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a b s t r a c t

Compaction of loose, granular materials commonly results in the loss of porosity and, hence, a volumetric
decrease of the material by the localization of deformation bands. Different types of deformation bands
tend to form at a range of specific angles to maximum compression (s1), as documented in numerous
field and laboratory studies. Usually, localization of bands occurs at low angles to s1 during deformation
involving volumetric increase and at higher angles during compaction of the material. Generally in
agreement with field and laboratory orientation measurements, several models have been used to obtain
the optimum angle deformation band formation with respect to s1. However, some field and laboratory
studies report deformation bands with substantial compaction across them that have orientations
requiring material dilation to be in accord with those models. This discrepancy is explored by modeling
the orientations of structures under progressive deformation for all combinations of simultaneous pure
and simple shear. Our results allow for shear-enhanced compaction at the onset of dilational shear band
formation, thus accounting for both the band orientation as well as the observed compaction within the
bands. These findings indicate that compaction localized within a deformation band is not simply related
to a total volumetric decrease of the material, since the transition between localization of compaction
and dilation is found not to coincide with the transition of volume decrease to increase of the material,
and hence to the material′s mechanical response at a given stress state.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Compactional shear bands [1] in the Entrada Sandstone in Arches
National Park and near Goblin Valley, Utah, were found to have
formed from micro-mechanisms involving substantial porosity
reduction by grain crushing [2–4], indicative of a volumetric reduc-
tion within the band [e.g. [5]]. However, the orientations of these
bands at low angles to maximum compression was related to a
dilational material response instead [6]. Interestingly, angular rela-
tionships of compactional shear bands from several other localities,
compiled in this study, are comparable to those reported from the
Entrada Sandstone, indicating that despite the presence of micro-
mechanisms indicative of volume decreases across the bands, the
initial material response should also have been dilational.

At the scale of an incipient deformation band and with respect
to the local stress tensor, volumetric increase within granular
materials have been associated with the localization of dilation
bands [5]; isochoric deformation, i.e., deformation with no volume
change, has been related to the formation of shear bands, and
compaction bands are believed to localize in materials undergoing
volumetric decrease [1,5,7]. Simultaneous shear and volumetric

changes produce dilational or compactional shear bands [1,7]
and so-called shear-enhanced compaction bands [e.g. [8]]. Defor-
mation mechanisms in dilation bands include pore growth by
disaggregation of grains through grain rolling, grain boundary
sliding, and breakage of grain bonding cement. Compaction bands
typically display micro-mechanisms such as cataclasis and dis-
solution transfer [1] that involve physical and chemical porosity
decrease by grain breakage and pressure solution, respectively.

Different types of deformation bands tend to develop at specific
ranges of angles with respect to the axis of maximum compression,
s1 (Fig. 1). Pure compaction bands (CB) are generally thought to form
approximately perpendicular [9–11], while dilation bands (DB) are
considered to form more or less parallel to maximum compression
[e.g. [11,12]]. Depending on the stress state and constitutive rela-
tions, shearing mode and mixed mode structures can localize at
orientations anywhere between 01 and 901 with respect to max-
imum compression, where compactional shear bands (CSB) [e.g.
[6,13–19]] and sheared dilation bands tend to have smaller angles to
s1 as compared to shear-enhanced compaction bands (SECB) [e.g.
[14,16,20]]. For example, several field examples of deformation band
orientations with respect to s1 are pictured in Fig. 2. Pure compac-
tion bands at Buckskin Gulch, Utah, first described as crooked
compaction bands at this field site [21] are localized at �801, while
shear enhanced compaction bands are oriented at �401 with
respect to maximum compression (Fig. 2a). Sets of compactional
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shear bands in the Orange quarry, France, are oriented at 391 to s1
(Fig. 2b). A normal fault (F) oriented at 201 to s1 is associated with
compactive shear bands of orientations of �251 relative to s1 in the
Entrada Sandstone near Goblin Valley (Fig. 2c).

Several empirical and theoretical models are used to predict
the optimum angle, α, a fault or deformation band would make
relative to s1 [22–24]. Theoretical predictions may vary by several
degrees among those models [23–26], so that different field or
laboratory measurements may be described adequately by differ-
ent models, depending on rock properties and boundary condi-
tions [23,24].

