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Abstract

The behaviour of a Vosges sandstone is studied, including quasi-homogeneous deformation, incipient strain localisation
and localised rupture. The homogeneous behaviour is ®rst presented from about 60 experiments in triaxial compression with
two slenderness ratios=D © 1 and 2), in triaxial extension, and in isotropic compression. A large range of con®ning pressures
(0+£60 MPa) is investigated, showing a signi®cant evolution of material response. A strong positive dilatancy is observed at lower
pressure, decreasing to become negative (contractancy) at higher pressure. Simultaneously, the strength decreases with in-
creasing con®ning pressure. The localisation is described in terms of onset of localisation, shear band orientation and patterning.
The volumetric strain is analysed inside the band with computed X-ray tomography and electron microscopy. We observed
the formation of a gouge layer, and around it, a dilating shear band at lower con®ning pressure and a compacting shear band at
higher pressure. This compacting shear band seems to be the transition mechanism between the brittle and semi-brittle

regime. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Failure in porous soft rocks is associated in most
cases with the phenomenon of localisation, at least
under conditions of low stress and low temperature. If
we observe the behaviour of the rock at a macroscopic
scale, these failure zones can be considered as strain
localisation bands. This description of failure is classical
in soils (sands, clays). In laboratory tests on the latter
materials, one usually observes a stress peak in the
specimen's response, while the strain is concentrated
in shear bands. Outside the bands, the strain is very
small [1].

Following these experimental observations, failure in
soils can be considered as generally associated with the
development of shear bands, which in turn explains the
strain softening of the specimen's response. The soft-
ening step in rocks can be stable or unstable depend-
ing on the elastic energy stored inside the specimen [2].

*Corresponding author. Tel.: +33-1-4432-2209; fax: +33-1-4432-
2000.
E-mail addressbesuelle@geologie.ens.fr (P. Beelle).

To predict the onset of appearance of the bands the
so-called bifurcation theory has been developed by Rice
[3] and Rudnicki [4] (see also [5] for a review). In this
theory, the shear bands are treated as a problem of
instability of the mechanical system. This approach has
subsequently been intensively developed for soils [6+9],
and for soft rocks [10£13]. From an experimental point
of view, a macroscopic description of the localisation in
porous soft rock like sandstone, tested at laboratory
conditions, is necessary.

However, the microscopic description of the localisa-
tion phenomenon cannot be ignored. Localisation bands
in soft porous rocks are de®ned at the micro-scale by a
strong increase of the local density of microcracking in
comparison to the material outside the bands [14+16].
Inside, the material becomes strongly damaged, which
rapidly degrades its mechanical characteristic (local
strain softening). Therefore, the behaviour of the bands
strongly in"uences the specimen's response, and it is
important to evaluate it. It is well recognised that
dilating volumetric strain can take place inside the shear
bands, but the existence of contractant shear bands
is still under question. Nevertheless, contractant shear

1365-1609/00/$ - see front matte## 2000 Elsevier Science Ltd. All rights reserved.
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bands have been observed in soils [17,18], in natural
geological structures [19] and in laboratory experiments
on soft rocks [20£22].

In this paper, we analyse the behaviour of a porous
Vosges sandstone under a range of stress, under
axisymmetric test conditions (compression, extension
and isotropic). Firstly, the homogeneous behaviour is
presented, which shows a strong change from the
low-pressure range, with a dilating volumetric strain at
failure, to the high-pressure range (60MPa) with a
contracting behaviour at failure. Then, a detailed
description of the localisation is presented, analysing
the following characteristics: the onset of localisation,
the orientation and the patterning of the shear bands,
and their volumetric behaviour, using computed X-ray
tomography (CT) and scanning electron microscopy
(SEM). These characteristics change strongly with
con®ning pressure.

