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Abstract We present here first results obtained in a new true-triaxial apparatus
that allows observation of the rock specimen under loading (up to a confining
pressure equal to 100MPa). The three principal stresses are independent, however
the intermediate stress can also be controlled in order to impose a plane strain
condition. Observation of a specimen under load is possible as one surface of
the prismatic specimen, is in contact with a hard transparent window. Therefore
the evolution of the strain field in the sample can be measured by digital image
correlation (DIC) of photographs taken of this surface. We show some results on the
evolution of the pattern in the post-localization regime in clay rock specimens.

Keywords Failure • Strain localization • Clay rocks • True-triaxial apparatus •
Digital image correlation

1 Introduction

Failure by strain localization is commonly observed in geomaterials. In a previ-
ous workshop (IWBI Minneapolis St Paul, 2002), we presented an experimental
characterization of strain localization in a porous sandstone (Bésuelle et al. 2000).
This study was performed with classical axisymmetric triaxial compression tests.
The effect of the confining pressure was observed on several aspects: onset of
localization; pattern of localization; porosity evolution inside the localized bands.
Complex patterns of localization were observed at high confining pressure in the
transition between the brittle and ductile regimes, showing several deformation
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bands in the specimens. However the history (time evolution) of the localization
was not accessible because the observations were post-mortem.

Measurements of strain fields and their evolution in time are particularly useful
to study strain localization (initiation of deformation bands) and post-localization
regimes. Such tools have been developed for soils (e.g., sand specimens in plane
strain conditions Desrues and Viggiani 2004 or in triaxial conditions using X-ray
tomography Hall et al. 2010). Similar developments for rocks are still difficult,
especially because the pertinent confining pressure to reproduce in-situ stresses
and material stiffnesses are higher than for soils; only a very few devices exist
(e.g., Takemura et al. 2004).

We present here first results obtained in a new true-triaxial apparatus that allows
observation of rock specimens under loading. Whilst several triaxial apparatuses
exist that allow the application of three different principal stresses, they do not
allow observation of specimens under load and such analysis is only possible post-
mortem (e.g., Mogi 1967; Atkinson and Ko 1973; Michelis 1985; Wawersik et al.
1997; Haimson and Chang 2000; King 2002; Naumann et al. 2007 and Popp and
Salzer 2007). Furthermore, in this new device, as for biaxial apparatuses (e.g., Ord
et al. 1991 and Labuz et al. 1996), failure surfaces can develop and propagate in
a sample in an unrestricted manner; this can be under true-triaxial or plane-strain
(biaxial) conditions as, if required, the intermediate stress can be controlled (with
active control) to impose a plane strain condition during a test. The observation of a
specimen under load is possible as one surface of the prismatic specimen, which
is orthogonal to the plane strain direction, is in contact with a hard transparent
window. The deformation of this surface should representative of the deformation
in the whole specimen (due to the plane-strain condition), up to and beyond strain
localization. Therefore the evolution of the strain field in a sample can be measured
by digital image correlation (DIC) of photographs taken of this surface.

The next section describes briefly the new apparatus.We present in a third section
preliminary results obtained with a porous clay rock, focusing on strain localisation
and crack initiation.

2 Description of the True Triaxial Cell

The true-triaxial apparatus has been developed in Laboratoire 3SR (Grenoble) with
the aim to characterize the initiation of localization and the post-localization regime
in rocks. With this device three independent stresses can be applied in the three
space directions on prismatic rock specimens, with the ability to visualise the
specimen under load. The surfaces perpendicular to the major and intermediate
stresses (compression) are in contact with rigid platens, which are moved by two
perpendicular pistons, while the two surfaces perpendicular to the minor stress
are free to deform because the stress is applied by a confining fluid (through a
soft membrane). As deformation bands and cracks are generally parallel to the
intermediate stress, the specimen has the freedom to deform and fail with no
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kinematic constraints imposed on the formation of the failure zone. Moreover, one
of the two surfaces perpendicular to the intermediate stress is in contact with a hard
window to observe the specimen under load. The two pistons can be controlled in
stress or displacement. The intermediate stress can be controlled such that there is
no deformation in this direction, which allows application of plane strain loading.
In such a case, the kinematics over the surface in contact with the window is
representative of the kinematics in the whole specimen up to and beyond strain
localization.