For a first order estimation and with general applicability to a
great variety of materials for which volume change during
deformation is not considered, the empirical Mohr–Coulomb fail-
ure criterion is widely accepted for inferring the orientations of
faults or shear bands. Here, the optimum orientations, αC, of two
conjugate planes of shear failure are oriented at angles of αC¼7
(π/4�ϕ/2) relative to maximum compression [27], where ϕ repre-
sents the angle of internal friction.

Tying shear deformation band orientation to principal strain
increments, the Roscoe orientation, αR, gives shear band inclina-
tions to s1 as a function of the dilatancy angle, ψ, with αR¼π/4�ψ/2
[6,28]. For plane strain conditions, the dilatancy angle, as intro-
duced by Hansen [29], represents the ratio of plastic volume
change to plastic shear strain [30]. The Roscoe relationship is
found to yield good orientation estimates in coarse-grained rock
[31] and is consistent with typical orientations of shear-enhanced
compaction bands [13].

In light of well-known mismatches between the Mohr–Coulomb
and Roscoe relationships to experimental measurements for porous

granular materials, a so-called hardening-softening model was
developed [30], where both internal friction and dilatancy angles
relate to the initial shear band orientation:

sin ð901�2αÞ ¼ sin
ϕþ ψ
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This relationship reduces to:

α¼ π
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if the internal friction and dilatancy angles have comparable values
[24,30]. Differences between the results of Eqs. (1) and (2) do not
exceed 71 even if values for ψ and ϕ are at a large difference of 90 1
[24]. The relationship given in Eq. (2) also coincides with the
empirically derived function of [32–33] and due to its simplicity
and minor deviation from the Mohr–Coulomb model, it is widely
used in field and laboratory studies [13,15,23,24,32–35].

From the Drucker–Prager yield surface, strain localization and
shear band orientations can also be obtained by [36,37]:
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where ν is Poisson′s ratio, μ is the stress state dependent internal
friction coefficient relating to the internal friction angle as
μ¼2√3sinϕ/(37sinϕ) [e.g., [37,38], and β, the dilatancy factor,
relating to ψ in a similar manner than μ to ϕ [e.g., [23,39]. The
variable N is a term related to the deviatoric stress state within the
rock relating intermediate deviatoric stress to the von-Mises
equivalent stress [e.g., [37]. The relation described by Eq. (3) is
commonly used in numerical modeling applications [13,26,40–42]
and for detailed laboratory experiments [11,15–17,43]. Comparison
between the Drucker–Prager and the hardening-softening model
derived by Vermeer and de Borst [30] shows that both models
yield similar shear band orientations for small positive and
negative dilatancy angles with reasonable differences even when
ψ and ϕ values differ greatly [24].

In the following, we compile the orientations of several sets of
deformation bands from field measurements and values reported
in the literature. These orientation values are then used to infer
dilatancy angles to further explore the relationship of deformation
band orientations to volumetric changes of the material.

Fig. 1. Schematic of deformation band orientations relative to maximum compres-
sion (s1).

Fig. 2. Fractures and deformation bands relative to maximum compression. (a) Shear-enhanced and pure compaction bands in Navajo Sandstone, Buckskin Gulch, Utah.
(b) Compactional shear band network in the Orange quarry, France. (c) Compactive shear bands accompanying a normal fault (F) in the Entrada and Navajo Sandstones, near
Goblin Valley, Utah.
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2. Orientations of deformation bands and their relation to
volumetric deformation

For angles of internal friction of ϕ�307101, a range of values
not atypical for sands and sandstones [e.g. [25], and dilatancy
angles around ψ¼01, Eq. (1) predicts shear bands to grow at angles
to s1 of α�37.5791 [13]. Predictions for similar assumptions with
the Drucker–Prager derived orientation model (Eq. (3)) using
values for Poisson′s ratio of v¼0.2 and an axisymmetric compres-
sional stress state of N¼1/√3 yield slightly higher angles to s1 of
α�411. This suggests that, under such conditions and material
properties, deformation bands forming in materials with negative
dilatancy angles should form with inclinations to s1 that are
greater than α�37.5–411, whereas bands forming in materials
with positive dilatancy angles should have inclinations smaller
than α�37.5–411.