2. Experimental device
2.1. Triaxial apparatus

The triaxial cell was designed to be autonomous,
which means that it does not require an external load
press. The axial load device is integrated into the cell.
This cell is able to sustain a con®ning pressure up to
60 MPa and a deviatoric pressure up to 270 MPa. The
apparatus (Fig. 1) comprises: a lower cell (1), which
allows us to apply a con®ning pressure and a back
pressure to the specimen (2); and an upper cell (3),
hosting the axial load self-compensated piston (4). The
piston is pushed from the top chamber (5) by oll
pressure. The pressure is transmitted to the specimen
with a multiplication of about 4.5 due to the surface
ratio of the piston. The two cells are joined by eight
bolts (6). In the lower cell, a neoprene membrane
(thickness of 0.7 mm) (7) is placed around the specimen
to avoid a con®ning oil penetration. Both upper and
lower load caps (8) are connected to drainage lines.
Di€erent pore pressures can be imposed at the ends of
the specimen, in order to allow "uid "ow and measure-
ment of the rock permeability under load. Two
intermediate smooth enlarged plates.9f are placed
between the specimen ends and the loads caps. These
plates are hardened by thermal treatment and recti®ed;
they are used to insure a frictionless interface and
avoid edge e€ects. We use two internal tight connectors
(10) each with 12 signal conductors each other for the
internal instrumentation. A steel sheath (11) protects a
thermo-couple used for measuring oil temperature.

The four pressures (deviatoric, cell, top and bottom
pore pressure) are supplied by four identical and
independent generators. A generator consists of a piston
moving in a pressure chamber. A DC electrical motor
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Fig. 1. Schematic of the triaxial cell: (1) lower cell, (2) specimen, (3)

upper cell, (4) self-compensated load piston, (5) deviatoric pressure
chamber, (6) bolts, (7) neoprene membrane, (8) load caps, (9) enlarged
platen, (10) internal tight connectors, (11) steel sheath.

controls a screw-nut device and translates the piston.
Each pressure generator is guided by an electronic
regulator receiving an analogical signal from an external
transducer. The regulators are programmed by a PC
computer. The volumes of the water injected by the two
pore pressure generators are measured by an angular
transducer on the motors. The deviatoric pressure is
regulated from a LVDT signal measuring the axial
displacement of the cell piston. Such displacement
control is necessary in order to experimentally follow
the post-peak portion of the specimen response. The
mechanical rigidity of the cell with respect to the axial
load applied on the specimen is @5 MN =mm.

2.2. Instrumentation

The axial and lateral strains are measured with three
axial transducers and four radial transducers which
are regularly spaced around the specimen (120 and
908 respectively, between each transducer). They were
designed on the principle of a “exible strip equipped
with strain gauges [23,24] (Fig. 2), inspired from the
LDT developed in Japan [25].

An axial transducer measures the axial shortening
between two points on the membrane, corresponding to
the middle of the pseudo-hinged attachment glued on
the membrane. An axial strain is deduced from the
shortening divided by the initial distance between the
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Fig. 2. Schematic of the internal instrumentation for the (a) axial and
(b) radial strain measurement. The “exible strips are equipped with
strain gauges and deformation of the specimen induces changes in the
electrical response of the gauges.

two points. The mean axial strain is de®ned as the
average of the three measurements from the three axial
transducers.

A radial transducer measures the lateral displacement
of the point of contact between the transducer and the
membrane, at the mid-height of the specimen. A lateral
strain can be computed from two opposite transducers
as the sum of the two displacements divided by the
initial diameter. Therefore one has two lateral strains in
two orthogonal directions. The di€erence between two
opposite displacements is also computed to obtain the
displacement of the centre of the mid-height section of
the specimen. This displacement can be non-zero if the
lateral deformation of the specimen is not symmetrical
with respect to the specimen’'s axis. One obtains a
measure of the displacement of the centre in two
orthogonal directions and so a radial orientation of this
displacement.

3. Tested rock

The tested rock is a natural sandstone coming from
the Woustviller quarry in the Vosges mountains, France.
It is a pink quartz sandstone (quartz™ 93%), with a few
percent of feldspar and white mica. The sandstone is
poorly cemented; the cohesion is due to the interpene-
tration between grains. The porosity is about 22%. The
dimension of grains measured by optical microscope is
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between 100 and 30@6m. To estimate the true size of
grains in three dimensions, we use the statistical factor
of g which, for spherical grains [26], can be rigorously
derived. The dimension of grains "uctuates between 150
and 450nmm with a mean value of about 300mm.
Specimens are tested dry, after exposing them to a
temperature of 10@C for a few days.

4. Experiments

Specimen ends are recti®ed to have a good paralle-
lism, better than 0:04 mm [27]. To reduce the friction
at the ends, a mixture of vaseline and stearic acid was
used [28]. Specimens are loaded at a strain rate of
105g'1 from nearly uncon®ned conditions to a con-
®ning pressure of 60MPa. The deviatoric stress is
computed as the major principal stress minus the minor
principal stress. Specimens are tested with two types of
test (compression and extension tests), from an isotropic
stress state up to failure. During the compression test,
the lateral stress is equal to the con®ning pressure, and is
kept constant while the axial stress is increased, the
latter stress being the major principal stress. During the
extension test, the lateral stress is also kept constant, but
the axial stress is decreased; this is the minor principal
stress. At the beginning of the extension test, the axial
load is positive (compressive force) but can become zero
and then negative. Depending on the material and on
the initial isotropic stress, in some tests failure in
extension can occur with a compressive axial stress,
and in other tests failure in extension can be achieved
only with a tensile stress.