A simplified schema of the apparatus is presented in Fig. 1. The hydraulic axial
piston (1) applies the axial loading on the specimen (2). This is self-compensated
with respect to the confining pressure, i.e., it is in equilibrium whatever the
confining pressure. The axial loading is controlled in displacement by an external
displacement transducer linked to a pressure generator that adapts the pressure
applied to the top of the piston to keep a constant displacement rate. The axial piston
moves inside a floating axial frame (3), when the piston moves down, the frame and
the bottom loading cap move up by about the same value. In such a way, if the
specimen deforms homogeneously, the middle of the specimen does not move (or
only very slightly). The weight of the floating frame is compensated by an external
air piston.

The horizontal piston (4) applies the intermediate stress. This is also
self-compensated with respect to the confining pressure inside the confining
chamber (5). The piston can be controlled in displacement by the internal
displacement transducers (6). One possible mode of operation is to adapt the
pressure sent by its generator pressure to keep a zero displacement, i.e., a plane
strain condition on the specimen, although all other controls in displacement or
stress are possible. The surface of the specimen, opposed to the horizontal piston, is
in contact with a thick, transparent sapphire window. This surface can be observed
and photographs of the surface can be taken. For a symmetry of the contact, the
surface on the side of the horizontal piston is in contact with a thin sapphire platen,
to have the same boundaries conditions.

The minor stress is applied by the confining fluid on the two lateral surfaces of
the specimen. The specimen is separated from the fluid by a silicone membrane.
The membrane wraps around both the specimen and the four loading caps. In such a
way, there is a direct contact between the specimen and the window. Note that in the
axial direction, a special device of wedges between the specimen and the loading
caps ensures that they have the same thickness as the specimen in the direction
of intermediate stress. If a compression or extension of specimen in this direction
occurs, the set of wedges automatically follow this change. This avoids an extrusion
of the membrane during the deformation of the specimen.

A set a three pressure generators (syringe pumps with electronic control) is
associated to the apparatus, to apply the loading in the three space directions. Further
development is a control of the bottom and top pore pressure inside the specimen to
impose a fluid flux. Note also that numerous electrical connectors in the cell allow
to put several internal transducers, e.g., for acoustic emissions measurement.
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Fig. 1 Scheme of the true triaxial cell with an observation window: (1) axial piston, (2) specimen,
(3) floating axial frame, (4) horizontal piston, (5) confining chamber and fixed frame, (6) internal
displacement transducers, (7) sapphire window

The surface of the specimen is illuminated through the sapphire window by light
from a set of LEDs focussed onto the sample surface through optical fibers; this
provides a good and homogenous luminosity to take photographs. Photographs of
the visible surface of the specimen were taken throughout the loading with a high
resolution camera (providing images of 6;080 � 4;044 pixels). DIC analysis can
thus be carried out on the resultant images to yield displacement and strain fields
over the observed surface; for details on the DIC procedure see Hall et al. (2000).
However, it is important to note that for the DIC, it is necessary to have a pattern over
the surface of the sample that varies such that different parts of the surface can be
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uniquely distinguished. Depending on the test specimen, this pattern can be natural
(as with some sandstones for example) or artificial (in this case it was necessary to
add this pattern as discussed later).

The size of the specimen is 50mm in the axial direction, 30mm in the direction
of intermediate stress, and 25 or 50mm in the direction of minor stress, which
corresponds to slenderness ratios (the ratio of the height to the width) of two and
one, respectively. The capacity of the cell for confining pressure is 100MPa, the
axial piston can apply a force of 500 kN and the horizontal piston a force of 700 kN,
which correspond to a differential stress with respect to the confining pressure of
670 and 530MPa, respectively, for a specimen with a slenderness ratio of two, and
half that for a 50mm width specimen.

