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Abstract:
This paper presents results from the analysis of shear-enhanced compaction bands that developed in a porous
sandstone during triaxial compression tests at high confining pressures. The analysis uses non-destructive fullfield experimental methods: x-ray tomography, 3D-volumetric Digital Image Correlation (DIC) and Acoustic
Emission (AE) monitoring including source mechanisms analysis. The 3D-volumetric DIC measurements reveal
that these bands are zones with: a small component of band-parallel slip; a larger component of vertical
shortening; compactant volumetric strains; and high maximum shear strains. Low x-ray tomography gray-scale
standard deviation values within the bands indicate regions of grain size reduction and grain fragmentation. AE
hypocenters detected during loading were concentrated inside these narrow bands and showed predominantly
pure and hybrid collapse mechanisms; the latter implies some shear strain and is consistent with the oblique
geometry of these bands. The experimental results in general support the hypothesis that laboratory developed
shear-enhanced compaction bands, at least those studied here, share more characteristics with compaction bands
than with compactant shear-bands; these latter deformation features differ from shear-enhanced compaction
bands not only in the mechanical behavior, but also in the kinematics and the grain-scale deformation
mechanisms.
Keywords: Sandstone, Shear-enhanced compaction bands, Digital Image Correlation, x-ray Tomography,
Acoustic Emissions

1.

Introduction
Compaction bands, a subset of deformation bands, have only recently been widely

recognized in geological outcrops. Published documentation of naturally occurring
compaction bands are confined to studies of two Jurassic Aeolian sandstones (see [1] for a
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review); the Navajo Sandstone at the East Kaibab Monocline, Utah [2] and the Aztec
Sandstone at the Valley of Fire, Nevada [3,4,5]. The deformation features observed by these
authors have been identified as either sets of pure compaction bands or as shear-enhanced
compaction band sets. Pure compaction bands are characterized as narrow tabular zones of
inelastic deformation, which have accommodated pure compaction (volume loss) with no
evidence of shear and according to these authors, have formed normal to the major principal
stress direction [2]. Shear-enhanced compaction bands are inferred to form at 38° to 53°
relative to the maximum principal stress direction and thus, to accommodate localized
compaction oblique to the loading direction [5]. Field observations have demonstrated that
shear-enhanced compaction bands are longer than pure compaction bands but their shortening
normal to the band width and offset along the band length are similar. Although more intense
grain crushing has been documented in shear-enhanced compaction bands, grain
fragmentation and grain size reduction exist in both types of compaction bands [6].
Furthermore, both bands are characterized by reduced porosity and permeability [1, 7]. The
latter observation strongly suggests that compaction bands could act as baffles to fluid flow
and thus have significant implications for hydrocarbon production in subsurface geologic
reservoirs and CO2 disposal into aquifers.
Initial geological outcrop observations of compaction bands have been followed by
many experimental investigations at the laboratory scale. Compaction band formation and
propagation have been studied experimentally in a variety of porous sandstones, with
porosities ranging from 13% [8] to 28% [9], different mineralogical compositions (among
others[8, 10, 11, 12]) and a range of grain sizes [12, 13], deformed under triaxial compression
at high confining pressures. Baud et al. [13] suggested a classification of these laboratorygenerated deformation bands based on their width. Discrete compaction bands, with a width
equal to three intact grain-sizes, have been described in Baud et al. [13], Fortin et al. [11],
Louis et al. [14], Tembe et al. [12], Stanchits et al. [15], while diffuse compaction bands, with
a width of more than three grain-sizes, have been presented in Baud et al. [13], Tembe et al.
[12], Louis et al. [14]. All these bands are characterized by porosity reduction, intense grain
fragmentation and permeability decrease.
Several theoretical frameworks, based on both field and experimental observations,
have been applied to understand the formation and propagation of compaction bands in
porous rocks. Compaction bands in rock can be understood as a bifurcation of the inelastic
response, and thus their occurrence can be predicted by using the tools of bifurcation analysis
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[16, 17, 18, 19, 20]. Although bifurcation analysis appears to be a good theoretical
framework for the compaction band study, it is limited in that continuum analysis deals solely
with the onset of the constitutive instability in the initially homogeneous material. Therefore,
bifurcation theory cannot explain compaction bands or predict their geometrical complexities,
including any further micro-scale deformation. Field observations of long linear natural
compaction bands suggested the idealized penny shape geometry, which has motivated
different micro-mechanical models (anti-crack and inclusion models) analyzed in the
framework of linear elastic fracture mechanics [4, 21, 22]. Such models indicate the ways in
which the microstructural heterogeneities affect the compaction band initiation and
propagation. A combination of processes described both by the bifurcation theory and an
anti-crack model has been applied by Chemenda [23] to reproduce tabular compaction bands
using finite-difference simulations. Micromechanical parameters related to the formation of
compaction bands, such as initial porosity, crushing strength and variability of grain size
shape and mineralogy, have been taken into account in discrete element approaches to
describe their propagation [24, 25, 26].
The goal of this work is to advance our understanding of the micro-processes that may
occur during the formation and evolution of compaction bands in porous sandstone subjected
to triaxial compression at the laboratory scale, which is a crucial step in expanding
knowledge of the larger scale natural systems. We first present the material used and the
experimental procedure followed within this study. Results are discussed in terms of a
combination of experimental methods, which captured different aspects of the observed
deformation features and the deformation mechanisms that occurred.

2.

