solution surfaces, anticracks,
dikes, sills, faults; Pollard and Segall, 1987). Shear

zones and faults zones that accommodate both con-

tinuous and discontinuous changes in shear offset

across them (e.g., Davatzes et al., 2005) should also

be considered as fractures according to this expanded

definition.
2. Deformation bands in the field

Many fine occurrences of deformation bands and

their geometries are known from around the world

(see recent reviews and discussion of several of these

by Fossen and Hesthammer, 1997; Davis, 1999; Ship-

ton and Cowie, 2001, 2003; Borja and Aydin, 2004).

Some examples of geometries in outcrop that are

representative of strain-hardening cataclastic deforma-

tion band networks are shown in Fig. 1. Deformation

bands in highly porous rocks (porosity exceeding

~15%) tend to form in spaced arrays of parallel

bands a few mm thick that may define conjugate or

orthogonal (Aydin and Reches, 1982; Shipton and

Cowie, 2001) networks (Fig. 1a). Bands also tend to

cluster in closely spaced zones, either in response to

strain hardening within the bands (e.g., Aydin and

Johnson, 1978) or perhaps to continued in-plane pro-

pagation of bands beyond their stepovers (e.g., Okubo

and Schultz, in press), forming thicker zones several

cm thick. These band zones can bound spaced arrays

within damage zones (Fig. 1b; Davis, 1999) within

which linking bands nucleate and grow (Schultz and

Balasko, 2003).

The growth and geometry of deformation band

stepovers (including the interior linking bands),

arrays, and damage zones have recently been explored

and successfully simulated in mechanical analyses of

band growth by using strain energy density (e.g., Du

and Aydin, 1993; Schultz and Balasko, 2003; Okubo

and Schultz, 2005, in press). This approach utilizes a

plastic yield criterion analogous to the von Mises

criterion used in metals and geomaterials where pres-

sure-independent deformation occurs (e.g., Jaeger,

1969, pp. 92–93; Jaeger and Cook, 1979, pp. 229–

230; Davis and Selvadurai, 2002). Strain energy den-

sity is suitable for describing band growth on the Cam

yield surface. Okubo and Schultz (2005) have demon-

strated that band nucleation, associated with a local

increase (for dilation bands) or decrease (for compac-



Fig. 1. Field expression of representative (cataclastic compaction with shear) deformation band arrays. Sense of shearing offset is normal (left

side down in (b–e)) in all panels. (a) Conjugate sets of individual unfaulted deformation bands (resistant fin-like surfaces) in eolian Entrada

Sandstone of southeast Utah (Fossen and Hesthammer, 1997). (b) Spaced array of linked bands (Davis et al., 2000; Schultz and Balasko, 2003)

corresponding to an unfaulted damage zone ~1–2 m wide. (c) Faulted zone of deformation bands in (Aydin and Johnson, 1978) showing relict

damage zone architecture in exposed footwall. (d) Faulted zone of deformation bands N4 m wide showing the through-going fault surface

slicing through the interior of the damage zone (Schultz and Fossen, 2002). (e) Same locality as (c) showing corrugations in the fault surface that

were inherited from the previously formed deformation band array (Schultz and Balasko, 2003).
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tional bands) in porosity can be predicted by calculat-

ing the volumetric strain energy density, whereas

shear band propagation and linkage can be evaluated

by calculating distortional strain energy density (Du

and Aydin, 1993; Schultz and Balasko, 2003; Okubo

and Schultz, 2005, in press).

Slip patches can be identified as small smooth

polished surfaces along zones of bands perhaps 5

mm thick (e.g., Shipton and Cowie, 2001; Schultz

and Balasko, 2003). Faulting of band zones proceeds

in two stages. First, slip patches nucleate on the pre-

viously formed band zone, inheriting its geometry

(e.g., Aydin and Johnson, 1978; Antonellini et al.,

1994; Davis, 1999; Shipton and Cowie, 2001; Schultz

and Balasko, 2003; Fig. 1c, e). Next, linkage of slip

patches produces a through-going fault within the

damage zone (e.g., Shipton and Cowie, 2003; Fig.

1c and d). The field relations support a switch from a

distributed strain-hardening regime during cataclastic

band growth to a focused strain-softening regime

during faulting.
3. Yield and failure of a porous rock

The basic approach to understanding the occur-

rence (localization) of deformation bands draws

from the application of soil mechanics to porous

rock deformation (e.g., Rudnicki and Rice, 1975;

Rudnicki, 1977; Vermeer and de Borst, 1984;

Wong et al., 1992, 2004; Bésuelle and Rudnicki,

2004). The porous rock is loaded until it begins to

yield, defined as a transition from elastic to per-

manent (plastic) deformation (e.g., Rudnicki, 1977;

Khan et al., 1991). Precisely how it yields (e.g.,

what kind of band forms) depends on the host-

rock’s porosity, grain packing geometry (Antonel-

lini and Pollard, 1995), pore-water content, depth

of burial (i.e., confining pressure), the differential

stress that drives the deformation, and the stress

path that the rock has taken to get from its unde-

formed state to its yielding state (e.g., Wong et al.,

1992, 1997, 2004; Issen and Challa, 2003; Aydin

et al., in press).
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Researchers and practitioners in this field use a

variant of the Mohr diagram, called a bq–p diagramQ
(Muir Wood, 1990, pp. 112–118; Antonellini et al.,

1994; Nova and Lagioia, 2000; Davis and Selva-

durai, 2002, pp. 68–71; Fig. 2). This approach is

also referred to as a two-invariant model because

each coordinate axis corresponds to a stress invar-

iant. The three principal-stress invariants are (Davis

and Selvadurai, 2002, p. 16).