4.1. Compression tests

The behaviour of the sandstone is presented in Fig. 3.
The stresszstrain curves show that the loading modulus
and the deviatoric strength at stress peak increase with
con®ning pressure. However, at 60 MPa the response is
similar to the response at 50 MPa, up to the stress peak
which occurs earlier at 60 MPa. The deviatoric strength
is smaller than at 50 MPa. As far as volumetric curves
are concerned (lower Fig. 3), one observes ®rst an initial
contractancy at all con®ning pressures. Then, up to the
peak stress, depending on the con®ning pressure, one
gets either dilatancy (stronger at low con®ning pressure),
or contractancy (small, only at 60MPa). Similar
evolution has been observed on porous rocks (sandstone
and limestone) for example by Cornet and Fairhurst
[29]. After peak stress, the measurements must be
considered insigni®cant, at least in terms of the global
response. The curve of strength at failure in the Mohr
diagram is strongly non-linear (Fig. 4), which is classical
for a number of sedimentary rocks (e.g. [30]). Indeed,
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Fig. 3. Deviatoric stress and volumetric strain versus axial strain in compression tests for thé=D ~ 2 specimens.

Fig. 4. Deviatoric stress versus mean stress at failure for compression
and extension tests.

the slope corresponding to failure for a con®ning
pressure between 50 and 60 MPa is slightly negative.

A parallel series of tests have been performed on
specimens with a slenderness ratio of 1. The strength of
the shorter specimensH=D = 1 is in general greater
by 10% than for the conventional specimenH=D ~ 2
(Fig. 4). This seems to be due to the residual friction at

lubrication of the specimen's ends, and disturbs the
shorter specimens more than the longer ones.

4.2. Extension tests

In the investigated range of con®ning pressure, the
failure of Vosges sandstone in triaxial extension does
not occur with positive axial stresses. In order to get
failure in extension with positive axial stresses, higher
values of con®ning pressure would be necessary for this
material. A solution to this problem is to use specimens
having a so-called ““bobbin-shape", as already suggested
by Brace [31] and Millar and Murray [32]. With this
setup, it is possible to have a negative axial stress in the
middle portion of the specimen while having a positive
stress at its ends. The axial stress;, in the central part
of the specimen is derived from the axial stress at the end
of the specimen s, and the con®ning pressure
Sepby:sc” SeV ..Sep¥ Set@?y 1f whereais the ratio
of the diameter at the end by the diameter in the middle
part of the specimen &> 1). In the present experiments,
the diameter and height of the middle portion of the
specimen are 30 mm and about 45 mm, respectively; the

the ends of the specimen, which remains ®nite despite the total height of the specimen is 75mm and the larger
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Fig. 5. Deviatoric stress and volumetric strain versus axial strain in extension tests.

Fig. 6. Observed shear band patterns versus con®ning pressure for
compression test withH=D = 2 and 1. The angle of the bands with
respect to the major principal stress increases with the con®ning
pressure, and bands become more and more numerous and close.

diameter 40 mm. The bobbin-shape was obtained by
turning with a carbide tool to achieve a good surface, as
less perturbed as possible. Strains are measured on the
central portion of the specimen using the measuring
devices described above.

The behaviour of the sandstone in the extension tests
is shown in Fig. 5. The axial stress at failure for the
di€erent con®ning pressures are the same, about
y 10 MPa in traction, which implies a quasi-linear failure
curve in the Mohr diagram. However, a test performed
in a stronger cell at 100 MPa con®ning pressure shows
that the curve becomes non-linear at higher stress, such
as for the compression test (Fig. 4). The volumetric
dilatancy is quasi-linear with the axial strain, and
depends only slightly on the con®ning pressure.

Fig. 7. Sandstone specimens tested in compression, at low (right) to
high (left) values of the con®ning pressure.

