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Abstract: The study of localized deformation in porous sandstones at the laboratory scale can yield valuable 

insights into the internal structures and mechanisms of shear zones and compaction bands that might impact on 

flow at a reservoir scale. Herein, we report results of a laboratory study of shear and compaction band formation 

in a porous sandstone using a range of full-field experimental techniques: acoustic emissions, ultrasonic 

tomography, x-ray tomography, and 3D volumetric digital image correlation, plus thin section and Scanning 

Electron Microscope observations. The two main mechanisms involved in shear and compaction band formation, 

grain breakage (damage) and porosity reduction (compaction), are both well captured by the combination of all 

these laboratory techniques. The combined use of these techniques demonstrated the processes of shear and 

compaction band generation and  the associated strain components that developed in the laboratory, and 

potentially also increased understanding of the naturally developed equivalents. The physical mechanisms of 

shear and compaction involved seem to be similar, but at the laboratory scale they show differences in the 

proportions and the order of occurrence in time. 

 

Keywords:  Sandstone; shear bands; compaction bands; full-field measurements; non-destructive techniques  

 
 

1. Introduction 

 

Extensive outcrop studies on deformation bands (both shear-bands and compaction-bands) have been 

carried out over the past several decades, from which they can be described as narrow, roughly-planar 

deformed zones of material with large ratios of length to offset (see for example Wibberly et al., 2007, 

and references therein, Eichhubl et al., 2010). Deformation bands of either type are typically a few 

millimeters thick and a few meters to tens of meters long. Shear bands have a dominant shear strain 

component that is accompanied by dilation, compaction or both and have features in common with 

more highly developed, larger fault zones which also often exhibit patterns of high- and low-strain 

components.  However shear bands are not typical faults as faults can, and normally do, have offsets in 

meters to kilometers; shear bands typically have displacements below a few millimeters. The few 

naturally occurring compaction bands studied show compactional volumetric strains of a few percent 

and generally no discernable shear; compaction is accompanied by localized porosity loss and reduced 

permeability (e.g., Mollema & Antonellini, 1996; Sternlof et al., 2005). Based on differences in 

orientation, microtexture and measured shear offset in places where markers are evident, Eichhubl et 

al., (2010), further divide compaction bands observed at the Valley of Fire, Nevada, into pure or shear-

enhanced compaction bands. 

The observation that the evolution of both compaction and shear bands can be accompanied by 

significantly increased and/or decreased permeability has clear implications for subsurface flow 

systems, prompting a number of laboratory studies of both types of deformation bands. A wide range 

of different sandstones has been investigated using a broad range of techniques, such as local 

displacement measurements, acoustic emission monitoring, damage mapping and microstructural 

observations (e.g., Sulem et al., 2006, Bésuelle et al., 2001, Olsson et al., 2002, Baud et al., 2004 and 

Tembe et al., 2006).   

In this paper the development of shear and compaction bands in triaxial compression tests 

performed on a porous sandstone from the Vosges (France) is investigated using a variety of 

experimental methods. The majority of the techniques used are non-destructive, with various 

measurements carried out before, during and after the deformation. Furthermore, the techniques are 

mostly full-field measurements (e.g., Viggiani and Hall, 2008, Charalampidou et al., 2010), i.e., they 

provide field measurements of properties (scalars, vectors or tensors), as opposed to point-wise 
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measurements available from standard approaches. Current standard laboratory methods involve 

measurements taken at the boundary of a specimen, from which it is particularly difficult to determine 

the onset and evolution of localized deformation. Although multiple local measurements, such as local 

strain gauges or displacement transducers (e.g., Bésuelle et al., 2001), to some extent overcome this 

issue, full characterization of localized phenomena requires these full-field approaches. In this work, 

acoustic emission monitoring (AE), ultrasonic travel-time tomography (UT), high-resolution x-ray 

tomography (x-ray CT) and 3D volumetric digital image correlation (3D-DIC) are used. The 

advantage of using multiple measurement methods is that each method is sensitive to different 

physical properties or phenomena, i.e., active damage during a test (AE), ultrasonic velocity (UT), 

density (x-ray CT) and displacement/strain (DIC). In addition, complementary microstructural 

observations (thin sections and SEM) are employed to provide insight into the operative deformation 

mechanisms. The combined use of all these methods helped us capture the physical mechanisms 

occurring in shear and compaction bands, highlighting in particular both grain breakage and porosity 

reduction. 