I1 ¼ r1 þ r2 þ r3 ð1aÞ

I2 ¼ r1r2 þ r2r3 þ r1r3 ð1bÞ

I3 ¼ r1r2r3 ð1cÞ

The horizontal axis of the q–p diagram is p = I1, the

first stress invariant, identified as the mean stress,

rather than just the normal stress (e.g., in a direct

shear test) on a particular plane (on the Mohr dia-
Fig. 2. Basic elements of the q–p diagram applied to porous rocks. (a) C

regions of deformation band nucleation (numbered, see text). Normal vecto

point to lower p for shear-induced dilation (dark shading) and to higher

expands for decreasing host-rock porosity, decreasing average grain size

Movement of yield surface is inward toward critical state line (dashed) for s

line for strain hardening deformation. (d) Representative loading paths w

normal faulting regime for hydrostatic pore-fluid conditions in the crus

conditions (bwet NF;Q r1 /r 3=2); rapid burial, increasing r1 from r1=r2

rapid uplift, decreasing r1 from r1=r2=r3 (initial confining pressure C3
gram). The vertical axis is (Davis and Selvadurai,

2002, p. 57).

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 � 3I2

q
ð2Þ

which reduces to q =(r1�r3), the differential devia-

toric stress, for the particular two-dimensional case in

which r2=r3. The value of q equals the diameter of

the Mohr circle and provides a measure of the shear

stress supported in the rock (Davis and Selvadurai,

2002, p. 47) at the given value of mean stress p. The

stresses are defined as effective stresses to include the

important role of pore-water pressure in rock yield

and failure; although primes are sometimes used in the

literature in labeling the axes, they are not required

(nor are they used in this paper) given the under-

standing that effective stresses are used in their calcu-

lation. The q–p diagram is much less cumbersome,

and more informative, to use than the Mohr diagram
am yield surface (bold curve) with slope M showing approximate

rs to yield surface (see text for associated vs. noncoaxial flow laws)

p for shear-enhanced compaction (light shading). (b) Yield surface

, and/or decreasing water content. P*, grain crushing pressure. (c)

train softening deformation; cap moves outward toward critical state

ith arrows showing direction of progressive loading. Dashed lines,

t (bwet NF;Q r1 /r3=3; see Suppe, 1985, p. 185) and anhydrous

=r3 (two different initial confining pressures C1 and C2 are shown);

).
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because it facilitates tracking of two-dimensional or

three-dimensional loading (stress) paths that the rock

takes to yielding and then to failure in a porous rock

without well-defined weakness zones, and it also

makes more sense on the high-pressure byield capQ
side (Risnes, 2001). The q–p diagram is found in

much of the literature on band formation in porous

rocks (e.g., Antonellini et al., 1994; Wong and Baud,

1999; Baud et al., 2004; Borja and Aydin, 2004;

Wong et al., 2004).

The locus of stress states that separates the elastic

from the inelastic yielding regimes is called a byield
surfaceQ (e.g., Schofield and Wroth, 1968; Muir Wood,

1990; Khan et al., 1991; Davis and Selvadurai, 2002).

The shape of the yield surface shown in Figs. 2 and 3

depends on the physical characteristics of the porous

rock being deformed (e.g., Wong et al., 1992; Issen and

Rudnicki, 2000; Borja and Aydin, 2004; Borja, 2004).

At lower confining pressures, the yield surface has a

positive slope where shear bands with dilatancy are

formed (bdilatant shearQ and dark shading in Fig. 2a).

At higher confining pressures (i.e., at greater depths),

the yield surface has a negative slope where shear

bands with compaction are formed (bcompactional

shearQ and light shading in Fig. 2a, called the bcapQ).
Fig. 3. Comparison of fault growth in (a) porous rock (porosityN5%) and

state. Lettered stress paths in (a) correspond to the stress–strain diagram

cataclastic) shear bands. The stress path in (b) corresponds to the stress–stra

yield surfaces moving toward the frictional sliding line.
The yield surface does not need to intersect at the

origin (i.e., for a tensile mean stress; Wong et al.,

1997; Borja and Aydin, 2004; Borja, 2004). At the

other, high-pressure extreme, the yield surface (cap)

intersects the mean-stress axis p (having zero shear

stress there) at a point called the grain crushing pres-

sure, P* (e.g., Wong et al., 1992, 1997). This is the

pressure at which any of compaction, grain crushing,

and/or volume loss occur in the absence of shearing

(i.e., isotropic or bhydrostaticQ loading). This impor-

tant value scales approximately with the product of

average grain size R and porosity U, which is approxi-
mated for spherical, monolithologic grains (but good

to first order for other grain size distributions; Wong et

al., 2004) by (Zhang et al., 1990; Wong et al., 1997)

P4 ¼ URð Þ�1:5: ð3Þ

As a result, a series of yield surfaces can be drawn

for rocks of different porosities and grain sizes (Fig.