4.3. Failure pattern

In all the tests, specimens failed with the appearance
of one or several shear bands through the specimen.
Typical patterns of shear bands observed at the end
of the tests are shown schematically in Fig. 6 (see also
Fig. 7). We observe a combination of axial splitting and
inclined failure surfaces at zero con®ning pressure. At a
con®ning pressure5 10 MPa, inclined white lines are
visible on the lateral surface of the specimen. Similar
observations were made by Ord et al. [16], who
described these lines as ““white, chalky zones" and
identi®ed them as the trace of shear bands or failure
surfaces. The number of these failure surfaces increases
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with con®ning pressure. Between 10 and 30MPa,
there are one or two parallel bands visible throughout
the specimen. Conjugate shear bands occur from 40 to
60 MPa, and the distance between the bands decreases
with pressure, as the number of shear bands increases.
The orientation of the shear bands with respect to the
loading axis increases with con®ning pressure, and for
the higher pressure, all the bands are concentrated in
half of the specimen. The observed patterns are similar
in the short specimens.H=D = 1t with respect to the
classical specimens, but the number of shear bands is
smaller for the same con®ning pressure.

The angle between the shear band and the axial
direction (major principal stress) is measured from the
trace appearing on the membrane after the compression
tests. The angle is very sensitive to the pressure, and
increases almost linearly from about 38 at 10 MPa
con®ning pressure to 5% at 60 MPa, with a slope of
about 0:298=-MPa of mean stress (Fig. 8). The angle in
the short specimens.H=D ~ 1t is smaller than in the
classical specimensH=D "~ 2f, but the slope of the
evolution of the angle versus the mean stress is
equivalent. The friction at the ends of the specimen
could explain this di€erence, since the local stress is
disturbed inside this zone, and this e€ect is more
important on a short specimen [33].

The evolution of the failure pattern in extension tests
is similar (Fig. 9). However, the mean stress at failure

Fig. 8. Orientation of the shear bands with respect to the major
principal stress axis versus the mean stress at failure, for compression
(H=D "~ 1 and 2) and extension test. Solid line shows the prediction
with the Mohr+Coulomb criterion: y~ 458y f =2, for the H=D "~ 2
compression tests.

P. Bdduelle et al. / International Journal of Rock Mechanics & Mining Sciences 37 (2000) 1223+1237

is less than the mean stress at failure by compression
for the same con®ning pressure. This is due to the
fact that in extension tests, the axial stress is reduced up
to failure, while in compression tests, it is increased.
Thus, in extension tests we observe the formation of a
unique shear band through the specimen, as observed
in compression tests at the same mean stress. The
orientation with respect to the major principal
stress (horizontal direction) increases with con®ning
pressure (Fig. 8). In this case, the failure of the specimen
can be suggested to occur by shearing. At lower
con®ning pressure, the band is parallel to the major
stress direction, like axial splitting in compression,
which suggests failure by an extensional fracture. In
most of the tests, the shear band intercepts the surface
of the specimen at the place where the diameter
changes, which is likely to be due to stress concentration
e€ects.

5. Detection of localisation

Prospective precursors of failure have been studied
using the independent axial and lateral displacement
measurements on the specimen. Two types of detection
have been compared: the ®rst one uses the comparison
of the three axial measures, and the second one uses the
comparison of the four lateral transducers.

We investigated the di€erence between each of three
axial transducers and the mean axial strain, which is
de®ned itself as the average of the three axial measure-
ments. These di€erences should be equal to zero if the
strain ®eld is perfectly homogeneous and the three
strains are the same, which is not the case in reality. If
the di€erences stay constant during part of the specimen
loading, then the axial strain ®eld can be considered to
be reasonably homogeneous in this part of the loading.

In general, the three axial strains diverge strongly in
the initial part of the test (Fig. 10), due to the bedding
error e€ects (small residual default of parallelism
between the ends of the specimen and the load caps).
After this initial adjustment, the di€erences are fairly
constant, up to the onset of a strong divergence. This
threshold is considered as the point of loss of homo-
geneity of the strain ®eld [34]. It indicates the limit
after which the specimen's response can no longer be

Fig. 9. Observed shear band patterns versus con®ning pressure for extension test.
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Fig. 10. Example of the evolution of the three di€erences of the axial
strain measurements with respect to the mean strain computed as the
average of the three measurements. The ®rst part of the test shows a
divergence corresponding to the setting up of the specimen, the second
part shows a homogeneous axial strain ®eld, and the last one shows a
strong divergence which is a loss of the homogeneity.

