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SUMMARY

Standard techniques for computed tomography imaging are not directly applicable to a car-
bonate rock because of the geometric complexity of its pore space. In this study, we first
characterized the pore structure in Majella limestone with 30 per cent porosity. Microtomog-
raphy data acquired on this rock was partitioned into three distinct domains: macropores, solid
grains, and an intermediate domain made up of voxels of solid embedded with micropores
below the resolution. A morphological analysis of the microtomography images shows that
in Majella limestone both the solid and intermediate domains are interconnected in a man-
ner similar to that reported previously in a less porous limestone. We however show that the
macroporosity in Majella limestone is fundamentally different, in that it has a percolative
backbone which may contribute significantly to its permeability. We then applied for the first
time 3-D-volumetric digital image correlation (DIC) to characterize the mode of mechanical
failure in this limestone. Samples were triaxially deformed over a wide range of confining
pressures. Tomography imaging was performed on these samples before and after deforma-
tion. Inelastic compaction was observed at all tested pressures associated with both brittle
and ductile behaviors. Our DIC analysis reveals the structure of compacting shear bands in
Majella limestone deformed in the transitional regime. It also indicates an increase of geomet-
ric complexity with increasing confinement—from a planar shear band, to a curvilinear band,
and ultimately to a diffuse multiplicity of bands, before shear localization is inhibited as the
failure mode completes the transition to delocalized cataclastic flow.

Key words: Microstructures; Permeability and porosity; Creep and deformation; Elasticity
and anelasticity.

pre-existing pore structure and damage development to gain insights

1 INTRODUCTION . . .
into the operative mechanisms.

The transition of failure mode in porous rock from brittle fault-
ing to distributed cataclastic flow is a topic of importance in many
geological applications, including the mechanics of faulting and
deformation band formation (Aydin & Johnson 1978; Shipton &
Cowie 2001; Aydin et al. 2006), tectonic evolution and fluid flow
in sedimentary formations (Antonellini ez al. 1994; Casey & Butler
2004; Eichhubl et al. 2004, 2010; Sheldon et al. 2006), as well as
reservoir compaction and subsidence (Boutéca et al. 1996; Fisher
et al. 1999). Recent advances in rock mechanics research in this
area was reviewed by Wong & Baud (2012), who emphasized the
importance of integrating data on mechanical deformation and fail-
ure mode with systematic microstructural observations of both the

Traditionally, pore space in rock is characterized using optical
and scanning electron microscopes (SEM). Supplementary infor-
mation on geometry of the pores and throats may also be gained
from mercury injection (Churcher ez al. 1991) and nuclear magnetic
resonance (NMR) imaging (Gleeson & Woessner 1991; Kleinberg
1999). Furthermore, advances in 3-D imaging techniques such as
X-ray computed tomography (CT) and laser scanning confocal mi-
croscopy (Fredrich ef al. 1995) have furnished enhanced perspec-
tive on pore geometry complexity. In particular, X-ray CT has been
used widely for characterizing porous clastic rocks such as sand-
stone, whose void space is dominated by relatively equant pores
connected by throats that are sufficiently large for direct imaging
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by X-ray micro-CT. Such data have elucidated the 3-D geometric
complexity (Lindquist et al. 2000) and its control over elastic and
transport properties (Arns et al. 2004; Fredrich et al. 2006; Knack-
stedt et al. 2009; Zhan et al. 2010; Sun et al. 2011) of naturally and
experimentally deformed sandstones.

When images of a rock sample are acquired before and after
deformation in rock mechanics experiments, digital image correla-
tion (DIC) can be used to infer the displacement and strain fields.
This correlation technique has been used widely in experimental
mechanics to map out the spatial distribution of deformation based
on photographs of the surface of deforming specimens, and more
recently on X-ray CT images in 3-D. It can effectively delineate
the nucleation and development of damage in synthetic (Russell
& Sutton 1989; Bastawros et al. 2000; Wattrisse et al. 2001) and
biomedical (Bay et al. 1999; Wang et al. 2002) materials, as well
as in geomaterials such as sand and sandstone (Rechenmacher &
Finno 2004; Lenoir et al. 2007; Louis et al. 2007; Hall et al. 2010;
Charalampidou et al. 2011).

These 3-D imaging techniques have not been widely employed
for carbonate rocks, even though this sedimentary rock type hosts
more than half of the world’s oil reserves and is, in this regard, as
important as clastic rocks. The limited use on carbonates arises pri-
marily because their pore geometry is significantly more complex
than that of sandstones (Choquette & Pray 1970; Lucia 1995), and
consequently micro-CT cannot directly image certain fine details
of the pore space (Okabe & Blunt 2007; Bauer et al. 2011; Ji et al.
2012). Complexity of carbonate pore geometry arises from deposi-
tional environment and diagenesis, which exert significant influence
over the development of their texture and fabric (Folk 1980), and
in turn significantly modify both the size and connectivity of the
pore space. Accordingly the pore size in a carbonate rock may span
over a very broad range, often with a bimodal distribution which
comprises macroporosity and a significant fraction of microporosity
with submicron features not readily resolved by micro-CT (Pittman
1971; Anselmetti et al. 1998).

Recent rock physics studies have demonstrated that the macrop-
ores and micropores exert distinct influences on the elastic (Baechle
et al. 2008; Knackstedt e al. 2009) and inelastic (Zhu et al. 2010;
Vajdova et al. 2012) behaviors of limestone. Even though most
micropores can be resolved under the SEM, quantitative charac-
terization of a statistically representative ensemble of these fine
features can be tedious, whereas the 3-D characteristics can only be
inferred indirectly from multiple 2-D sections of the sample. In a
recent study, Ji et al. (2012) developed a more efficient methodology
based on X-ray micro-CT, and applied it to Indiana limestone. A
first objective of this current study is to extend this approach to the
Majella limestone with a porosity almost twice that of Indiana lime-
stone. Statistics of the macropore size and the spatial distribution of
microporosity in 3-D were characterized. These data provide useful
insights into the complexity of the pore geometry and its connectiv-
ity, as well as their potential influence on mechanical and hydraulic
behaviour. This provides the context for the second objective of
this study, which was to investigate the mode of mechanical failure
using 3-D volumetric DIC.