2b). As grain size increases, porosity increases, or

both, the grain crushing pressure decreases (moves

to the left on Fig. 2b) and so does the size of the yield

surface (Fig. 2b). On the other hand, as porosity goes

to zero for a crystalline rock like a granite, basalt, or
(b) crystalline rock (porositybb5%) for a compressive remote stress

s in (c), for dilatant shear bands, and (d), for compactional (i.e.,

in diagram for crystalline rock in (e). Dashed gray lines in (a) depict
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quartzite, the grain crushing pressure theoretically

goes to infinity, meaning that it is no longer a relevant

property of a low-porosity rock. The water content of

a porous rock also influences its yield surface. The

yield surface contracts in size, while retaining the

same shape, as the water content increases (e.g.,

Wong and Baud, 1999; Wong et al., 1992), as illu-

strated in Fig. 2b.

The yield surface shown in Figs. 2 and 3 is one of a

class that includes bModified Cam ClayQ (Roscoe et

al., 1958, 1963; Roscoe and Poorooshasb, 1963; Ros-

coe and Burland, 1968), named after the Cam River at

Cambridge, England, where the original work on

plastic yielding of clay-rich and granular soils was

done (Wood, 1990, p. 113; Davis and Selvadurai,

2002, p. 70). Clear expositions of this technique are

given by Schofield and Wroth (1968), Muir Wood

(1990), pp. 112–138, and Davis and Selvadurai

(2002), pp. 190–210. The dilational side of the yield

surface (see Fig. 2a) is called the bHvorslev surfaceQ
in soil mechanics (e.g., Farmer, 1983, pp. 90–94). It is

analogous to a set of frictional sliding curves that

track the material’s water content (Schofield and

Wroth, 1968, pp. 207–215) and physical state as it

yields inelastically toward the critical state line.

Because the elastic limit (corresponding to the Hvor-

slev part of the yield surface) and peak strength

(corresponding to the frictional or critical-state line,

discussed below) can be close in magnitude in soils,

identification of the Hvorslev surface with either

yielding or peak strengths in soils can be difficult or

ambiguous. Recent work on porous rock shows, in

contrast, a clearer separation between the yield and

peak strengths (Okubo and Schultz, submitted for

publication). The compactional side of the yield sur-

face in soils, called the byield capQ (e.g., DiMaggio

and Sandler, 1971; Fig. 2c), is denoted the bRoscoe
surfaceQ (Farmer, 1983, pp. 90–94). These two sur-

faces meet along the critical state line.

In soil mechanics, the bcritical state lineQ (e.g.,

Schofield and Wroth, 1968; Farmer, 1983; Muir

Wood, 1990, pp. 139–213) reflects large shear defor-

mation of the soil with no volume change. The critical

state line (dashed diagonal line in Fig. 2c and d)

separates the two fields of the yield surface discussed

above: volume increase to the left and volume reduc-

tion to the right (see Fig. 2a). The slope M of this line

on the q–p diagram (Fig. 2a) is related to the friction
angle in pressure-sensitive soils and rocks (e.g., Jaeger

and Cook, 1979) by (Muir Wood, 1990, p. 178)

M ¼ 6sin/
3� sin/

ð4Þ

and the friction coefficient l =tan /.

A one-to-one correspondence between certain terms

and concepts of Cam cap models for soils and rocks is

not considered to be established. This is because homo-

geneous deformation and continuum flow are implied

in critical state soil mechanics and the classical Cam

cap model (T.-f. Wong, pers. comm., 2004), whereas

strain localization is of more importance in rocks (e.g.,

Rudnicki and Rice, 1975; Wong et al., 1992, 2004;

Bésuelle and Rudnicki, 2004). Consequently, the parts

of the yield surfaces noted above are not referred to by

the soil-mechanics names (i.e., Hvorslev, Roscoe sur-

faces, or the critical state line) in the context of porous

rock deformation given that yielding may occur some-

what sooner than band localization in rock.

An important element in the interpretation of yield

surfaces and caps for porous soil and rock is the

bloading pathQ (e.g., Wong et al., 1992; Issen and

Challa, 2003) which describes the rates of change of

differential stress q and mean stress p taken by the soil

or rock from its initial through final (yielded or

faulted) deformation state. Many loading (or stress)

paths are considered plausible for band nucleation in

porous rock, including: (a) isotropic (hydrostatic)

compression, corresponding to an increase in p at

q=0 (Fig. 2d); (b) triaxial test conditions, here called

brapid burialQ on Fig. 2d, having constant p and

increasing compressive r1; (c) constant r1 with

increasing p (Issen and Challa, 2003); (d) constant

r1 with decreasing p (Issen and Challa, 2003); (e)

constant p and increasing compressive r1, here called

brapid upliftQ on Fig. 2d; and (f) Coulomb friction

with r1 /r3=constant (i.e., r1 /r3=3 for dry host rock

or ~2 for water-saturated host rock).

Although loading paths are easily determined for

laboratory experiments and theory, actual stress paths

taken by naturally deformed rocks are difficult to

assess (e.g., Wibberley et al., in press). Nevertheless,

some general observations can be made. Dilation band

with shear (see Fig. 2a, point 2 and next section) can

be formed by any loading or unloading path (Fig. 2d)

as long as the dilatant side of the yield surface (Fig.

2a, dark shading) is reached. Shear bands (Fig. 2a,
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point 3) can be reached by the non-Coulomb paths.

Compaction bands with shear (Fig. 2a, point 4) appar-

ently require triaxial or burial conditions from initially

large values of confining pressure p, although a steep

unloading path from larger initial p can also intersect

the yield cap. Compaction bands imply large values of

p (Fig. 2a, point 5), whereas dilation bands (Fig. 2a,

point 1) imply small values of p.