 

2. Experimental program 

 

The material studied in this work is a porous sandstone from the Woustviller quarry in the Vosges 

Mountains, France (Bésuelle et al., 2000). This particular Vosges Sandstone contains approximately 

93% quartz, 5% microcline, 1% kaolinite and 1% micas, and has a mean grain diameter of about 300 

μm and a porosity of about 22% (Bésuelle, 2001). The grains have a subangular shape and are 

moderately sorted. Some of the feldspars have been chemically altered to clays, most of which has 

subsequently been transported out of the rock. 

The tested samples were cylinders of 40 mm diameter and 80 mm height cored perpendicular to the 

sedimentary bedding. Two opposite flattened surfaces were made along the length of the specimens 

(Fig. 1a-1c) to facilitate the ultrasonic tomography measurements. In previous work (Bésuelle, 2001) it 

was observed that  in triaxial compression tests at 50 MPa confining pressure on cylindrical specimens 

of the same size (without the flattened surfaces), conjugate pairs of compacting shear bands developed 

in the upper part of the samples. To avoid the development of such conjugate shear bands, and to 

encourage localization to occur in the middle of the sample (where the observation techniques would 

be most effective), two offset round-ended notches (2.5 mm deep and 2.0 mm high) were machined on 

the flattened surfaces (Fig. 1a). For the anticipated shear bands, notch offset was chosen to correspond 

to the intended confining pressure (Bésuelle 2001). Vajdova et al. (2003) have investigated the role of 

stress concentration due to a V-shape circumferential notch on compaction localization. For the 

compaction band tests on the Vosges Sandstone, a circumferential round-ended notch of 4 mm depth 

and 0.8 mm height was machined at the specimen mid-height to encourage localization to occur in the 

central region of the specimen (Fig. 1b). Stanchits et al. (2009) showed that, for the Bentheim 

Sandstone, similar notch geometry resulted in the onset of a single compaction band. This notch was 

filled with a 0.7 mm thickness Teflon O-ring to prevent the membrane from entering the notch, so 

reducing the risk of a jacket leak. 

 
Figure 1: (a), (b) Illustration of the geometry of the notched specimens, which were localized by shear and 

compaction bands, respectively; (c) Ultrasonic Tomography configuration: barrettes and Vosges sandstone 

specimen with molasses couplant on the flattened surfaces; (d) Photograph of the AE sensors on the specimen 

surface; (e), (f) 3-D maps of the positions of P- (cylindrical) and S- (rectangular) piezoelectric sensors for 

specimens localized by shear and compaction band.  

 

The experimental results presented here are for triaxial compression tests (dry), performed at GFZ-

Potsdam. AE and ultrasonic transmission signals were recorded throughout the duration of the tests 

using 14 P- and 4 S- piezoelectric sensors glued to the surface of the specimen (Fig. 1d-1f) and 2 P-

sensors incorporated in the top and bottom caps.  In addition, two vertical strain-gauges were installed 

directly on the rock and a load transducer in-line with the piston was used to monitor applied axial 

load. Each loading test involved an initial phase of isotropic compression during which the confining 

pressure was increased to the required level for the test (50 MPa and 130 MPa, for the shear and 

compaction-band tests, respectively). The subsequent phase of deviatoric loading was performed 
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under displacement control at a rate of 20 μm/min (corresponding to a nominal axial strain rate of 2.5 

10
-4

 s
-1

).  Axial loading was stopped after the partial evolution of the localization features for 

specimens Ve2 (shear band) and Ve4 (compaction band), whilst for sample Ve6 (compaction band) a 

higher bulk strain was allowed to develop. The evolution of the localized deformation could be 

estimated quite well during the test from the real-time monitoring data of load, AE and ultrasonic 

transmission, as described by Stanchits et al. (2009). All samples were subsequently fully unloaded. 

Characterization of the localized deformation was achieved by analysis of pre-mortem (before test) 

and post-mortem (after test) full-field measurements: (i) high-resolution x-ray tomography (~ 30 µm 

voxel width) carried out at Laboratoire 3S-R, Grenoble; (ii) ultrasonic velocity tomography based on 

acquisition using two arrays of 64 compressional transducers (at LGIT, Grenoble). The x-ray images 

were analyzed both as individual pre- and post-mortem tomograms and by their comparison using 3D 

volumetric DIC. 