Material and experimental procedure
The experiments presented here were carried out on a sandstone from the Woustviller

quarry, in the Vosges Mountains, France, which comprises approximately 93% quartz, 5%
microcline, 1% kaolinite, 1% micas, a few oxides, and has an average porosity of 22% [27,
19, 28 ]. Grains, mean diameter 300 μm, are moderately sorted and have a sub-angular to
round shape. The sandstone‟s pore network tends to be rather heterogeneous, i.e., some of the
pores are rather small in certain regions while, less commonly, in other regions the pores
have a shape and a size resembling grains. Observations of these grain-shaped pores suggest
weathering out of feldspar grains, potentially by chemical alteration to clays and subsequent
transported removal. This assumption is supported by observations of chemically altered
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feldspars, seen in thin sections [29]. The cement, which binds the grains together, appears
mostly as quartz overgrowths.
Five cylindrical specimens with diameters of 40 mm and height of 80 mm were cored
normal to the sedimentary bedding plane. Specimens had two opposite flattened surfaces
along their height, which facilitated the pre- and post- deformation ultrasonic wave
measurements [30]. A Teflon interface was used at the top and bottom of some samples
acting as lubricant during the triaxial loading. A circumferential rounded notch (4 mm in
depth and 0.8 mm in height) was machined at the mid-height of four out of the five tested
specimens. The circumferential notch was filled with a 0.7 mm thickness Teflon O-ring
(following [15]), which prevented the Neoprene membrane (that jacketed the specimens
during loading) from entering the notch and, thus, reduced the risk of failure of the
experiment due to oil leakage through the membrane. In addition, two extra Teflon pieces
were used to fill the space around the flattened surfaces of the specimens and so maintain the
cylindrical geometry during the triaxial loading.
Triaxial compression experiments under dry conditions were performed on these
Vosges sandstone specimens using the triaxial deformation apparatus at GFZ in Potsdam,
Germany. This system consists of a servo-hydraulic loading frame from Material Testing
Systems (MTS) with a load capacity of 4600 kN and a triaxial cell sustaining a confining
pressure up to 200 MPa. An important characteristic of this system is the ability to record
acoustic emissions and ultrasonic transmission signals at a number of different positions
during the loading of specimens. During the initial phase of isotropic compression, the
confining pressure on the specimens was increased from zero to the highest pressure for each
given experiment at a constant rate of 1 MPa/min. The subsequent phase of deviatoric
loading was performed under constant displacement control at a rate of 20 μm/min
(corresponding to a nominal axial strain rate of 2.5 10-4 min-1). The axial loading during the
latter phase was stopped at different axial strain levels for each sample, after which the
specimens were fully unloaded. 3D x-ray tomography images were acquired for all the
specimens before and after the triaxial compression experiments.

3.

Experimental methods
With the occurrence of localized deformation during a loading experiment, such as

compaction bands, standard experimental measures during triaxial testing, which obtain a
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bulk value for the whole sample, are insufficient to characterize the mechanisms and
structural evolution of the material. For this reason there has been an increasing interest in
using full-field methods [31, 32, 30, 33, 34, 7] and acoustic methods [35, 11, 15, 36] that
permit analysis of the spatio-temporal distribution of mechanical evolution. However,
individually such techniques still cannot answer all the questions being posed; therefore in
this work a combination of techniques is employed to provide a powerful experimental tool
that can capture the onset, evolution and resultant microstructure of localized deformation
and to aid in the understanding of the underlying deformation mechanisms. The main
advantage of such a combined experimental analysis approach is connected with the different
sensitivities and resolutions of each method. In this paper, we show results on Acoustic
Emission (AE) monitoring and source mechanisms analysis together with x-ray Tomography
and Digital Image Correlation (DIC) from Vosges sandstones specimens.
3.1

Acoustic emission measurements
AEs, produced by the rock specimens as they deformed, were recorded during the

triaxial compression experiments (syn-deformation measurements). Fourteen P-wave sensors
were glued on the cylindrical surface of each specimen and sealed into the Neoprene jacket
using a two-component epoxy. These sensors were composed of PZT disks of 5 mm diameter
and 1 mm thickness placed in brass housings; the PZT elements had a thickness-related
resonant frequency of 1 MHz. Two P-wave sensors, of the same characteristics, were
embedded in the two metallic platens placed at the top and bottom of the specimen during the
experiment.
P-wave transmission measurements were made along 50 traces between different
transducer pairs and AE signals were monitored throughout each experiment at each
transducer. The AE signals were amplified by 40 dB, using Physical Acoustic Corporation
(PAC) preamplifiers equipped with 100 kHz high-pass filters (see for details [15]). Eight out
of the sixteen P-wave sensors, used for the ultrasonic transmissions, sent a rectangular
ultrasonic pulse of 100 V every 30 seconds. During the ultrasonic transmission, these sensors
were disconnected from the preamplifiers. Full waveforms of AE data and ultrasonic
transmission signals were stored in a 16 channel transient recording system (DaxBox,
PRÖKEL, Germany) with an amplitude resolution of 16 bits at 10 MHz sampling rate [37,
15]. All waveforms were recorded in eight internal hard disks of the recording system with no
dead time between consecutive signals.
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Recorded ultrasonic transmission signals and AE waveforms were separated
automatically after each experiment. The P-wave onset-times were picked using an automatic
picking algorithm based on the Akaike information criterion [38]. The AE hypocenter
locations were calculated by minimizing the travel time residuals using the downhill simplex
algorithm [39], considering time-dependent variations in the measured P-wave transmission
velocities and applying a 5 layer anisotropic velocity model, which incorporated the P-wave
velocities from five pairs of sensors and those from the vertical sensors [37]. The estimated
accuracy of the AE hypocenter locations was of 2 mm. Note that in this paper only the AE
analysis is shown in detail; the ultrasonic transmission data were just used, in this case, for
the velocity model for hypocenter determination.
First motion amplitudes of the located AE events were picked automatically and first
motion polarities were used to define the AE source types by estimating the prevailing source
movement [40]. The polarity of each individual event was calculated as the mean of all
signed first motion amplitudes, recorded by the array of AE sensors (the convention used is
that compressional or dilatational first motions are associated with „movement‟ towards or
away from the sensors, respectively). According to [40], AE events were described as T-type
(tensile) for -1≤polarity <-0.25 (compressional first motions, i.e., „movement‟ away from the
source), as S-type (shear) for -0.25≤polarity ≤+0.25, and as C-type (collapse) for
+0.25≤polarity <+1 (dilatational first-motions, i.e., „movement‟ towards the source). Here,
we further consider pure C-type to have polarity =+1 and hybrid C-type to have +0.25<
polarity <+1. Source type events were plotted together with the AE hypocenter locations.
3.2