3.1. Band habitats on the yield surface

In this section we present a summary of the varieties

of deformation bands found in porous rocks and their

significance for kinematics and mechanics. This kine-

matic classification scheme draws from current usage

(e.g., Borja and Aydin, 2004; Aydin et al., in press) and

highlights the importance of stress path on the type of

band formed (i.e., where the yield surface is initially

intersected by the stress state in the host rock).

A dilation band (Du Bernard et al., 2002; point 1

on Fig. 2a) accommodates separation of rock across

its walls, with no shearing offsets, but differs from a

mode-I crack by being filled with host rock having

greater porosity than that outside the band. The kine-

matics of a dilation band are thus similar to those of

cracks and dilation bands probably form in many of

the same patterns (e.g., Segall and Pollard, 1983a;

Pollard and Aydin, 1988). For example, they have

recently been identified in the dilational quadrants of

small thrust faults in poorly consolidated sands in

coastal California (Du Bernard et al., 2002). Dilation

bands were predicted theoretically (Issen and Rud-

nicki, 2000; Bésuelle, 2001b; Issen, 2002) and

observed experimentally (Bésuelle, 2001a). These

bands do not have cataclasis and likely serve as

efficient conduits for fluid flow in the subsurface

due to their enhanced porosity relative to the host

rock.

Dilation bands with shear were predicted theore-

tically (e.g., Bésuelle, 2001b) and observed in experi-

ments (Bésuelle, 2001a) and in the field (e.g.,

Antonellini et al., 1994; Borja and Aydin, 2004;

Okubo and Schultz, 2005, submitted for publication).

These bands appear to be rarer than the compactional

varieties. They form to the left of the frictional sliding

line on Figs. 2 and 3 (point 2 on Fig. 2a), but can also

occur into the compactional side, depending on the

properties of the deforming rock (Borja and Aydin,
2004). Like dilation bands, these bands should con-

duct fluids effectively and also lack cataclasis.

Shear bands (e.g., Wibberley et al., 1999; Fossen,

2000; Fisher et al., 2003; Borja and Aydin, 2004)

accommodate shearing with no volume change (dila-

tion or compaction) within the band. These bands

occur near the top of the yield surface of Figs. 2

and 3 where its slope approaches zero (point 3 on

Fig. 2a). Occasionally called bdisaggregation bandsQ
(e.g., Fossen, 2000), in detail the morphology of shear

bands sometimes resembles a deforming layer of

gouge, complete with a Riedel-like array of shear

surfaces (e.g., Bartlett et al., 1981; Gu and Wong,

1994; Marone, 1995; Mair et al., 2000) within the

band, depending on the magnitude of strain accom-

modated across it. These bands may be quite common

and important in soft-sediment deformation.

Compaction bands with shear are the most com-

monly recognized btype exampleQ of deformation

band in porous rocks (point 4 on Fig. 2a; e.g.,

Aydin, 1978; Aydin and Johnson, 1978, 1983; Jami-

son and Stearns, 1982; Fossen and Hesthammer,

1997, 1998; Cowie and Shipton, 1998; Wibberley et

al., 2000; Shipton and Cowie, 2001, 2003). Compac-

tion, grain crushing, and porosity reduction in these

bands contribute, individually or in combination, to

strain hardening, and thus to creation of a spatially

distributed network of bands called a bdamage zoneQ
that precedes faulting (e.g., Shipton and Cowie, 2003;

Crider and Peacock, 2004; Kim et al., 2004). The

bands also have significantly reduced permeability

(e.g., Antonellini and Aydin, 1995; Shipton et al.,

2002), producing seals to flow of groundwater and

petroleum (e.g., Aydin, 2000; Shipton et al., 2005).

Compaction bands (point 5 on Fig. 2a) have been

recognized in the field by Mollema and Antonellini

(1996), in experiments by many including Olsson

(1999), Olsson and Holcomb (2000), Wong et al.

(2001) and Vajdova and Wong (2003), and theoreti-

cally by Issen and Rudnicki (2000, 2001), Olsson

(2001), Bésuelle (2001b), Issen (2002), and Challa

and Issen (2004). This is the other end-member of

volumetric deformation bands (Borja and Aydin,

2004) that lack shear offsets (the first end-member

is the dilation band). Compaction bands also form

barriers to subsurface fluid flow (Holcomb and Ols-

son, 2003; Vajdova et al., 2004b) and can contribute

to the creation of damage zones by growing in the
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contractional (leading) quadrant of nonconservative

(mode-II) faults.

The term bdeformation bandQ as used in the litera-

ture formally includes the three shear varieties (dilation

and shear, shear, compaction with shear); the other two

cases of normal strain across the band (dilation and

compaction bands) are not called deformation bands in

many parts of the literature. However, as we saw in the

previous section and in Figs. 2 and 3, all five kinematic

varieties of bands can be understood using the frame-

work of a Cam cap model as applied to porous granular

rocks, so all five varieties should be considered as

bdeformation bandsQ (e.g., Aydin et al., in press).

3.2. Deformation sequence

The formation of bands in porous soils and rocks is

well documented and understood (e.g., Papamichos

and Vardoulakis, 1995; Saada et al., 1999; Nova and

Lagioia, 2000; Wolf et al., 2003; Wong et al., 2004).