The failure mode transition in Majella limestone was recently
studied by Baud et al. (2009) and Vajdova et al. (2012). In the
brittle faulting regime, failure in such a porous limestone develops
by shear localization and the strength is sensitively dependent on the
porosity. Under high confinement, failure develops by distributed
cataclastic flow, and the compactive yield stress is dependent on not
only the total porosity, but also the micropore size, as well as the
partitioning between microporosity and macroporosity (Zhu et al.

2010). Optical and SEM observations have documented the mi-
cromechanical processes and damage evolution associated with the
brittle and ductile end-members, which include pore-emanated mi-
crocracking and cataclastic pore collapse, respectively (Baud et al.
2009; Vajdova et al. 2012).

However, regarding the failure mode and damage development in
the transitional regime from brittle faulting to cataclastic flow, these
recent studies were inconclusive. One might surmise that strain lo-
calization features such as high-angle shear bands would develop
in a porous limestone, analogous to failure modes observed in the
transitional regime in porous sandstone (Bésuelle e al. 2003; Baud
et al. 2004). However, such microstructural development is not
evident in thin-sections of failed limestone samples in the transi-
tional regime, and therefore several questions remain unanswered.
Is strain localization absent, or the clustering of damage too subtle
to be resolved by optical and SEM observations? If indeed failure
in the transitional regime involves strain localization, how early in
the deformation history would it initiate? What are the microme-
chanical processes, and how is the damage partitioned between the
macroporosity and microporosity? Another objective of this study
is to resolve these questions using DIC in conjunction with mi-
crostructural observations and CT imaging of samples before and
after failure. This approach would allow one to identify with rela-
tively high resolution the onset of strain localization and to infer the
failure mode.

To tackle this second objective, four Majella limestone samples
were triaxially compressed at confining pressures ranging from 5
to 25 MPa and another under hydrostatic conditions up to 60 MPa.
For each of these five samples, two CT images were acquired be-
fore and after the deformation. We then used the TomoWarp code
(Hall et al. 2009) to perform 3-D volumetric DIC on the pairs of
images to derive the permanent displacement field and the full 3-D
strain tensor field of each sample. This code has proven to be very
effective for mapping out 3-D complexity of strain localization in
porous sandstone (Charalampidou et al. 2011, 2014), and our study
constitutes its first application to a limestone.

2 EXPERIMENTAL PROCEDURE

Our samples are from the Madonna delle Mazze quarry in the Apen-
nines, Central Italy, located on the inner part of the forelimb of the
Majella anticline, where fault development related to deformation
bands and stylolites has been investigated by Tondi et al. (2006);
Cilona et al. (2012) and Rustichelli et al. (2012). Our samples are
from two different blocks of Majella limestone acquired from the
relatively undeformed host rock. The sample for micro-CT analysis
was from the block used by Baud ef al. (2009), who have con-
ducted comprehensive deformation experiments in relation to the
brittle—ductile transition. Recently, Vajdova ef al. (2012) have used
optical and SEM to conduct a detailed characterization of the pore
geometry of an undeformed sample as well as damage in deformed
samples from an identical block. We will refer to samples from this
block as Majellal. For mechanical deformation in this study, we
used samples cored from a different block from the same locality,
which will be denoted as Majella2.

2.1 Sample preparation and mechanical deformation

Cylindrical samples of Majella2 were cored perpendicular to the
sedimentary bedding and then ground to diameter of 20 mm and
length of 40 mm. Jacketed samples were deformed in conventional
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Table 1. Deformation history of samples studied.

Confining pressure (MPa)  Initial porosity (per cent)  Axial strain (per cent)  Analysis Comments
60 324 - DIC Hydrostat beyond P*: cataclastic flow
5 32.7 0.91 DIC High angle compacting shear bands
10 32.9 1 DIC High angle compacting shear bands
15 32.6 1.46 DIC Multiple strands of closely spaced tortuous bands
25 323 1.56 DIC Multiple strands of closely spaced tortuous bands

triaxial configuration at room temperature at Ecole et Observa-
toire des Sciences de la Terre in Strasbourg, France, following the
protocol of Baud et al. (2009). Axial displacement was measured
outside the pressure vessel with a capacitive transducer (with accu-
racy 0.2 um) mounted on the moving piston and servo-controlled at
a fixed rate (corresponding to a nominal strain rate of 1075/s). Axial
strain of a sample was calculated from the axial displacement data
and initial sample length, accounting for stiffness of the loading
frame. Volumetric strain was inferred from the displacement of the
piston of the confining pressure generator measured with an angular
encoder.

To study the brittle—ductile transition and strain localization, we
triaxially deformed four samples at confining pressures of 5, 10,
15 and 25 MPa, respectively. Another sample was hydrostatically
compressed to a maximum pressure of 60 MPa. The five Majella2
samples and their deformation histories are summarized in Table 1.

2.2 X-ray micro-CT and microstructural analysis

For each of the five samples of Majella 2, CT data were acquired
at the X-ray scanning facility of Laboratoire 3SR laboratory in
Grenoble, France, before and after the deformation, following the
procedure described by Charalampidou et al. (2014). These two
images were then used for DIC analysis. After retrieval from the
apparatus and acquisition of the CT image, the deformed samples
were encapsulated with epoxy and two thin sections were then cut
along the central vertical plane of each sample. One thin section
was used primarily for optical microscopy, and the other was coated
with gold for SEM observations. For SEM observations at Stony
Brook University, the gold-coated thin sections were studied using
aLEO 1550 microscope with a voltage up to 10 kV. All SEM micro-
graphs presented here were acquired in the backscattered electron
mode. Optical microscopy was performed using a Nikon polarizing
microscope.

