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Introduction 

 

Deformation in geomaterials (soils, rocks, concrete, etc.) is often localized, e.g., in the form of shear 

bands or fractures. In experimental analysis of the mechanical behavior of such materials, standard 

laboratory methods are insufficient as the majority of measurements are made at the sample scale and 

rarely at a local scale. X-ray tomography monitoring during loading allows high-resolution full-field 

observation of the development of deformation. However, such images only indicate clearly the de-

formation when there are significant changes in material density (i.e., volume changes) that produce a 

change in x-ray absorption. As such 3D Digital Image Correlation (DIC) approaches have been devel-

oped that allow quantification of the full strain tensor field throughout the imaged volume. This paper 

presents results from triaxial compression tests on a clay rock (Callovo-Oxfordian argillite) with in 

situ synchrotron x-ray micro tomography imaging providing complete 3D images of the specimen at 

several stages throughout the test. These images have been analyzed using 3D DIC to provide full-

field displacement and strain measurements, which allowed the detection of the onset of strain local-

ization and its timing relative to the load peak plus insight into the 3D structure of the localized zone. 

The paper concludes with a few general remarks concerning the lessons learned from this study and 

perspectives for current and future work. 

 

Example of results: localized deformation in a clay rock 

 

The results of this study, already presented in Bésuelle et al. (2006) and Lenoir et al. (2007), come 

from a large experimental program on a clay rock called Callovo-Oxfordian argillite, issued from the 

ANDRA Underground Research Laboratory in France. The testing program was carried out at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, making use of x-ray micro tomography 

at beamline ID15A. The tests were conducted using a specifically built setup that could be placed in 

the x-ray beam, so that the specimens were scanned under load (in situ). Synchrotron x-ray radiation 

was selected because it is the only one that can provide, thanks to its high photon flux, a combination 

of both fast scanning and high spatial resolution. The former is desired to minimize axial load relaxa-

tion, while keeping the specimen at constant axial strain during scanning (the acquisition of an entire 

specimen required four to six sections and in the most recent tests took 12 to 15 minutes). High spatial 

resolution allows fine detail on the deformation process to be obtained (a voxel size of 14 μm was 

achieved for specimens 10 mm in diameter). 

Figure 1 shows the experimental setup, which included a triaxial apparatus and a loading system. The 

former is practically the same as a conventional triaxial testing system, except for its much smaller 

size and the shape of the confining cell. The cells were made from Plexiglas or polycarbonate to be as 



NEA/RWM/CLAYCLUB(2013)1 

 92 

transparent to the x-rays as possible. Contrary to a conventional system, the tensile reaction force is 

carried by the cell walls and not by tie bars, which provides a clear path to the specimen for the x-ray 

beam, free of any obstacle (apart from the cell walls). The axial load and hence the deviator stress are 

applied using a motor-driven screw actuator. The loading system is placed in the x-ray beamline with-

out interfering with the tomographic scans. See Lenoir (2006) for further details. 

 

 
Figure 1. Experimental setup for in situ triaxial x-ray tomography experiments: the complete 

set-up on the beamline (left) and zoom on the specimen inside the triaxial cell (right) (after Le-

noir et al. 2007) 

 
Figure 2. Load curve (deviator stress versus axial strain response) for the discussed triaxial 

compression test on the Callovo-Oxfordian argillite at 10 MPa confining pressure. The numbers 

indicate the times at which CT images were acquired (after Lenoir et al. 2007)  
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Callovo-Oxfordian argillite is a sedimentary rock composed of particles of calcite and quartz in a clay 

matrix, with a clay fraction of 40–45%. At the investigated depth (approximately 550 m below the 

ground surface), the material has an extremely low permeability (10
-20

–10
-22

 m
2
), a porosity of 15%, 

and a water content of 6%. The uniaxial compressive strength is about 20 MPa. Figure 2 shows the 

stress-strain response obtained from an undrained triaxial compression test on a 10 mm diameter 

specimen at 10 MPa confining pressure. The specimen was scanned at different steps: before and right 

after applying the confining pressure (steps 0 and 1, respectively), at different levels of axial strain 

during deviatoric loading (steps 2-7), and finally after removal of the confining pressure (step 8). 

Figure 3 shows four horizontal CT slices at different steps. The slices at steps 1, 3, 7 and 8 have been 

selected following a set of material points which were visible at step 1 and could be found on all sub-

sequent images. At step 8, two open cracks can be seen at the specimen edges. Comparison of the im-

ages at steps 7 and 8 clearly indicates that crack opening in this test was essentially due to the removal 

of the confinement pressure. At the earlier step 3, which corresponds to the peak stress, no localized 

deformation is evident – even knowing where the cracks are eventually opening up later in the test. 