Fig. 11. Evolution of the ratio of the deviatoric stress at the onset of
loss of homogeneity to the deviator at the stress peak, versus the
con®ning pressure. The onsets are detected independently with axial
and lateral transducers.

considered as representative of the material behaviour,
but of a structural response of the specimen [35,36].
The evolution of the two perpendicular diameters
de®ned by the four lateral transducers is also compared.
If the strain ®eld is homogeneous, the radial strain
evolution of one diameter is linear with respect to the
other radial strain, and even equal for a transversely
isotropic material. We consider than the radial strain
®eld become inhomogeneous when the evolution be-
comes non-linear [35,37]. For a clearer observation, we
computed the root mean square of the linear regression
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of the previous evolution along the loading. This
measure shows a threshold when linearity is lost.

Furthermore, we observed the displacement of the
centre of the mid-height section of the specimen,
computed from the di€erence between the two opposite
lateral transducers. This displacement is initially small
before increasing to take on a preferential azimuthal
direction. This direction is, in most cases, perpendicular
to the shear band observed after the test. The onset
corresponds to a loss of symmetry of the lateral
deformation of the specimen with respect to the axis
of the specimen, and we compare it with the two ®rst
observations (axial and radial divergence).

The deviatoric stress at the loss of homogeneity,
normalised by the deviatoric peak stress, is represented
in Fig. 11. This onset occurs at a progressively lower
normalised deviatoric stress as the con®ning pressure is
increased. The evolution of the onset with respect to the
con®ning pressure is almost linear.

6. Shear band observations

Some specimens tested up to the residual stress step
were observed unloaded using computed X-ray tomo-
graphy (CT). This technique provides a spatial view of
the local density distribution inside the specimen and
reveals the localised zones which have a density di€erent
from the rest of the specimen. Afterwards, the same
specimens were observed by microscopy to quantify the
deformation of the microstructure.

6.1. X-ray CT apparatus

As far as the CT technique is concerned, only a brief
summary is given here. More details on the apparatus
used in the present study are given by Latiere et al. [38]
and Raynaud et al. [39].

This non-destructive method is based on the measure-
ment of the attenuation of a X-ray beam through the
body. The attenuation is physically proportional to the
electron density inside the body, which is itself propor-
tional to the mass density if the material is chemically
homogeneous.

A set of 1D projections of the attenuation through a
slice of the specimen is measured for di€erent angular
positions (Fig. 12). The 2D slice is reconstructed by a
mathematical algorithm. From several adjacent slices,
the 3D specimen can be reconstructed to visualise 2D
projections on any plane, in particular on a parallel-to-
axis plane.

In the ND8000 apparatus, each pixel represents a
0:7 0:7mm? projected onto the medium plane of
the slice which has a thickness of 2 mm. The measure-
ment of the local density in one or several pixels is pos-
sible. Nevertheless, in the case of thin structure with a
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high-density gradient such as a shear band, the averaging 6.2. CT obsevations

in a pixel and the dispersion of the CT response disturb
this measurement [40,41]. An appropriate analysis should

One specimen tested at a con®ning pressure of

be necessary to validate the density measurements in 30MPa up to an axial strain of 0.019, and one tested

the shear bands. In this study, we used the CT apparatus
essentially for a qualitative response.

Fig. 12. Schematic of the scanner. X-ray beam translates and rotates
around the specimen to characterise a 2mm thickness slice.

at 50MPa up to an axial strain of 0.015, have been
observed by CT. Fig. 13atc shows three slices of the
specimen tested at 30 MPa, at di€erent positions along
the specimen's axis. The shear band appears as a black
area, which implies that it has a higher porosity than
the material outside the band. The position of the band
in the slice changes in the three slices due to the inclina-
tion of the shear band relative to the specimen's axis.
The shear band is not a perfect plane as we can see
in Figs. 13a and b, and the density in the band is not
homogeneous. In the central part of the specimen
(Fig. 13b), the density in the band far from the surface
of the specimen is higher than the density near the surface.
The reconstruction of the specimen in a plane parallel
to the axis and perpendicular to the shear band is
presented in Fig. 13d. The view shows a heterogeneity of
the specimen where the top half is less dense than the
lower half. The heterogeneity, which is not visible by
simple observation of the specimen, existed prior to the
test, and the densities measured by water impregnation
were 1955 and 1982 g=cm® in the upper and lower half,

Fig. 13. Localisation pattern inside a specimen tested at a con®ning pressure of 30 MPa in compression. Dark area corresponds to a shear band more
porous than the mean porosity of the specimen. The white lines in (a), (b) and (c) show the position of the plane of reconstruction (d).
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respectively. The interface between the two halves seems
to have had an important role for the position of the
shear band. In all specimens, shear bands take place
preferentially in the less dense part which is likely to
have a lower strength. In the plane of Fig. 13d, the shear
band seems to be linear, with an angle with respect to
the specimen's axis equal to the angle measured from the
trace on the neoprene membrane used for the test.

