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Abstract

It is of great interest to describe and quantify the evolution of microstructure for a better understanding of rock deformation
processes. In this study, 2D microstructure images of salt rock are analyzed at several stages of consolidation tests and
cyclic compression tests to quantify the evolution of the magnitude and orientation of solidity, coordination, local solid
volume fraction, and crack volume. In both the consolidation and the cyclic compression tests, the deformation of
aggregates achieved by grain rearrangement is greater than that achieved by the deformation of an individual grain. In the
consolidation test, the aggregates are rearranged into horizontal layers of coordinated grains, the orientation distribution of
grain indentations is quasi-uniform, and the size of the pores reduces and becomes more uniformly distributed. As a result,
salt rock microstructure becomes more homogeneous. The increase in local solid volume fraction in the lateral direction is
correlated with an increase in the oedometer modulus. In the cyclic compression tests, grain-to-grain contact areas decrease
due to the redistribution of grains and the propagation of intergranular cracks. Aggregates are reorganized into columns of
coordinated grains. Intergranular opening-mode cracks tend to develop in the axial direction, while intergranular shear-
mode cracks propagate preferentially in the lateral direction. The lateral components of the fabric tensors of coordination
and local solid volume fraction decrease, which result in an increase in the Poisson’s ratio. The fabric descriptors used in
this work allow a better quantification and understanding of halite deformation processes and can be used in other types of
rocks encountering similar deformation mechanisms.
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1 Introduction of its low permeability and ideal creep properties
[5, 21, 26, 54]. Understanding how halite microstructure

Salt rock (halite) is a polycrystalline material made of
bonded crystals, also called grains. It is a favorable host
material for geological storage of hydrocarbons, com-
pressed air, carbon dioxide and radioactive waste, because
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evolves during a variety of loading paths is of foremost
importance to predict the long-term behavior of salt rock
around storage facilities [25, 38, 47]. Previous studies show
that salt rock local deformation is controlled by the
direction of grain-to-grain contacts and by the packing of
grain aggregates [36, 37, 42]. Frictional sliding at grain
boundaries is the primary accommodation mechanism at
room temperature, under low confining pressure and under
high strain rate. Deformation is controlled by the normal
and shear stresses at grain boundaries and by the distri-
bution of boundary orientations [8]. The rate of diffusional
sliding depends on the shape of the grain boundaries [35].
State-of-the-art salt mechanics is informed by cavern sta-
bility analyses (at a scale of 1-10 m and above) and by
microscopic observations (at the sub-millimetric scale).
Continuum models of salt, at a scale of 0.01-1 m, are based
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on empirical creep power laws or phenomenological
assumptions based on qualitative observations (e.g., the
dilatancy boundary) [3, 4]. By contrast, fabric tensors
provide a quantitative description of rock microstructure.
Although fabric is a common measure used for character-
izing fractured rock and granular media, in which macro-
scopic stiffness and strength are sensitive to the topology of
the internal microscopic structure, fabric was never asses-
sed quantitatively at the scale of a representative elemen-
tary volume (REV) of salt rock. That is why in the present
study, we analyze the response of salt rock by means of
fabric tensors, defined as functions of probability distri-
bution of independent geometric descriptors [14, 30, 56].

Fabric is influenced by both internal microstructure prior
to loading and the applied stress path [41, 46]. Recently,
various morphological descriptors were proposed to
understand the internal microstructure of granular materi-
als. Guida et al. [17]) conducted a fractal analysis of the 2D
contour of particles to define morphological descriptors at
the macro-, meso-, and micro-scale. Two-dimensional size
and shape descriptors (i.e., dimension, aspect ratio, con-
vexity, roundness) were correlated to 3D morphological
indexes [43, 55]. Lai and Chen [24] applied machine
learning techniques and an edge-based level-set method to
reconstruct realistic 3D particle shapes and analyze particle
morphology through sphericity, roundness, and roughness.
All of these studies focus on the intrinsic shape of particles
and do not account for the anisotropy exhibited by granular
assemblies. In granular materials, mechanical anisotropy is
mainly due to the shape of pores and particles (grains) and
to the distribution of the contact normal orientations [31].
Triaxial tests performed on Toyoura sand and rice grain
specimens [52] showed that stiffness anisotropy is more
pronounced in specimens with elongated grains. Triaxial
tests conducted on circular and elongated rods [30] and on
natural sands [50] demonstrated the effects of the geometry
and orientation of grains on the anisotropy of strength in
granular materials. In rock, a correlation was found
between the anisotropy of macroscopic elastic properties
and strength on the one hand, and the directional distri-
bution of contact orientations on the other hand [34]. X-ray
micro-CT scanning has recently emerged as a powerful
technique to characterize fabric in geomaterials [53].
However, salt is a monomineralic rock that is difficult to
image based on the heterogeneity of density in a specimen.
In the present study, we thus base our fabric analysis on
microscopy images, a technique that provided significant
insights on fabric evolution and ensued deformation in a
variety of geomaterials [20, 33, 49], including salt crust
[10].

In this paper, we analyze 2D halite microstructure
images acquired at several stages of consolidation tests and
cyclic compression tests. We calculate the magnitude and
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orientation distributions of solidity, local solid volume
fraction, coordination orientation and crack volume frac-
tion, and we define the associated fabric tensors to explain
the development of anisotropic mechanical properties. Our
methods for analyses are explained in Sect. 2. The distri-
butions of fabric descriptors and crack densities are pre-
sented in Sect. 3. In Sect. 4, we interpret the development
of intergranular opening-mode and intergranular shear-
mode cracks in the cyclic compression tests. We conclude
the paper by comparing the evolution of the components of
the fabric tensors to that of halite elastic moduli.