X-ray Computed Tomography
3D x-ray tomography images of all the specimens were acquired at the x-ray scanning

facility of Laboratoire 3SR, in Grenoble, France before (pre-deformation) and after (postdeformation) the triaxial compression experiments. Results from high resolution scans (HR)
focused only on the region of the localized deformation with the full width of the samples
imaged but not the full height; this permitted the acquisition of images with voxel dimensions
of about 30x30x30 µm3.
3.3

Digital Image Correlation
The acquisition of 3D images of the specimens before and after the loading

experiments permitted analysis of the 3D displacement and strain fields by 3D-volumetric
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Digital Image Correlation (DIC). The code TomoWarp, developed at Laboratoire 3SR, was
used; this code is described in Hall et al. [41] and is based on an approach designed initially
for time-lapse analysis of hydrocarbon reservoirs under production using 3D seismic images
[42]. DIC is a mathematical tool based on the comparison of two digital images, the reference
image (undeformed) and the deformed one. The key assumption is that if the intensity of
some pixels (voxels in 3D) from the reference image correlates with those from a region of
the deformed one, it is likely that they both represent the same region (e.g., [43]). By finding
the shifts that align different subsets of the two images a field of displacements can be
derived to map one image to the other.
The key steps of the code TomoWarp are as follows: (i) definition of a regular 3D grid
of nodes distributed over the pre-deformation x-ray tomography image; (ii) definition of
regions centered on each node (the correlation window); (iii) assumption that the gray-scale
distribution is preserved after deformation and only rigid body translation (characterized by
its three components) occurred between the pre-deformation and homologous postdeformation sub-volume (no rotation or deformation of the correlation window is
considered); (iv) calculation of a correlation coefficient (in this case “semblance”, see [44])
for each displacement of the correlation window within an area (the search window) around
the target node in the post-deformation x-ray image; (v) definition of the discrete
displacements, as integer number of voxels, given by the displacement with the maximum
correlation; (vi) application of sub-voxel refinement involving finding the maximum of an
interpolation function that describes the local 3D variation in the correlation (over a 3x3x3 set
of displacements about the best discrete shift). The sub-voxel refinement is necessary as the
displacements are rarely integer numbers of voxels and it avoids the resolution of an
artificially „stepped‟ displacement field that would provide erroneous strain fields (with very
high values corresponding to each voxel step and no strains between them). After derivation
of the 3D vector-displacement field (with sub-voxel accuracy), the strain field can be derived
to provide the Cauchy strain tensor components (ɛ ij); this calculation is made over 8-point
cubic elements of neighboring nodes from the DIC analysis grid. Whilst full tensor strain
fields are calculated, these are difficult to show and so the first two invariants of the strain
tensor are calculated, i.e., the volumetric strain (ɛ v = ɛ 1+ ɛ 2+ ɛ 3) and the maximum
value of shear strain on any plane (ɛ s = ⅔[( ɛ 1-

ɛ 2)2 + ( ɛ 2- ɛ 3)2+ ( ɛ 3- ɛ 1)2]1/2, which

is the octahedral shear strain), where ɛ 1, ɛ 2 and ɛ 3 are the major, intermediate and minor
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imposed principal strains, respectively. The convention of compactant volumetric strains
being positive and dilatant volumetric strains being negative is adopted herein.

4.

Results

4.1

Summary of Mechanical Data
The mechanical behavior and failure modes of this Vosges sandstone, under triaxial