 

3. Results 

 

As with other porous sandstones, the laboratory deformation behavior of this rock is controlled to a 

great extent by the value of the applied mean effective stress (Bésuelle et al., 2000; Mair et al., 2002; 

Desrues et al., 2007). Bésuelle (2000) carried out triaxial compression tests under low (10-30 MPa) 

and medium (40-60 MPa) confining pressures, showing that this sandstone develops dilatant and 

compactant shear bands at low and at medium confining pressures, respectively. In this work, we 

confirm that under triaxial compression at 50 MPa confining pressure, predominantly compactant 

shear bands developed in specimens of the same sandstone, albeit with a slightly different 

configuration. Under much higher confining pressures (130-190 MPa) approximately horizontal 

deformation bands,  predominately compactant, developed. Here, we present the results of two triaxial 

compression tests, conducted at 50 MPa (Ve2) and 130 MPa  (Ve4) confining pressure, plus a 130MPa 

confining pressure and higher strain test (Ve6) to illustrate some of the observations on the different 

mechanical behaviors made using the variety of experimental techniques.  

Results from the three triaxial compression tests are presented in Figures 2 with the stress deviator  

(q) shown as a function of the axial strain (q = (σa – σr), where σa and σr are the axial stress and the 

confining pressure respectively, the latter being constant during the deviatoric loading). We adopt the 

convention that compaction is positive. For the Ve2 test, loading was stopped at about 1.4% axial 

strain and 0.55% (permanent) axial strain was recovered after the deviatoric unloading (and before the 

removal of confining pressure). For the Ve4 test, loading was stopped at about 1% axial strain and 

0.4% axial strain was recovered after the deviatoric unloading. Finally, for the Ve6 test, loading 

stopped briefly at 0.95% and then continued for another 0.2% axial strain (Fig. 2b); 0.56% axial strain 

was recovered after the deviatoric unloading. In the following, results from the AE, x-ray CT and 3D 

volumetric DIC analyses are first presented for specimens Ve2 and Ve4; UT results are also presented 

for the latter. Subsequently the discussion on the compaction bands is complemented with selected 

results for Ve6. 

 
Figure 2: Stress deviator versus axial strain: (a) Ve2-shear band; (b) Ve4 & Ve6-compaction band. 

 

3.1   Shear band characterization 

 

The stress deviator and the cumulative AE number as functions of time are presented in Figure 3a for a 

series of increasing cumulative time windows. Three orthogonal 2D projections of the 3D distributions 

of AE event locations (one perpendicular and two parallel to the sample axis) corresponding to the 

same time intervals are shown in Figures 3b-3d. The accuracy of AE hypocenter location is about 2 

mm.  The early AE events can be seen to have occurred near the notches, fitting the expectation that 

the notches act as stress concentrators. As loading progresses the new AE events move towards the 

interior of the sample away from each notch along approximately parallel trajectories, meeting near 

the middle.  
 

Figure 3: AE results from Ve2: (a) Stress deviator and number of AE events as functions of time over a series of 

cumulative time intervals of increasing time from left to right. Different colors indicate the timing of the events, 
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with the events that nucleated at the last time increment depicted in red, the events of the previous time 

increment in green, and all previous events are shown in yellow;(b)-(d) Maps of AE event locations for the same 

time intervals viewed perpendicular to the specimen’s height, parallel to the specimen’s height in a projection 

perpendicular to the flattened surfaces projections and parallel to the specimen’s height in a projection parallel to 

the flattened surfaces projections. 

 

X-ray tomography, which is sensitive primarily to density, has been used to visualize the shear band 

structure in 3D. A set of vertical slices through the x-ray tomography volume of Ve2 is shown in 

