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[1] Fractures or discontinuities perpendicular to the least stress s3 were generated in
a synthetic rock analogue (granular, frictional, cohesive, and dilatant) material in
axisymmetric extension tests. These fractures are of two types defined by the mean
stress s. When s is very small, the fractures form through the mode I cracking at tensile
s3 equal to the material tensile strength. The fracture walls have smooth surfaces.
At higher s, these surfaces become rougher, with the topography features forming faint
or delicate plumose patterns. The amplitude of the plumose topography increases with s.
The axial stress s3 at fracturing reduces in magnitude and changes in sign with the
s increase. Thus s3 orthogonal discontinuities can form at compressive s3. SEM
observations show that these discontinuities are deformation localization bands where the
material is characterized by the heterogeneous decohesion and volume and porosity
increase due to dilatancy. The band thickness is several grain sizes. At formation, the
bands are not opened, so they are not mode I fractures. They become fractures with
plumose fractography after the separation of the sample parts along the band. The
formation mechanism of these discontinuities or fractures is not completely clear, but it is
suggested that it represents a running constitutive instability in the form of dilatancy
banding (with further s increase the bands become inclined to s1, i.e., shear).
The similarity between the experimentally generated plumose surface fractures and
natural joints is discussed, and it is suggested that they can be formed as propagating
constitutive instabilities.

Citation: Chemenda, A. I., S.‐H. Nguyen, J.‐P. Petit, and J. Ambre (2011), Mode I cracking versus dilatancy banding:
Experimental constraints on the mechanisms of extension fracturing, J. Geophys. Res., 116, B04401, doi:10.1029/2010JB008104.

1. Introduction

[2] The mechanism of quasi‐brittle fracture/rupture remains
one of the central problems in different domains of material
science/mechanics including geomechanics. There are basi-
cally two approaches to this problem. The most developed
one is the fracture mechanics based on the Griffith energy
balance criterion that defines the stability condition of the
preexisting crack (Griffith flaw) [e.g., Lawn, 1993]. This
theory allows the stability criterion to be expressed in terms
of one parameter (the stress intensity factor or energy release
rate or J integral) as long as the size of the near crack tip
yield/process zone (PZ) is small compared to other geo-
metric dimensions of the problem. In many applications this
condition is not met. The growing fracture advances into
previously inelastically strained (hence hardened or soft-

ened) areas. This affects the fracture behavior and makes it
essential to consider the true incremental and path‐dependent
nature of inelastic stress‐strain relations [McClintock and
Irwin, 1965; Rice, 1968].
[3] Usually, the inelastic response is only taken into account

through the use of fracture energy. This energy (which is
equivalent to but very different from a surface energy) is
calculated from the nominal stress‐strain curves measured
experimentally [e.g., Hillerborg et al., 1976; Petersson,
1981; Wong, 1982; Bažant and Planas, 1998]. Although this
approach provides more realistic results than linear elastic
fracture mechanics (LEFM) [e.g., Bažant and Planas, 1998],
the fracture energy is not a material constant any longer
and strongly depends on the geometry (including size) of
the structure or specimen and the entire loading path. This
induces uncertainties related notably to the scaling problem
[e.g., Bažant and Planas, 1998; Van Mier, 1997].
[4] Another view of the failure of materials different from

fracture mechanics is the formation of deformation locali-
zation bands, whose onset in quasi‐brittle rocks can be con-
sidered as corresponding to the inception of rupture. The
mechanism of this phenomenon is not totally understood.
The most pertinent and developed concept is a constitutive
(or material) instability resulting in the deformation bifur-
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cation and formation of localization bands [Rice, 1973,
1976; Rudnicki and Rice, 1975]. The instability can result
from the continuous or discontinuous evolution of the hard-
ening modulus with deformation. The latter leads to the for-
mation of the localization band networks with the material
outside the bands undergoing elastic unloading [Chemenda,
2007, 2009]. The bifurcation approach is supposed to pre-
dict the inception of rupture in a “natural way” as a result
of progressive material damage/microfracturing, which is
itself described in terms of the evolution (whether smooth
or not) of macroconstitutive parameters.
[5] Rock mechanics tests generally seem to confirm the

results of bifurcation analysis (see Vardoulakis and Sulem
[1995] and Bésuelle and Rudnicki [2004] for a review).
This approach provides a useful framework for analyzing
the initiation of macrofailure in geomaterials but gives no
indication on the evolution of this process toward large
inelastic deformation. At such deformation, the localization
bands appear as propagating (crack‐like) features [e.g.,
Reches and Lockner, 1994]. This suggests some analogy
with fracture mechanics and the need to extend the
deformation localization theory beyond bifurcation analy-
sis toward the connection with crack‐type fracture
mechanics. It is not quite clear as yet how to provide such
a connection.
[6] The above schematic presentation of the state of the

art of mechanics of quasi‐brittle rupture shows difficulties
encountered by both end‐member approaches in which
fracture/rupture is viewed correspondingly as a propagating
crack or resulting from a material instability. The most
difficult and probably most important area for applications
is a transition between these two. In spite of a large amount
of enlightening experimental results on rocks and other
materials with similar properties (soils, cements, ceramics,
glass, ice), some of which are cited in this paper, there still
remains a critical lack of sufficiently precise and detailed
experimental information (including mechanical, micro-
structural, and fractographic data) necessary for deeper
understanding of the rupture processes.
[7] With the presented problems in mind, we report in

this paper the results from the axisymmetric extension tests
on an “ideal” synthetic granular, frictional, cohesive, and
dilatant physical rock analogue material GRAM1 [Nguyen
et al., 2011]. We concentrate on this loading configuration
because it provides the most direct and easiest way for
generation of extension (other terms are tension and tensile)
fractures, which are the most frequent in different materials
and above all in geological structures, where they are called
joints [e.g., Pollard and Aydin, 1988; Mandl, 2005].
[8] After concise presentation of the GRAM1 material