Fig. 14 shows the same views for the specimen tested
at 50 MPa. Whereas in the previous specimen, only one
(maybe two parallel) shear band was visible from direct
observation, in the present case the external observation
of the specimen shows several conjugated shear bands
(Fig. 6). However, the CT reconstruction (Fig. 14d)
shows a single band. It is larger than the shear band of
the preview specimen and not as well de®ned. In the core
of the specimen, the density in the band is higher
(lighter) than the material outside the band. On the
other hand, near the surface of the specimen, the band
has a lower density than outside the band (Fig. 14c).
This predominance of one shear band over the others
was also detected by the internal lateral transducers.
Indeed, the displacement of the centre of the mid-height
section of the specimen developed a preferential
orientation slightly before the stress peak [42], with a

Fig. 14. Localisation pattern inside a specimen tested at a con®ning pressure of 50 MPa in compression. Light area corresponds to a shear band less
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likely orientation perpendicular to the azimuthal or-
ientation of the principal shear band. This suggest that,

if several shear bands take place before the stress peak,
one of them may become kinematically dominant
sometime after the initiation.

6.3. Microstructural measurements

In the intact material, there is little cement and it is
the lay out of the grains which provide the cohesion of
the sandstone (Fig. 15). At the microscopic scale in
the failed specimen, one observes intergranular as well
as intragranular cracks. In Fig. 16, several bands of
cracked grains (intragranular) can been distinguished.
Due to the intensity of the cracks, grains can even be
crushed, indicating a cataclastic deformation. A fracture
exists inside a shear band in the specimen tested at
30 MPa, but it is suspected to have been created during
the preparation of the thin section.

The thickness of the bands are in the range from 360
to 1200mm. An intermediate zone exists around the
bands between the band and the uncracked area which is
only one or two grains thick (about 300+600vm) and
which contains fewer cracks (intra and inter-granular).

porous than the mean porosity of the specimen. The white lines in (a), (b) and (c) show the position of the plane of reconstruction (d).
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Fig. 15. Scanning electron micrograph of intact material. The

interconnectedness of the grains improves the cohesion of the
sandstone. Fig. 17. Number of cracks by millimetre square in area including a

shear band.X-axis is the length perpendicular to the shear band in
millimetres.

Fig. 16. Scanning electron micrograph of shear zone of the specimen
tested at a con®ning pressure of 30 MPa. The bands are characterised
by a cataclastic deformation.

The density of cracks have been measured as the number
of cracks inside a 1 mm with an optical microscope.
The density decreases rapidly with the distance from the
central part of the band (Fig. 17). In the shear bands, the
statistical orientation of the cracks show a preferential
orientation around the loading axis in the specimen
tested at 30 MPa con®ning pressure (Fig. 18a). In the
specimen tested at 50 MPa con®ning pressure there is no
preferential orientation (Fig. 18b).

The porosity measured by mercury injection in pieces
(about 1 cn? in size) of undeformed and failed speci-
mens is about 20+22%, with the same peak of pore
threshold size: 25m. At the cm?® scale, deformation Fig. 18. Statistical orientation of the cracks with respect to the loading
does not produce a signi®cant variation of porosity in axis.
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comparison with the resolution of the mercury injection
measurement.

To measure the microscopic shear band porosity, the
surface porosity has been measured with a scanning
electronic microscope (SEM) and software; it is de®ned
as the pore surface inside a 1 mfn The surface porosity
far from the shear bands has a mean value of 25%.

For the specimen tested at 30 MPa, a shear band and
a fracture are observed, characterised by a strong
surface porosity over a thickness less than 1 mm in
Fig. 19a. There is a transitional zone, in which the
porosity is intermediate between the porosity inside the
band and the porosity outside.

For the specimen tested at 50 MPa, several shear
bands have been formed, and three of them with a
strong porosity can be observed in Fig. 19b. Near the
microscopic bands, the porosity is less than the poros-
ity far from the bands, showing that a compaction
mechanism exists in the localised zone between the
dilating shear bands. Although this result seems contra-
dictory, it is in fact consistent with the X-rays CT
measurements which show an average contractancy in
the localised deformation zone. Indeed, with CT, the

Fig. 19. Surface porosity near (solid lines) and far from (dotted lines)
the shear bands.
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dilating shear bands cannot be viewed because they are
too thin (relative to the resolution of the apparatus). In
this case, only one compacted zone appears in place of
the shear band, resulting from the averaging of the thin
dilating bands and the larger contracting ones.