compression up to 60 MPa confining pressure has been previously well-characterized using
standard experimental methods [27, 19, 28]. Charalampidou [29] further investigated the
characteristics and the involved micro-mechanisms of shear band occurrence in the same
sandstone being subjected to triaxial compression from 20 to 50 MPa, using full-field and
acoustic measurements. In the following, results from triaxial experiments at relatively higher
confining pressures are presented. Five specimens were tested from 130 to 190 MPa. Figure 1
shows the loading curves from all the triaxial compression tests 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 stage).
Note that these stress-strain responses are elemental (i.e., they represent material behaviour)
only prior to strain localization. In the presence of localized strain, both stress deviator and
axial strain as derived from boundary measurements are only nominal, since they are not
homogeneous within the specimen.
Specimens Ve4 and Ve6 were loaded under 130 MPa confining pressure. The loading
of the latter specimen was stopped temporarily (0.95% of axial deformation) and continued
shortly after. Although the stiffness of both specimens is similar at the beginning of the
loading stage, the latter specimen is less resistant after 0.6% of axial deformation. Specimens
Ve1 and Ve5 were loaded under 160 MPa confining pressure. The former was the only
specimen tested without a circumferential notch, while the latter had such a notch at its midheight and failed at a lower axial stress level. Specimen Ve7 was loaded under 190 MPa
confining pressure.
Strain hardening behavior is observed in all specimens. The maximum stress deviator
values decrease with increasing confining pressure, which suggests a cap in the yield surface
at this stress level. Note that in these experiments the determination of the critical stress
conditions corresponding to compactional deformation was not trivial due to the absence of a
clear peak in the stress-strain responses obtained. Additionally, the readings of the axial
8

gages, attached to the specimen mid-height, were not always reliable during the deviatoric
compression part (i.e., one of the strain gages might have failed during the experiment). So it
was not easy to get a representative local volumetric strain measurement. Furthermore, the
onset of localized deformation could not be obtained following the methodology suggested
by Wong et al. [45], due to lack of volumetric strain data from the isotropic compression part
of the experiments. Reasons for this lack included specimens being tested dry, no strain
gauges were used and axial gages were not sufficiently sensitive during that part of the
loading. An alternative methodology for the identification of the onset of inelastic
deformation of these particular experiments was used [29]. This method combines the
mechanical results at the meso-scale (i.e., global displacement recorded at the edges of the
specimen and reliable local displacements recorded at the mid-height of the specimen) with
the hypocenter locations of the AE analysis (transitional measurements from meso- to microscale, i.e., specimen- and grain-scale, respectively). The following sections focus on the
acoustic and full-field experimental results from specimen Ve7.
4.2

Acoustic Emissions and Source Mechanisms
Figure 2 shows the spatial distribution of the located AE events during the triaxial

loading of specimen Ve7. The stress deviator time history (in seconds) and the cumulative
AE number, separated into increasing time intervals moving from left to right, are shown in
Figures 2a. Colors change to highlight most recent events. Only AE events with amplitudes
larger than 2 V were used for the calculation of the cumulative number of AE events. The
number of AE events can be seen to have increased with time, which indicates a cumulative
damage process. Additionally, an increase in AE events is also seen during unloading, albeit
at a lower rate, which suggests a continued locally heterogeneous stress field promoting AE
nucleation in places of local stress concentration. Three 2D projections of the 3D AE
hypocenter distributions (one perpendicular and two parallel to the specimen axis) are shown
in Figures 2b-2d; only AE events with amplitudes larger than 1 V are plotted. The x-y
perpendicular projection of the 3D distributions indicates that AE events were concentrated at
the middle height of the specimen (i.e., from 25 mm to 55 mm from the bottom edge). The zx perpendicular projection shows AE events located at the central section of the specimen
(i.e., +/- 2 mm), while the z-y perpendicular projection presents AE events located within a
wider section of the specimen (i.e., +/- 10 mm). Damage initially occurred in places close to
the notches and propagated inwards and the AE locations suggest deformation band
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development in the middle-top section of the specimen. AE activity was also recorded near
the top edge boundary.
To investigate the micro-processes that took place during the deformation of
specimen Ve7, the located AE events were distinguished between pure C-, hybrid C-, S- and
T-type events. Figure 3 depicts the spatial distribution of AE hypocenter locations from
specimen Ve7 in terms of global axial strain intervals (0.2% steps up to the maximum axial
strain and then up to the end of the deviatoric unloading). The stress deviator history between
each step is shown in Figure 3a. Figures 3b show the distribution of AE polarities (mean of
first motions) from events with amplitudes larger than 1 V. Background colors represent the
polarity limits of each event type (black for pure C-type, red for hybrid C-type, blue for Stype and green for T-type events). Figures 3c-3e show the spatial evolution of these AE
events types (with amplitudes larger than 1 V) in one horizontal and two vertical 2D
projections (colors coincide with those in Fig. 3b, while the spatial limits of these projections
are similar to those shown in Fig. 2b-2d). The number of pure C-type events, which are
dominant compared to other event types throughout the test, decreases with increasing axial
strain. A considerable number of hybrid C-type events is also observed, which increases with
increasing stress deviator. Only few S-type events have been identified during the loading
and unloading stage, while T-type events are absent within these amplitude ranges.
A complex network of deformation bands have been developed in specimen Ve7 (Fig.
2c-2d, Fig. 3c-3e). During the initial loading stage (from 0 to 0.2% of axial strain, Fig. 3) AE
events were located close to the notches, which acting as stress concentrators (see also [46,
12]) facilitated the early onset of inelastic deformation. Damage in this stage was mainly in
the form of C-type events and was concentrated in relatively small bands. With increasing
axial strain, new deformation bands nucleated from the notches and propagated towards the
top section of the specimen, accompanying the further propagation of the former bands. Pore
collapse was still the dominant mechanism (almost 65% of pure C-type events and about 35%
of hybrid C-type events in Fig. 3b). Just before the end of the loading stage (from 0.8 to
0.865% of axial strain) the propagation of the initial bands halted and only bands at the top
part of the specimen continued to evolve. During the unloading stage, a rather diffuse AE
activity can be observed, indicating mainly C-type events nucleated in places of the formerly
created bands (however, the number of pure C-type events drops to almost 50%). Although
only a few S-type events have been located throughout the whole experiment, the resolved
deformation bands are not oriented normal to the maximum shortening direction. Because a
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range of different orientations can be observed, these bands cannot be strictly characterized as
„pure compaction bands’ [2, 4, 5]. Furthermore, a hidden shear component is also present in
the hybrid C-type events, which show much more compaction than S-type events, but still
less than pure C-type events. Therefore, we call the observed deformation bands „shearenhanced compaction‟ bands; this term will be further explained in the following sections.
4.3