and experimental techniques (described in detail by Nguyen
et al. [2011]), we focus in this paper on the conditions of
formation, fractography, and microstructure (scanning elec-
tron microscope (SEM) observations) of the extension frac-
tures generated in GRAM1 experiments. On the basis of
these data we discuss the fracturing mechanism and argue
that it changes with the mean stress s from mode I (opening
mode) cracking to running constitutive instability in the
form of dilatancy banding. This seems to correspond to the
transition between the two end‐member rupture mechanisms
indicated above. We then discuss the origin of the geolog-

ical joints and argue that they can be formed (initiated) as
dilatancy bands.

2. GRAM1 Material and Experimental Procedure

2.1. GRAM1

[9] Granular Rock Analogue Material 1 (GRAM1) sam-
ples are fabricated from a finely ground powder of TiO2

with the average grain size of ∼0.3 mm. The powder is
subjected to the hydrostatic pressure of P fabr = 2 MPa at
which the grains are bonded one to another. An extensive
program of GRAM1 stress‐strain measurements in axisym-
metric compression and extension tests at different confin-
ing pressures P below P fabr show that this material has
frictional, cohesive, and dilatant properties very similar to
those of hard rocks [Nguyen et al., 2011]. GRAM1 produces
the same macrofailure features as rocks, from very brittle
splitting to shear fractures/bands and compaction bands
with P increase, but is about 2 orders of magnitude less
strong and less rigid than rocks. Therefore in describing
GRAM1 properties and their comparison with rock proper-
ties, it is convenient to use dimensionless values of param-
eters having dimensions of stress. These parameters can be
normalized by the uniaxial compression strength sc, which
for GRAM1 is sc = 0.57 MPa. Below we will use both
normalized and absolute parameter values.
[10] As for rocks, the GRAM1 elastic properties are almost

independent from the loading conditions, while inelastic
response, especially at high P, depends on these conditions.
The normalized confining pressure ~P = P/sc and mean stress
~� = s/sc at the onset of brittle‐ductile transition in GRAM1
under extension (here and below we omit the word “axi-
symmetric”) are ~Pbdt = 2.3 and ~�bdt = 1.7. For Solnhofen
limestone, sc ≈ 0.34 GPa and sbdt under extension is sbdt =
0.56 GPa [Heard, 1960], and hence ~�bdt = 1.6, which is very
close to the above GRAM1 value. For GRAM1, ~�bdt under
compression is 1.7 times smaller than under extension. For
Solnhofen limestone the difference is 2 times, which is again
rather close to the GRAM1 data.
[11] At low ~P (in brittle regime) the internal friction

coefficient a defined as a = ∂� pk/∂s can be considered
constant and the same for compression and extension con-
ditions (� pk is the peak Mises stress corresponding to the
failure envelope). On the contrary, the cohesion k under
compression is considerably larger than under extension.
The dilatancy factor b reduces with P for both loading con-
figurations, but under extension it is larger than under com-
pression for the same ~�.
[12] The GRAM1 Young’s modulus is E = 6.65 × 108 Pa,

the Poisson’s ratio is n = 0.25, the internal friction coeffi-
cient is a ≈ 0.6, the dilatancy factor b for extension
conditions varies from 0.4 at P = 0.4 MPa (~P = 0.7) to −0.2
at P = 1.3 MPa (~P = 2.3) corresponding to the brittle
ductile transition, the porosity is 57%, and the density is
1723 kg/m3 (its variation from sample to sample does not
exceed 1.2%).

2.2. Experimental Procedure

[13] We resume here a detailed description of the work
of Nguyen et al. [2011]. The tested samples were first
hydrostatically loaded to pressure P and then unloaded in
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the axial direction at P = const. The unloading was stopped
at a certain deformation stage after the failure onset or just at
the onset, which was detected by the stress jump on the
stress‐strain curves. After the test was stopped, the samples
were unloaded following one of the two paths (Figure 1) in
order to investigate a possible influence of unloading con-
ditions on the fractography and microstructure. In the case
of path 1, the fractured sample was first vertically loaded to
the initial hydrostatic state and then was unloaded hydro-
statically to P = 0. Path 2 was applied in the tests where the
final axial stress sax

pk was either tensile or slightly com-
pressive. In the latter case, sax

pk was kept constant and P was
reduced to the value of this stress. Then complete unload-
ing was done hydrostatically. When sax

pk was tensile, it was
increased to slightly positive (compressive) value and main-
tained constant during P reduction to this value. Complete
unloading was done hydrostatically.
[14] Both cylindrical and dog bone–type samples were

used [Nguyen et al., 2011]. The dog bone–samples were
used in the tests where the tensile axial stress was required
(i.e., in low P tests).

3. Results

[15] Below we present results of (1) mechanical response
of the material during fracturing using stress‐strain curves,
(2) fracture surface topography (fractography), and (3) micro-
structure of the rupture zones (SEM data). Most of the tests
used were reported by Nguyen et al. [2011] and conducted
according to loading path 1 in Figure 1. In this paper we add
data from six more tests (Table 1) conducted with paths 1
and 2.