2 Materials and methods

2.1 Consolidation tests and cyclic compression
tests

Reagent-grade granular salt (99 wt%) was used in con-
solidation tests. Before consolidation, granular salt was
sieved to produce more uniform grain sizes of 0.3-0.355
mm diameter. Uniaxial consolidation of granular salt was
conducted in a hollow cylindrical steel vessel at a tem-
perature of 150 °C. Consolidation of salt grains was
achieved by confining rigid lateral steel boundaries and
advancing a piston in the axial direction at a displacement
rate of 0.034 mm/s [12, 39]. Repeat tests were conducted
and stopped at different maximum axial loads to obtain
samples of varying porosities, i.e., 3%, 5%, 10%, and 15%.
These samples were then prepared to make petrographic
sections, chemically etched, and imaged using an optical
microscope. Figure 1 shows the binary images of consoli-
dated samples taken from sample centers in axial sections.

Cyclic compression tests were conducted on consoli-
dated samples with an initial porosity of 5% =+ 0.5%.
Consolidated samples were deformed in a triaxial appara-
tus at a confining pressure of 1 MPa, at room temperature
[13]. Repeat tests were conducted at the same conditions
and stopped at different axial strains to obtain samples at
varying deformation stages, i.e., axial strains of 0.8%,
1.8%, 2.8%, 3.8%, and 7.3%. Figure 2 shows the binary
images of triaxially deformed samples taken from sample
centers in axial sections.

2.2 Grain morphology

Grain morphology refers to the size and shape of an indi-
vidual grain. Fabric descriptors such as projected areas,
Feret diameters and effective grain diameters all charac-
terize grain size [1, 7, 18]. Roundness [9, 22], aspect ratio
[44] and sphericity [22, 51] describe grain shape.

In order to analyze the evolution of grain size and shape
during the consolidation and cyclic compression tests, we
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(a) Porosity=15%

(¢) Porosity=5%

(d) Porosity=3%

Fig. 1 Binary images of salt microstructure at several stages of consolidation tests. The blue scale bar represents 0.5 mm. The red inserts indicate

the presence of intragranular cracks (see Sect. 2.3.3)

first process the images to associate an equivalent ellipse to
each grain that appears in the images. An equivalent ellipse
has the same second moments of area (i.e., respective to
horizontal and vertical axes) as the associated grain in the
2D image. The orientation of a grain is defined as the angle
between the major axis of the equivalent ellipse and the
horizontal direction (note: the loading direction is vertical).

We seek to explain salt behavior from a higher-order
descriptor of the contours of grains—called grain solidity.
Solidity is usually defined as the ratio between the area of a
grain image by the area of the convex hull of the grain.
When solidity is close to one, grains have convex shapes. A

solidity close to zero reveals a very angular shape or a
shape with very rough contours. In the images obtained in
this study (Figs. 1 and 2), the lack of convexity stems from
indentations that appear at the contour of the grains.

In order to better understand how grain indentations
develop, we define an anisotropic descriptor of solidity.
The norm of a solidity vector is the ratio of the area of the
2D image of a grain by the area of its convex hull. The
direction of the solidity vector is calculated as follows:

(i) Indentations around each grain are identified by
observing the microstructure binary images—see
the example shown in Fig. 3.
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(i) An algorithm calculates the position of the
barycenter of each indentation shape, as well as
that of the grain. For each indentation, a segment
linking the indentation center to the center of the
associated grain is defined.

(iii) The angle to the horizontal of each segment
defined in step (ii) is calculated. Angles are
defined over the interval [0°;90°] because of the
axial symmetry of the tests.

(iv)  For each grain, the direction of the solidity vector
to the horizontal is the mean of the angles
calculated in step (iii), in which each angle is
weighted by the area of the associated indentation.

2.3 Grain arrangement

In addition to the descriptors of grain morphology, many
descriptors were proposed to characterize grain arrange-
ment. The void ratio is a parameter measuring the packing
density of granular materials at the macroscopic scale.
Based on the concept of void ratio, the local void ratio
distribution was proposed to measure volumetric changes
at the microscopic scale [2, 15, 23]. Within a 2D image, the
local void ratio is calculated over polygonal sub-domains,
in which polygon corners are grain centroids. The coordi-
nation number of a grain is equal to the number of grains
that are in contact with that grain. It is usually defined as
the average number of contacts per grain. Based on this
definition of the coordination number, many contact fabric
parameters were proposed to discriminate grains with less
contacts [29, 45] or to measure the area of grain contacts
[32]. Distributions of directional descriptors are typically
determined by stereological methods [19]. Descriptors of
magnitude such as volumetric fraction, coordination num-

Indentations

= Grains

=== Center connections between
indentations and grains

Fig. 3 Processed binary image of a grain, showing indentations on the
contour. The image was taken at an axial strain 0%, before the cyclic
compression tests

ber, grain size distribution, and crack density define the
trace of fabric tensors [28].