The trapped porosity measured by mercury porosity
is 69% of the global porosity of the intact specimen, and
decreases to 58% in the specimen tested at 50 MPa
con®ning pressure, and 47% of the global porosity in
the specimen tested at 30 MPa con®ning pressure. These
results show an increase of the connectivity of the pores
during the tests.

7. Discussion
7.1. Shear band agle

The orientation of the shear bands with respect to the
major principal stress can be predicted theoretically by
the model of Mohr as: y~ 458y f =2 wheref is the
internal friction angle of the material [33]. This orien-
tation corresponds to the plane of maximum stress vector
obliquity. It is the most critical in terms of stress. Roscoe
[43] has also discussed the orientation of = 458y n=2,
with sin.nt "y...e+ at=.e.y atf, where g, and q are
the axial and lateral strain rates (global) at the onset of
localisation. This orientation corresponds to the plane
embedding zero extension lines or the pure shear strain
plane in the Mohr circle of strain transformation. Later,
Arthur et al. [44] proposed the intermediate angle of
y~ 458y f =4y =4 on the basis of physical arguments.
Several authors, e.g. Vardoulakis [45] or Vermeer [46],
investigating the prediction of bifurcation theory for an
elasto-plastic Mohr+Coulomb model, have shown that
Arthur's orientation is approximately matched by the
bifurcation prediction for this model.

In the case of the Mohr orientation, for a material
with a non-linear failure envelope,f should be de®ned
as the angle of the failure envelope at the stress state
corresponding to the failure (Fig. 20), which is the

Fig. 20. Failure envelope in the Mohr diagram. Lines show the
inclination of the curve tangent to the Mohr circles of the di€erent
triaxial compression tests.
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orientation of the more critical plane, i.e., the plane of
the stress state in the Mohr circle which ®rst touches the
failure envelope. This Mohr prediction of the angle of
the shear bands, obtained from the strength curve for
the H-D = 2 specimens tested in compression, gives an
angle of about 23 at lower pressure and about 58 at
60 MPa (as the slope of the failure envelope is negative).
The prediction is lower than reality for low con®ning
pressure, but is more accurate at higher con®ning
pressure (Fig. 8).

7.2. Brittle to semi-brittle transition

Failure in porous rock is generally classi®ed by a
brittle regime, a ductile regime and a transitional semi-
brittle regime. In the ductile regime, when temperature
and pressures are high, plastic deformation mechanisms
such as dislocation "ow, twinning or di€usive mass
transfer are considered to occur homogeneously [33]. At
medium pressure, a quasi-homogeneous cataclastic ow
represents the semi-brittle regime. At lower pressure,
strain localisation occurs, which is considered charac-
teristic of the brittle regime. However, deformation
inside the localised zone is cataclastic. Comparing the
volumetric strain inside the specimen during an axisym-
metric triaxial compression test (deviatoric+isotropic
loading) with the volumetric strain recorded during
a purely isotropic test shows arelative dilatancy in
the brittle regime, but a relative compactancy, the so-
called ““shear-enhanced compaction" in the semi-brittle
regime [47].

From the authors' knowledge, the transition between
con®gurations leading to a localised strain with dila-
tancy inside a shear band to con®gurations showing a
guasi-homogeneous strain with compactancy, is not well
understood. Our results suggest that the transition
occurs by localised shear strain with compactancy inside
large bands, becoming more and more numerous and
closely spaced (Fig. 21). We observed relative global
dilatancy before the onset of localisation in triaxial
compression tests where dilating shear bands occur, and
conversely a neutral e€ect of the deviatoric stress on the
volumetric strain where compacting shear band occur.
During the extension tests, we observe arelative
dilatancy in comparison with the volumetric strain
during unloading of the isotropic test. For higher
con®ning pressure, Zhu et al. [48] have observed a
relative global compactancy in several sandstones,
which suggest that compacting shear bands could exist
in specimens deformed in triaxial extension tests.