Shear band orientations for the Drucker–Prager derived orien-
tation model not only depend on the dilatancy and friction
coefficients but also on the deviatoric stress state, N (Eq. (3)),
where N¼1/√3 represents axisymmetric compression and N¼
�1/√3 represents axisymmetric extension [e.g. [37]]. The effect
of N on band orientation for a given range of dilatancy factors and
for several frictional properties are highlighted in 3D space (Fig. 3).
For examples considering constant friction coefficients of μ¼1 and
μ¼�1 (Fig. 3a), a constant friction coefficient obtained for a
friction angle of ϕ¼30 (Fig. 3b), and the case of μ¼β (Fig. 3c),
the effect of N is negligible for the midrange of dilatancy factors
(�1oβo1) and becomes somewhat important for deformation
band orientations for dilatancy factors in the higher positive and
negative ranges. This shows that shear band inclinations smaller
than α�37.5–411 for the above inferred conditions are associated
with a positive dilatancy more or less independent of N (Fig. 3b).

Following Johnson′s approach [6], we measured deformation
band orientations of sets of bands with conjugate geometries in
the Orange quarry, France [13,44], the Subhercynian Cretaceous
Basin, Germany [19], and a sand pit near Freden, Germany [45]
(Table 1). These orientations were used to infer the angular
relationship of the bands relative to the geologically inferred axis
of maximum compression [e.g., [10,13,19], given that the magni-
tudes of the causative stress states are not well constrained.
We then calculated the dilatancy angles from Eq. (1) and list the
observed deformation micro-mechanism for comparison.

From the Orange quarry, two generations of bands are reported
in [13], of which the bands of the older generation show orienta-
tions to s1 of 451 and the younger generation show orientations of
391. These orientations predict negative dilatancy angles for
internal friction angles of ϕ¼301 (Table 1). Both generations of
bands are cataclastic [13,46]. Compactional shear band orienta-
tions were measured at 18 localities along a deformation band
damage zone in the Subhercynian Cretaceous Basin. Orientations
with respect to s1 range from 22.61 to 44.61, suggesting a range of
dilatancy angles of �281 to 651. All bands show deformation
micro-mechanisms that point to a localized volume loss, such as
cataclasis and pressure solution [19] within the bands, whereas
dilatancy angles are negative at only seven localities (Table 1).
Deformation band orientations measured at five locations within
the Freden sand pit are inclined at 241 to 351 to s1, which
corresponds to positive dilatancy angles. The reported deforma-
tion micro-mechanism of grain boundary sliding [45] can be
associated with positive or negative volumetric changes of the
host rock [1].

In addition to our measurements (Table 1), dilatancy angles can
also be inferred for a variety of deformation band orientations
reported in the literature (Table 2). Band orientations from Table 2
are shown as a function of the dilatancy angle (ψ inferred from
Eq. (1)) for internal friction angles of ϕ¼3017101 (Fig. 4). The data

points are shownwith respect to the Roscoe orientation and to the
theoretical orientations predicted by Eqs. (1)–(3). Theoretical
predictions are all shown for a constant internal friction angle of

Fig. 3. Shear band orientation (α) of the Drucker–Prager model (Eq. (3)) as function
of dilatancy factor and deviatoric stress state. (a) Surfaces of constant friction
coefficients of μ¼�1 (top) and μ¼1 (bottom). (b) Surface of constant internal
friction angle of ϕ¼301. (c) Surface of equal friction and dilatancy coefficients
representing an associated plastic flow.
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ϕ¼301 to highlight the impact of dilatancy on the orientations of
shear bands. The curve for orientations derived from the Drucker-
Prager criterion assumes a Poisson′s ratio of v¼0.2 and an
axisymmetric compressional stress state of N¼1/√3 [11,22,26,43].

For the same input parameters, the different orientation
models yield similar results for dilatancy angles in the range of
�601oψo601 (Fig. 4), a range within which most shear bands
considered in this study fall. Major deviations between the models
occur at very high or low dilatancy angles (ψo�601 and ψ4601).
This shows that discriminating between the models becomes
problematic when studying the orientations of pure dilation or
pure compaction bands.