2.3.1 Coordination orientation

The coordination number is defined as the number of grain-
to-grain contacts at the surface of a given grain. We define
a coordination descriptor that also accounts for the area of
the contacts, as well as the orientation of the vectors nor-
mal to the contacts. The so-called coordination orientation
is calculated by image analysis, as follows:

(i) The pixels that make the contour of a grain are
listed. Pixels that are at the boundary with another
grain (named “boundary pixels”) are then selected
from that list.

(ii) Segments that link the center of the grain to its
boundary pixels are defined. The angles formed by
these segments to the horizontal are calculated.

(iii) The contour of the grain is divided into 360
angular equal segments (Fig. 4). For each contour
segment within one of the 360 angular segments,
the ratio of the number of boundary pixels to the
total number of pixels is calculated, which
provides a quantitative measure of the support
fraction on that segment.

(iv) The coordination orientation of a grain is the
average orientation of the angular segments,
weighted by their support fraction.

=== Grain to grain contacts
=== Inter-granular cracks
m— y0ids

Fig. 4 The method to calculate the coordination vector of a grain. The
contour of the grain is divided into 360 equal angular segments. (This
sketch only presents 72 intervals for clarity.) The orientation of the
coordination vector of the grain is calculated as the averaged
orientation of the grain-to-grain contacts intervals. The magnitude of
the coordination vector is the fraction of the grain-to-grain contacts
intervals to the contour of the grain
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2.3.2 Local solid volume fraction

In order to quantify the heterogeneous distribution of voids
in the salt sample, we define the local solid volume fraction
(LSVEF) vector as follows:

(i) Contact branches, defined as segments linking the
centers of two grains in contact, are plotted. A map
of polygons is obtained, as shown in Fig. 5a.
Polygon corners are grain centers.

(i)  The solid volume fraction of the domain contained
in each polygon is calculated.

(iii)) Segments are defined to connect each grain center
to the centers of each polygon that overlaps with
that grain. The angle between a segment and the
horizontal defines the orientation of a polygon
relative to a grain. The orientation of the connec-
tion is called “direction of the domain polygon”;

(iv) The magnitude of LSVF of a grain is the total
solid volume fraction of its domain polygons
(Fig. 5b). The direction of the LSVF vector is the
average of its domain polygons’ directions, using
the solid volume fraction of domain polygons as
the weights.

2.3.3 Crack propagation during the cyclic compression
tests

Intergranular cracks, often also referred to as grain
boundary cracks, are the microscopic cracks that initiate
and propagate along grain boundaries. By contrast, an

I~ 1 0.00

(a) Polygons delimited by contact branches

intragranular crack is defined as a micro-crack that devel-
ops through only one grain. In the cyclic compression tests,
opening-mode microscopic cracks were observed. With the
increase in axial strain, salt grains re-arranged and inter-
granular cracks appeared. Intragranular cracks also occur-
red, because of stress concentration induced by grain
contacts. In the following, the length and orientation dis-
tributions of both the intergranular and intragranular cracks
are quantified.

3 Results
3.1 Consolidation tests
3.1.1 Grain morphology

The major axis of a grain is defined as the major axis of the
equivalent ellipse of that grain. Similarly, the aspect ratio
of a grain is defined as the ratio of the major axis to the
minor axis of the equivalent ellipse of that grain. In the
consolidation tests, the mean major axis of the grains was
around 400 um when the porosity of the samples was larger
than 5% (Fig. 6). The aspect ratio of the grains remained
under 2 until the porosity reached 3%, after which grains
with a larger major axis appeared, i.e., grains became
elongated.

Grain deformation affects grain anisotropy and grain
rotation influences grain orientation, especially when the
porosity of the specimen is low (i.e., 3% and 5%).
According to Fig. 6, the distribution of grain aspect ratios

(b) Solid volume fraction of grains

Fig. 5 The method to calculate local solid volume fraction of grains. The gray scale illustrates the differences in local solid volume fractions. The
images were taken at an axial strain of 0%, before the cyclic compression tests. a The polygons map is constructed by plotting branches from
grain centroid to grain centroid; local solid volume fraction is calculated for each polygon. b The area of the surface covered by the polygons that
overlap with a grain is called the domain of this grain; the solid volume fraction of a grain is the averaged solid volume fraction of the domain of

that grain
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Fig. 6 Evolution of the shape of salt grains during the consolidation tests. The major axis of the grains increases during the consolidation process.

At low porosity, grains with a larger aspect ratio appear in the specimen

stays the same throughout the consolidation test until the
porosity of the specimen reaches 5%. This indicates that
grains tend to deform and rotate to form horizontal layers
of elongated grains under compaction (Fig. 7).

Compaction triggers grain indentations and grain plastic
deformation. Solidity can be viewed as an average effect of
grain indentation at the scale of the image processed. Ini-
tially, the solidity vector is oriented at an angle of 45 in
average, i.e., the orientation of the solidity vector is uni-
formly oriented between 0° and 90 in the sample (Fig. 8a).
The decrease in the peak of orientation probability distri-
bution indicates that the orientation of indentations on the
grain surface becomes less uniformly distributed and that
anisotropy develops in the specimen. More and larger
indentations occur on the grain surface with the decrease in
porosity (Fig. 8b). Plastic deformation accumulates in
grains.

Grain deformation is induced by intragranular cracking
and intragranular dislocation glide. The dominant process
is most definitely dislocation glide, as evidenced by the
development of dense arrays of dislocations and the rare
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Fig. 7 Evolution of the orientation of the salt grains during the
consolidation tests. The orientation of the major axis of the grains gets
closer to the horizontal direction as the porosity of the specimen
decreases

occurrence of intragranular cracks. In the consolidation
tests, dislocation glide dominates grain deformation,
because of the elevated temperature and because of the low
dislocation density in the original salt crystals at the
beginning of the consolidation test [11].