3.1. Fracture Conditions, Orientation,
and Fractography

[16] Figure 2 shows examples of samples fractured in
extension tests at different P. As is shown in Figures 2
and 3, the angle y between s1 and the fractures strongly
depends on P or s (s1 > s2 > s3 are the principal stresses;
the compressive stress is positive). At P < 0.7 MPa (s <
0.48 MPa; ~� < 0.84) the fractures are perpendicular to the
axial stress (y = 0°). Their formation is accompanied by
acoustic emissions (sharp snapping noises) evidencing the
dynamic brittle failure of the material. The dynamic char-
acter of failure can also be deduced from the stress‐strain
curves in Figure 4, showing the stress jump after reaching

the minimal axial stress. Figure 4 shows also that the
“brittleness” of the material response at fracturing reduces
with P increase.
[17] After extracting the unloaded sample from the pres-

sure cell and the jacket, the fracture appears at the sample
surface as a hardly visible, very thin discontinuity.
Manual separation of the sample parts along the discon-
tinuity reveals its surfaces/walls. The surfaces of s3 orthogonal
discontinuities/fractures exhibit faint and delicate ridges and
troughs forming a plumose topography complicated with
steps (Figures 5 and 6) appearing at relatively high pressures
(Figures 5d–5f and Figure 6). This small‐scale topography
becomes less expressed with P reduction and disappears
completely at P < ∼0.2 MPa (s < 0.11 MPa; ~� < 0.2)
(Figures 5a and 5b).
[18] Figure 7a shows a fracture surface with two distinct

parts, one smooth and the other decorated with a plumose
pattern. This fracture was created in two stages. The first one
was the same as in the above experiments: The sample was
subjected to axial extension at P = 0.6 MPa. After unload-
ing, the surface of the fractured sample showed a trace/
discontinuity that did not cut through the whole sample.
Then the sample parts were separated manually in an approx-
imately axial direction, which resulted in the fracture sur-
face shown in Figure 7a. The part of this surface with a
plumose feature corresponds to the discontinuity seen at the
sample surface after unloading, and the smooth part was
formed during the manual extension at P = 0 due to the
fracture propagation from the discontinuity front.
[19] The axial stress s ax

pk = s 3
pk (stress peak/extremum) at

s3 orthogonal fracturing reduces with P reduction from
positive values (compression) at 0.6 < P < 0.7 MPa to
negative values at P < 0.6 MPa and reaches almost sta-
tionary value s ax

pk = −st at P < 0.2–0.4 MPa (Figure 3); st =
0.07 MPa is the GRAM1 tensile strength. At P > 0.7 MPa,
the fractures become inclined to s1, with the inclination
angle y growing with P (Figure 3; see Nguyen et al. [2011]
for more data on variation of y with s).

3.2. Microstructure

[20] The most intriguing result is that the s3 orthogonal
discontinuities can be formed at small (much lower in
magnitude than st) tensile and even at compressive s3 = sax

pk.
In the latter case (at P ≥ 0.6 MPa), these discontinuities
(failure features) do not open at formation, but they open
if axial extension of the sample continues after fracturing.
To access the structure of these discontinuities before open-
ing, we conducted tests at P ≥ 0.6 MPa where extension
was stopped just after or at reaching the stress extremum sax

pk

Figure 1. Loading paths applied in the presented tests:
path 1, 0–1–2–3–4–0; path 2, 0–1–2–3–0.

Table 1. Mechanical Data From GRAM1 Extension Tests
Conducted With Different Loading Paths

Test
P = s1 = s2

(MPa)
s3
pk = sax

pk

(MPa)
spk

(MPa)
Loading
Path

Ex‐151 0.65 0.019 0.440 1
Ex‐81a 0.65 0.006 0.435 1
Ex_JA_9 0.6 0.015 0.405 2
Ex_JA_10 0.6 −0.002 0.399 2
Ex_JA_11 0.6 0.001 0.400 2
Ex‐JA_13 0.6 0.008 0.403 2
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(the minimum of sax), after which the sample was unloaded
following either path 1 or 2 in Figure 1.
[21] After the removal of the jacket from the unloaded

sample, a PVC tube was put around the sample (the internal
diameter of the tube is somewhat larger than that of the
sample). The space between the sample and the tube was
filled with a low‐viscosity epoxy resin which penetrated

the pores both inside and outside the band. After the poly-
merization (solidification) of the resin, the sample was cut
perpendicularly to the band and the section was carefully
polished before observation. Figures 8c and 8d show the
SEM images of such sections from two samples fractured
at P = 0.6 MPa and unloaded following the different paths.
The displayed structures were observed in many images of
different parts of the band and cannot be induced by cutting/
polishing procedures. At SEM scale, the discontinuities in

Figure 2. GRAM1 samples fractured in extension tests at different P: (a) test Ex–150; (b) test Ex–157;
(c) test Ex–48; and (d) test Ex–a1 [from Nguyen et al., 2011].

Figure 3. Axial stress peaks sax
pk = s3

pk and their normalized
values ~�3

pk versus P = s1 and s. Numerals I, II, and III are
the domains of mode I fracturing (no plumose fractography),
dilatancy banding (plumose fractography), and shear band-
ing, respectively.