The Grenoble X-ray scanning facility employed a 150 kV micro-
focal X-ray source capable of a <5 pm focal spot size. X-rays were
set to energy of 100kV and intensity of 100 pA. About 1200 views
were gathered, and reconstructed slice images were of size about
1600 x 1600 voxels. Each sample spanned 1600 image slices, and
the voxel size was about 25 x 25 x 25 um?.

For micro-CT imaging a subvolume was obtained from an un-
deformed sample of Majellal limestone. As described by Ji et al.
(2012), the cylindrical subvolume (of diameter 4 mm and length
7 mm) was extracted from one half of the sample by coring per-
pendicular to the cut surface. The imaging of this sample was per-
formed at the High-Resolution CT Facility at the University of Texas
at Austin (UTCT), following procedures detailed by Ketcham &
Carlson (2001). The system employs a 200 kV microfocal X-ray
source capable of a <10 um focal spot size. X-rays were set to
60kV and 10 W without any filter, and a 4x objective was em-
ployed. Acquisition times ranged from 50 to 60 s per view, and from
476 to 481 views were gathered over an angular range from 190° to
192°. Reconstructed slice images were of size about 1000 x 1000

voxels. Each sample spanned 934 image slices, and the voxel size
was 4 x 4 x 4 um’.

2.3 Segmentation and morphological analysis of
micro-CT image

We used an approach analogous to that of Ji et al. (2012) to segment
the micro-CT image into three distinct domains: solid grains, voids
with dimensions larger than the voxel resolution, and a zone of
intermediate density. We will refer to the voids in the second domain
with dimensions larger than the voxel size as ‘macropores’. In the
third domain, since the voxel density is lower than grain density,
we interpret each voxel to be embedded with numerous voids of
subvoxel dimension. These voids will be referred to as ‘micropores’.

In the histogram of the X-ray attenuation coefficient for the
16-bit CT image (Fig. la), one can identify a distinct peak (at a
grey level of ~3.5 x 10*) corresponding to the solid domain. The
distribution is skewed, and to the left of the peak there is an inflec-
tion point (at grey level of ~3.4 x 10*). To accentuate the contrast
among the solid, void and intermediate zone, it was necessary to
apply appropriate filtering before we could segment the image into
three phases. Indeed, Bauer ef al. (2011) also concluded that such
pre-segmentation filtering was necessary in their recent study of
Estaillades and Lavoux limestones (with comparable porosities of
24.7 and 28.7 per cent, respectively).

Based on a comparison of the filtered images with microstruc-
tural observations, we concluded that a median filter applied to a
volume 5° voxels (analogous to that applied by Bauer et al. (2011)
to their two limestones) provides the optimal resolution of the three
domains. Such filtering typically eliminates numerous isolated, rel-
atively small blobs (especially in the intermediate domain), which
likely correspond to random noise. Most importantly, a second peak
(at a grey level of ~1.6 x 10%) interpreted to correspond to the void
domain emerged in the histogram of the filtered image (Fig. 1b).

To segment the CT image into three domains, we followed Ji e al.
(2012) to select two thresholds 7%, and I3, (with I}, > I%. ),
located in the region between the two peaks. The two thresholds thus
segment the histogram into three domains. The following criterion
on the grey level / of a voxel was adopted for identifying to which
of the three domains it belongs:

Void: I < I, (la)
Solid: I > I. (1b)

Intermediate: [

VOl

0 <1 < I (1o

Whereas local porosity of a voxel in the void and solid domains
has values of 0 and 1, respectively, local voxel porosity in the in-
termediate domain falls between 0 and 1. Since Majella limestone
is basically monominerallic (with a modal composition of 99 per
cent calcite), the density of the grains is basically homogeneous and
density of the porous rock decreases linearly with porosity. Since
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Figure 1. CT data on intact Majella limestone. (a) Distribution of X-ray attenuation (relative frequency) for 16-bit CT image. (b) (left-hand side) Global
filtered histogram. The images were segmented with multiple thresholds into three separate domains: solid grains, macroporosity and an intermediate zone

dominated by microporosity.

the CT attenuation coefficient is primarily dependent on the density,
the grey level of a voxel is also expected to be linearly related to
its local porosity ¢. Accordingly, we adopted the following relation
for inferring the local porosity from the CT measurement:

Lya—1
o @
solid — “void

With the local porosity so defined, we developed a criterion for
identifying the two thresholds, for given values of macroporosity
@, and microporosity ®,,. The voxel volume fraction (i.e. voxel
volume normalized to the sample volume) at a grey level /is denoted
by f{l). Accordingly the macroporosity and microporosity can be
obtained by integrating under the histogram as:

Lo
®, = / $f (DI, (3a)
;

L
By = / £ (3b)
0

As noted later, 2-D microstructural measurements indicate that
Majellal has macroporosity and microporosity values of 11.4 and
19.6 per cent, respectively. Imposing these constraints on our
micro-CT data (with a median filter applied to 5° voxel volume),
we determined the threshold grey levels to be I, = 20361 and
I = 34 250. Interestingly the thresholds so determined are not
very sensitive to filtering. For example, if the median filter were ap-
plied to larger voxel volume of 9°, the thresholds would be 22 024
and 33 821 instead.