Orientations of dilation bands [12] are consistent with positive
dilatancy angles, whereas compaction band [16] and shear-
enhanced compaction band orientations [10,14,20] would be
consistent with negative dilatancy angles (Table 2, Fig. 4). Inter-
estingly, many more examples of structures reported as compac-
tional shear bands, which show cataclastic textures within them,
have orientations [6,12,14,15,18,47,48] that would require positive
dilatancy angles for the range of plausible initial frictional material
properties. Some of these bands have such low orientations to s1
that they would require positive dilatancy angles greater than 401
(Fig. 4). All considered theoretical and empirical orientation
models correlate well with these bands, as all models converge

Table 1
Orientations of deformation bands, α, with respect to field estimates of the maximum compression directions.

Location Measurements Material α [1] ψa [1] Observed deformation mechanism

Orange quarry, France 1 Sandstone 39 [13] �5 Cataclasis [13]
2 Sandstone 45 [13] �30 Cataclasis [46]

Subhercynian 1 Sandstone 29.3 32.8 Cataclasis, pressure solution [19]
Cretaceous 2 Sandstone 38.6 �3.3 Cataclasis, pressure solution [19]
Basin, Germany 3 Sandstone 38.7 �3.7 Cataclasis, pressure solution [19]

4 Sandstone 22.6 65.4 Cataclasis, pressure solution [19]
5 Sandstone 37.9 �0.5 Cataclasis, pressure solution [19]
6 Sandstone 22.7 64.7 Cataclasis, pressure solution [19]
7 Sandstone 24.16 56.1 Cataclasis, pressure solution [19]
8 Sandstone 29.2 33.2 Cataclasis, pressure solution [9]
9 Sandstone 35.9 7.2 Cataclasis, cementation [19]
10 Sandstone 42.5 �19 Cataclasis [19]
11 Sandstone 29.2 33.2 Cataclasis [19]
12 Sandstone 34.5 12.5 Cataclasis [19]
13 Sandstone 37 2.9 Cataclasis [19]
14 Sandstone 26.3 45.6 Cataclasis [19]
15 Sandstone 44.6 �28.2 Cataclasis [19]
16 Sandstone 27 42.5 Cataclasis [19]
17 Sandstone 32.1 21.7 Cataclasis [19]
18 Sandstone 39.7 �7.6 Cataclasis [19]

Freden pit, Germany 1 Sand 24 57 Grain boundary sliding [45]
2 Sand 35 10.6 Grain boundary sliding [45]
3 Sand 29.5 32 Grain boundary sliding [45]
4 Sand 30.5 28 Grain boundary sliding [45]
5 Sand 33.5 16.3 Grain boundary sliding [45]

a Dilatancy angles obtained from Eq. (1) for internal friction angles of 301.

Table 2
Compilation of deformation band orientations in sands and sandstones with respect to inferred maximum compression directions.

Fracture set described as: Location Material α [1] ψb [1] Deformation mechanism

O1 Compactional shear bands (Sets N1+S1) Orange quarry, France Sandstone 39 [13] �5 Cataclasis [12]
O2 Compactional shear bands (Sets N2+S2) Orange quarry, France Sandstone 45 [13] �30 Cataclasis [46]
VF1 Shear-enhanced compaction bands (Sets 2+3) Valley of Fire, NV, USA Sandstone 38 [14] �1 Minor cataclasis [14]
VF2 Shear-enhanced compaction bands (Sets 4+5) Valley of Fire, NV, USA Sandstone 50 [14] �58 Minor cataclasis [14]
VF3 Compactional Shear Bands (Set 7+8) Valley of Fire, NV, USA Sandstone 32 [14] 22 Strong cataclasis [14]
B Shear-enhanced compaction bands Boncavaï quarry, Uchaux, France Sandstone 43 [10] �21 Cataclasis [61]
BG Shear-enhanced compaction bands Buckskin Gulch, UT, USA Sandstone 36 [10,20] 6 Cataclasis [21]
GS1a Compactional shear bands Gosford Sandstone Sandstone 25 [15] 52 Cataclasis [15]
GS2a Compactional shear bands Gosford Sandstone Sandstone 35 [15] 11 Cataclasis [15]
GS3a Compactional shear bands Gosford Sandstone Sandstone 26 [15] 47 Cataclasis [14]
SJB Compactional shear bands San Juan Basin, NM, USA Sandstone 30 [18] 30 Cataclasis [18]
][CS1a Compaction bands Castlegate Sandstone Sandstone 54 [16] �68c none reported
CS2a Shear bands Castlegate Sandstone Sandstone 25 [16] 77 c none reported
CS3a Compaction bands Castlegate Sandstone Sandstone 47 [15] �27 c none reported
GB Compactional shear bands Gruinard Bay, Scotland Sandstone 26 [47] 47 none reported
SC1 Compactional shear bands Savage creek, CA, USA Sand 30 [12,48] 30 Cataclasis [62]
SC2 Dilation bands Savage creek, CA, USA Sand o 20 [12] 77 Dilation [12]
F Compactional shear bands Freden pit, Germany Sand 30.5 [45] 28 Grain boundary sliding [45]
GV Compactional shear bands Goblin Valley, UT Sandstone 25 [6] 52 Cataclasis [2]
SCB Compactional shear bands Subhercynian Cretaceous Basin, Germany Sandstone 33 [19] 19 Cataclasis [19]