3.1.2 Coordination orientation

In the consolidation tests, samples become denser and the
total area of grain-to-grain contacts increases (Fig. 9).
When the porosity is 15%, only about 30% of the contour
of a grain is in contact with other grains. When the porosity
reaches 3%, more than 80% of the contour of a grain is in
contact with other grains. When the porosity of the speci-
men is high, the axial direction (i.e., 90° in Fig. 9) is the
dominating grain-to-grain contact direction. Due to the
displacement constraint in the lateral directions, more lat-
eral grain-to-grain contacts occur at later stages of the
consolidation tests, and the coordination orientation
becomes almost isotropic.

3.1.3 Local solid volume fraction

The evolution of the magnitude of the LSVF vector in the
consolidation tests is non-monotonic, as evidenced by
Fig. 10b. Usually, a domain polygon contains an entire
pore. The larger the pore, the larger the domain polygon,
and the higher the number of grains that overlap with this
domain polygon. As a result, the magnitude of the LSVF
vector is controlled both by the porosity distribution in the
domain polygons and by the size of voids. With the
decrease in porosity during consolidation, the interval of
variation of the LSVF magnitude decreases from 0.25 to
0.13. In other words, the void distribution becomes more
uniform. When the porosity of salt rock is 15%, the dis-
tribution of probability of the orientation of the LSVF
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Fig. 9 Evolution of the coordination orientation in the consolidation
tests. The support fraction increases and more horizontal contacts
occur as the porosity of the specimen decreases

vector (Fig. 10a) is symmetric about 45°; thus, no preferred
LSVF orientation is observed. As compression increases, a
narrower peak forms, indicating that the LSVF becomes
more homogeneous in the sample. The peak shifts to the
left, from 45° for a porosity of 15% to 40° for a porosity of
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3%. More voids appear in the axial direction around grains,
and less voids appear in the lateral direction. In other
words, the evolution of the LSVF vector confirms that
grains are reorganized in layers of horizontally coordinated
grains.

3.2 Cyclic compression tests

3.2.1 Grain morphology

The mean major axis of the grains observed in the micro-
scopic images taken during the cyclic compression tests is
slightly less than 400 um (Fig. 11), which agrees with the
size of the salt grains sieved before consolidation (300-355
um). The aspect ratio usually ranges from 1 to 2, and few
elongated grains are observed. The aspect ratio is not sig-
nificantly affected by the axial strain. There is no signifi-
cant grain re-orientation during the cyclic compression
tests, as shown in Fig. 12.
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Fig. 10 Evolution of the local solid volume fraction in the consolidation tests. The peak of probability distribution of the LSVF vector direction
decreases during the consolidation process. The magnitude of the LSVF vector decreases with the decrease in porosity
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cyclic compression tests. The orientation of the grains is not sensitive
to the axial strain of the specimen

We define the indentation ratio as the ratio of the area of
one indentation to the area of the convex hull of a grain.
According to Fig. 13a, indentation orientations are uni-
formly distributed within the range 0° to 80°. Few inden-
tation segments are vertical. For larger axial strains, the
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standard deviation of the indentation orientation probabil-
ity is larger, i.e., the distribution is more uniform. Based on
Fig. 13b, larger indentations appear at larger axial strain.
The number of indentations increases with the axial strain,
which suggests that more indentations induce more plastic
deformation. The mean of the indentation ratio remains
almost constant when the axial strain is less than 1.8% and
then increases rapidly. We conclude that grain plastic
strains start to accumulate when the axial strain reaches
1.8%.

In the cyclic deformation tests, grain deformation by
dislocation glide is significantly reduced because the grains
have already been hardened during consolidation, and the
temperatures and confining pressures of the cyclic defor-
mation tests are very low [11].

The orientation probability distribution loses symmetry
slightly when the axial strain increases (Fig. 14). The
standard deviation jumps from 16.46 to 19.39 when ¢,
increases from 1.8% to 2.8%, i.e., the solidity vector starts
exhibiting preferential orientations. According to Fig. 14b,
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Fig. 13 Evolution of the distribution of grain indentations during the cyclic compression tests. The total number of indentations increases with
the axial strain of the specimen. The mean indentation ratio starts to increase when the axial strain of specimen is larger than 1.8%
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Fig. 14 Evolution of the solidity vector during the cyclic compression tests. The peak of the probability distribution of solidity orientation
decreases when the axial strain of specimen increases. The mean solidity decreases with the decrease in porosity

the probability distributions of the magnitude of solidity
are almost super-imposed for all the different levels of
axial strain. When ¢, reaches 7.3%, the mean of the mag-
nitude of solidity reduces slightly, which indicates that the
area of the indentations increases.