Suppose we take a sandstone or a limestone with, for

example, 10% porosity, and start to apply differential

stresses with a low confining pressure (e.g., in a triaxial

test). Band localization depends in part on the porosity

and grain packing geometry. As the rock compresses

and starts to squeeze together, the stress–strain curve

departs from linearity, marking the onset of inelastic

deformation and yielding. The normal vector to the

yield surface (see Fig. 2a) at the point where the stress

path intersects it (e.g., point A on Fig. 3a and c)

determines how the yield surface will move with

increasing strain within the rock. If the vector points

to the left, as it will in the dilatant shear regime (since

the yield surface has a positive slope there), then the

stress path and corresponding yield surface can move

down toward the failure line (compare Fig. 2a and c;

Wood, 1990, p. 124). Similarly, the vector points to the

right for the yield cap (Fig. 2a), requiring that the

surface of compactional yielding must expand upward

toward the failure line (Fig. 2c), as shown in many

experiments on porous rock (e.g., Wong and Baud,

1999; Cuss et al., 2003; Vajdova et al., 2004a).

Plastic yielding in soils and rocks is treated by

assuming either associated or non-associated behavior

during inelastic yielding (e.g., Vermeer and de Borst,

1984; Bésuelle and Rudnicki, 2004; Borja and Aydin,

2004). Associated flow rules assume coaxiality

between remote stresses and the strains within the
newly forming band (equivalent to the small-strain

approximation; see Borja, 2002, for analysis and dis-

cussion), implying that the friction angle equals the

dilatancy angle of the host rock. The dilatancy angle is

defined as the ratio of plastic volume change to plastic

shear strain (Vermeer and de Borst, 1984), or equiva-

lently, as the slope of the plastic volume change vs.

plastic shear strain curve on the q–p diagram (called in

this case the bdilatancy factorQ; Aydin and Johnson,

1983; Bésuelle, 2001a,b). Yield surfaces in the dilatant

or compactional regimes contract or expand in the

direction normal to their local slopes for associated

plasticity (as shown in Fig. 2a). However, because the

dilatancy angle is commonly different (usually smaller

for the dilatant regime; Vermeer and de Borst, 1984)

than the friction angle of soils, concrete, and porous

rocks (Vermeer and de Borst, 1984), non-associated

flow rules that assume non-coaxiality between remote

stresses and strains within the bands are now routinely

used (e.g., Wibberley et al., 1999; Wong et al., 2001,

2004; Issen and Challa, 2003; Bésuelle and Rudnicki,

2004; Borja and Aydin, 2004). In this case, the direc-

tion of local yield surface change will not be precisely

perpendicular to the local slope, but the overall sense

of yield surface migration (i.e., outward or inward) will

be the same. Work reported by Issen and Rudnicki

(2000), Borja and Aydin (2004), and Wong et al.

(2004) suggests that growth of compaction and dila-

tion bands is facilitated by an associated flow rule,

whereas shear band growth (including the dilatant-

shear and compactional-shear varieties) is facilitated

by non-associated flow rules.

The Cam clay model was designed as an engineer-

ing tool to define the upper limit of elastic deforma-

tion of either normally consolidated or overcon-

solidated soils (corresponding to Fig. 3c and d,

respectively). Conditions for localization of shear

bands that form so commonly in soils during yielding

(Papamichos and Vardoulakis, 1995; Saada et al.,

1999; Davis and Selvadurai, 2002; Wolf et al.,

2003) are therefore not specified by the standard

two-invariant Cam clay model. As a result, three-

invariant Cam clay models were developed (e.g.,

Perić and Ayari, 2002a,b) to more closely associate

yielding with shear band localization in soils.

In porous rocks, deformation bands are considered

to localize when a particular set of conditions is met.

In general, band localization occurs when a parameter
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known as the bhardening modulusQ (e.g., Rudnicki

and Rice, 1975; Rudnicki, 1977; Aydin and Johnson,

1983; Bésuelle and Rudnicki, 2004) achieves a critical

value. This parameter, defined as the local slope of

the axial stress vs. plastic axial strain curve (e.g.,

Bésuelle, 2001a) depends on the elastic parameters

of the host rock (shear modulus, PoissonTs ratio), the
dilatancy angle, the hardening modulus, and the

local slope of the yield surface (equivalent to fric-

tion angle for the dilatant regime) at particular

values of the stress state within the rock (Bésuelle

and Rudnicki, 2004). All three stress invariants are

needed to fully characterize the stress state at band

localization (Bésuelle and Rudnicki, 2004). Because

the remote stress state can be represented by a

parameter called the Lode angle in soil plasticity

(e.g., Hill, 1950), three-invariant Cam clay models

that incorporate the Lode angle (Perić and Ayari,

2002a,b; Davis and Selvadurai, 2002) can be used to

more accurately predict shear band localization in soils

as plastic yielding is achieved. This approach is

equivalent to, if less comprehensive than, contempor-

ary theoretical research on the localization of all five

varieties of deformation bands that can form in porous

rocks (e.g., Borja and Aydin, 2004). The literature is

vague on how different the stress conditions for yield-

ing are from those required for band localization.

Indeed, the available results suggest that yielding, in

the form of significant grain reorganization, occurs in

close physical and temporal proximity to a growing

band or as part of the band itself. In either case (soil or

porous rock), in this paper we take the onset of yield-

ing as a reasonable first-approximation to the condi-

tions associated with band localization.