X-ray images
X-ray tomography provides a 3D full-field measurement for mapping the x-ray

attenuation throughout the samples and is sensitive primarily to density variations when the
photon energy (acquisition parameter) and material atomic number (deformation process) are
kept constant [47]. Local decrease or increase in densities, in Vosges sandstone specimens
deformed under lower confining pressures (e.g., 20 to 50 MPa), has been associated with
compactant or dilatant shear bands (e.g., [28, 19, 30]). However, under higher confining
pressures (e.g., 130 to 190 MPa) shear-enhanced compaction bands could not be resolved in
the gray-scale images [29]. Otani et al. [48] and Louis et al. [14] demonstrated that different
local statistical measurements of gray-scale values can be used to highlight compaction
bands. Here, the calculation of the local standard deviation of gray-scale values over 3D grids
of small sub-volumes permitted visualization of the compaction bands in the 3D images.
Figure 4 shows different 2D orthogonal projections of the calculated standard
deviation values from specimen Ve7 focusing on a region above and below the notches.
Calculations were made throughout the image volume over sub-volumes of 600x600x600
µm3 at a spacing of 150 µm in every direction. A network of closely spaced deformation
bands can be resolved by setting a standard deviation threshold level (in red) from 0.022 to
0.027 (32-bit gray-scale). Standard deviation values higher than 0.027 are displayed in black.
Lower standard deviation values inside the bands (as compared to values outside the bands)
probably indicate a reduction in grain size via grain fragmentation and crushing to below the
voxel size, and thus, a homogenization of the image (as different grains and porosity
attenuations are averaged over a voxel to give an average gray-scale, which might be similar
over a region). The resolved deformation bands are mostly wavy and have different lengths.
These bands are inclined 58° to 88° (mean 70°), to the major imposed principal stress
direction. Band width varies from 300 to 1200 µm.
4.4

Digital Image Correlation
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Displacement and strain fields have been calculated using DIC analysis of the preand post-deformation x-ray tomography images of 30 µm voxel size. To facilitate the DIC
analysis, the sandstone specimens were placed at approximately the same position for each xray tomography scan (i.e., before and after the triaxial compression experiments).
Calculations were made over sub-volumes of 600x600x600 µm3 at a spacing of 600 µm in
every direction (i.e., 2 grain sizes). Figures 5a-5b show cumulative volumetric and maximum
shear strain fields at the mid-height of the specimen for four different vertical sections,
extracted from the 3D strain images, across specimen Ve7. Figure 5c shows the equivalent
cumulative axial displacement fields. The term cumulative is used because the displacement
and strain maps were calculated after both the loading and unloading of the specimen and,
therefore, refer to the displacement and strain fields measured after the whole experiment.
Displacement values correspond to vertical translation of each voxel (30 µm /voxel) after the
sub-voxel refinement. Figure 5d shows, in gray, the cumulative hypocenter locations of AE
events. The largest amplitude pure C-, hybrid C- and S-type events of the loading stage are
highlighted in black, red and blue colors, respectively.
The complex geometry of the developed network of shear-enhanced compaction
bands contains both compactant volumetric strains (Fig. 5a, 5e, 5i, 5m) and high values of
maximum shear strains (Fig. 5b, 5f, 5j, 5n). In general, the top part of the section (above the
notches) shows larger vertical displacements, which gradually change to smaller values above
and below the resolved deformation bands. Pure C- and hybrid C-type events are where high
compactant and maximum shear strain values are measured.
The inclination angles of shear-enhanced compaction to the major imposed principal
stress direction as measured from the strain field maps range from 62° to 82°, with a mean of
68°. Recall that the inclination angle measured from the standard deviation analysis of x-ray
images was 70°. Note also that angles of around 45°- 53° to the major imposed principal
stress direction are measured in some regions close to the notches. Figures 6a and 6b show
the z- and y- components of the displacement fields (vertical and horizontal, respectively)
close to the central section of specimen Ve7 (y-z plane, x=28.2 mm), together with the
equivalent cumulative spatial distribution of AE hypocenter locations, including both loading
and unloading stages. AE events with amplitudes larger than 1 V and 3.16 V are shown as
small and large spheres, respectively. Black rectangles refer to regions shown in Fig. 6e-6j.
Vertical displacement values gradually decrease in places of AE hypocenter concentrations,
which coincide with shear-enhanced compaction bands (Fig. 6a). Horizontal displacement
12