Figure 4. Two bands of darker colors, which indicate higher density, are interpreted as compactant 

shear bands. It can be inferred that these bands initiated from both notches and traversed the sample to 

meet near the mid-way between the notches. The structure of the bands varies slightly in the third 

dimension. Band width ranges from 150 to 300 μm (0.5 to 1.0 times the average grain diameter) and 

the broader damaged zone, which includes the band, ranges from 360 to 600 μm (up to 2 grain 

diameters).  Near the notches open cracks are visible (light color indicates lower density); these have a 

mean width of approximately 60 μm (note this is after complete unloading). Menéndez et al., (1996) 

have measured band widths, in thin sections, equivalent to 5 intact grain diameter for Berea Sandstone 

tested at 40 MPa confining pressure. Bésuelle et al. (2000) have seen bands of 1 to 4 intact grain sizes 

for Vosges Sandstone at 30 MPa confining pressure. Haied et al., (1997) have demonstrated that shear 

band width decreases with increasing confining pressure. Therefore, the widths measured here are 

within the expected range. In addition the measured width is likely to depend on the method used, 

because of associated differences in resolutions achievable for each method. All shear band widths in 

the Vosges Sandstone in this study have been identified by measuring the number of voxels inside the 

band as imaged by x-ray tomography. Recall that the resolution of the x-ray images is 30 µm. 

 
Figure 4: High-resolution x-ray images from (a) to (e) are a sequence of snapshots of the x-z plane as the y-axis 

position changes in the Ve2 Vosges specimen (voxel size resolution ~30 μm); (a) y=8.28 mm; (b) y=10.54 mm; 

(c) y=13.55 mm; (d) y=16.57 mm; (e) y=21.84 mm; (f) y=24.10 mm.  

 

Full strain tensor fields, mapping the deformation between the pre- and post-mortem x-ray tomograms, 

were obtained by 3D-volumetric DIC using the code TomoWarp, based on the work of Hall (2006), 

(see also Hall et al.,2010). The results are presented using the deviator (shear) strain (εs = √2/3 [(ε1– 

ε2)
2
 + (ε2 – ε3)

2
 + (ε3 – ε1)

2
]

1/2
, with ε1, ε2 and ε3 the major, intermediate and minor principal strains, 

respectively) and the volumetric strain (εv = [ε1 + ε2 + ε3]). Figure 5 illustrates both shear and 

volumetric strains, closer to the central region of the specimen where the two bands meet (Fig. 5a-5c) 

and for another region at the same height but far from the centre (Fig. 5d). Strains were calculated on a 

regular grid with spacing equivalent to twice the average grain diameter; the correlation calculations 

(on which the search for the displacements giving the best correspondence between the two images is 

based) were performed over a window that was also twice the average grain diameter. Intense shearing 

is recorded inside the bands (bright colors); with values of shear strain ranging from 2-10%, whereas 

the shear strains in the rest of the sample are negligible. The volumetric strain maps indicate that the 

shear bands are in general compactant, with greater compaction in regions where the bands meet, 

(volumetric strain reaches +3% (compaction) in these zones). However, in places where the shear 

strains are higher, local dilation is observed with volumetric strain up to -1.3% (dilation); see Fig.5a-

5c.  In other places (Fig. 5d), where the shear band is complete, compaction is dominant in the central 

part, with volumetric strain up to +2.2% (compaction).  Dilation in regions near the notches, with 

volumetric strain up to -1.7% (dilation), likely reflects the initiation of the cracks near the notches 

where stress concentrations are expected. Much lower values of compaction characterize the rest of 

the material (with a mean value of around 0.5%, and some values that reach locally reach 1.1%).  

 
Figure 5: Shear and volumetric strain maps in regions where the two bands meet (a)-(c), and in regions where the 

shear band is fully developed (d).  Images from (a) to (d) are snapshots of the x-z plane as the y-axis position 

changes in the Ve2 Vosges specimen: (a) y=11.4 mm; (b) y=13.2 mm; (c) y=13.8 mm; (d) y=7.2 mm.  

 

3.2  Compaction band characterization   
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Figure 6a shows the stress deviator and the cumulative AE number as functions of time for the test on 

specimen Ve4; again the data are separated into increasing cumulative time intervals. As before, three 

2D projections of the 3D distributions of AE event locations are shown in Figure 6b-6d. The accuracy 

of AE hypocenter location is again about 2 mm (therefore the events located within this error-bar 

distance outside of the sample can be interpreted as being at the sample surface) and, thus, 

concentration of AE events close to the top and the bottom of the sample is most likely due to the end-

cap friction. Early in the loading, an AE event concentration is seen near the circumferential notch. 