Compaction inside bands has been already observed
in geological structures by Antonellini et al. [19],
Mollema and Antonellini [49], and in laboratory triaxial
tests by Tillard [21] (sti€ clay), Colliat-Dangus [17]
(o€shore calcareous sand), Olsson [22] (porous sand-
stone). The later observed bands with a very large angle
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Fig. 21. Experimental curves of the compression test in the mean stress
versus volumetric strain plane. The origins of the curves of the
compression tests are arbitrarily placed on the curve of the isotropic
compression test.

with respect to the major principal stress, which is
di€erent from our observation, suggests that there is
essentially a normal compaction mechanism, without
shear strain.

7.3. Shear band obseations

The loss of homogeneity was observed to occur in the
hardening regime, i.e., before peak stress. This loss of
homogeneity is currently recognised as associated with
localisation phenomenon [16,50]. However, as observed
by other authors [50,51] shear bands become fully
developed throughout the specimen only in the softening
regime of the specimen's response. Mehdez et al. [15]
observed in the Berea sandstone some isolated clusters
of Hertzian fractures before the stress peak, and a
coalescence of these clusters to form a shear band in the
post peak step.

When shear bands are well-developed, they are com-
posed of a dilatant band in the central part, where the
deformation is cataclastic, and lateral bands. The mean
grain size is signi®cantly reduced inside the central layer.
In the lateral bands, the material is damaged by
intergranular and intragranular microcracking and the
density of the cracks decreases with distance from the
central band. This structure of the shear bands is similar
to faults observed in the geological structures at a larger
scale [52]. The band where the deformation is cataclastic
is generally called a ““gouge layer" in the latter case.

The porosity of the material in the side bands is
dependent on the con®ning pressure. We observed a
dilating behaviour at lower pressure and a contracting
behaviour during the shearing at higher pressure.
Mechanisms of deformation at the microscopic scale
are essentially cracking and grains movements. Crystal
plastic phenomenon such as twinning and dislocation
creep should be absent at our stress and temperature
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conditions [33]. The mean size of the grains is not
changed in this zone, in contrast to the grains' size inside
the gouge layer. The development and opening of
microcracks could be associated with dilatancy, as it is
classically admitted [53], and porosity reduction around
the gouge should be due to grain movements.

Our idea on the appearance of this complex structure
of localisation in intact material is that localisation
initiates by formation of a large band, where the
volumetric behaviour depends on the con®ning pressure
of the test. A second-order localisation could then occur
inside this ®rst band, on the central axe and parallel to
this one. The appearance of second-order localisation
with a cataclastic deformation was already observed in
arti®cial or natural gouges [54+56], which constitute an
argument in favour of our interpretation. A shear band
with cataclastic deformation seems to be a structure
which is able to sustain large shear strain and which
could be stable. The concept of a critical state in these
bands needs to be examined [56], as it was observed by
Desrues et al. [41] in granular materials.

8. Conclusion

The con®ning pressure has a strong in uence on the
behaviour of the Vosges sandstone and on the localised
deformation structure that emerges at failure. We
observe two distinct types of failure by localisation, in
the brittle regime and in the transition between the
brittle and semi-brittle regime.

For con®ning pressures up to 40 MPa, the deviatoric
strength increases with con®ning pressure and the global
volumetric strain dilates before failure. The angle of the
shear bands with respect to the major principal stress
direction increases, and the number of shear bands
increases from one to several. The localised band is
composed of a central part characterised by a cataclastic
deformation which is dilating, and around it by a band
with many intragranular and intergranulars cracks,
which also has a dilating behaviour.

For con®ning pressures in the range from 50 to
60 MPa, the deviatoric strength decreases with con®ning
pressure, and the global volumetric strain is continu-
ously compacting up to the onset of localisation
(although only sligthly at the end). The angle of the
shear band keeps on increasing, the number of bands
increases and their spacing decreases, while their
thickness increases too. In the central part of the shear
band, there is always a cataclastic dilatant gouge-like
layer, but besides this central band, the adjacent
microcracked bands have a compacting behaviour. At
the macroscopic scale, shear bands in this pressure range
appear as compacting zones.

Compacting shear bands are a challenging subject in
the context of the theoretical analysis of the localisation
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by bifurcation theory. Can such objects be predicted by
theory? The response will essentially depend on the
structure of the constitutive equation used to describe
the material behaviour. The strain type inside localisa-
tion bands predicted by the bifurcation theory can be
divided between dilating and compacting shear bands
[57]. Compacting shear bands could have important
implications in ®eld applications. For example, local
permeability reduction in a layer or a set of parallel
layers produced as a result of localisation could produce
important changes in the permeability of a global
structure.
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