Furthermore, no visible difference can be seen between steps 1 and 3. In fact, localization becomes 

just visible in the CT images at step 4 (not shown in the figure – see Bésuelle et al 2006). 

 

 
Figure 3. Horizontal slices through the CT image volume of the Callovo-Oxfordian argilite 

specimen (ø = 10 mm) at four different time steps (see Figure 2) (after Lenoir et al. 2007) 

 

Interestingly, the existence of distinct calcite inclusions in the argillite was particularly helpful to high-

light relative displacement in the specimen otherwise invisible in the CT images. Figure 4a shows an 

example of one such inclusion, having an elongated vein shape and a length of a few millimeters. Fig-
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ure 4b shows the same inclusion (in yellow) and the open fracture (in red) at step 8, i.e., at the end of 

the test. Figure 4c-h illustrate how, upon loading, this inclusion was severely strained by the localiza-

tion. Shearing of the inclusion is apparent starting from step 5, which becomes more and more pro-

nounced for increasing deformation (steps 6 through 8). However, this intense shearing is not accom-

panied by a variation of density measurable within the resolution of the x-ray CT. This indicates that 

the region of localized deformation in the central part of the specimen is undergoing shear without 

substantial volume changes, whereas crack opening can be observed towards the edge of the specimen. 

 

 
Figure 4. (a) An inclusion in the Callovo-Oxfordian argilite at the start of the test (the image is a 

small vertical section extracted from the x-ray tomogram and the inclusion is a few millimeters 

long). (b) 3D view of the same inclusion (yellow) and cross-cutting open fracture (red) at step 8 

(the end of the test) highlighted through thresholding and false-coloring of the gray-scale image. 

(c)-(h) the inclusion at different stages through the test showing increasing shearing (after 

Bésuelle et al. 2006) 

 

The above discussion illustrates a fundamental difficulty with experimental detection of strain local-

ization through the use of x-ray CT, which is associated to the very nature of localized strain. The 

issue is that while localization can sometimes induce large volumetric deformation – either dilatancy 

(or crack opening) or compaction (compaction bands), depending on the material and loading condi-

tions, in general volumetric strain in a shear band is small compared to the shear strain. Unfortunately, 

CT images only represent local mass density fields. If the material inside the region of localized de-

formation dilates (or contracts), then local mass density variations can be an effective means to track 

the regions of localized deformation. For these experiments on the argillite, this was only the case with 

open cracks, where voids are created between the crack edges that are clearly visible on the tomo-

graphic images (e.g., step 8 in Figure 3). If the localized deformation is isochoric (no volume change), 

e.g., it consists of closed, shearing cracks, then it is invisible in CT images (except for the ―lucky‖ 

cases where the shear cuts markers such as the inclusion in Figure 4). 

We will show hereafter how such a limitation can be in fact overcome by complementing x-ray CT 

with 3D Digital Image Correlation. 2D DIC was applied to x-ray radiographs already in the late 1980s; 

applications of DIC in three dimensions are more recent, e.g., Bay et al. 1999, Bornert et al.2004, and 

many others (see the references quoted in Viggiani and Hall 2008). Our application of 3D DIC to the 

x-ray CT images of Callovo-Oxfordian argillite demonstrates that correlation of 3D digital images 
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from x-ray tomography provides a means to effectively detect (within a given accuracy) localized 

deformation, independent of its nature (shear or volumetric strain). The details of the 3D DIC method 

used are thoroughly discussed elsewhere in Lenoir et al. (2007). Herein it will be sufficient to bear in 

mind that each 3D image is decomposed into several cubical subsets, each of them containing 203 

voxels. Due to the small deformation experienced by the argillite specimens, for this study the trans-

formation between two images was assumed to be a rigid translation without any rotation or distortion. 

 

 
Figure 5. DIC-derived deformation maps for load increment 2-3 (before peak load - see Figure 

2) of the triaxial test on the Callovo-Oxfordian argillite (ø = 10 mm). Top and bottom right: 

vertical (along the specimen axis) and horizontal (close to the bottom of the specimen) sections 

through the CT volume image at step 3. Top and bottom left: incremental maximum shear 

strain maps for the equivalent sections (color scale is [0, 0.15]) (after Lenoir et al. 2007) 

 