3 Selected Results

We present here a test that has been performed on a clay rock specimen, the
Callovo-Oxfordian argillite, from the underground research laboratory (URL) at
Bure (Eastern France) at approximately 500m below the ground surface. It is a
sedimentary rock composed of particles of calcite and quartz in a clay matrix
(Lenoir et al. 2007). The specimen has been prepared with a diamond wire saw
and then polished with a fine sandpaper. The surface of the specimen in contact
with the window of the triaxial apparatus has been painted with a thin layer of white
ink and then a speckle of black ink, using an airbrush. The size of pixels in the
photographs correspond to about 10 �m on the sample surface. The test has been
performed with an initial isotropic loading to 2MPa and then an axial loading in
plane strain conditions with a displacement rate of 1:25 �m�s�1, i.e., a strain rate of
2:5 10�5 s�1.

Figure 2 shows the evolution of the differential stress (major stress minus minor
stress) with respect to the axial strain (specimen shortening divided by its initial
height). A zoom of the full curve (left) is presented (right) for the period when the
analyzed photographs were taken. The beginning of the curve at left is quite linear,
followed by a small curvature and a first stress peak at 0.02 axial strain, followed by
a strong stress drop. Then a slow stress increase is observed, followed by a second
stress drop at 0.42 axial strain. After, the stress is quite constant. The two stress
drops are associated with major failure by faulting in the specimen. The crack that
appeared during the second drop is conjugate to the first crack set, which appeared
at the first drop. We focus later on the strain localization at first stress peak.

Figure 3 presents the fields of a few axial displacement increments before
and after the stress peak. The specimen deformation during increment 3,388–
3,390 seems quite homogeneous, and the displacements are primarily vertical.1

The increment 3,392–3,393 shows a loss of the homogeneity with a gradient of

1The top displacement is approximately the same but opposite to the bottom displacement, due to
the conception of the apparatus. The middle of the specimen does not move in the axial direction.
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Fig. 2 Evolution of the differential stress (major stress minus minor stress) versus axial strain.
At right, detail of the full curve at left, close to the stress peak. Numbers correspond to the
photographs (The small oscillations of the right curve have been induced by an imperfect regulation
of the axial piston pressure generator)

Fig. 3 Fields of axial displacement increments close to the stress peak. Couples of numbers on
the top of each picture correspond to the photographs numbers used for the DIC. The color scales
are expressed in term of pixel size (about 10 �m)

displacement oriented along an inclined line from the bottom left to the top right
of the specimen. This corresponds to an incipient strain localization arriving at
the stress peak. A shear band is observed in further increments up to photograph
3,397. During increment 3,397–3,398, a strong discontinuity is observed in the
displacement field, which corresponds to a crack initiation in the place of the
previous shear band. The strain field of this increment is shown in Fig. 4, where
the maximum shear strain and volume strain are plotted. A major crack crosses the
specimen from the bottom left to the top right. In the central zone of the specimen,
there is a set of small conjugate cracks, showing two, quite close, preferential
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Fig. 4 Fields of shear and volume strain during increment 3,397–3,398

orientations. These small cracks are arranged inside an elongated zone parallel to the
major crack. In most of cases, the major and small crack initiation is associated with
a compaction combinedwith shear sliding. The sub-vertical zone of concentration of
the shear strain on the right of the specimen is in fact an artefact of the measure due
to a change of luminosity of the surface of the specimen in contact with the window
(probably a consequence of an initial small default of planarity of the specimen).

A post-mortem analysis of the specimen using our X-ray CT apparatus shows
the 3D network of cracks. The major cracks cross the specimen roughly parallel
to the direction of intermediate stress, confirming a 2D mechanism of deformation
in the specimen. The central zone of conjugate small cracks extends about half of
the way into the specimen in the intermediate stress direction, which confirms that
the conjugated cracks are not a surface effect but bulk mechanism of deformation.

4 Conclusions

The ability to characterize localized failure in rocks and, in particular, to follow
the strain field evolution inside rock specimens during loading using a new true-
triaxial apparatus has been demonstrated. Displacement and strain fields results,
using DIC, from a plane-strain loading test on a clay rock have been presented,
which reveal a complex pattern of localization at failure. Furthermore the evolution
of the deformation has been followed from an initially homogeneous deformation
through the development of a shear band and subsequent initiation of a set cracks
resulting in major faults and small conjugate cracks arranged inside a band parallel
to the major fault. Further experiments will focus on the effect of confinement
on the processes of failure and localization and also on reproducibility in similar
conditions.
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