Later AE events are localized in a shallow dipping oblique band, such that events apparently nucleate 

from the notch and propagate inwards, spreading somewhat. The experiment was stopped before the 

complete propagation of the band into the central part of the specimen. Diffuse and less intense 

acoustic emission activity was also recorded immediately above and below the compaction band.   

 
Fig.6:  AE results from Ve4: (a) Stress deviator and number of AE events as function of time; color changes to 

highlight most recent events. Different colors indicate the timing of the events, with the events that nucleated at 

the last time increment depicted in red, the events of the previous time increment in green, and all previous 

events are shown in yellow;(b)-(d) Maps of AE event locations for the same time intervals viewed perpendicular 

to the specimen’s height, parallel to the specimen’s height in a projection perpendicular to the flattened surfaces 

projections and parallel to the specimen’s height in a projection parallel to the flattened surfaces projections. 

 

Post-mortem ultrasonic P-wave measurements for sample Ve4 are presented in Figure 7. The ‘zero-

offset’ measurements correspond to positioning of the emitting and receiving transducers at the same 

elevation on the two opposing flattened sides. These measurements show that the ultrasonic velocities 

and amplitudes are substantially lower in the region of the compaction band, as identified from the AE 

event distribution. The velocity field in Figure 7c was derived from ultrasonic travel-time tomography 

using both zero offset and angular measurements. In this image the compaction band region appears as 

a zone of lower velocity, while above and below the band the velocities are higher (and closer to the 

velocities measured in the undeformed material). The width of the compaction band in the velocity 

image is potentially exaggerated due to the resolution of travel-time tomography, which is linked to 

the wavelength of the transmitted signal (in this case around 3 mm, corresponding to 600 kHz). 

Acoustic emission (AE) maps, projected onto the same region as the velocity field, show a distribution 

similar to that of the low velocity anomaly. 

 
Fig.7: UT results from the Ve4 specimen: (a) Velocity profile of zero-offset measurements; (b) Amplitude 

spectrum of zero-offset measurements; (c) Velocity field using UT; (d) Map of AE for the same region as the 

velocity field.  

 

Figure 8a shows an example of the x-ray tomography images for sample Ve4 in which very little 

detail of the compaction band can be seen.  In fact, it is often the cases that direct observation of x-ray 

tomography images does not allow compaction band features to be resolved. For this reason, Louis et 

al. (2006) used local statistical measures of the gray-level values such as skewness and standard 

deviation to visualize localized deformation patterns. Here, the local standard deviation of the image 

gray-scale allowed the detail of the localized features to be seen (the calculation being made 

throughout the image volume over sub-volumes of 20x20x20 voxels
3
 at a spacing of 5 voxels in each 

direction). The results of this analysis are shown in Figure 8b, in which the compaction bands 

(oblique) appear as zones of decreased standard deviation (in red). From these images it might be 

inferred that these deformation bands initiated near the notches and propagated inwards (as the band 

seems more developed at the edges), but did not reach the sample centre (as was already shown by the 

AE; Fig. 6). The highlighted bands are inclined at about 76-80° from the vertical (the direction of the 

major imposed principal stress), and band-width is between 300 and 900 µm, which corresponds to 1-

3 mean grain diameters. The latter observation is consistent with values reported in the literature 

(Tembe et al., 2006; Louis et al., 2006; Stanchits et al., 2009) for experimentally deformed 

sandstones. However, it is noted that the geometry of the band changes through the volume of the 

specimen, and therefore, the width varies. 

In Figures 8c and 8e the shear and volumetric strains are presented for the vertical slice projections 

as for Figures 8a and 8b. The shear strain in the band ranges from 0.6 to 1.4%. Inside the compaction 
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band the volumetric strain is always compactant with values of up to +1.7%. Near the notches, some 

small dilation is observed, which is likely to occur due to micro-crack opening. The thresholded 3D 

view of the volumetric and shear strain fields, in Figure 8d and 8f, highlights the 3D geometry of the 

compaction band.  
 

Fig.8: (a) Vertical slice through the high-resolution x-ray tomography image volume for specimen Ve4; (b) 

Same vertical slice of local standard deviation of the post-mortem x-ray tomogram (red depicts low standard 

deviation (more homogeneous) and black high standard deviation (less homogeneous); (c), (e) Equivalent slice 

through the shear and volumetric strain volumes, respectively; (d), (f) 3D view of the volumetric and maximum 

shear strain field thresholded to show just the region of localized compaction. 