3.2.2 Coordination orientation

The evolution of the probability distribution of the coor-
dination orientation shows that the support fraction
decreases when the axial strain increases (Fig. 15). The
areas of grain-to-grain contacts reduce because of the
redistribution of voids and because of the propagation of
intergranular cracks. The slope of the coordination orien-
tation curve is steeper under the larger axial strain. This
observation reveals that grains tend to be reorganized into
vertical supporting columns, i.e., grain-to-grain contacts
are mainly oriented with a normal parallel to the axial
(loading) direction. For an axial strain of 7.3%, less than
40% of the grains are in contact with other grains in sub-
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Fig. 15 Evolution of the coordination orientation in the cyclic
compression tests. The support fraction of horizontal contacts
decreases during the cyclic compression tests, except the specimens
with axial strain 0% and 2.8%. The support fraction of vertical
contacts is around 0.7 for all specimens with different axial strains
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horizontal directions (with a coordination angle smaller
than 20°), while nearly 75% of the grains are coordinated
vertically. However, the support fraction of the non-de-
formed sample (e, = 0%) is smaller than the support
fractions of samples under ¢, = 1.8% and ¢, = 2.8%,
which contradicts our interpretation. We will explain this
apparent contradiction by analyzing normalized fabric
descriptors, to account for the difference between 2D and
3D porosities (see Sect. 4.2).

3.2.3 Local solid volume fraction

The evolution of the direction and magnitude of local solid
volume fraction (LSVF) vector is shown in Fig. 16a, b,
respectively. The magnitude of the peak in Fig. 16a
decreases with the increase in the axial strain. When the
axial strain is small, the domain polygons of each grain
have all similar porosities, i.e., porosity is uniformly dis-
tributed, which translates into a peak LSVF orientation
angle close to 45°. When the axial strain is larger, the
porosity of the domain polygons for each grain is no longer
uniform. The probability distribution of the LSVF orien-
tation angle loses its symmetry. This is particularly visible
in the sample with ¢, = 7.3%, for which polygons char-
acterized by an LSVF angle close to 90° have a higher
probability of occurrence (i.e., the line with blue triangle
markers is above other lines). This observation confirms
the hypothesis of grain re-arrangement in the form of
supporting columns of vertically coordinated grains.

The magnitude of LSVF (Fig. 16b) is small when the
axial strain is small, i.e., when a few large and isolated
pores are observed. When the axial strain increases, large
pores collapse, and more small and isolated pores appear.
Therefore, the magnitude of the LSVF vector increases
when the axial strain increases from 0% to 3.8% (Fig. 16b).
Then, because of the propagation of intergranular cracks,
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Fig. 16 Evolution of the local solid volume fraction in the cyclic compression tests. The peak of the probability distribution of the LSVF vector
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vector increases until the axial strain reaches 3.8%. The mean of the magnitude of the LSVF vector decreases for axial strains between 0 and
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small pores become connected, thus creating large voids.
Thus, the magnitude of the LSVF vector starts to decrease.

3.2.4 Crack length and orientation

The evolution of the distributions of length and orientation
of the cracks during the cyclic compression tests is shown
in Fig. 17. Following [6], a pore is a void that has a rela-
tively low aspect ratio (quasi-spherical voids) and cracks
are characterized by a high aspect ratio (e.g., length to
aperture). The cracks initiate at the beginning of the test.
Vertical cracks appear first. Cracks in other directions
follow, as shown in Fig. 17a. As compression increases,
both the length and the number of cracks increase
(Fig. 17b). The change in porosity reflects the creation of
new porosity through open-mode cracks, and a reduction of
porosity through pore closure. The increase in porosity
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(a) Crack orientations

determined from experimental measurements reflects a net
increase in porosity because crack opening slightly domi-
nates pore closure. As shown in Fig. 18, the volume of the
pores starts by decreasing rapidly. The rate of pore volume
reduction stabilizes to a small value when ¢, reaches 2%.
The volume of opening-mode cracks develops at a slightly
increasing rate. When ¢, reaches 7%, the opening-mode
cracks contribute to more than 20% of the void volume in
the sample. Note that the 2D porosity obtained by image
analysis is slightly larger than the porosity determined by
the mass and volume of salt rock in 3D. This fact does not
affect the qualitative interpretations that we made on the
evolution of cracks, but we will revisit some of our anal-
yses in Sect. 4.2 to account for the difference between 2D
and 3D porosities.
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Fig. 17 Orientation and length distributions of the cracks observed in the 2D images obtained at several stages of the cyclic compression tests.
The number of cracks (n) is given for each loading stage. Cracks initiate and propagate with the increase in the axial strain. At all stages of the
test, there are more cracks oriented vertically than in the other directions
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4 Discussion
4.1 Grain deformation

The time-dependent behavior of granular salt is sensitive to
the properties of intergranular contacts [37, 48]. Indenta-
tions at the surface of salt grains induce a difference of
pressure at the intergranular contact planes. The chemical
imbalance is restored by dissolution at the contacts under
high pressure, diffusion along grain boundaries, and pre-
cipitation at the contacts with less pressure [42]. This
phenomenon, known as pressure solution, triggers relative
sliding displacements between the grains and is very sen-
sitive to the geometry of contacts. Recent studies show that
the rate of sliding displacement is inversely proportional to
the square of the depth of indentation [27, 40], which
indicates that smaller solidity of grains may retard the
pressure solution-induced sliding between the contacted
grains.