Morphological processing was next performed on the micro-CT
image, so as to identify individual clusters of interconnected voxels
that correspond to blobs of solid, macroporosity or microporosity.
We used a ‘marching cubes’ algorithm (Lorensen & Cline 1987;
Jiet al. 2012) to map out the surfaces of these blobs. For an isolated
macropore with volume V and surface area S, two parameters were
used to characterize its geometry:

1/3
D= (6—1/) R (4a)

e

and
6V mler)¥?

- DS s
The equivalent diameter D is the diameter of a sphere with volume
V identical to that of the macropore. The sphericity ¥ (Wadell 1935)
is the ratio of the surface area of a sphere (with the same volume
as the macropore) to the surface area S of the macropore. It is a
measure of roundness, such that ¢ = 1 for a sphere and a ¥ value
significantly less than unity is associated with a highly non-spherical
geometry or relatively rough surface.

4 (4b)

2.4 Imaging strain localization

For porous sandstone two techniques have been developed to en-
hance the contrast and resolve the structural evolution of compacting
shear bands and compaction bands. The first technique hinges on the
hypothesis that grain crushing in a clastic material would homoge-
nize the spatial distribution of X-ray attenuation (Otani et al. 2005),
and accordingly the relative dispersion (inferred from of the grey-
level statistics in an elemental volume made up of multiple voxels)
provides a proxy for the local damage intensity, such that strain
localization related to compactant cataclasis would correspond to a
zone of relatively low dispersion. This technique has been success-
fully applied to delineate compacting shear bands and compaction
bands in porous sandstones (Louis et al. 2006; Charalampidou et al.
2011,2014). However, it is not effective for characterizing localized
compaction in a limestone, since the micromechanical processes in
this case are fundamentally different from the pervasive grain crush-
ing and comminution in a clastic rock (Zhu et al. 2010).

The second technique is DIC, which can map out the spatial
distribution of deformation without any assumptions on the opera-
tive micromechanical processes or initial homogeneity (Louis et al.
2007). Two digital images corresponding to the undeformed and de-
formed states are compared. Maximizing an appropriate coherency
measure (such as the semblance and cross-correlation function)
of the spatial distributions of grey level in the two images, the
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correspondence between undeformed and deformed coordinates of
the same material points in the sample are identified (Bruck et al.
1989; Sutton et al. 2000). Accordingly the undeformed coordinates
can be mapped to the deformed coordinates, which then allows
the displacement and strain fields to be inferred. Using the code
TomoWarp documented by Hall et al. (2009); Charalampidou et al.
(2011, 2014) have demonstrated that 3-D volumetric DIC can ef-
fectively map out the geometric complexity of strain localization in
porous sandstone. This code is based on a semblance approach ini-
tially developed for time-lapse analysis of hydrocarbon reservoirs
using 3-D seismic images (Hall 2006). In this study we used To-
moWarp to infer the inelastic displacement and strain fields in five
hydrostatically and triaxially compressed samples of Majella2.

Before using the TomoWarp code, one has to specify a regular
3-D grid of nodes distributed over the CT image, and a volumetric
domain (the ‘correlation window’) centred on each node for the
correlation analysis. In the current study, the grid spacing of the
nodes was 20 voxels in each direction and the correlation window
had a volume of 11 x 11 x 11 voxels®. The displacement field
was derived by identifying the 3-D translation that maximizes the
cross-correlation of the grey-level data within the correlation win-
dow in the undeformed and deformed images at each node. The
displacement field so determined is based on a discrete unit (related
to the voxel dimension), and therefore a further step determines
a subvoxel resolved translation vector based on the maximum of
the interpolated correlation coefficient for a range of displacements
around the initial integer voxel value. Subsequent calculation of the
strain tensor is based on interpolation of the displacements over
8-point cubic elements of neighbouring nodes.

Since it is difficult to visualize the spatial distribution of all six
independent strain components, we will characterize the strain field
by two parameters (defined in terms of the principal strains ¢, €, and
&3): the volumetric strain €, = €| + &, + €3, and octahedral shear
strain y, = /2[(e) — £,)> + (81 — £3)? + (&2 — £3)2]/3. These two
parameters are directly related to the first strain invariant and the
square root of the second deviatoric strain invariant, respectively.
Physically the octahedral shear strain corresponds to the engineering
shear strain sustained on the octahedral plane (defined by its normal
which subtends equal angles with respect to the three principal
directions).

3 MACROPORE STATISTICS AND
SPATIAL DISTRIBUTION OF
MICROPOROSITY

In terms of rock fabric, Majella limestones can be classified ac-
cording to Dunham (1962) as a calcite-cemented grainstone. It has
a modal composition of >99 per cent calcite. Allochems in the
limestone make up about half of the bulk rock volume, and they
are primarily in the form of rudist fragments. The rest of the solid
volume is occupied by cements in the form of bladed sparry calcite
cements and microspherules of silica cement. Under the SEM, the
larger macropores were observed to have dimensions comparable
to the allochems (Fig. 2a), whereas numerous micropores are em-
bedded in the allochems and cemented regions (Fig. 2b). Fig. 2(c)
highlights numerous micron-sized micropores that can be found in
the periphery of a macropore. For comparison we show in Fig. 2(d)
the spatial partitioning of allochems, matrix and porosity in a Ma-
jella limestone sample that was mapped manually by Tondi ef al.
(2006) under an optical microscope. The allochems (light areas) are
primarily rudist fragments that are quite angular and poorly sorted.

DIC analysis of strain localization in Majella limestone 703

We calculated the total porosity from the density of a vacuum
dried sample, assuming a solid composition of 100 per cent calcite
with density of 2710 kg m>. The average total porosity of Ma-
jella2 limestone so determined is 32.6 per cent, which is slightly
larger than the interconnected porosity values of 31 and 30 per cent
determined on Majellal by pycnometer and water saturation tech-
niques, respectively (Baud ef al. 2009). From 2-D measurements
on a scanned image of the thin-section (of an undeformed Majellal
sample of total porosity 30 per cent), the macroporosity was in-
ferred to be 11.4 per cent (Zhu et al. 2010; Vajdova et al. 2012).
The difference between the two would give a microporosity of
19.6 per cent.