Figure 4. Axial stress sax versus axial strain "ax in the vicin-
ity of the fracturing or rupture point (sax

pk) for different P
indicated on the graph in MPa. P = 0.4 MPa (Ex–160);
P = 0.5 MPa (Ex–157); P = 0.6 MPa (Ex_JA_10, Table 1);
P = 0.65 MPa (Ex–151, Table 1); P = 0.7 MPa (Ex–58). All
tests except Ex_JA_10 and Ex‐151 are from Nguyen et al.
[2011].
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both cases represent nonplanar, several‐grain‐thick bands of
heterogeneously damaged material. The bands consist of
voids of different shapes and sizes, zones of loose grains
indicating decompaction/dilatancy, and bridges of appar-
ently intact material. There is clearly neither an along‐band
progressive/monotonous evolution of the deformation/damage
nor a progressive separation of the band (future fracture)
walls. Above grain scale, there is no separation at all. The
material within the band underwent partial heterogeneous
decohesion and dilatancy defined by Reynolds [1885] as an
inelastic volume/porosity increase of the material caused by
its deformation (the inelastic volumetric and shear deforma-
tions are proportional, with the dilatancy factor b being the
coefficient of proportionality). Dilatancy therefore defines a
deformation and not a displacement/opening. Thus the defor-
mation bands obtained in our experiments are dilatancy
bands (because of the above definition, we use the term
dilatancy instead of dilation). The micromechanism of defor-
mation within the bands cannot be read directly from the
SEM images, but the grain separation is obvious. Because of
the nonplanar geometry of the bands at this scale, micro-
shearing accommodated by grain sliding, translation and
rotation is certainly present as well. All are distributed in

Figure 5. Surfaces of the s3 orthogonal fractures generated at different P: (a) test Ex–0; (b) test Ex–170;
(c) test Ex–134; (d) test Ex–124; (e) test Ex–140; and (f) Ex–81a. AA′ in Figure 5f indicates the section
shown on Figure 6.

Figure 6. Close‐up of a part of the fracture surface oppo-
site to that shown in Figure 5f and the corresponding
orthogonal section of the whole sample width (4 cm) along
AA′. As in Figure 5f, one can see the steps between quasi‐
parallel segments of the fracture surface, which are practi-
cally orthogonal to the sample borders (seen on the section)
and axis and hence to s3.
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a complex manner in three dimensions and result in the
volume/porosity increase.
[22] As far as the fractures formed at tensile s ax

pk are
concerned, their pristine (prior to opening) microstructure
cannot be preserved with the used “multiple‐freedom‐
degree” upper platen of the loading device located between
the upper end of the sample and the load frame (piston). It
is designed so as to avoid/reduce the possible deviation of
the sample stress‐state from the axial symmetry that can
occur during the deformation. The platen element in contact
with the sample is not fixed to the load frame in a rigid
manner [Nguyen et al., 2011, Figure 3b]. This allows the
rebound (rapid uplift) of the part of the sample located
above the fracture during dynamic rupture, which results
in the fracture opening. This effect is seen in the graphs
in Figure 4. When s ax

pk < 0, the rupture is followed not only
by the ∣sax∣ drop but also by an abrupt increase in ∣"ax∣
due to the fracture opening. When s ax

pk > 0 (i.e., at P ≥
0.6 MPa), the rebound is impossible. To remove this
effect in the tests with tensile s ax

pk, the upper platen should
be fixed to the piston in a rigid manner, but in this case
the stress‐strain state of the sample will be less uniform.
Thus we do not have direct access to the microstructure of
the fractures formed at s ax

pk < 0, but we can observe their
fractography, which bears important information about the
fracture process.

4. Discussion of Possible Formation Mechanisms
of the Obtained Fractures

[23] It is logical to suppose that the two revealed fracto-
graphic types of s3 orthogonal fractures correspond to dif-
ferent formation mechanisms.

4.1. Smooth‐Surface Fractures

[24] According to Figure 3, the failure condition for this
fracture type is s3 ≈ −st and it does not seem to depend on
the two other principal stresses (domain I in Figure 3),

which suggests a mode I mechanism. This conclusion agrees
with the Griffith [1924] theory (different from the theory
of the same author discussed in section 1), which considers
that the fracture occurs when the tensile stress along the
boundaries of representative (for this material) randomly
oriented microcracks reaches a certain critical value stip (this
value defines the macrotensile strength st). The orientation
of the resulting macrofracture is defined by the orientation y
of a “favorable” microcrack for which stip is maximal for a
given stress state (y is defined in the far‐field principal
stress coordinates). Griffith obtained that at s1 < 3st, y = 0,
i.e., that the favorable microcrack is orthogonal to the tensile
s3 and propagates in its own plane, hence in mode I. This
agrees well with our experiments where the smooth‐surface
fractures were generated only at s1 < 0.2 MPa ≈ 3st (st =
0.07 MPa).

4.2. Plumose‐Surface Fractures

[25] At s1 > 3st (equivalent in our experiments to s3 >
−st and corresponding to P > 0.2 MPa, Figure 3), the
favorable microfractures become oblique [Griffith, 1924].
They should therefore accommodate shear displacement,
“activate” internal friction and complex interaction of dif-
ferent microcracks whether favorable or not. Failure of
material in these conditions can no longer be considered
as a propagation of a single/isolated crack but should be
addressed in terms of a theory describing the collective
behavior of microfractures, voids, and grains. Plasticity the-
ory is of this type.
[26] This general reasoning (which is not new at all)

finds clear confirmation in our results. There is as yet no
clear understanding of how the interaction of the above
small‐scale processes produces macrofailure, but we see
the result of this process: It is a narrow dilatancy band with
the internal structure bearing traces of all the processes
described above (Figures 8c and 8d). Although dilatant, the
band is initially closed and, moreover, can be formed under
compressive stress perpendicular to the band. Therefore it is