Once the localization conditions are met, the elastic

limit on the stress–strain curve for a porous rock corre-

sponds to inelastic yielding, nucleation of dilatant shear

bands, and a macroscopic strain softening behavior in

the rock (point A in Fig. 3a and c). As the rock con-

tinues to soften with increasing strain, as shear-

enhanced dilation occurs, the stress state moves toward

the frictional sliding line, which represents the peak

(maximum) frictional strength of the newly formed

dilatant shear band. Discrete slip patches (e.g., Martel

and Pollard, 1989) grow and frictional sliding along

them begins between points B and C on Fig. 3a and c,

representing strain softening due to dilatancy and

increased volume within the rock. At this stage the
band bfails in shear,Q producing a faulted dilatant

shear band (points B and C on Fig. 3a and c). This

process (up to faulting) has only recently been empha-

sized in experimental studies (Issen and Challa, 2003)

and it deserves further work to clarify the details of

band localization and growth. The deformation

sequence has recently been identified in natural expo-

sures ofWingate Sandstone (Okubo and Schultz, 2005)

and produced experimentally (Cuss et al., 2003; Okubo

and Schultz, submitted for publication).

If instead we load a porous rock sample starting at a

much higher confining stress (for the same rock por-

osity and grain packing geometry), then after initial

yielding we follow the path D–F on Fig. 3a and d. As

we increase the differential stress and the rock begins to

compress and shear, the grain-to-grain contacts experi-

ence a much larger compressive stress, leading in well

sorted rocks (with a uniform grain size) to fracturing

and grain crushing (Aydin, 1978; Zhang et al., 1990).

This has the triple result of: (a) reducing the average

grain size within a growing band, (b) producing a

tighter packing geometry, and (c) making the grains

more angular and consequently less able to roll under

shear stress (Mair et al., 2002). These three factors all

make it more difficult to accommodate shearing dis-

placements within a band formed of such material; as a

result, the band progressively strain hardens. Such

compaction bands with shear form near point D on

Fig. 3a and d, marking to the onset of inelastic yielding

and volume reduction in the rock. However, because

grain crushing depends on several factors including

grain size and distribution, packing geometry, grain

composition and shape (Antonellini and Pollard,

1995; Wong et al., 1997; Wong and Baud, 1999), the

same stress state may produce compaction without

cataclasis in one rock type (e.g., poorly sorted,

matrix-supported) and compaction with cataclasis in

another (e.g., well sorted, clast-supported).

There is commonly a region of the stress–strain

curve for porous soils and rocks subjected to this

higher confining pressure called a bshelfQ (Fig. 3d).

Here, strain accumulates under constant differential

stress, indicating a plastic strain that corresponds to

compaction within the rock (Wong et al., 1992; Ols-

son, 1999, 2001; Olsson and Holcomb, 2000; Nova

and Lagioia, 2000; Issen, 2002). Stress–strain curves

for this region that do not reach the point of failure

(Fig. 3d, point E) are called bductileQ in the literature.
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The width of the shelf (i.e., the amount of strain

accommodated) is proportional to the amount of por-

osity reduction in the rock, so higher porosity rocks

can have a longer shelf than do lower porosity rocks.

In the limit of negligible porosity, the stress–strain

curve for a crystalline rock will not show a shelf since

there is no pore volume to collapse.

Once the compactional shear bands have formed

and filled the available pore volume within them, the

bands have become stiffer than the surrounding host

rock. The stress–strain curve then increases with

increasing strain because it is harder to deform this

rock than it was for the undeformed (and more por-

ous) host rock. The yield cap now represents the

properties of the compactional shear band network

(i.e., the damage zone within the host rock). Strain

hardening expands the yield cap (e.g., Cuss et al.,

2003), since the damage zone is strain hardening

and because it is increasing in size relative to the

volume of the host rock, until the stress state asso-

ciated with frictional sliding between elements of the

damage zone is achieved. If the yield cap and fric-

tional-sliding line have different slopes at their inter-

section point, as is typical, then this point is called a

bvertex.Q At the vertex (E on Fig. 3a and d), the

frictional strength of the damage zone is reached,

slip patches nucleate at the interfaces between the

individual bands and the less-deformed rock (Aydin

and Johnson, 1983), and grow within the damage

zone (Aydin and Johnson, 1978; Johnson, 1995; Ship-

ton and Cowie, 2001, 2003; Schultz and Balasko,

2003), eventually forming a through-going fault

(point F on Fig. 3a and d). This sequence is the

most thoroughly studied stress path in porous rocks

and it is what most geologists think of when they

encounter the term bfaulted deformation band.Q
In contrast, as a crystalline rock (with negligible

initial porosity) is loaded (Fig. 3b), the rock’s elastic

limit is reached where microcracking begins along with

a shallowing of the slope of the stress–strain curve; this

is point G on Fig. 3b and e. The rock softens until the

cracks can grow by segment linkage into macrocracks,

corresponding to the rock’s peak strength (point H on

Fig. 3b and e). Finally, the residual frictional strength of

the inclined zone of linked cracks (Tapponier and

Brace, 1976; Nemat-Nasser and Horii, 1982; Wong,

1982; Horii and Nemat-Nasser, 1985; Fredrich et al.,

1989; Reches and Lockner, 1994) is met, leading to
frictional sliding along the linked and abrading crack

array and formation of a through-going fault (point I on

Fig. 3b and e). The slope of this residual frictional

sliding line is shallower than that for initial sliding on

a rough discontinuous crack array near peak strength

(e.g., Moore and Lockner, 1995).