In order to understand the main factors at the origin of
salt aggregate deformation during consolidation and com-
pression, we use the 2D solidity vector to calculate the
percentage of axial and volumetric deformation that is
induced by indentations on the grain surface. The defor-
mation of the salt aggregate is due to both intragranular
processes and intergranular processes. Solidity provides a
lower bound of grain deformation (intragranular strain),
because some grain deformation only results in a loss of
convexity or a decrease in circularity, without affecting
solidity. For example, consider a cubic packing of equidi-
mensional spheres that, through isotropic consolidation,
becomes a cubic packing of cubes; these grains present no
concavity, but grain deformation and aggregate deforma-
tion are both large. As such, we think that concavity gives a
lower bound of deformation. The analysis of the results
presented in Fig. 13 shows that the area of the indentations
is small compared to that of the grains. Based on this
observation, we propose a simple method to estimate the
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contribution of grain indentation to the deformation of the
sample. Let us assume that convex hulls are roughly cir-
cular in the 2D images and that indentations are uniformly
distributed on the contours of the grains. The relation
between the magnitude of the 2D solidity vector, S, and the

average depth of the indentations, d, can then be expressed
as:

A; 2nRd 2d
oAy 2mRd ) 2d

S = =
A, R2 R

(1)
where A; is the area of the ith indentation found on the
contour of a grain, and Ay is area of the convex hull of that
grain, where here, all grains are assigned an average radius
R that is representative of the uniform grain size distribu-
tion. The axial strain € induced by the indentation on the
surface of the grain can be expressed as:

(2)

>U|&\

8 —
Eu—

In the cyclic compression tests, the axial strain induced by
grain indentations €% between ¢, = 0% and ¢, = 7.3% is
found to be equal to 0.5%, which represents only 6.85% of
€, at the final stage of the test (7.3%). The remaining 93.8%
is due to grains rearrangements, as discussed in Sect. 3.

Under the same assumption of uniform distribution of
indentations, the volumetric strain €f due to the indentation
of the grains can be expressed as:

SN Vi 4nR*d 3d

8 — = =
YTV, T TR ®)

where V; is the volume of the ith indentation of a grain, and
Vi is the volume of the convex hull of that grain. The
volumetric deformation due to grain indentations at ¢, =
7.3% was found to be equal to 1.3% (shrinkage), while the
volumetric deformation of the sample was —1.9% (dila-
tion). This observation implies that the volumetric strain of
the sample is achieved by the other mechanisms discussed
in Sect. 3. For the consolidation tests, the volumetric strain
induced by grain indentation at porosity 15%, 10%, 5%,
and 3% are, respectively, 2.6%, 5.0%, 7.1%, and 7.9% of
the total volumetric strain of the samples. To summarize,
despite the simplicity of the grain deformation model
adopted here, we can conclude that, in both the consoli-
dation tests and the cyclic compression tests, the axial and
volumetric strains of the specimen are mostly due to grain
rearrangement, and much less so to grain indentation.

4.2 Normalization of fabric descriptors
in the cyclic compression tests

To analyze the evolution of salt microstructure during the
cyclic compression tests, specimens are sacrificed at
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several stages of the axial strain loading. The initial
porosity of the sacrificed samples, noted p;, ranges between
5.1 and 5.7%, as shown in Table 1. During the compression
tests, the sample dilates (i.e., the volumetric strain e,
increases) with the increase in differential stress. Accord-
ing to Sect. 3.2.1, very little changes are noted in grain
shape and grain size. Since grain volume changes are
negligible, the current porosity of the sample, noted p., is
calculated from the initial porosity p; and the current vol-
umetric strain ¢,, as follows:

:€v+pi
€+ 1

¢ (4)
A discrepancy is noted between p, and the porosity found
by image analysis, noted p,. In fact, the 3D salt rock
sample can be regarded as a stack of 2D microscopic
images, in which the thickness of each image is a small
constant. 3D porosity can be seen as the mean of the 2D
porosities in the stack of images. As we only use the 2D
porosity of one microscopic image, a difference between
the 2D porosity and the 3D porosity is expected. According
to Fig. 17, the porosity obtained by analyzing 2D images is
often larger than the porosity of the 3D sample, calculated
by estimating the mass density of the sample. As a result,
the support fraction calculated from the 2D image analyses
is underestimated. We propose a normalization method to
correct the error made by using 2D porosities in the cyclic
compression tests.

Based on the discussion presented in Sect. 4.1, we
consider that the contribution of grain deformation to the
deformation of the salt rock specimen is negligible. The
coordination orientation is normalized by the current
porosity p. for each compression test. The probability of
the normalized coordination orientation is shown in
Fig. 19. In samples with ¢, equal to 0% and 2.8%, there is a
large difference between p; and p,,; hence, the support
fraction increases after normalization. The normalized
results confirm the interpretations made in Sect. 3.2.2:
During the cyclic compression tests, the overall grain-to-
grain contact area reduces and the support fractions line up
vertically, forming supporting columns of coordinated
grains.

Table 1 Evolution of volumetric parameters in salt rock during the
triaxial cyclic loading test

€a 0% 0.8% 1.8% 2.8% 3.8% 7.3%

Di 5.7% 52% 5.1% 5.2% 5.4% 5.4%
€y 0.0% 0.0% 0.0% -0.2% —0.6% -1.9%
DPm 7.9% 6.8% 5.6% 5.9% 5.7% 6.5%
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Fig. 19 Evolution of the coordination orientation after normalization
in the cyclic compression tests. The support fraction decreases with
the accumulation of axial strain. The support fraction of horizontal
contacts decreases much faster than the support fraction of vertical
contacts, which suggests that grains rearrange to form vertical
columns of coordinated grains

The evolution of the magnitude of the LSVF vector after
normalization is shown in Fig. 20. The trends are similar to
those observed in Fig. 16b. For ¢, equal to 1.8%, 2.8%, and
3.8%, curves almost overlap. The distribution of void sizes
follows two stages. At the beginning of the test, larger
pores collapse, and a significant number of small pores
appear. When the axial strain is large, the small pores are
connected by intergranular cracks, and large voids appear
again.