Figure 5 and Figure 6 show vertical and horizontal cuts through the DIC-derived (incremental) shear 

strain field volumes. In the pre-peak increment (2–3, see Figure 2), the onset of strain localization is 

visible at the bottom left corner of the vertical cut through the shear strain map (Figure 5). The hori-

zontal cut in Figure 5 suggests that during this increment the localization developed with a conical 

shape. Note that the x-ray sections of the specimen at the end of the increment do not reveal any trace 

of localized deformation. In the post-peak increment (3–4, see Figure 2), a fully developed shear band 

through the specimen can be observed (Figure 6). As compared to the pre-peak increment, the zone of 

localized deformation is more planar both in the vertical and in the horizontal cuts. In fact, the post-

peak localization band partly coincides with the pre-peak cone of localized deformation in the lower 

region, suggesting that the later shear zone evolved from the initial one. As for the previous increment, 

no clear sign of strain localization is visible in the x-ray sections of the specimen at the end of the in-
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crement. It is worth noting that the thickness of the shear bands in these strain volumes is exaggerated 

with respect to real size. This is due to the lower limit to resolvable thickness dictated by the dimen-

sions of DIC subsets (280 μm side length), whereas CT images indicate that the thickness of the local-

ization zones (be these dilating shear bands or open cracks) in the tested specimens was typically less 

than 70 μm. 

 

 
 

Figure 6. As Figure 5 but load increment 3-4, i.e., after peak load (after Lenoir et al. 2007) 

 

One of the key conclusions from this study is that, through 3D DIC, it was shown that localized shear 

had initiated in the specimen already prior to the stress deviator peak. The important general message 

here is that the DIC analysis of 3D images from x-ray tomography can reveal patterns of deformation 

that could not be observed using only the gray scale images, in which they may remain hidden (if they 

do not involve significant volume changes); this is even with high resolution synchrotron micro tomo-

graphy. 

 

What‟s next: experimental rock mechanics at even smaller scale 

 

Clay rocks, just as any other geomaterials, are equipped with a microstructure. While in classical mod-

els we are happily ignoring such a microstructure, this will at times come back to haunt us. This hap-

pens when deformation is localized in regions so small that the detail of the rock‘s particular structure 

cannot safely be ignored. Failure is the perfect example of this. 

Researchers in geomechanics (and more generally in solid mechanics) have long since known that all 

classical continuum models typically break down when trying to model failure. All sorts of numerical 
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troubles ensue – all of them pointing to a fundamental deficiency of the model: the lack of microstruc-

ture (it should be noted that the term microstructure does not prescribe a dimension (e.g., microns), but 

rather a scale – the scale of the mechanisms responsible for failure).  

A possible remedy to this deficiency is represented by the so-called ―double scale‖ models, in which 

the small scale (the microstructure) is explicitly taken into account. Typically, two numerical problems 

are defined and solved – one at the large (continuum) scale, and the other at the small scale. This sort 

of approach requires a link between the two scales, to complete the picture. Imagine we are solving at 

the small scale a simulation of a rock volume of a few millimeters in side, using the Discrete Element 

Method or the Finite Element Method, whose results are in turn fed back to the large scale Finite Ele-

ment simulation. See, e.g., Nitka et al. (2011) and Andrade et al. (2011) for further details about how 

multi-scale computations actually work. 

The key feature of a double scale model is that one can inject the relevant physics at the appropriate 

scale. The success of such a model crucially depends on the quality of the physics one injects: ideally, 

this comes directly from experiments. In Grenoble, we have been doing this for sand, for which x-ray 

tomography allows the evolution of the 3D microstructure of a small sample to be followed while it 

deforms. Individual grains can be distinguished in such time-lapse 3D images and the full 3D kinemat-

ics of all the grains can be measured. See Andò et al. (2012a, 2012b) for the description of the tech-

niques (combining DIC and Particle Tracking) and a few examples of results.  

 

 
 

Figure 7. Example of the x-ray CT images of Callovo-Oxfordian argillite obtained at ESRF 

(beamline 19) on rock cylinders 1.4 mm in diameter, with a voxel size of 0.7 μm (after Robinet 

2008) 

 

As far as strain localization in clay rocks is concerned, the ‗relevant‘ size of the microstructure, i.e., 

the size at which the ‗interesting‘ physics is occurring at the small scale, is possibly larger than the 

clay particles‘ size. Recent tomographic images of Callovo-Oxfordian argillite obtained at the ESRF 

by Robinet (2008) suggest that a spatial resolution of 0.7 μm is able to provide us with sufficient de-

tails of the microstructure of the rock – see for example Figure 7. Motivated by the work of Robinet 

(2008), in Grenoble we plan to implement the combination of x-ray micro tomography and 3D DIC 

(just as we have described above) on experiments on extremely small specimens of Callovo-Oxfordian 

argillite – we plan to run triaxial compression tests on 1mm diameter cylinders of clay rock, with a 

spatial resolution of about 0.7 mm (the experiments will be carried out at the ESRF in Grenoble). The 

experimental challenge will be in the specimen preparation, which will possibly require using non-

conventional techniques such as ion beam thinning and focused ion beam. In this way, we will be able 
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to image, in three dimensions and at small scales, the deformation processes accompanying (localized) 

failure in clay rocks. This will allow us to understand these processes and subsequently to define mod-

els at a pertinently small scale. 
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