values are higher close to the surface of the specimen and gradually decrease towards the
center of the sample (Fig. 6b). In this case, it is rather difficult to correlate the calculated
displacement values with the AE hypocenter locations.
Equivalent cumulative maximum shear and volumetric strain fields are shown in
Figures 6c and 6d. Shear-enhanced compaction bands have developed above and below the
level of the notch. These bands are characterized by positive volumetric strains (compaction)
and relatively high maximum shear strains, and are oriented within the range measured from
the equivalent standard deviation maps (Fig.4). Figures 6e-6g and 6h-6j show details of the
vertical and horizontal displacement fields of the three regions highlighted in Figures 6a-6b.
Small black rectangles correspond to the measured values shown in Figure 6k. The transition
of the displacement component values is relatively smooth and is without any strong
displacements discontinuities. Figure 6k shows the measured vertical and horizontal
displacement values from the regions illustrated in Figures 6e-6g and 6h-6j: note that vertical
displacements are usually slightly larger than horizontal. Figures 6l-6n depict the combined
vertical and horizontal displacement vectors and show that these vectors can change direction
locally.
In order to assess whether the resolved deformation features have a shear component,
as was suggested by Bésuelle [19], the local normal and tangential displacement components
and the displacement gradients at the deformation bands are required. Here, such an analysis
would be laborious because the orientations of the resolved bands vary. So to simplify, we
assume 2D deformation band geometry (similar to Figure 6). A parametric vectorial analysis
of the normal and tangential (to the deformation band) displacement components can then be
made based on the principal displacements (along z and y direction and measured by the
DIC) and the different orientation angles (a) towards the principal stress direction (see Fig.
7). Such analysis suggests that the tangential displacement (i.e., slip) along bands of any
orientation is non-zero when the absolute ratio between the vertical and horizontal principal
displacements differs from the tangent of this angle. Figure 7 shows the conditions of shear
displacement along 2D deformation bands as a function of the orientation angle a. Red lines
indicate the limiting values (conditions for zero slip) of vertical to horizontal principal
displacement ratios for the measured orientation angles in specimen Ve7 (from 58° to 88°).
Any other displacement ratio always resolves a tangential displacement component inside the
resolved deformation band.
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Displacement values shown in Figure 6k (corresponding to the small rectangles in
Figs. 6g and 6j) have been used to evaluate the above model. The resolved deformation band
here (Fig. 6k) is inclined at 71.6°. Using the displacements shown in Figure 6k, the calculated
displacement ratio is not equal to the tangent of the angle, implying that tangential
displacement is non-zero. In such cases, the accommodated slip (tangential displacement) is
always much smaller than the band- normal shortening. Such analysis suggests that the
resolved deformation bands share similar characteristics with shear-enhanced compaction
bands, since they have accommodated tangential displacement. It should be underlined,
though, that the parametric 2D analysis presented here should be expanded to a 3D vectorial
analysis, which accounts for all principal displacement vectors.

5.

Discussion
Experimental results are summarized and discussed below in the context of whether,