3.1 Macroporosity and microporosity

The micro-CT image was segmented into three domains. Voxels in
the macropore domain have local porosity of 1, and they occupy 11.4
per cent of the volume. In the intermediate domain, the local porosity
ranges from 0 to 1. Using eq. (2) the local porosity in this domain
can be inferred (Fig. 3). Its distribution follows an approximately
bilinear trend, with significant proportion of the voxels inferred
to have local porosities <40 per cent. It should be noted that, in
expression (2), we selected 17, and I, as the limits, and there
are other choices one can make and alternative expressions which
one can propose for inferring the porosity, and it is a moot question
which will give the best approximation (Ji ef al. 2012).

A 3-D visualization of the grey level distribution is presented in
Fig. 4(a). Whereas the solid domain seems to be interconnected, it
is not obvious to what extent the macropores (Fig. 4b) and the inter-
mediate domain (Fig. 4c) are interconnected. In Fig. 5 we present
five slices of a subvolume, which show many features qualitatively
similar to the optical micrographs in Fig. 2. Many of the macropores
and solid grains seem to be surrounded by layers of the intermediate
domain.

3.2 Geometric characterization of the macropores and
microporosity domain

With morphological processing we identified a total of 17 028
macropores with a diversity of geometric shapes. We show in Fig. 6
four selected macropores with sphericity ranging from 0.24 to 0.94.
Basically all macropores can be considered as isolated blobs,
except for a single one that cuts through the sample thus pro-
viding a percolative backbone. This backbone (Fig. 6b) is geo-
metrically complex, has a very low sphericity of 0.04, and oc-
cupies a significant portion of the pore space (9.97 per cent
porosity).

We present in Fig. 7(a) the equivalent diameter distribution for the
macropores. Most of the isolated pores have equivalent diameters
less than 100 um, and there seems to be an overall trend for a
more significant proportion of the larger pores to deviate from a
spherical geometry. For comparison we show in Fig. 7(b) the data
of Vajdova et al. (2012), which were obtained on 2-D scanned
image of the thin-section of 10-TS. They did not characterize the
pore shape, and the equivalent diameter was calculated for a circle
with area identical to the projected area of the pore observed on the
2-D section. Both sets of data fall on similar ranges of equivalent
diameter, and they follow qualitatively similar trends with number
of pores decreasing with increasing diameters. Using stereological
concepts (Underwood 1970) and assuming isotropy, the 2-D and
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Figure 2. Backscattered SEM images of an intact sample of Majella limestone (sample MO-TS from Vajdova ef al. 2012). (a) The larger macropores (dark
areas) have dimensions comparable to the allochems. (b) Micropores embedded in the allochems and cemented regions. (c) Numerous micropores in the
periphery of a macropore. (d) Map performed manually under optical microscope (Tondi ez al. 2006) showing the partitioning of allochems (rudists), matrix

(mostly cement) and porosity in a Majella limestone.
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Figure 3. Distribution of microporosity from CT data on intact Majella
limestone (smoothed with a 5x5x 5 median filter). Voxel volume normalized
to the sample volume as a function of the grey level and of the corresponding
inferred local porosity in the intermediate zone.

3-D measurements (of number per unit area n 4 and per unit volume
ny) of a system of spherical objects are related by:

DJI N

ny

)

where D denotes the mean diameter of the spherical objects.

Our analysis has revealed significant discrepancy between 2-D
and 3-D measurements of pore size statistics of Majella limestone.
For example, let us consider equivalent diameters in the range of
33-50 pm. From 2-D measurement the number of macropores per
unit area is n,4 ~ 10.5mm? (Fig. 7b), and using a mean diameter
of D =42 um, we would expect from (5) that n, ~ 250 mm>.
In comparison, a significantly lower value of n, = 10—60 mm™3
was obtained from our micro-CT data (Fig. 7a). It is likely that the
discrepancy arises from the existence of a percolative backbone in
Majella limestone, which is counted as a single entity in the 3-D
analysis, but in 2-D measurement may appear as a multiplicity of
isolated macrospores that intersect a cross-section and present an
unrealistically high value.

For the intermediate domain, our morphological analysis could
identify very few isolated clusters of microporosity that altogether
occupy <0.2 per cent of the voxel volume in this domain. In other
words, the microporosity domain in the limestone sample is basi-
cally made up of one interconnected backbone.

1202 49quianoN g0 uo Jasn O1SI - SUND Aq 60%.209/1.0./2/002/2101e/1[B/wod dno dlwapese//:sdjy woy papeojumoq



(a)

(©)

DIC analysis of strain localization in Majella limestone 705

% 10 (b)

Gray level

32

Gray level

24

2:2

1500

Figure 4. 3-D reconstruction of the intact sample of Majella limestone showing (a) the three identified domains, (b) the macroporosity and (c) the intermediate
domain. The cubes represent 1/8 of the whole sample. The CT data were smoothed with a 5x5x5 median filter.

4 STRAIN LOCALIZATION
CHARACTERIZED BY DIC

With decreasing confinement, the failure mode of a porous rock
undergoes a transition from delocalized compaction to brittle fault-
ing, with development of shear bands that may be accompanied
by dilation or compaction (Bésuelle 2001; Wong & Baud 2012).
Dilatancy enhances the local porosity and is very effective in high-
lighting the contrast in X-ray attenuation between a dilating shear
band and its surrounding (e.g. Raynaud et al. 1989; Kawakata et al.
1999; Bésuelle et al. 2003). In contrast, localized compaction is not
as effective and the relatively subtle contrast between a compacted
zone and its surrounding is not readily resolved by visualization of
the primary CT data even at high resolution.