a From laboratory experiments.
b Dilatancy angles obtained from Eq. (1) for internal friction angles of 301.
c Value derived with friction values reported by [16].
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for the midrange of positive dilatancy angles (ψE301). This shows
that sands and sandstones undergoing deformation with positive
dilatancy and friction angles can also develop localized compac-
tion in the form of cataclasis within the bands. This finding
highlights that this phenomenon is not unique to the geologic
setting and/or rock properties of the Entrada Sandstone in the
Goblin Valley area [6] and is consistent with studies of shear and
volumetric strains at the onset of shear band localization [11].

In particular, for the compactional shear bands near Goblin
Valley, sufficiently low confining pressures were invoked to cause

an initial positive dilatancy in the sandstones, and only after the
orientation of a band was determined, compaction within the
band was inferred to have occurred with grain cracking and the
observed cataclasis [6]. In addition, examination of shear band
localization based on the Drucker–Prager yield surface [11]
showed that porosity reduction in shear bands can be achieved
even with small positive dilatancy factors. Such a condition was
then interpreted to be met with increasing mean stress with both
friction and dilatancy coefficients becoming smaller and/or nega-
tive with ongoing deformation.

Evolving dilatancy and frictional properties of sands and sand-
stones during deformation not only affect each other but also could
have an effect on the shear band orientations. In order to explore the
shear band orientation as a function of dilatancy angle and to
compare the different orientation models, the angle of internal
friction was held constant in our analysis. Values used for the angle
of internal friction of undeformed sandstones are then interpreted to
reflect conditions during the onset of band localization. Changes of
the frictional properties with ongoing deformation, such as might be
associated with grain fracturing (softening) or interlocking (stiffen-
ing) do not modify the shape of the curves derived from Eqs. (1) and
(3) (Fig. 3a, Fig. 4) but only result in a shift along the horizontal axis.
Maintaining a constant orientation of the deformation band during
its growth then requires a corresponding change of the dilatancy
angle, where progressively increasing friction angles would require
decreasing dilatancy angles with ongoing deformation.

3. Shear strain within deformation bands during volumetric
deformation

Bolton [49] highlighted the mechanical significance of the
dilatancy angle by relating the Mohr circle for plane strain
increments to simultaneous normal and shear strain and geome-
trically derived it as the instantaneous angle of motion of two rigid
blocks of non-failing granular material relative to a uniformly
straining deformation zone that is bound by these two blocks
(Fig. 4a). In a similar fashion, Aydin et al. [7] mathematically
described deformation bands as a function of the elastoplastic

Fig. 4. Band angles to maximum compression shown as a function of the dilatancy
and friction angles, where positive dilatancy represents volume increase and
negative dilatancy volume decrease of the material.

Fig. 5. Block models of simulatanous simple and pure shear. (a) Two rigid blocks bound a uniformly straining deformation zone (ZZ). (b) Strain ellipses of progressive
deformation (combined pure and simple shear) adapted to show dilatancy angles and areas of lengthening (L) and shortening (S) across the structure.
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acoustic tensor. In their approach, the deformation band type was
defined by the angle spanned by the band normal vector (n) and
the unit eigenvector of the acoustic tensor (m) that describes the
instantaneous direction of the relative velocity jump of the two
rigid blocks (Fig. 5a).

The plane strain conditions assumed in our geometric config-
uration (Fig. 5a) require the deformation zone to coincide with the
lines of no extension [49] and thus have orientations to maximum
compression following the Roscoe relationship [e.g. [23]]. In
addition, the geometrical considerations refer to the instantaneous
response of the material at the onset of localization but a detailed
consideration of how the material behaves with ongoing deforma-
tion (e.g. changing dilatancy and frictional properties) is beyond
the scope of this study.