 

In sample Ve6, which was taken to a greater bulk shortening than Ve4 (0.2% more), both volumetric 

and shear strains unsurprisingly reach higher levels (Fig. 9 a, 9b). The maximum shear strain inside 

the compaction bands ranges from 0.9-2.3% and the volumetric (compactant) strains are up to +3.3%. 

Again the compaction bands appear to have initiated at the notches, with greater development near the 

notches than in the center of the sample. Figures 9c and 9d show the 3D geometry of the compaction 

bands via thresholded 3D renderings of the strain fields. The deformation band character is more 

complex in this case than was observed after just the earlier stages of deformation (specimen Ve4). A 

network of both oblique conjugate bands and approximately horizontal bands can be observed. 

 
Fig.9: (a), (b) Vertical slice through the shear and volumetric strain volumes, respectively, for specimen Ve6; (c), 

(d) 3D view of the volumetric and shear strain field thresholded to show just the region of localized compaction, 

for the same specimen. 

 

3.3.   Summary of results on laboratory produced shear and compaction bands 

 

AE event locations suggest that the shear band formation and evolution are characterized by breakage 

of the grain contacts or the grains themselves, (i.e., see Lockner et al., 1992, Lei et al., 2000). As 

deformation increases, the cumulative number of AE events rises. 3D-volumetric DIC indicates 

intense (2-10%) shearing throughout the whole deformation band.  Post-mortem high-resolution x-ray 

tomography images indicate a higher density within the shear band than outside it, similar to what was 

reported by Bésuelle et al., (2001). Therefore, it can be inferred that, on average, the porosity inside 

the band has been reduced via compaction. However, the volumetric strain field is more complex 

showing compactant and dilatant volumetric strains in different positions throughout the 3D volume of 

the shear band. 

   For the case of compaction bands, a zone of localized intense acoustic emission initiating near the 

notches and evolving inward to the sample center was identified by the locations of AE events 

recorded during the test.  This AE activity is probably linked to breakage of the grain-cement bonds or 

of the grains themselves, similar to the case of the shear bands. The x-ray image analysis depicts 

compaction bands as regions of lower standard deviation values, indicating a reduction in grain size 

via grain crushing to below the voxel size, and thus a homogenization of the image. The volumetric 

strains measured by the 3D-volumetric DIC show positive volumetric strain (compaction) inside the 

compaction band, which is taken as evidence of porosity reduction. Finally, the ultrasonic tomography 

shows the localization region as a zone of low velocity (and also low transmission amplitude), which 

suggests significant occurrence of grain damage, as opposed to porosity reduction, which would give a 

velocity increase. 

 

4. Discussion 

 

Non-destructive laboratory methods facilitate multiple measurements on the same specimen. In 

addition, full-field techniques, such those presented in this paper, are of a great importance for the 

experimental observations of deformation bands in that they allow characterization of the highly 

inhomogeneous deformation within the test specimens. Furthermore, using a combination of different 

techniques has the advantage that the techniques are sensitive to different properties of the deformed 

material.  
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This paper investigates both shear and compaction bands. The common view of a shear band is of a 

band of deformed rock inclined to the maximum shortening direction by an angle that is a function of 

material properties, confining pressure, mean stress and deviator stress.  Typically, inclination angles 

are observed to be 30 to 50 degrees. This conceptual shear band is a zone of cracked and sheared 

grains, a few grains wide, in which the predominant displacement of grain pieces is parallel or sub-

parallel to the band’s long axis.  Volumetric strain may be present and can be either dilatant or 

compactant.  The common view of a compaction band is of a narrow zone, again a few grains wide, in 

which compactant volumetric strain is dominant.  Pure compaction bands develop normal to the local 

major principal stress direction, while shear-enhanced compaction bands are oriented at an angle (e.g., 

38 to 53°) to the maximum shortening direction (Eichhubl et al., 2010).  Volume loss is taken to be a 

result of pore collapse, typically accomplished by grain breakage and movement of the grain 

fragments into porosity, so further reducing porosity and also reducing total volume occupied by the 

compaction band.  We discuss below how closely the observations of shear and compaction bands 

made using various experimental methods fit to their respective conceptual model. 