4.1 Mechanical data and microstructural observation

For the presentation of the mechanical data, we have adopted the
convention that compressive stresses and compactive strains (i.e.
shortening and porosity decrease) are positive. The maximum and
minimum principal stresses will be denoted by o, and o3, respec-
tively. The mechanical data for Majella2 are typical of the brittle-
ductile transition in porous rocks. Strain softening was observed at 5
and 10 MPa (Fig. 8a). With increasing confining pressure, the failure
mode became ductile with more pronounced strain hardening for the
sample deformed at the highest confining pressure (25 MPa). Shear-
enhanced compaction was observed in agreement with the Majellal
data of Baud et al. (2009) (Fig. 8b). We compiled the yield stresses
(solid symbols) at the onset of inelastic compaction of our Majella2
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Figure 5. Five slices from a subvolume of the intact sample of Majella limestone showing the partitioning between solid grains, macroporosity and the

intermediate zone dominated by microporosity.

samples, as well as the Majellal data (open symbols) of Baud et al.
(2009) (Fig. 9). The two sets of data are qualitatively similar in that
each maps out an elliptical yield cap. However, it should be noted
that overall Majella2 seems significantly weaker, possibly because
of'its higher porosity and that our samples were cored perpendicular
to bedding, whereas the samples of Baud et al. (2009) were cored
parallel to bedding.

That failure at 5 and 10 MPa was accompanied by stress drops
would suggest development of shear localization. However, visual
inspection of the failed samples did not indicate any strain local-
ization features, and likewise for the two samples failed at higher
pressures of 15 and 25 MPa. After the failed samples had been
scanned, they were cut and thin sections prepared for optical mi-
croscopy and SEM observations. In each sample, a few isolated
patches made up of crushed grains could be discerned under very
high magnification. After we had scrutinized the thin sections in
detail under the SEM, we were not able to reach any conclusions
based on the rather subtle microstructure as to whether the damage
had indeed coalesced into shear bands. In contrast, a more definitive
scenario emerged from DIC analysis of the two CT images acquired
for each sample before and after a deformation experiment.

4.2 Strain localization and spatial distribution of strain
from DIC

In each of the five samples, the 2-D strain distributions on an axial
plane (Fig. 10) indicate that overall the volumetric strain is com-
pactive (positive), and strain magnitudes from the DIC analysis are
comparable to the maximum strains attained in the mechanical tests,
which were on the order of 1 per cent (Fig. 8). Whereas the inelas-
tic deformation seems delocalized in the hydrostatically compacted
sample, its spatial distribution in the four triaxially compressed sam-
ples suggests strain localization, even though the volumetric strain
contrast is quite weak and not useful for constraining definitively
the localized features.

Shear strain distributions in the four triaxially compressed sam-
ples show significant heterogeneity, suggestive of strain localization.
The two samples deformed at confining pressures of 5 and 10 MPa
failed with strain softening. Near one end of either sample, a band
associated with enhanced shear strain can readily be identified. The
axial planes in these two figures were oriented to be approximately
perpendicular to the bands. The band orientations are at high angles
(>45°) with respect to the maximum compression direction. Given

1202 JoquiaAoN 80 UO J8sn O LS| - SUND Ad 60%209/10./2/002/3101He/B/wod dno-olwapese//:sdjyy woly papeojumog



DIC analysis of strain localization in Majella limestone 707

Sphericity= 0.241; Equivalent diameter=190.3 um Sphericity= 0.453; Equivalent diameter=112.5 um

500 am

Sphericity= 0.756; Equivalent diameter=42.5 um i

Sphericity= 0.939; Equivalent diameter=25.2 um

Sphericity= 0.037; Equivalent diameter=1604 pm

2500
2000
1500
1000

500 "/ 2000

500

1000 1500 o0
2500 um

Figure 6. (a) Macropores in an intact sample of Majella limestone mapped out using the marching cubes algorithm. The sphericity ¥ and the equivalent
diameter D are given for each macropore. (b) Percolative backbone of complex geometry (1= 0.04), and occupying 9.97 per cent of the porosity.

these observations, the mode of localization in these two samples In the other two samples deformed at pressures of 15 and
can be categorized as high-angle compacting shear bands. Although 25 MPa, zones apparently made up of multiple strands of closely
we have DIC data on the displacement vectors, the spatial distri- spaced tortuous bands with enhanced shear strain have de-
bution of their orientations in the vicinity of these bands is rather veloped. Had we not imaged the third dimension, it would
complex and not easily visualized for elucidating the kinematics of be difficult to differentiate whether these bands are inclined

shear localization. or subperpendicular to the maximum compression direction,
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Figure 7. (a) Distribution of equivalent diameter of the macropores identified by morphological analysis in intact Majella limestone. The number of pores per

unit volume ny is plotted versus the equivalent diameter D. The macropores were divided into three groups according to their sphericity: sphericity >0.78
(blue), 0.59 < sphericity < 0.78 (green), 0 < sphericity < 0.59 (brown). (b) Size distribution of pores resolved from a scanned image at a resolution of 2400 dpi

(Vajdova et al. 2012). The number of pores per unit area na is plotted versus equivalent diameter.
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Figure 8. (a) Principal stress difference o 1—03 versus axial strain for four samples of Majella limestone triaxially compressed between 5 and 25 MPa of
confining pressure. (b) Differential stress as a function of volumetric strain for the same samples. The confining pressures are indicated by numbers (in MPa)

next to the each curve.

which would correspond to shear bands or compaction bands,
respectively.