As in the case of a porous rock, three surfaces are

needed to describe how an intact crystalline rock

finally forms a through-going fault. The first corre-

sponds to the onset of inelastic dilatant yielding in the

rock (Rudnicki, 1977; Wong, 1982; Khan et al., 1991;

Lockner et al., 1991; Wong et al., 1997; Zhu and

Wong, 1997). The second is the peak strength that

represents failure of the rock as microcracks coalesce

to form a linked array of macrocracks. The third is

corresponds to residual frictional sliding along the

linked crack array (the bfaultQ). At some (large)

value of confining pressure, the rock is no longer

able to open microcracks and produce dilatancy, so

a fault would not localize in the way described (the

rockTs bbrittle–plastic transition;Q e.g., Wong et al.,

1992). Non-localized distributed shearing (i.e., macro-

scopic flow) would occur in the rock at pressures

exceeding this brittle–plastic transition.

A porous rock need not make a fault; the many

examples of unfaulted deformation bands of all

types (dilation, compaction, shear, dilation with

shear, and compaction with shear) demonstrate that

the process can and has been interrupted in nature at

any stage along the stress path. In fact, it may take

quite a bit of effort to get from point D to point E

on Fig. 3a and d, which probably explains why we

see so many examples of unfaulted cataclastic defor-

mation bands (including arrays or damage zones

that have only small, unlinked slip patches within

them).
4. The brittle–ductile transition in porous rocks

and faulted damage zones

In the rock mechanics literature, brittle deformation

is associated with localized dilatancy and faulting,

whereas ductile deformation is associated with non-

localized macroscopic flow (e.g., Evans and Kohl-

stedt, 1995; Fig. 2c). The stress–strain curve for the

brittle regime rises to a peak, then decreases in the

post-peak region toward a residual (frictional) strength
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(e.g., Fig. 3c or e); the post-peak region is character-

ized by strain softening behavior and localization of

strain onto discrete slip patches. On the q–p diagram,

the brittle–ductile transition is commonly taken to be

the intersection of the yield surface with the critical

state line (e.g., Wong et al., 1992; Cuss et al., 2003;

Fisher et al., 2003; Wibberley et al., in press), with

brittle, localized deformation identified with the dila-

tant side (dark shading on Fig. 2a) and ductile flow

with the compactional side (light shading on Fig. 2a).

Strain softening and strain localization in the plastic

regime, referred to as bhigh-pressure embrittlementQ
(e.g., Byerlee and Brace, 1969; Wong et al., 1992),

can also lead to faulting, however. In this case, the

peak strength (in the ductile or plastic regime; point E

on Fig. 3d) occurs at sufficiently large values of

differential stress q (or equivalently, large axial strain)

that the post-peak region may not be revealed in a

particular experiment or natural exposure. The rock

may thus demonstrate only homogeneous macro-

scopic (ductile) flow and strain-hardening behavior,

even if individual bands are localizing to form damage

zones within the rock.

In the field, sets of compactional with shear defor-

mation bands that demonstrate strain hardening along

them (reduced porosity, grain size, and roundness;

e.g., Aydin, 1978; Mair et al., 2000) group themselves

into spaced arrays and damage zones (e.g., Aydin and

Johnson, 1978; Davis, 1999; Shipton and Cowie,

2003; Fig. 1b). This stage represents the third step

in forming a faulted zone of bands (after elastic strain

and band nucleation), as outlined on Fig. 4. In this

figure, the two peak strength envelopes (one for dila-

tant shear bands, one for compaction shear bands)

have been replaced by a single curved envelope that

may better represent the varying frictional strength of

the band-host rock interface within the larger damage

zone with increasing mean stress. Growth of the

damage zone in size and complexity (Olsson and

Holcomb, 2000; Wong et al., 2001; Olsson, 2001;

Baud et al., 2004) is associated with a growing

(expanding) yield cap on the q–p diagram (Fig. 4,

step 3). Indeed, the region between band nucleation

(step 2 on Fig. 4) and initial frictional failure of the

band–host rock interface within the damage zone

(step 4 on Fig. 4) represents macroscopic ductile

flow (e.g., Cuss et al., 2003) in the damage zone

(Fig. 2c).
Previous workers were mixed on the interpretation

of the critical-state line as applied to porous rocks,

defined in a soil as nonlocalized continuum flow.

Summarizing previous work, Farmer (1983, pp. 91–

93) reinterpreted critical state lines as equivalent to the

Coulomb frictional strength of typical rocks (e.g.,

Byerlee, 1978; Lockner, 1995) and faults (Sibson,

1994) having r1 /r3 ~3. Cuss et al. (2003) inferred

that the critical state line was associated with distrib-

uted cataclastic flow within the sample, with faulting

occurring later as a result of some unspecified

bgeometric forcingQ constraint. Wibberley et al. (in

press) infer the existence of a later tectonic event to

reload a damage zone to failure. They noted that a

fault cross-cuts the band network they studied, rather

than being generated from slip patches that nucleated

on bands within the network (e.g., Aydin and Johnson,

1978; Shipton and Cowie, 2001). Wibberley et al.

suggest that the fully-formed fault represents deforma-

tion of the host rock at critical state. Most experimen-

talists and theorists investigate yielding (growth of

band networks and damage zones) rather than failure

(faulting of the damage zone) (e.g., Rudnicki and

Rice, 1975; Bésuelle, 2001b; Issen, 2002; Wong et

al., 2004; Bésuelle and Rudnicki, 2004; Aydin et al.,

in press). Aydin and Johnson (1983) analysis, in con-

trast, shows how bands can fail, nucleating small slip

patches along them, for a sufficiently large contrast in

(plastic) strain rate across the band–host rock inter-

face. Their model appears most applicable to slip

patch nucleation within a larger damage zone, as

demonstrated in the field by Johnson (1995) and by

Shipton and Cowie (2001, 2003) (point E on Fig. 3a,

and step 4 on Fig. 4, corresponding to localized failure

at peak strength at the bvertexQ).
Previous work demonstrates that the brittle–ductile

transition in a soil, corresponding to the transition

from localized (strain softening) to distributed (strain

hardening) deformation, occurs where the slope of the

yield surface on the q–p diagram becomes negative

(Fig. 2c). We suggest in addition that the classical

critical state line has little meaning when applied to

porous rocks. Instead, lines defined by the peak (Fig.