Following both of these models, an increase of the deformation
zone width, caused by a positive normal strain component relative
to the orientation of the zone, produces a positive local dilatancy
angle. Likewise, a decrease of the deformation zone width, caused
by a negative normal strain component relative to the deformation
zone, produces a negative local dilatancy angle. Applying this
geometry to a three dimensional volume of sandstone, where, for
the assumed plane strain conditions, no strain is taken to be
assumed in the third dimension, the dilatancy angle relates the
formation of a deformation zone to volumetric changes within the
deformed material. Positive values of the dilatancy angle would
then represent a local volumetric increase and negative values
would represent a local volume loss within the material [10,50,51].
Aydin et al. [7] relate this to the formation of types of deformation
bands and mechanisms, where positive scalar products of m·n are
found to correspond to dilational shear bands formed by dilational
plastic flow, and negative values are found to be associated with
compactional shear band formation by compactive plastic flow.

Localized strain during volumetric deformation as described by
combinations of local dilatancy and shear angles (Fig. 5b) can be
quantified by using the geometry and orientation of the finite
strain ellipse (Fig. 5b) of combined pure and simple shear, where
the shear angle, θ, is defined as the change in the angle between
pairs of lines that are initially perpendicular (Fig. 5b). Strain
ellipses highlight areas within the deformation band that are
affected by local lengthening, L, and/or local shortening, S,
separated by two axes of no normal strain (Fig. 5b). As apparent
from the geometric models, the strain expressed along the band-
normal vector (n) governs the type of band and its initial style of
volumetric change (dilation or compaction), also relating to the
size and position of areas of local shortening and lengthening of
the strain ellipse for the band.

In accord with the assumed plane strain conditions [49], pure
shear is only shown in the y-direction, while simple shear is only
shown in the x-direction. Strain ellipses for representative exam-
ples throughout the entire range of possible combinations of pure
and simple shear, reflecting dilatancy angles from ψ¼-90 to +901
(Fig. 5b), indicate that there are five main combinations of local
volumetric changes and strain ellipse geometries for deformation
bands.

Example 0 in Fig. 5b shows the unstrained geometric setup with
a unit circle centered at the location of the deformation zone.
Example 1 shows pure shear only where the bounding blocks of
the deformation zone moved toward each other (i.e., a compac-
tional normal strain), resulting in pure compaction, i.e. ψ¼�901;
θ¼01, and a strain ellipse displaying shortening in all directions
other than that parallel to the bounding blocks of the deformation
zone. This combination is representative for pure compaction
bands and corresponds to m·n¼�1 [7]. Example 2 depicts com-
pactional shearing as a combination of pure and simple shear with
volumetric decrease across the structure, i.e. ψo01, θ401. In this
regime, the strain ellipse shows areas of both lengthening and

shortening where shortening occurs perpendicular across the
deformation zone (Fig. 5b), a setup representative of compactive
shear bands that corresponds to �1om·no0 [7]. Example 3
shows simple shear only, with no volumetric changes, i.e. ψ¼01,
θ401. The strain ellipse is similar to that of Example 2 (Fig. 5b),
where shortening occurs perpendicular across the band. This
geometry is consistent with isochoric shearing, where there is
no overall volume change—as areas of shortening and lengthening
are equal—but compaction enhanced by the simple shear is found
perpendicular across the deformation zone. This configuration
corresponds to m � n¼ 0 [7]. Example 4 shows pure shear only
where deformation zone walls moved away from each other,
resulting in pure dilation, i.e. ψ¼901, θ¼01. The resulting strain
ellipse is lengthened in all directions other than that parallel to the
bounding blocks of the deformation zone. The geometric config-
uration is representative of dilation bands and corresponds to
m � n¼ 1 [7]. Example 5 (1) points out dilational shearing as a
combination of pure and simple shear with volumetric increase
across the deformation zone, i.e. ψ401, θ401. The strain ellipse
displays areas of shortening and lengthening, with lengthening
occurring perpendicular across the zone, representative of dila-
tional shear bands with 0om·no1 [7].