Figure 7. Fracture surfaces consisting of two parts, smooth and with plumose. (a) Fracture generated
in two steps in GRAM1 sample (test Ex–75). The first step is dilatancy banding in the extension test
at P = 0.6 MPa, resulting in the formation of the plumose bearing part of the surface. The second step
is a manual subaxial extension of the sample at P = 0, resulting in the formation of the smooth part of
the surface. (b) A joint surface in the Permian pelites of the Lodève basin (southern France).
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not really a fracture (in the sense that there are
no distinctive/clear cut fracture walls). After its opening,
no direct traces of the band remain (except maybe some
undetectable amount of the powder shed on the table) whose
thickness in GRAM1 does not exceed a few microns. The
indirect trace of the band is the plumose relief of its bound-
aries (fracture walls), which is defined by the material deco-
hesion pattern (apart from the plumose features there is no
apparent difference between the fractures of both types at
sample scale).
[27] The plumose patterns (presence of the initiation

points and the diverging network of delicate ridges and
grooves stemming from them) provide some information
about the band/fracture kinematics and dynamics abundantly
discussed in literature (notably geological in application to
the joints) [e.g., Bahat, 1991]. These patterns show in par-

ticular that the band is a s3 orthogonal propagating feature
(the propagation/failure is dynamic as indicated above). This
would suggest the mode I type crack mechanism, but this is
false, as the band was not opened at formation. The most
likely mechanism is a kind of constitutive instability similar
to that analyzed by Bigoni and Hueckel [1991], Ottosen and
Runesson [1991], Perrin and Leblond [1993], and Issen and
Rudnicki [2000] and resulting in formation of s3 orthogonal
localization (splitting or dilation) bands. In the theoretical
bifurcation analysis, the localization bands are assumed to be
initiated throughout the whole body, independent of whether
it is infinite [Rudnicki and Rice, 1975] or finite [Chemenda,
2007]. Such an idealization is imposed by the mathematical
complexity in analyzing more complex/adequate deforma-
tion patterns, and in any case the analysis applies only to the
onset of localization banding when the inelastic deformation

Figure 8. (c and d) Scanning electron microscope (SEM) images of the dilatancy bands and (e and f)
optical views of the plumose surfaces formed at P = 0.6 MPa in GRAM1 samples unloaded along differ-
ent paths. (a) General view of the fractured sample and aspect of the band/fracture. (b) SEM image of the
intact (undeformed) GRAM1 material. The scale indicated in Figure 8c is the same for all SEM images.
At this scale, the dilatancy bands are formed by an alignment of voids (V), loose grain zones (LG) where
the decompacted grains are surrounded by the resin (blurred grey background around the grains), and by
zones (bridges, B) of apparently intact material as is shown in Figure 8c. The band thickness is several
grain diameters. Figure 8c shows test Ex‐156 (path 1); Figure 8d shows test Ex_JA_13 (path 2); Figure 8e
shows test Ex‐123 (path 1); and Figure 8f shows test Ex_JA_11 (path 2).
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(damage) is infinitesimal. What we are normally able to
observe in the laboratory experiments is the result of post-
bifurcation evolution of deformation when it was finite and
not homogeneous. This deformation can be modeled in
dynamic numerical models. Such models [Chemenda, 2007,
2009] confirm on the one hand the predictions of the
bifurcation theory regarding the conditions of the bifurcation
onset, orientation, and average spacing of the bands. On the
other hand, they show that the deformation bands are not
continuous even at the onset in the homogeneous stress‐
strain field and that they can propagate with the increase in
deformation similar to cracks [Chemenda, 2011].
[28] What suggests to us that this approach based on the

plasticity theory is adequate to tackle the problem of mate-
rial failure though the dilatancy banding that appears as a
running constitutive instability? There are three arguments:
(1) The failure criterion for GRAM1 at P > 0.2 MPa
(including at 0.2 < P < 0.7 MPa when the plumose‐bearing,
s3 orthogonal macrofailure structures/dilatancy bands are
generated) depends on all stresses (domains II and III in
Figure 3). (2) The thickness of the obtained dilatancy bands
(several grain sizes) is approximately the same as for other
better understood types of localization bands (shear and
compaction) whose formation is usually analyzed within the
frame of plasticity and bifurcation theories (see Vardoulakis
and Sulem [1995] and Bésuelle and Rudnicki [2004] for
a review). (3) The importance of the dilatancy property and
its impact on the band orientation which in rock experi-
ments is qualitatively the same as that predicted from the
deformation bifurcation theory: y increases with reduction
of the dilatancy factor (increase in P) [e.g., Wong et al.,
1997; Bésuelle, 2001; Sulem and Ouffroukh, 2006]. Quanti-
tatively, however, the predictions are known to be different
(sometimes considerably so) from the experimental data.
This is also true for our data: The b value for GRAM1 does
not exceed 0.5 [Nguyen et al., 2011], whereas the continu-
ous bifurcation analysis [Issen and Rudnicki, 2000] predicts
that for the dilatancy banding to occur, b should be more
than 1.2. This may suggest that the used simple/general two‐
invariant Drucker‐Prager constitutive formulation with
stress independent constitutive parameters and/or the above
continuous bifurcation analysis are not completely ade-
quate. In any event, there is no other theory predicting (at
least qualitatively) the variation of y with b or s. The
classical fracture mechanics including its basic/elementary
part, LEFM even does not include such important rock
property as dilatancy. According to this theory, the fracture
tends to be orthogonal to s3 whatever the other stress values
and their ratios or the material properties such as internal
friction and dilatancy. This clearly does not correspond to
the presented (and many other) experimental data except for
the opening mode fractures with smooth surfaces forming at
very low s as indicated above.