4.3 Categories of cracks observed in the cyclic
compression tests

The cracks observed in the petrographic images acquired
during the cyclic compression tests were categorized as
intragranular opening-mode cracks and intergranular
opening-mode cracks. During the compression tests, both
opening-mode cracks and shear-mode cracks are expected
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Fig. 20 Evolution of the magnitude of the local solid volume fraction
during the cyclic compression tests, after normalization. The peak
probability of the magnitude of the LSVF vector increases until the
axial strain reaches 2.8%. When the axial strain is larger than 2.8%,
the magnitude of the most likely LSVF (at the peak of probability)
decreases as the axial strain increases
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to initiate and propagate. However, only opening-mode
cracks can be observed in the microscopic images. Based
on wing crack theory [16], sliding along a crack plane
cannot yield displacement without opening a crack (called
wing crack) in the tip region of that crack plane. Conse-
quently, opening-mode cracks are expected to occur
whenever shear-mode cracks propagate. We infer from this
that the observed intergranular opening-mode cracks are
wing cracks (this is an idealized ”wing-cracks” model).
The slip along flaws is accommodated by the opening of
cracks or widening of existing open spaces (pores) at grain
intersections, and in some cases, pore closure [13].

We developed an algorithm that identifies intergranular
shear-mode cracks in the two following cases:

(i) One end of a grain boundary is connected to an
intergranular opening-mode crack, and the other
end is connected to a void;

(ii) Each end of a grain boundary is connected to a
different intergranular opening-mode crack.

We observe very few intragranular cracks, which are all
very short. The orientation and length distributions of the
intergranular wing cracks (Fig. 21) are in fact very similar
to the orientation and length distributions of the observed
cracks (Fig. 17). This is because the number of intragran-
ular cracks is limited in the cyclic compression tests.
Intergranular shear-mode cracks initiate preferentially at
40° to the horizontal as shown in Fig. 22. With the increase
of ¢,, the distribution of sliding orientations stabilizes, and
intergranular shear-mode cracks propagate along the
boundaries of less favorably oriented grains (e.g., grains at
~30°, with higher normal stress and lower shear stress at
the boundaries). A few sub-vertical intergranular shear-
mode cracks develop. According to Fig. 21b, the length of
the intergranular shear-mode cracks is around 200 um
when ¢, is small. A larger axial strain leads to longer
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(a) Wing crack orientations

intergranular shear-mode cracks and a larger range of
length distributions. When ¢, is equal to 7.3%, the length of
intergranular shear-mode cracks reaches 500 um.

4.4 Fabric tensors

Fabric tensors are used to describe the evolution of the
microstructure in the salt specimens. According to [31], the
second-order fabric tensor F is expressed as:

Fij - / nln]E(Q)dQ (laJ =X, Z) (5)
Q

where n,, n,, n; are projections of a unit vector n on the
Cartesian reference coordinates; €2 is the whole solid angle
corresponding to a unit sphere; E(Q) is a probability den-
sity function (mathematical expectancy). For 2D analyses,
the second-order fabric tensor F can be expressed as:

2n
F,'j = / n,nJE(H)dH (l,] =X, Z) (6)
0=0

F is a symmetric tensor. In order to account for orientation
distribution of fabric descriptors, we use the magnitude of
the fabric descriptors (noted f,,) as the weight of the ori-
entation of that descriptor (noted 0,,). The components of F
are calculated as:

1
Z -2
F)o( :N fm sm Qm (7)
m=1
1 &
F =F, = N E S sin 8, cos 6, (8)
m=1
N
1 2
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Fig. 21 Orientation and length distributions of the wing cracks observed in the 2D images obtained at several stages of the cyclic compression
tests. Wing cracks initiate and propagate with the increase in the axial strain. There are more wing cracks oriented vertically than in the other

directions
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Fig. 22 Orientation and length distributions of the intergranular shear-mode cracks at several stages of the cyclic compression tests. There are
more intergranular shear-mode cracks oriented horizontally than in the other directions

where f;, is the magnitude of a fabric descriptor for grain

m; 6, is the direction of that fabric descriptor for grain m.
Due to the axial symmetry of the samples and loading
conditions, F, and F, are close to 0. F, is the component
of the fabric tensor in the lateral direction; F,, is the
component of the fabric tensor in the axial direction, and F
is the trace of the fabric tensor. In 2D: F = F,, + F_,.

In the consolidation tests, the compaction of the speci-
mens leads to a larger oedometer modulus and a denser
packing of the salt grains (Fig. 23). Solidity decreases due
to the inelastic deformation of the grains. Both lateral and
axial components of the coordination fabric tensor (C,, and
C,,) increase as the porosity of the sample decreases, which
indicates that more grain contacts occur at the surface of
the grains. This observation is consistent with the observed
increase in the odometer modulus. Due to the denser
packing of salt rock, a larger LSVF (L) is observed. The
discrepancy between L,, and L,, reveals the development
of salt rock anisotropy: The sample becomes denser in the
lateral direction as porosity decreases.