Example 5 (2) shows that the transition between dilational to
compactional shearing need not coincide with the transition
between lengthening and shortening across the deformation zone.
In fact, geometric configurations applicable to dilational shear
bands with 0om � no1 [7] show a shortening perpendicular
across the band (Fig. 5b). This implies that dilational shear bands
could potentially undergo compaction, enhanced by the shearing,
at the onset of their formation. Such initial shear-enhanced
compaction might be responsible for observed porosity reduction
across some shear bands (Fig. 2a, Fig. 4) also perhaps explaining
their low values of orientation to maximum compression.

As shown above, the transition between volumetric changes
from dilation to compaction occurs with a dilatancy angle of ψ¼01.
However, shear-enhanced compaction might occur for positive
local dilatancy angles with the transition from shortening to
lengthening across a deformation band being marked by an angle
between the axes of no length change within the strain ellipse
(Fig. 5b) at a value of 2φ′¼901, where φ′ represents the orientation
of the long axis of the strain ellipse. This transition is primarily
dependent on the amount of shear accommodated across the
structure and does not coincide with dilatancy angles of ψ¼01
(Fig. 5). From Fig. 5b it is apparent that dilatancy and shear angles
can be related to the shear strain, γ, as:

γ ¼ 1
1

tan θ� tan ψ
ð4Þ

Shear strain is related to the orientation of the deformation band
strain ellipse as [49]:

φ0 ¼ arctan
γ2 þ k2x�λmax

�kyγ

 !
ð5Þ

where kx and ky represent the stretches in x and y direction, and
λmax the eigenvalue of the long axis of the strain ellipse from the
two-dimensional deformation matrix [52].

We assumed a unit circle (r¼1) and no stretch in the y-
direction, and computed all possible strain ellipse orientations as
a function of the dilatancy angle for the range of possible shear
angles (Fig. 6). This computation allows the determination of the
range of combinations for which shear-enhanced compaction
might occur for positive local dilatancy angles. Within the bounds
of geometrically possible angle combinations (Fig. 6, dashed lines),
dilational shear, i.e. 01oψo901, with shortening across the dis-
continuity, i.e. 01r2φ′o901, occurs for a wide range of
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combinations of shear and dilatancy angles. All structures with
geometric properties plotting in the fourth quadrant of Fig. 6 show
shear-enhanced compaction in a material with positive local
dilatancy angles, suggesting this to potentially be a widely occur-
ring phenomenon in nature. Field measurements (Table 1) and
literature values (Table 2), for which shear amounts are known, are
supportive to the theoretical solution, plotting in the range of
dilational shear with shortening across the bands.

Results of this study show that the local shear strain during
progressive deformation, involving different combinations of pure
and simple shear, has a major impact on the geometry of the
resulting localized deformation. It is shown that the range of local
dilatancy angles, for which shortening across a deformation band
can be accommodated, can include positive values, allowing for
shear-enhanced compaction to potentially occur in dilational shear
bands. As a consequence, lower values than predictable with the
currently established models for orientations of compactive shear
bands could be possible. For the range of assumed boundary
conditions, shear angles of θ�451 and positive dilatancy angles,
bands can be inclined to s1 of as low as α¼251 as predicted by the
orientation models (Eqs. (1)–(3)).

4. Discussion and implications

Visualization (Fig. 5) and quantification (Fig. 6) of shear strain
at the onset of localized volumetric deformation across deforma-
tion bands by relating band geometry to the band-internal strain
ellipse show that deformation mechanisms accommodating short-
ening across a band in the form of shear-enhanced compaction are
consistent with a range of local dilatancy angles including positive
ones. Hence, observed fracturing mechanisms (e.g., cataclasis) are
not necessarily indicative of the initial kinematics of a deformation
band or of the initial local volumetric changes within the band. By
implication, an in-depth evaluation of simultaneous shear and
normal strain conditions in combination with considerations of
the influence of pore fluid and stress state effects could increase
the understanding of hydraulic properties of sandstones and sands
in extensional and compressional tectonic regimes and thus yield

further insight into the development of fluid migration pathways
in conventional reservoirs.