and to what extent, the resolved shear-enhanced compaction bands share common
characteristics with pure compaction bands, observed in both the laboratory and the field, and
what similarities exist between the resolved shear-enhanced compaction bands and
compactant shear bands formed in the laboratory (see for more details [30]) or observed in
the field.
5.1
Characteristics of the resolved shear-enhanced compaction bands using the
combination of acoustic and full-field methods
A network of differently orientated shear-enhanced compaction bands has been
resolved in specimen Ve7. AE data indicate that these bands initiated at the notches and
propagated towards the center of the specimen. Stanchits et al. [15] have shown that similar
notch geometry resulted in a single compaction band in Bentheim sandstone. The occurrence
of a single compaction band in Benthiem sandstone and multiple bands in this Vosges
sandstone, for the same sample geometry, could be attributed to local mineralogical, pore
network or grain framework characteristics, or to slight geometric variations in the notch
[46]. According to Lin et al. [49], notch size and position can determine the positioning of the
prevailing damage zone and thus, the position of failure, but the final band deformation
characteristics are not greatly influenced, so the change in band number is not regarded as
significant.
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In this study, the width of resolved shear-enhanced compaction bands varied along
their lengths, from 300 to 1200 µm (1-4 grain sizes). Similar widths have been documented in
other porous sandstones that developed what have until now been termed compaction bands
in the laboratory [46, 11, 14, 12] and in the field [2]. Shear-enhanced compaction bands
measured in the Vosges sandstone herein show variable inclination angles towards the major
principal stress direction. Based on their orientation, these deformation bands more closely
resemble naturally developed shear-enhanced compaction bands, observed in Aztec
Sandstone outcrops in the Valley of Fire, Nevada [5] than they do naturally developed pure
compaction bands, observed in East Kaibab Monocline [2], which these authors inferred to
have formed normal to the maximum principal stress direction. Note that naturally developed
wavy compaction bands observed in the field [2] and oblique deformation bands that
developed under high confining pressures in porous sandstones at the laboratory scale [11],
have been previously referred to as compaction bands. However, they share the salient
characteristics of shear-enhanced compaction bands as described here.
Vertical displacement field values measured in this study gradually decrease when
passing through places of AE event concentration, which contradicts the assumption that
displacements are equally distributed among deformation bands [14]. 2D vectorial analysis
along the deformation bands‟ length indicated non-zero tangential displacements, which is
not consistent with pure compaction bands, i.e., bands that lack of any shear displacement
[2]. Furthermore, measured band-parallel slip was much smaller than the vertical shortening
of these oblique bands. This relationship differs from the naturally generated shear-enhanced
compaction bands observed by [5], which are described as bands with equal compaction and
shear. However, Eichhubl et al. [5] do not claim that equal compaction and shear are a
requirement of all shear-enhanced compaction bands.
In this study, higher values of compactant volumetric strains, together with higher
maximum shear strains have been measured inside shear-enhanced compaction bands
compared to strain values measured outside the bands. Furthermore, low standard deviation
values were measured inside the resolved bands, which - in terms of image analysis- indicates
homogeneous regions, probably caused by grain fracturing and crushing producing a “grain”
size locally smaller than the voxel size of the tomography image.
The micro-mechanisms involved in the onset and evolution of shear-enhanced
compaction bands were characterized in this study as dominantly collapse events. Pure Cand hybrid C-type events were linked to local compaction and so porosity reduction. S-type
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events were fewer. Similar bands that have been documented in wet triaxially deformed
Bleurswiller sandstone specimens [11, 50] were characterized by a bigger number of S-type
events. This discrepancy in the shear-type mechanisms might be explained by the different
mineralogical composition of the two sandstones and/or the existence of water, which acting
as a lubricant could have promoted local slip along the resolved bands. However it is not yet
clear if these factors provide an adequate explanation.
5.2
Comparison of the resolved shear-enhanced compaction bands with compactant
shear bands
The Vosges sandstone shear-enhanced compaction bands are inclined at a higher
angle towards the major imposed principal stress than are compactant shear bands formed in
the same sandstone under lower confining pressures [28, 30]. However, it is probable that the
two modes of localized deformation are related, being the shear- and compaction-dominated
end members of a spectrum. To investigate this and the similarities or differences, acoustic
and full-field results from specimens loaded under low and high confining pressures are
compared below.
Figure 8a-8d summarizes different AE event types as a function of time for four
different specimens, together with the equivalent stress deviator curves. Compactant shear
bands developed in specimen Ve2 at 50 MPa confining pressure (Fig. 8d, [30]), while shearenhanced compaction bands developed in specimens Ve4 and Ve6 subjected to 130 MPa
confining pressure (Fig. 8a, 8c [30]), and in specimen Ve7 subjected to 190 MPa (Fig. 8b).
Strain softening behavior is observed only in Ve2, while strain hardening took place in Ve4,
Ve6 and Ve7.
Pure C- and hybrid C-type events were the dominant mechanisms in shear-enhanced
compaction bands. In both Ve6 and Ve7, the number of pure C-type events decreases with
time (and deformation), which can be related to the formation of a network of oblique shearenhanced compaction bands (Fig. 3 and [29, 30]); this is not the case for Ve4 in which shearenhanced compaction bands were not fully developed [30]. The number of S- and T-type
events is relatively low in all specimens. For the compactant shear band case (Ve2 as reported
by [29]) the portion and evolution of event types is different. Hybrid C-type events dominate,
while the number of S-, pure C- and T- type events is smaller (with S-type being much higher
than the C- and T-type events). Subsequently pure-C and hybrid C-type events increase,
while S- and T-type events decrease up to the peak stress. A local increase in S- and T-type
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events and a local decrease in C-type events are observed during the stress drop, while the
post-peak stage is mainly characterized by collapse events. Figures 8e-8h show the
histograms of AE polarities from all specimens [29]. A reduced number of pure C-type
events and a relatively increased number of S- and T-type events is observed for the
compactant shear band (Ve2) compared to shear-enhanced compaction bands (Ve4, Ve6,
Ve7). These observations lead to the conclusion that pure C- and hybrid C-type events (with
hidden component of shear) are the main mechanisms in shear-enhanced compaction bands,
retaining a relatively constant ratio in time. Compactant shear bands, however, are
characterized by hybrid C-type events with the number of S- and pure C-type events being
bigger and smaller, respectively, than in shear-enhanced compaction bands. S- and hybrid Ctype events decrease with increasing number of pure C-type events at the post-peak stage.
Eichhubl et al. [5] compared shear-enhanced compaction bands to compactant shear
bands at the field-scale, showing that the latter have a much larger shear offset. Figures 9a9b show the z- and y- components of the displacement fields from a single section of
specimen Ve2 (y-z plane, x=11.4 mm). Black rectangles refer to regions shown in Figures 9e9g. Figures 9c-9d show the equivalent cumulative maximum shear and volumetric strains for
the same projection. In these images, compactant shear bands are characterized by high shear
strain values as well as high volumetric strains (compactant or dilatant, for more details, see
[29, 30]). Note that the cumulative shear and compactant volumetric strains of the
compactant shear bands have higher and lower values, respectively, compared to those
calculated inside the shear-enhanced compaction bands. Cumulative vertical displacements of
this particular Ve2 section show larger values above and smaller values below the band (Fig.
9a), while cumulative horizontal displacements values are higher close to the surface of the
specimen and gradually decrease towards the center of the sample (Fig. 9b), but in an
opposite direction to that in shear-enhanced compaction bands (Fig. 6b). The local kinematic
conditions more closely resemble those of a normal fault, though the term normal fault
applies to a much larger structure in which discrete fault plane parallel slip dominates the
kinematics.
Figure 9k summarizes the values of vertical and horizontal displacements measured in
sections shown as small black rectangles in Fig. (9e-9j). Figures 9l-9n depict the combined
vertical and horizontal displacement vectors shown in Figures 9e-9j. The resolved
compactant shear band is oriented 47.6° to the major imposed principal stress direction.
Calculations of the accommodated slip (tangential displacement) and the band-oblique
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shortening (normal displacement), based on displacement values shown in Figure 9k (Fig. 9e,
9h, and 9g, 9j), indicate that the slip along the band equivalent increases (from top to bottom)
reaching locally values up to 127 µm at the top and 475 µm at the bottom band, while the
band -oblique shortening decreases in a similar way, having values of about 322 µm at the
top and 110 µm at the bottom of the band. The band-parallel slip values in compactant shear
bands are always (within this study) much larger than those in shear-enhanced compaction
bands (few µm).
From the discussion above it seems that the mechanical behavior, the operative
mechanisms and the kinematics differ considerably between shear-enhanced compaction
bands and compactant shear bands that developed in Vosges sandstone specimens subjected
to triaxial compression under different confining pressures. It appears that shear-enhanced
compaction bands, at least those studied here, share more common characteristics with pure
compaction bands than they do with compactant shear bands and do not develop such high
values of maximum shear strains and of band-parallel slip and such larger number of S-type
events as those observed in compactant shear bands.