4.3. What Determines the Roughening of the Fracture
Surface and the Change of the Fracture Mechanism
With Increasing s?
[29] This change in the relief of s3 orthogonal fractures

very clearly demonstrated in the presented experiments
(Figures 5 and 7a) also contains important information on
the mechanics of the failure process. It is not clear yet how
to decode it, but it appears certain that this process and

the resulting plumose relief are related to the regime of
the constitutive instability. As shown by both theoretical
and numerical analyses by Chemenda [2007, 2009], this
instability can result in different thicknesses and shapes
of the localization bands depending on the stress‐state and
constitutive parameters and first of all on the hardening
modulus h and b [Chemenda, 2009] (a can be considered
constant in the brittle domain as indicated above). The bands
can have linear or zigzag shapes with different wavelength
and amplitude depending again on the parameters and in
particular on b. This parameter is not only strongly pressure
dependent (which may be a cause of the pressure depen-
dence of the obtained results/fractography). It also varies
with the accumulated inelastic deformation � p (initially
large, positive b reduces with � p as both rock mechanics
[Sulem and Ouffroukh, 2006] and GRAM 1 [Nguyen et al.,
2011] data show). The dynamics of dilatancy banding
should be related to the evolution of b and other constitutive
parameters with � p. Understanding this relation requires
further combined experimental, theoretical, and numerical
investigations.
[30] It is important that neither fractographic patterns

nor dilatancy band microstructures depend on the loading
or unloading path of the sample after its rupture (Figure 8).
In the case of path 1 (Figure 1) the damaged material within
the band is subjected first to axial compression before
hydrostatic unloading. This compression does not induce
further damage/inelastic deformation within the band, as it
results in the reduction of the deviatoric stress and hence
in the shift of the stress state from the yield/failure sur-
face (where it was at the moment of rupture) inside this
surface (toward the hydrostatic axis) where only elastic
(reversible) response is possible. In the path 2, the stress
state approaches the hydrostatic axis due to the reduction of
P at constant sax, but the result is the same: no inelastic
deformation.

5. Comparison With Geological Joints

[31] The fractures of the second type (dilatancy bands)
obtained in the presented experiments are very similar to
geological joints. The similarity is expressed first of all
in the plumose topography (Figures 5, 6, 7a, and 10) and
the orientation of experimental and geological joints (both
are orthogonal to s3). This similarity suggests that the nat-
ural joints with plumose fractography have been initiated
as dilatancy bands and not as mode I fractures as is com-
monly considered in geological literature [e.g., Pollard and
Aydin, 1988]. Such a hypothesis could have more weight if
it could be proved that the relief of joints formed in natural
conditions shows the same sensitivity to s as was demon-
strated in GRAM1 experiments. Finding direct proof is
difficult, as we do not know the exact conditions in which a
given natural fracture has been generated. Indirect evidence
is given in Figure 7, which shows surfaces of natural and
experimental joints having two distinct parts. We know the
origin (described above) of these parts in GRAM1 samples.
It suggests the following formation scenario for the natural
joint in Figure 7b: The plumose‐bearing part of this joint
may have formed through the dilatancy banding at depth
(at high s) and the smooth part may have resulted from
mode I crack propagation during late stages of exhumation
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or even after it at low s. A similar double‐part geological
joint surface is presented by Bahat et al. [2005, Figure 6.1,
p. 462]. Such features should be common in nature, but
the periphery of the joint front is rarely accessible for
observation.
[32] Research of the hitherto never described dilatancy

band structure in natural joints certainly needs specific
observations. It must be impeded by the very common aper-
ture of joints and subsequent diagenesis (especially in car-

bonates) which transform the internal structure. Figure 9d
shows a SEM image of a joint‐parallel discontinuity (incip-
ient joint) in Figure 9c from densely jointed Jurassic
dolomicrites (fine‐grained carbonate rock) of Languedoc
(Figure 9b) (see Chemenda et al. [2011] for more details).
Decohesion with porosity increase revealed by this image is
similar to what is observed in GRAM 1 (Figures 8c and 8d),
strongly suggesting a dilatancy band structure. Its preser-
vation is probably made possible by the limited dissolution/

Figure 9. Natural dilatancy bands. (a) Aspect of plumose features on an open joint. (b) Outcrop in the
densely jointed dolomicrites (“cubic dolomite”) of the tabular Hettangian layers of the Larzac Plateau
boarder (southern France). (c) Aspect of the trace (on a sawn and polished surface) of a fine discontinuity
parallel to bed perpendicular joints with plumose marks. (d) SEM image (backscattered electrons micro-
graphy) of the discontinuity showing the band with voids, loose grains and increased (compared to the
host rock) porosity. (e) Dilation (disaggregation) band from Nubian sandstone, Tayiba Red Beds, Sinai
[from Fossen et al., 2007]. The band thickness is several grain diameters.

Figure 10. Plumose features on bed perpendicular natural joint surfaces. (a) In the Devonian sandstone
of Ithaca Formation, Watkins Glen, New York. Scale bar is about 30 cm [Savalli and Engelder, 2005].
(b) In the Permian red pelites, Salagou Dam, the Lodève basin, Languedoc, southern France.

CHEMENDA ET AL.: MODE I CRACKING VERSUS DILATANCY BANDING B04401B04401

9 of 13



precipitation process of dolomite mineral, unlike calcite
carbonate rocks where dissolution/precipitation may quickly
destroy the band structure and replace it with calcite in-
filling. Note some similarity with the dilation (disaggrega-
tion) band images of Fossen et al. [2007] from the Nubian
sandstone of Sinaï (Figure 9e) and of Du Bernard et al. [2002]
in poorly consolidated sands of California. (Figure 10)
[33] Thus the formation (origin) of geological joints as

dilatancy bands appears to be very plausible, but as indi-
cated, it contradicts the widely accepted view.