AE events location and source type analysis, which have already been widely used in previous 

studies, are directly linked to the grain scale deformation mechanisms (Zang et al., 1996; Zang et al., 

1998; Stanchits et al., 2006; Graham et al., 2009). The former depicts the nucleation sites (hypocenter 

distributions), while the latter describes the micromechanics of failure. In this work, only the location 

of AE events is presented. For the case of low confining pressures, it can be inferred that the number 

of AE events rises later in time (Fig. 3), compared to the higher confining pressure case (Fig.6); 

however, the cumulative number of AE events rises in later test stages. Therefore, it appears that 

overall, the shear band formation involves a more brittle activity than does the compaction band.  

Fortin et al., (2009), carried out AE source analysis for the BleurswillerSandstone and demonstrated 

that its shear and compaction bands are characterized by different dominant grain-scale mechanisms. 

In particular, they found that shear bands have a higher ratio of shear-type to pore-collapse events as 

compared to compaction bands (~1.25 versus ~0.4). In this paper, we have shown that 3D-volumetric 

DIC provides similar observations. Inside shear bands, shearing is more pronounced than is volume 

change, while inside compaction bands volumetric changes appear to contribute more to the evolution 

of the bands than does shearing. AE source-mechanism analysis for the Vosges is underway, and 

initial results indicate that there are more C- than S-type events in all cases (both compaction and 

shear band tests), which agrees with previous AE observations for other porous rocks (see Stanchits et 

al., in this issue). A detailed analysis is being carried out which, through the integration of the DIC and 

AE, should provide significant further insight into the deformation mechanisms. 

Compaction bands are characterized mainly by volumetric changes and by the absence of 

macroscopic shear deformation (Holcomb et al., 2007, Eichhubl et al., 2010). However, a shear 

component of the strain will always be present, unless the strain is isotropic (i.e., shear-enhanced 

compaction bands versus pure compaction bands). 3D-volumetric DIC shows that both volumetric 

compaction and shear strains were measurable inside the Vosges Sandstone compaction bands, while 

outside the bands, the strain components are lower. The difference in the ratio of volumetric to shear 

strains becomes more pronounced as the applied strain level rises. Such an observation indicates that 

both compaction and shearing are activated during the early stage of compaction band formation, with 

compaction being more pronounced. As the axial strain increases, compaction-generating mechanisms 

become much more active as compared to shear generating mechanisms. More detailed analysis of the 

phenomena’s kinematics is required to better distinguish the deformation modes including analysis of 

locally-normal and -tangential components of displacements and displacement gradients, as suggested 

by Bésuelle (2001). But this requires first defining the local trajectory of the localization features in 

3D and then resolving the normal and tangential displacements and displacement gradient 

components. This could be achieved by an extension, both to 3D and for weak discontinuities (as 

opposed to strong discontinuities, i.e., fractures), of the work of Nguyen et al. (2010, this issue). 

 Ultrasonic measurements indicate relatively low velocities and low attenuation across the region 

identified by AE as the compaction band, which is tentatively viewed as a result of grain breakage and 

generation of new interfaces, rather than a result of a volume increase. In addition, x-ray tomography 

images of compaction bands, via the local standard deviation processing, indicate a more 

homogeneous region inside the band, which may be associated with a region of compaction or a 

region of grain breakage. Thin section and Environmental Scanning Electron Microscope (ESEM) 
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images of specimen Ve4 show grain breakage inside the compaction bands; however, the damage is 

much more intense in ESEM images of the Ve6 specimen (Fig. 10). Pore collapse that occurred in the 

main body of the compaction bands has resulted in intense grain breakage and introduced grain to 

grain fractures (Hertzian fractures). The bands are slightly inclined (~10
o
 to horizontal) and have a 

width of around 500 μm (around 2 grain diameters, which is consistent with the widths measured with 

the x-rays). These regions show less visible porosity than the regions outside the band, where almost 

undamaged grains are seen. Furthermore, the ESEM images show open fractures near the notches that 

propagate inwards but do not merge with the compaction bands.  
 

Fig.10: (a) ESEM images of a region near the notches of specimenVE6. The scale bar is 500 μm and the image is 

of a vertical slice with specimen long axis vertical. Image shows localized zones (compaction bands) slightly 

inclined to horizontal and an open fracture, apparently initiating from the notch and propagating inwards. Less 

damaged material can be seen in the top left and on the right of the image. The images on the right are a zoom in 

several regions, which show: (b) grain crushing and grain-grain factures; (c) grain crushing and pore collapse; 

(d) grain damage; (e) relatively undamaged grains. 