6.

Conclusions
A combination of acoustic and full-field methods (pre-, syn-, and post-deformation)

has been applied to better characterize shear-enhanced compaction band evolution in porous
sandstone specimens that were deformed under triaxial compression at high confining
pressures in the laboratory. Analysis of full-tensor strain fields, derived from the 3Dvolumetric DIC displacement fields, has revealed localized zones of compactant volumetric
strains and high maximum shear strain, which coincide with narrow zones of AE hypocenter
concentrations. These zones map out the locations of the deformation bands. The AE analysis
has revealed that pure C-type and hybrid C-type events are the dominant mechanism in the
evolution of these features. The latter AE event type also implies a portion of shear, which is
consistent with the oblique geometry of the bands. The number of S-type events was
relatively low. Small band-parallel slip values have been measured along the bands using 3Dvolumtric DIC, although vertical shortening of these oblique bands was more pronounced.
Furthermore, low x-ray tomography gray-scale standard deviation values inside these zones
suggest grain size reduction and grain fragmentation. Shear-enhanced compaction bands, at
least those studied here, have more characteristics in common with pure compaction bands
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than with compactant shear bands. The latter differ from the former not only in the
mechanical behavior, but also in the kinematics and the grain-scale deformation mechanisms.
The combined use of non-conventional experimental techniques used in this work has
provided more insight than is possible from the use of the individual techniques alone, and
much more than would be possible from standard experimental analyses. It is worth noting
that both the AE and full-field methods used herein are non-destructive, which implies that
multiple measurements could be made on the same specimen. Furthermore, they could be
applied at any time of the experimental procedure, e.g., before, during and after deformation.
This provides the potential of capturing both total and in-situ deformation processes at
different scales, linked to the resolution and sensitivity of each method. Furthermore, both
methods could resolve the complex compaction band geometry in 3D, which is not possible
with 2D thin section analysis. However, microstructural observations from thin sections
should provide further, complementary insights into the grain-scale deformation.
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Figure captions
Figure 1. Stress deviator plotted versus axial strain (global) from specimens loaded under
130, 160 and 190 MPa.
Figure 2. AE results from specimen Ve7: (a) Stress deviator as a function of the number of
AE events in different time intervals; (b) - (d) Maps of AE event locations for the same time
intervals viewed perpendicular and parallel to the specimen axis.
Figure 3. AE results from specimen Ve7: (a) Stress deviator as a function of time history for
different global axial strain intervals; (b) Histograms of AE polarities; (c) – (e) Maps of AE
event locations for the same strain intervals viewed perpendicular and parallel to the
specimen axis.
Figure 4. Gray-scale standard deviation values (32-bit gray-scale) from HR x-ray
tomography images shown in several vertical slices through specimen Ve7.
Figure 5. Specimen Ve7: (a, e, i, m) Volumetric strain field derived from HR x-ray pre- and
post-deformation images; (b, f, j, n) Maximum shear strain field derived from HR x-ray preand post-deformation HR x-ray images; (c, g, k, o) Vertical displacement field (principal
displacement) calculated from pre- and post-deformation HR x-ray images; (d, h, i, p) AE
hypocenter locations during loading and unloading.
Figure 6. (a-b)Vertical and horizontal displacement fields from a 2D section from Ve7; AE
hypocenter locations are superimposed on the displacement fields; (c-d) Maximum shear and
volumetric strain fields for the same projection; (e-g) Expanded view of the vertical
displacement field (see a-d); (h-j) Expanded view of the horizontal displacement field (see ad); (k) Vertical and horizontal displacement values, in small black rectangles shown in (e-g
and h-j); (l-n) Displacement vectors for areas shown in (e-g) and (h-j).
Figure 7. Parametric analysis for the conditions of existence of tangential displacement along
different orientation angle (a) principal horizontal and vertical displacement values inside the
resolved bands. Red lines indicate the conditions of zero slip based on vertical to horizontal
principal displacement ratios for the measured orientation angles in Ve7 (from 58° to 88°).
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Figure 8. (a-d) Stress deviator and AE event types versus time for four different specimens.
Pure C-, hybrid C-, S- and T-type events are shown in black, red, blue and green colors,
respectively. Orange rectangles in (b) represent periods of no recordings. No amplitude
grouping has been made. The temporal evolution of different crack types is plotted in
moving windows of 400 samples at a step of 100 samples; (e-h) Histograms of AE polarities.
Figure 9. Vertical and horizontal displacement fields from a 2D section from Ve2 (a-b); AE
hypocenter locations superimposed on the displacement fields. Maximum shear and
volumetric strain fields for the same projection (c-d); (e-g) Detail of the vertical displacement
field (see a-d); (h-j) Detail of the horizontal displacement field (see a-d); (k) Vertical and
horizontal displacement from the small black rectangles shown in (e-g and h-j); (l-n)
Displacement vectors for the three positions corresponding to (e-g and h-j).
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