5.1. Arguments for Mode I Crack Mechanism
and Their Critical Analysis

[34] Apart from the fact that the mode I mechanism
appears as well understood within the framework of LEFM
and corresponds to the orientation of natural joints in the
stress space (they are orthogonal to s3), the principal argu-
ment in its favor is the plumose topography of joint sur-
faces. In other words, the same fractographic feature that
was deduced from our experiments to evidence the fracture
initiation as a dilatancy band (as opposed to mode I crack-
ing) is considered as evidence of dominantly mode I origin
[e.g., Pollard et al., 2004]. This interpretation is based on
the reading of the natural plumose patterns inspired by the
LEFM [Pollard et al., 1982; Pollard and Aydin, 1988] and
by the multiaxial loading tests of glass samples [Smekal,
1953; Kerkhof, 1967; Sommer, 1969] interpreted in the spirit
of LEFM. In these tests the initially forming (parent) mode I
crack in the central part of glass rods was split into a large
number of secondary twisted cracks when approaching the
rod surface (Figure 11a). The resulting pattern of fringe “frac-
ture lances” [Kerkhof, 1967] is similar to what is observed
on some joints [e.g., Bahat et al., 2005] (Figure 11b). In geo-
logical literature these features are called fringe cracks/joints
or twist hackles (see, e.g., Younes and Engelder [1999] for
terminology) and since Smekal [1953] and Kerkhof [1967]
have been explained by the stress rotation resulted from
mixed (I and III) mode loading along the fracture front: The
secondary fractures twist during propagation to be always in
mode I, i.e., orthogonal to s3. This seems to be generally/
qualitatively true under certain conditions, although a com-
parison of the LFFM predictions of the twist angle values
against the experimental data (mixed‐mode‐quasistatic load-
ing PMMA experiments) reveals a large (up to 2 times) dif-
ference [Cooke and Pollard, 1996].

[35] It is of importance that the quasi‐brittle fracture in
both GRAM1 and mentioned above glass tests is dynamic
and must be analyzed as such. Hackle fracture surfaces
dynamically form in glass samples not only under mixed‐
mode loading but also under uniaxial extension (mode I) only
[Smekal, 1953; Johnson and Holloway, 1966] (Figure 11c)
(the rupture surface in Figure 11c is similar to what is
sometimes observed in dynamically blasted rocks [Bahat
et al., 2001]).
[36] Dynamic fracture propagation was shown to result in

microcracking, crack branching, and fracture surface rough-
ening [e.g., Lawn, 1993] in different materials including in
PMMA [e.g., Fineberg et al., 1991; Sharon and Fineberg,
1999]. The formation of the crack surface relief is related
to (but certainly not completely caused by) crack front waves
[e.g., Sharon et al., 2001; Bouchaud et al., 2002], caused
by dynamic stress transfer during crack propagation [Willis
and Movchan, 1997]. The reality of quasi‐brittle dynamic
fracture in granular, frictional, cohesive, and dilatant mate-
rials is certainly even more complicated as is discussed
in section 4. The plumose fractography in such materials
(e.g., rocks, GRAM1) is not limited to the fringe twist
hackles (in Figures 5, 6, and 10 they are not present at all).
The most commonly observed features are the faint and
delicate ridges (“delicate tracery of feather lines” accord-
ing to the pioneering and very complete description of
joints by Woodworth [1896]) with no systematically domi-
nant twisting (even surfaces of the secondary fringe/twist
cracks are decorated with delicate plumose [Woodworth,
1896; Kulander et al., 1979]). These features form in the
complex, essentially 3‐D stress‐strain field. Therefore 2‐D
LEFM (especially static) ignoring the material damage/
microfracturing in the fracture tip process zone (PZ) does
not appear to be an appropriate tool in treating quasi‐brittle
fracture in rock‐like materials.
[37] Plumose‐type fractographic features were generated in

numerous tests on different materials: PMMA [e.g., Pollard
et al., 1982; Bahat et al., 2007], starch [Müller and Dahm,
2000; Müller, 2001], metals [e.g., Hertzberg, 1987], glass
(some papers are cited above), in single crystals [Sherman
et al., 2008], and in rocks [Bahat et al., 2001, 2005]. Var-
ious experimentally obtained fractographic features (named
striaes, lances, river patterns, cleavage steps (see, e.g., Bahat
[1991] for terminology) have in common an aspect of
diverging/elongated lineation of reliefs, but in detail they are

Figure 11. Aspect of hackles in glass samples and rock. (a) Fracture surface in glass rod of diameter
∼1 cm broken in mixed mode I and III loading (Sommer [1969]; a similar result is presented by Smekal
[1953]). (b) Jurassic limestone sample (Corconne, Hérault, France) with fringe twist hackles. (c) Fracture
surface in glass rod of diameter of 4.5 mm broken in pure tension (mode I) [Johnson and Holloway, 1966]
(a similar result is presented by Smekal [1953]).
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extremely varied and in most cases different from the deli-
cate plumose patterns in GRAM1 and geological joints.
The fractography features in different material types very
likely result from different mechanisms that are subjects
of intense ongoing studies in material science (there is
a huge literature on the fractography of different, mostly
engineering, materials, e.g., Hull [1999] among others). The
mechanisms are not well understood but clearly depend
on the material type (such as single‐crystal, polycrystalline,
amorphous, or granular‐cohesive). Therefore geological
applications should rely on the experiments on rocks and
rock‐type (granular‐cohesive‐frictional‐dilatant) materials
such as GRAM1. Fracture propagation velocity (static ver-
sus dynamic) and, as is shown in this paper, the normalized
(by the material strength) stress values are also important.
[38] It is interesting that s3 orthogonal extension fractures

were already obtained at compressive s3 long ago in rock
samples [Balsley, 1941; Griggs and Miller, 1951; Bridgman,
1952; Handin, 1953; Heard, 1960; Brace, 1964]. Their
origin remained obscure and was attributed to wedging or/
and intrusion effects, although Griggs and Handin [1960]
suggested that it could be related to the dynamic nature of
fracturing. Curiously, after these pioneering works there
were very few experimental studies of extension fracturing
of rocks.