To highlight the 3-D development of failure mode, we will present
in the next four figures (Figs 11-15) selected serial sections (with
colour-coded shear strain) on planes perpendicular to the sample
axis. For each sample, we also selected an appropriate threshold
for binarizing the shear strain data. The binarized data are then

presented in a volumetric visualization, such that the solid voxels
correspond to regions of relatively high strain (above the threshold).

Data for the hydrostatically compacted sample (Fig. 11) corrob-
orate the 2-D observation (Fig. 10) that strain localization is absent.
For the sample deformed at 5 MPa pressure, the serial sections
indicate development of a shear band that cut through the sam-
ple from one end (Fig. 12). The local strains within the band are
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Figure 9. Initial yield stress C* for (open squares) Majellal (Baud ef al.
2009) and (black circles) Majella2 (this study).

significantly higher than the global strain and the binary shear strain
data reveal that the orientation of the band is 57° with respect to
the major principal stress o; (Fig. 12d). An analogous shear band
has also developed in the sample deformed at 10 MPa (Fig. 13),
but with two differences in its geometry. First, the angle (with re-
spect to the maximum compression direction) is somewhat smaller
(Fig. 13d). Secondly, the serial sections (Fig. 13a) show that the
band in this sample seems to deviate more from a planar geometry,
with a curvature that mimics the outer surface of the cylindrical
sample.

Serial sections and 3-D visualization of the strain field in the
sample deformed at 15 MPa (Fig. 14) indicates a different failure

8V
85
Pc (MPa): 10 15
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mode: the development of multiple strands of closely spaced high-
angle shear bands. A section cut in the binarized data (Fig. 14d)
suggests that the average orientation of these bands with respect to
the major principal stress is about 53°. As for the sample deformed
at 25 MPa, the 2-D sections in Fig. 15(a) do not quite support a fail-
ure mode involving compaction bands, which would be manifested
by relatively high strains that pervade one or more of the serial
sections. The strain distribution strongly suggests that failure in this
sample had also involved the development of numerous high-angle
shear bands oriented at angles between 53 and 66° to the maximum
compression direction (Fig. 15d).

5 DISCUSSION

5.1 Pore structure of limestone and implications on
hydraulic and mechanical properties

Due to the geometric complexity of its pore space, standard tech-
niques for CT imaging of porous siliciclastic rock are not directly
applicable to a carbonate rock. Hence most investigations of the
pore structure and damage development in porous carbonate rocks
have been done on 2-D thin-sections, synthesizing observations
on different scales using the optical microscope and SEM. In this
study, we have demonstrated the feasibility and usefulness of two CT
techniques for characterizing the pore structure and development of
strain localization in a porous limestone.

The first technique allows us to extract 3-D information from
micro-CT data on the partitioning of porosity and pore size statis-
tics in Majella limestone, with constraints from microstructural
observations on 2-D sections (Zhu et al. 2010; Vajdova et al. 2012).
Our results complement the earlier study of Ji ef al. (2012), who
reported similar partitioning of the pore space in Indiana limestone
with a significantly lower porosity. Together these studies imply that
a dual porosity model is necessary for analysing the mechanical and
transport behavior of porous carbonate rock.

Our morphological analysis of the micro-CT images shows that
both the solid and intermediate domains in Majella limestone are
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25 Hydrostatic
(to 60MPa)

Figure 10. 2-D strain distributions on an axial plane of each of the five deformed samples of Majella limestone analysed by DIC. The volumetric strain (top
panel) and the octahedral shear strain (bottom panel) are presented on the figure.
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Figure 11. (a) Selected serial sections (with colour-coded shear strain) of the sample of Majella limestone deformed hydrostatically up to 60 MPa of confining
pressure. The sections are from planes perpendicular to the sample axis. (b) Binarized shear strain data for the same sample presented in a volumetric
visualization, such that the solid voxels correspond to regions of relatively high strain (above a set threshold).

basically interconnected. Mercury injection data of Baud et al.
(2009) indicate that the micropores are connected by throats with
micron- and submicron-sized apertures. Our study also shows that
macroporosity in Majella limestone has a percolative backbone
(Fig. 6b) that may contribute to significant enhancement of its per-
meability. Recently there have been a number of attempts to simulate
limestone permeability (Al Kharusi & Blunt 2007; Okabe & Blunt
2007; Bauer et al. 2011). Implicit in many models is the assumption
that the flow in the macropores and micropores can be considered
as two networks in parallel. Accordingly to our morphological anal-
ysis, such an assumption is appropriate for Majella limestone with
percolative backbones for both types of porosity, but its validity is
questionable in the case of the less porous Indiana limestone (Ji et al.
2012). How to realistically simulate the permeability in the latter
case (with isolated macropores connected to an interconnected mi-
croporosity domain) is a challenging question that warrants further
systematic investigation.

As for mechanical deformation, recent studies concluded that
macropores and micropores have fundamentally different influences
on the elastic properties (Baechle ez al. 2008; Knackstedt et al. 2009)
and compaction (Ji et al. 2012; Vajdova e al. 2012) of porous
limestone. Inelastic compaction develops by macropore collapse,
but the micropores also play an important role in controlling the
damage development in the vicinity of a macropore, as postulated
by the dual porosity model of Zhu et al. (2010). Although they are
interconnected, it is likely that the macropores are connected by
relatively narrow throats that may be readily closed mechanically
under high confinement, and their mechanical responses would then
be similar to those of isolated pores. In that case, we expect the
micromechanics of inelastic compaction to be qualitatively similar
in limestones over a broad range of porosity.