 

Volumetric strain fields for specimen Ve2 show dilation near the notches and both dilation and 

compaction in the more central parts of the shear band (Fig. 5). Dilation is observed in regions where 

high shear strains have been measured. On the other hand, high-resolution x-ray tomography images 

indicate higher density (compacted) material inside the shear bands and capture some open fractures 

near the notches (Fig. 4). To reconcile this apparently inconsistent observation of compacted material 

in zones of dilatant volumetric strains, we should take into account the resolution of the methods used. 

The x-rays have a voxel size of 30x30x30 μm
3
; therefore fractures having an opening greater than this 

can be clearly identified. DIC strain field calculations were made over a cubic gauge volume of side 

600 μm, therefore opening fractures are necessarily interpreted as high dilation and not resolved 

discretely (see also Nguyen et al., in this issue). Near the notches, in the x-ray images both fractures 

and compacting material close to the fracture boundary are seen, whilst DIC shows volumetric dilatant 

strains. The maximum opening of the fractures is seen (in the x-rays) to be about 60 μm, which is 

much less than the DIC gauge volume size. The DIC gauge volume therefore contains both the 

opening fracture and the compacting material around the fracture, and the net dilation obtained 

indicates than the compaction of the material around the fractures is less significant than the fracture 

opening. Far from the edge, further into the material, we do not see open fractures in the x-ray images 

but just bands of denser material. However, the DIC still indicates dilation, which might suggest that 

open fractures exist but with an opening less than the x-ray image resolution. In the central portion of 

the band, both x-rays and DIC indicate volumetric compaction. Ongoing ESEM analysis of thin 

sections should help clarify these issues. 

Eichhubl et al., (2010) have characterized deformation bands in outcrop for the Aztec Sandstone in the 

Valley of Fire, Nevada. They observed that pure compaction bands, which formed normal to their 

maximum inferred principal stress direction, lack any shear component and have a non-planar wavy 

shape. The shear-enhanced compaction bands, observed in the same area, are oriented at 38 to 53 

degrees (oblique) to the maximum principal stress direction and have developed a shear component. 

Eichhubl et al., (2010), have also shown that the grain damage in both bands is restricted to the grain 

contacts. In addition, these authors made a comparison between the shear-enhanced compaction bands 

and what they refer to as compactive shear bands, showing that the latter present a much larger 

macroscopic shear offset and a higher degree of cataclastic deformation. Our laboratory results on the 

Vosges Sandstone have shown a greater degree of shear strains inside the compactant shear bands 

compared to the compaction bands. Since the latter have been formed oblique to the major principal 

stress direction and have also developed shear strain, it could be argued that they present common 

characteristics to the so-called shear enhanced compaction bands in the Valley of Fire. However, the 

ESEM observations of these bands have demonstrated that damage was not restricted to the grain 

contacts (see Fig. 10).  

5. Conclusions 

 

In this study, the combination of several non-destructive, full-field methods has provided new insights 

into the formation and evolution of shear and compaction bands in the laboratory. In the past, AE 
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location studies have been widely used to describe such phenomena. In this work, AE locations are 

complemented by x-ray CT, 3D-DIC, and UT. Therefore, further information on the 3D (x-ray CT, 

3D-DIC) and 2D (UT) structure of deformation bands is acquired and has permitted a richer 

interpretation. Direct microstructural observations verified what the non-destructive, full-field 

measurements have indicated.  The significance of all these methods is based on their non-destructive 

character, which allows multiple measurements on the same sample; given that each method is 

sensitive to different properties, a more global understanding of processes occurring during localized 

deformation can be gained. 

 In addition, quantification of strain variations, density changes, and ultrasonic velocity signatures 

provided evidence of both cracking and porosity decrease mechanisms taking place in both types of 

deformation bands. We were able to provide the description of both shear and volumetric strains inside 

the zone of localized deformation (i.e., shear and compaction bands). Furthermore, we were able to 

link these strain quantities to the physical mechanisms and the grains scale as it was shown by the x-

rays CT, the UT, the AEs, and the ESEM observation. The mechanisms are similar but have 

differences in the order of occurrence in time and their proportions. 
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