5.2. How Could Understanding Jointing Mechanisms
Affect Applications?

[39] A major impact of jointing mechanisms (propagating
dilatancy band versus mode I crack) refers to the prediction of
spacing l between joints, which is very important for reser-
voir modeling [e.g.,Committee on Fracture Characterization
and Fluid Flow, 1996]. For mode I, l is controlled by the
stress shadow effect resulting in the concept of fracture
saturation [Rives et al., 1992; Bai and Pollard, 2000a],
according to which l cannot be smaller than a certain value
comparable to the layer thickness. For the localization
bands, l is defined by the stress state type and all consti-
tutive parameters (especially by the evolution of the hard-
ening modulus). It can vary from infinity to band thickness
independent of layer thickness [Chemenda, 2007, 2009] (of
course, in real conditions l in a layer will be also affected by
the properties of the adjacent layers and interfaces). Very
dense joint sets with l much smaller than is “allowed” by
fracture saturation concepts are frequently observed in the
field [i.e., Bai and Pollard, 2000b].
[40] Another aspect is the internal structure, the tortuosity,

and the related fracture porosity contributing to the perme-
ability increase. Within the LEFM framework [e.g., Pollard
and Aydin, 1988], local variations in the orientation of the
joint surface are considered to be caused by the variations
in the orientation of the stresses: The normal to the fracture
surface at each point is believed to be parallel to s3. The
surface is conceptually considered to be well defined and
corresponds to a perigranular unique planar crack [Aydin
et al., 2006, Figure 13]. This is very different from our
experiments where, at the same (grain) scale, the joint
represents a heterogeneously damaged dilatancy band with
ill‐defined, irregular borders that are far from being parallel
on the scale of Figures 8c and 8d; see also Figure 9d). In
GRAM1 experiments, every measure was taken to keep the

stress field homogeneous and exclude its rotation, although
we did not control the dynamic variations of the stress. The
latter can trigger some variations in the orientation of the
dilatancy bands at different points, but the orientation must
first be related to the constitutive and stress‐state param-
eters. A zigzag/wavy shape of localization bands similar to
Figure 8c is typical for negative hardening moduli corre-
sponding to rather brittle inelastic response of the material
(see geometry of the localization bands in numerical models
in Figure 12 of Chemenda [2009] where the stress field is
practically homogeneous throughout the model).
[41] The view on fractures stemming from LEFM can be

applied to rocks and rock‐like materials only for very low
normalized effective mean stress and at a scale much larger
than the PZ size (the details of the fracture geometry/surface
topography of size comparable to that of PZ are beyond the
applicability of LEFM). For example, the plumose‐bearing
segment of the fracture surface in Figure 7a is practically
orthogonal to the sample axis (itself parallel to s3), while
the smooth segment is oriented at ∼85° to the axis. This is
because during manual separation of the sample resulting
in a mode I crack, s3 was not exactly parallel to the sample
axis.
[42] Note that both in GRAM1 (Figures 8c and 8d) and

in dolomicrite (Figure 9d), the porosity increase within the
dilatancy bands mainly occurs through the separation of
the material along the grain contacts (reduction of the
grain density), although transgranular microcracks are also
present. In strongly cemented rocks, this can occur through
any form of localized intragranular, perigranular, or cement
microcracking. Low initial porosity or its complete absence
should encourage this form of inelastic volume increase.

6. Conclusion

[43] The reported experimental results show that s3
orthogonal fractures, called in literature extension (also
tensile or tension) fractures, can be of two different types
resulting respectively from mode I cracking and constitutive
instability in the form of dilatancy banding. The type is
defined by the effective mean stress s or its normalized
value ~� = s/sc.
[44] At very small ~� (~� < 0.2), fracturing occurs through

mode I cracking when the magnitude of the least tensile
stress reaches a value near the tensile strength st (s3 ≈ −st).
The corresponding fracture surfaces are relatively smooth.
[45] The fractures of the second type have plumose frac-

tography and form at higher ~�, 0.2 < ~� < 0.8 upon meeting
the yield type criterion depending on all stresses. These
fractures are formed as propagating dilatancy bands. The
material in the band is characterized by the heterogeneous
decohesion and volume/porosity increase. The band thick-
ness is several grain sizes. Thus fractures of this type are
initially localization bands which become fractures with
plumose surface after separation of the sample parts along
the bands. These s3 orthogonal fractures/bands can form
not only at tensile s3 but also when all stresses are com-
pressive as long as s3 at banding onset does not exceed a
certain positive value after which the bands become inclined
to s1 (this occurs at ~� > 0.8). The bands are assumed to
result from the running constitutive instability where dilat-
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ancy plays an important role. It is not completely clear how
and why the deformation is concentrated within a narrow
band, but it is suggested that it can be understood within
the framework of a deformation‐bifurcation approach sim-
ilar to that applied to other types of deformation banding.
The postbifurcation evolution and propagation of the band
should be strongly related to the evolution of the consti-
tutive parameters with the accumulated inelastic deforma-
tion. Clearly, more combined experimental, theoretical, and
numerical studies are needed.
[46] The plumose fractography of fractures of the second

type in GRAM1 is very similar to that of natural joints. This
suggests the similarity of the formation mechanism (which
is running dilatancy banding) and the name of this type of
joints, the dilatancy joints. Joints forming through mode I
mechanism (hence with smooth surfaces) can be called
mode I joints.
[47] The results reported in this paper were obtained from

axisymmetric extension tests. Axisymmetric compression
and plane strain tests were also conducted and will be pre-
sented in future papers. These tests show that although the
material response is sensitive to the loading configuration,
the two types of fractures above form under all the loading
conditions tested.
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