5.2 Development of strain localization in the transitional
regime

The second technique undertaken in this study is DIC analysis
of the failure mode in relation to the transition from brittle fault-
ing to cataclastic flow. In the transitional regime, shear bands may
develop at an angle (relative to the maximum compression direc-
tion) significantly larger than that in the brittle faulting regime
(Paterson & Wong 2005; Wong & Baud 2012). The diversity of
failure modes have been documented in porous sandstone by sys-
tematic microstructural observations (e.g. Baud et al. 2004) and
CT imaging (e.g. Charalampidou et al. 2011). However, there is a
paucity of data regarding the failure mode of porous limestone, and
our study fills in this gap.

As noted earlier the damage associated with strain localization in
Majella limestone is subtle and not easily resolvable under optical
microscope or SEM. Experience of Baud et al. (2009) indicates
that deforming the samples to higher strain would not have im-
proved the contrast. These microstructural observations indicate
quite limited development of microcracking and pore collapse, and
absence of clustering or coalescence of these types of damage. It
seems that inelastic deformation in the transitional regime involves
a third mechanism. A possible candidate is the relative rotation
of allochems accommodated by shear slip along interfaces with
the cements. Permanent deformation induced by such a mechanism
would be too subtle to detect under the microscope. It is also unclear
how such deformation is partitioned between the macroporosity and
microporosity.

Our first application of 3-D-volumetric DIC to a very porous
limestone has demonstrated the feasibility of mapping out such
subtle development of strain localization. This is encouraging and
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Figure 12. (a) Selected serial sections (with colour-coded shear strain) of the sample of Majella limestone triaxially deformed at a confining pressure of
5 MPa. The sections are from planes perpendicular to the sample axis. (b) and (c) Binarized shear strain data for the same sample presented in a volumetric
visualization, such that the solid voxels correspond to regions of relatively high strain (above a set threshold). (d) Section of the binarized data showing a shear
band oriented at 57° with respect to the major principal stress.
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Figure 13. (a) Selected serial sections (with colour-coded shear strain) of the sample of Majella limestone triaxially deformed at a confining pressure of
10 MPa. The sections are from planes perpendicular to the sample axis. (b) and (c) Binarized shear strain data for the same sample presented in a volumetric
visualization, such that the solid voxels correspond to regions of relatively high strain (above a set threshold). (d) Section of the binarized data showing a shear
band oriented at 52° with respect to the major principal stress.
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Figure 14. (a) Selected serial sections (with colour-coded shear strain) of the sample of Majella limestone triaxially deformed at a confining pressure of
15 MPa. The sections are from planes perpendicular to the sample axis. (b) and (c) Binarized shear strain data for the same sample presented in a volumetric
visualization, such that the solid voxels correspond to regions of relatively high strain (above a set threshold). (d) Section of the binarized data showing multiple
strands of closely spaced high-angle shear bands with an average orientation of 53° with respect to the direction of major principal stress.
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Figure 15. (a) Selected serial sections (with colour-coded shear strain) of the sample of Majella limestone triaxially deformed at a confining pressure of 25 MPa.
The sections are from planes perpendicular to the sample axis. (b) Binarized shear strain data for the same sample presented in a volumetric visualization, such
that the solid voxels correspond to regions of relatively high strain (above a set threshold). (c) Section of the binarized data showing multiple strands of closely
spaced shear bands at angles between 53 and 66° to the maximum compression direction.
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DIC promises to be an effective imaging tool for strain localization
in other carbonate rocks over a broad range of porosity. Our study
demonstrates that strain localization may develop very early at rel-
atively small strains of ~1 per cent, in both the brittle faulting and
transitional regimes. The DIC analysis indicates that the localized
strains are primarily in the forms of shear and compaction. These
observations place useful constraints on the theoretical analysis of
strain localization (Bésuelle & Rudnicki 2004).

Our DIC analysis has revealed the structure of high-angle com-
pacting shear bands in the transitional regime, and to our knowledge
this is the first systematic observation in a porous carbonate rock.
Our DIC data indicate an increase of geometric complexity with
increasing confinement - from a planar shear band, to a curvilinear
band, and ultimately a diffuse multiplicity of bands, before shear
localization is inhibited as the failure mode completes the transition
to delocalized cataclastic flow. It should be noted that a somewhat
similar scenario in failure mode has been reported in porous silici-
clastic rock (e.g. Baud et al. 2004), with one key difference in that
compaction band as a failure mode in porous limestone has only be
observed in a few isolated studies (see, for example Cilona et al.
2014). Why compaction bands can readily develop in a number of
porous sandstones but seem to be generally inhibited in porous
limestones remain an intriguing question that warrants further
systematic investigation.

6 CONCLUSION

We have demonstrated the feasibility of two CT techniques for char-
acterizing the 3-D pore geometry and mode of mechanical failure
in a porous limestone. Segmentation of the micro-CT images has
provided useful insights into the partitioning of porosity and pore
size statistics in Majella limestone. Morphological analysis of the
images shows that both the solid and microporosity domains are
basically interconnected. Furthermore, the macroporosity domain
has a percolative backbone that may contribute to significant en-
hancement of its permeability. For mechanical deformation, recent
studies concluded that macropores and micropores have fundamen-
tally different influences on the elastic and inelastic properties, and
our new data suggest that the micromechanical processes are qual-
itatively similar in limestones over a broad range of porosity. A
dual porosity model is necessary for analysing the mechanical and
transport behaviours of porous carbonate rock.

The use of 3-D-volumetric DIC has allowed us to map out the
subtle development of strain localization associated with the tran-
sition from brittle faulting to cataclastic flow in Majella limestone.
Our observations show that strain localization may develop at rel-
atively small strains of ~1 per cent, in both the brittle faulting and
transitional regimes. The localized deformation involves both shear
and compaction. Our DIC analysis has elucidated the geometric
complexity of compacting shear bands in the transitional regime,
which evolve with increasing confinement from a planar shear band,
to a curvilinear band, and ultimately a diffuse multiplicity of bands.
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