The onset of compaction localization is usually associated with
yielding—the transition between elastic to plastic deformation—of
the material, usually represented on an elliptical or tear drop
shaped yield envelope [e.g. [53]]. Yield envelopes, commonly
plotted in q–p diagrams with the parameters q and p related to
shear and mean stresses, are characterized by a positive slope at
lower mean stresses and a negative slope, referred to as a cap, at
higher mean stresses. Isochoric deformation occurs in the vicinity
of the inflection point of the yield curve depending on the details
of hardening modulus, stress state, and dilatancy factor. Deforma-
tion with local volumetric increases generally occurs where the
slope of the yield envelope is positive, while deformation with
local volumetric decreases occurs on the yield cap. Localization of
compactive shear bands is commonly predicted along the yield
cap [7,16,46,53–58]. This requires negative coefficients of friction,
which, in turn, predict deformation band orientations with respect
to s1 at high values, even throughout the range of positive
dilatancy factors (Fig. 3a). Observed compactive shear band
orientations also include much lower angles, which would require
positive friction and positive dilatancy angles (e.g. Table 2). Hence,
shear-enhanced compaction, and associated fracturing micro-
mechanisms (i.e., cataclasis), might also occur for conditions found
on the positive slopes of the yield envelope, in accord with some
previous work.

Further, many constitutive laws to characterize the localization
of geologic structures assume associated flow, which is generally
defined as having equal friction and dilatancy angles [11] and
assuming plastic strain to be approximately normal to the yield
surface [27]. In the general case, however, the wide range of
possible dilatancy and friction angles (Fig. 4) and the likelihood of
a given set of these parameters changing with ongoing deforma-
tion indicates that deformation band formation in nature is likely
to correspond to non-associated flow. This becomes quite apparent
when considering the case where the orientation of deformation
bands is locked in at the onset of band formation and stays
constant throughout deformation [6]. Strain accumulation within
the bands leads to grain fracturing and grain interlocking, hard-
ening and strengthening the initially softer material with ongoing
deformation. Such strengthening (increasing friction angle) would
then require a decreasing dilatancy angle to maintain a constant
band orientation (Fig. 3a, 4).

Under this scenario, cataclastic deformation bands with low
angles to maximum compression then might have initially formed
under positive local dilatancy and friction, which then could have
evolved to negative dilatancy angles with ongoing deformation,
causing grain crushing and attendant strain hardening during an
advanced stage of the deformation. However, our work shows that
for certain combinations of shear and positive dilatancy and friction
angles, shear-enhanced compaction is also possible at the onset of
the band formation. This then becomes important when considering
yield cap models for deformation of soils and porous rock and plays
a role in the interpretation of deformation band orientations.

An inference from this study that deformation mechanisms,
such as cataclasis, may not be indicative of the initial deformation
band kinematics and deformation mechanisms is important when
interpreting results obtained from simple band orientation rela-
tionships such as those investigated in this paper. The onset of
shear-enhanced compaction, for example, depends on the shear
distribution during progressive deformation and can also occur
during net extension of materials. Similar tendencies are reported
for rock fabrics in rift zones, where large-scale regional extension
is accompanied by small-scale shortening, evident by both folds
and thrust faults [59], as well as for foliations in shear zones
undergoing volumetric losses [60].

Fig. 6. Total range of orientations of strain ellipses within deformation bands as a
function of volumetric changes during deformation (Eq. (4) and (5)). If strain ellipse
orientation is 2φ′o901, shortening across a band occurs. Note that shortening
occurs for a wide range of positive dilatancy angles.
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5. Conclusions

Orientations of different types of deformation bands with respect
to maximum compression reveal that a large number of bands,
observed to be compactional shear bands that display cataclasis
across them, are predicted to form in materials with initial positive
dilatancy angles (volume increase) when following several widely
accepted relationships of optimum shear band orientations under
volumetric deformation. Examination of the range of dilatancy angles
for which shortening across the deformation band is possible high-
lights that observed cataclastic deformation within bands might also
be caused by shear-enhanced compaction at the onset of the
formation of dilational shear bands. This highlights that deformation
micro-mechanisms thought responsible for the localization of com-
pactional shear bands (e.g., cataclasis) can occur for positive dilatancy
angles at the onset of deformation, and, hence is not indicative for an
overall volumetric decrease of a granular material. This implies that
compactive shear bands should also be found on the positive slopes
of the yield envelope and that, assuming more or less constant band
orientation during deformation, deformation band formation should
follow a non-associated flow law. These findings can not only
account for the apparent discrepancy of theoretical and observed
shear band orientations but also bring detailed insights into fracture
geometry development during volumetric deformation.
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