4, step 4) and residual (Fig. 4, step 5) frictional

resistance of deformation bands within the damage

zone (Fig. 3a) define, respectively, the transition from

distributed deformation within the expanding damage

zone (the moving yield cap) to localized deformation
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(faulting of bands), leading ultimately to failure of the

damage zone by through-going faults.

A deformation sequence leading to faulted cataclas-

tic band damage zones (point 4 on Fig. 2a) that is

consistent with field observations, laboratory data,

and theory is illustrated in Fig. 5. Following elastic

straining of the host rock, individual deformation bands

(specifically, compaction bands with shear) nucleate

and grow in length and displacement (e.g., Aydin,

1978; Fossen and Hesthammer, 1997), forming a

damage zone in the porous host rock when the stress

state satisfies the yield cap (point D on Fig. 3a, step 2 on

Figs. 4, 5a). The damage zone may be either spatially

extensive across an outcrop, as illustrated in Figs. 1a

and 5a (e.g., Fossen and Hesthammer, 1997), or it may
define a narrower zone of mechanically interacting

bands (Schultz and Balasko, 2003; Okubo and Schultz,

2005). As the damage zone grows in spatial extent and

complexity (Fig. 5b), the yield cap moves outward,

reflecting strain hardening of the zone (step 3 on

Figs. 4, 1b, 5b). Localized failure (Aydin and Johnson,

1983), identified in field examples as small slip patches

within the damage zone (Johnson, 1995; Shipton and

Cowie, 2001; Johansen et al., 2005), represents incipi-

ent strain softening, fault nucleation, and, perhaps,

growth of the bfault coreQ (Shipton et al., 2005) within

the zone (point E on Fig. 3a, step 4 on Figs. 4, 5c).

Growth and linkage of slip patches eventually produces

a through-going fault that transects the zone (point F on

Fig. 3a; step 5 on (Figs. 4, 5d, 1c–e). These slip patches
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and the subsequent fault initially utilize the pre-existing

geometry of bands that comprise the damage zone,

including corrugations and band segmentation (Schultz

and Balasko, 2003; Okubo and Schultz, 2005, in press).

These final two stages (steps 4 and 5 on Figs. 4, 5c

and d) superimpose a focused strain softening regime

onto the formerly distributed strain hardening one

(Shipton and Cowie, 2003).
5. Conclusions and outstanding issues

Deformation bands represent yielding in the rock

mass, defined here approximately as the transition

between elastic, recoverable deformation and perma-

nent, plastic deformation when the localization criteria

are met. Faults represent failure, by localized fric-

tional sliding, of bands and damage zones in the

host rock. The Cam cap model of yielding in a porous

granular geomaterial (soil or rock) provides a useful

mechanical framework for understanding how defor-

mation bands grow and eventually fail to form

through-going faults. Although experimental work

has proved critical to formulating and testing theore-

tical predictions of band localization, such as from

bifurcation theory, systematic study of the associated

deformation sequence in natural experiments, as

observed in the field, provides additional insight and

detail on the sequence and mechanisms to large

strains.

The critical state line represents distributed conti-

nuum flow at constant volume in a soil; in a porous

rock, it simply defines the transition between dilatant

and compactional yielding. Surfaces resembling criti-

cal state lines in porous rocks are reinterpreted in this

paper and identified as either the peak or residual

frictional sliding criteria that represent the stress states

for which yielded rock (damage zones composed

of dilational or compactional deformation bands)

changes its deformation style from distributed strain

hardening to focused strain softening behavior. Both

the individual elements (e.g., bands, cracks) and the

total assemblage (e.g., damage zone, large-offset fault
Fig. 5. Synoptic model for the evolution of a faulted array of

compaction with shear deformation bands. Thick lines in (c) and

(d) represent slip patches superimposed on the earlier-formed bands

within the damage zone. D, down; U, up.
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zone with linked slip surfaces) must now be consid-

ered as bfracturesQ in the broadest sense of the term.

While many aspects of band formation can be

understood by using the Cam cap approach, as

modified for porous granular rocks, several aspects

invite investigation. Laboratory tests could determine

whether the entire yield surface expands as the cap

moves outward, potentially making dilational shear

bands more difficult to form during unloading from

compactional cap conditions, or if the dilational and

compactional parts are independent of the loading and

deformation sequence. Continued exploration of the

differences between localization, yielding, and failure,

both in experiments and in field examples, may better

define the yield and failure envelopes for porous

granular rocks and their evolution with increasing

strain in the host rock. Mechanical analysis of propa-

gating deformation bands using criteria such as strain

energy density will continue to clarify the geometric

development of damage zones and the resulting super-

imposed fault. Quantitative determination of the

paleo-loading paths associated with natural exposures

of deformation bands, damage zones, and faulted

band networks would significantly advance the under-

standing of Cam cap-type models as applied to por-

ous-rock deformation.
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