In the cyclic compression tests, the elastic modulus in
the axial direction decreases, while the Poison’s ratio
increases with the increase in axial strain (Fig. 24). Both
components of the solidity fabric tensor (S,, and S.;) are
stable, and no obvious anisotropic trend is observed in
terms of solidity. The trace of the coordination fabric
tensor (C) reaches its lowest point at the highest axial
deformation. This means that grains are supported by less
neighboring grains, which results in a reduction in the axial
elastic modulus. The lateral components of the coordina-
tion and LSVF tensors decrease more than the axial com-
ponents. Physically, that means that grains are less
supported in the lateral direction and have more space to
move in the specimen. Under a given axial load, it is
expected that the displacement of salt grains will be larger

than in the initial microstructure (at 0% deformation).
Macroscopically, this means that the Poisson’s ratio of the
specimen has increased.

Based on the orientation distribution of microscopic
cracks, we calculated the fabric tensor of wing cracks (D")
and sliding cracks (D*) with Equation 6. D" and D* have a
unit trace. The evolution of anisotropy induced by micro-
scopic cracks during the cyclic compression tests is shown
in Fig. 25. Most wing cracks are vertical. The proportion of
lateral wing cracks increases slightly as the axial strain
increases (Fig. 25a). At the initial stage of the cyclic
compression tests, the distribution of orientation of the
sliding cracks is almost isotropic (i.e., DJ, is close to D?),
see Fig. 25b. As the axial strain increases, wing cracks
develop predominantly in the lateral direction.

5 Conclusions

In both the consolidation and the cyclic compression tests,
the deformation of the specimen is mostly due to grain
rearrangement. Practically no crack develops during the
consolidation tests, whereas in the cyclic compression
tests, intergranular opening-mode cracks propagate due to
the development of intergranular shear-mode cracks.

In the consolidation tests, the contribution of grain
indentation to the total deformation of the sample increases
as the porosity decreases, but it never exceeds 8% of the
volumetric deformation of the sample, even at a porosity as
low as 3%. When the porosity of the specimen reaches 3%,
the aspect ratio and the length of the major axes of the
grains increase because of intragranular dislocation glide in
the grains. Due to the presence of rigid walls at the lateral
boundaries of the sample, lateral grain-to-grain contacts
appear and increase in size during the consolidation pro-
cess. Salt grains reorganize to form horizontal layers of
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Fig. 23 Evolution of the oedometric modulus and of the axial and lateral components of fabric tensors during the consolidation tests. Notation:
Fy, F: lateral, axial components of fabric tensor F. F: trace of F: F = F,, + F_,. The oedometric modulus is measured directly in the
experiments [11]. The oedometric modulus and the components Cy,, C,;, and L., increase with the decrease in porosity. Solidity (S) reduces in

the consolidation tests

elongated and coordinated grains. As a result, the orienta-
tion distribution of grain indentations is quasi-uniform. The
size of the pores reduces and become more uniformly
distributed in the specimen. As a result, salt rock
microstructure becomes more homogeneous.

In the cyclic compression tests, the changes in grain
shape and size are negligible, and dislocation glide is sig-
nificantly reduced. The deformation of the grains is mainly
induced by indentations on the surface of the grains. The
number and the area of the indentations increase with the
increase in the axial strain, which causes an accumulation
of plastic deformation. Large plastic deformation occurs in
the axial loading direction. Most of the specimen defor-
mation is due to grain rearrangement. Due to the redistri-
bution of grains and the propagation of intergranular
cracks, grain-to-grain contact areas reduce. The grain-to-
grain contacts occur mainly in the axial direction, and a
larger local solid volume fraction is observed in the axial
direction of the grains. These observations indicate that
grains tend to be reorganized into vertical columns of
coordinated grains. When the axial strain is small, a few

@ Springer

large and isolated pores are observed. Due to the increase
in differential compressive stress, the larger pores collapse
and more small and isolated pores appear in the sample.
Then, because of the propagation of the intergranular
cracks, small pores become connected and form large
voids, which explains the non-monotonic evolution of the
void pore distribution. Very few, short intragranular cracks
are noted. Intergranular opening-mode cracks are observed.
We propose an idealized wing crack model which allows
identifying grain boundaries where intergranular shear-
mode cracks develop. Intergranular opening-mode cracks
tend to develop in the axial direction, while intergranular
shear-mode cracks propagate preferentially in sub-hori-
zontal directions. The volume of intergranular opening-
mode cracks increases linearly with the axial strain.

We analyzed the orientation distributions of the fabric
tensors of solidity, coordination, and local solid volume
fraction. In the consolidation tests, the local solid volume
fraction increases more in the lateral direction than in the
axial direction, which indicates that salt rock becomes
much denser laterally under compaction. The oedometer
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Fig. 24 Evolution of elastic properties and of axial and lateral components of fabric tensors during the cyclic compression tests. Notation: F,,
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Fig. 25 Evolution of axial and lateral components of crack fabric tensors during the cyclic compression tests. D}, and D, are the lateral and axial
components of the wing crack fabric tensor D*. D}, and D, are the lateral and axial components of sliding crack fabric tensor D*

modulus increases. In the cyclic compression tests, the The fabric descriptors used in this work allow a better
lateral components of coordination and local solid volume  quantification and understanding of halite deformation
fraction decrease, which results in an increase in the  processes. The analysis of microstructure sheds light on the
Poisson’s ratio. design and safety analysis of the geological storage
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facilities in salt rock. The proposed fabric descriptors can
also be used in other types of rocks encountering similar
deformation mechanisms.
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