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Polycrystalline rock salt’s compression is a function of applied stresses, exposure duration to the applied
stresses, ambient temperature, and water content. Rock salt’s compressional behavior under different
conditions and its effects on the specimens’ mechanical properties have been investigated in the literature. However, the one-dimensional (1D) compression behavior of polycrystalline rock salt at various
water contents and how the specimen’s compression at different water contents further affects its
physical and mechanical properties are not fully understood yet. In this study, polycrystalline rock salt
specimens were prepared under nominally dry and wet conditions and some of the dry and wet specimens were annealed after the preparation. The relationship between the porosity of the specimens and
the logarithm of the applied axial stresses during the 1D compression was found to follow a linear
relationship after reaching unique critical porosities of 32% and 37% for the dry and wet specimens,
respectively. Unloading and reloading the specimens did not result in any major changes in the porosity
of the specimens. The specimens compressed under wet condition showed an average ﬁnal porosity of
2.6% compared to 6.9% for the dry specimens. The dry and wet specimens that were annealed after the
compression exhibited a lower porosity in comparison to the dry and wet specimens, respectively.
Unconﬁned compression experiments on the specimens showed dry and wet specimens possess averaged unconﬁned compressive strengths (su ) of 64.3 and 16.2 MPa, respectively. Annealing decreased su
of the dry specimens to 39.6 MPa and increased su of the wet specimens to 41 MPa.
Ó 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction
Rock salt, or halite, is a sedimentary rock formed by evaporation
of bodies of water (Dusseault et al., 2004). Therefore, rock salt
formations are mostly bedded, and can have impurities (Hansen
and Leigh, 2011; Titler and Curry, 2011) and develop into salt
domes depending on the tectonic pressures and movements
because of their lower density compared to their surrounding
materials (Trusheim, 1960; Sannemann, 1968; Dronkert and
Remmelts, 1996). Rock salt formations, bedded or dome-shaped,
usually have low permeability and porosity; therefore, they are
mainly used as repositories for hazardous waste or oil storage (Urai
et al., 1986; Pouya, 1991; Fam et al., 1998; Hunsche and Hampel,
1999; Marques et al., 2013). The conditions imposed on rock salt
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deposits during their compressions such as temperature, time,
pressure, and presence of humidity or water can inﬂuence the
density, porosity, and size of the grains of the deposit (Holcomb and
Zeuch, 1988; Hwang et al., 1993). Different deformation mechanisms such as dislocation, crystal plasticity, pressure solution, and
dynamic recrystallization can be mobilized during the compression. The applied stress during the compression has the most signiﬁcant effects on rock salt’s mechanical properties after the
compression. The presence of water during the compression of rock
salt can signiﬁcantly facilitate dislocation, sliding, and pressure
solution of salt grains. Conversely, in the absence of humidity, salt
grains tend to crush and deform plastically (Hwang et al., 1993;
Ding et al., 2016). However, recrystallization of salt grains, especially dynamic recrystallization, does not normally occur at temperatures below 150  C (Ding et al., 2016; Mills et al., 2018).
Holcomb and Zeuch (1988) investigated the compression of dry
crushed rock salt. They used quasi-static compactions and creep
tests to evaluate the time-dependent compression of rock salt. The
tests were conducted at various temperatures, stresses, and time
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durations. By ﬁtting an empirical model to the results obtained
from the test, Holcomb and Zeuch (1988) further developed a
plastic yield and power-law creep model to the response of the
material. Hwang et al. (1993) employed in situ scanning electron
microscopy (SEM) during the compression process to understand
the activation of different deformation mechanisms on the
compression of rock salt. They found the compression of crushed
rock salt is governed by grain crushing and shearing at low water
contents and it was controlled by sliding of the grains at higher
water contents. Ding et al. (2016) examined the mechanical
behavior of dry rock salt during the compression where the tests
were performed at various temperatures and along different load
paths. The ﬁndings were that temperature has the most signiﬁcant
inﬂuence on the compression of the material, while the grain size
and loading path have limited effects. Moreover, by using reﬂected
light micrographs, they identiﬁed the dominant deformation
mechanism to be crystal plasticity and found the recrystallization of
the material began slowly at temperatures above 150  C. Mills et al.
(2018) performed creep compression tests to investigate the active
deformation mechanisms during the compression of rock salt. With
the aid of different observational methods, they concluded that the
presence of water at or above 1% water content within the specimen would cause the pressure solution to effectively enhance the
compression and increase the cohesion of grain boundaries. Shen
and Arson (2019) concluded that pressure solution, crystal slip
plasticity, and grain boundary sliding are the main deformation
mechanisms in axial compression of rock salt at temperatures
below 350  C.
The compression of rock salt further affects its mechanical
properties by inﬂuencing the grains and grain boundaries of the
medium. Grain boundaries are crystallographically defective regions between grains within rock salt formations. Compressed rock
salt normally retains 0.01%e1.24% water within its grain boundaries in nature (De Las Cuevas and Pueyo, 1995). The properties of
grain boundaries, such as water content, can thus inﬂuence the
mechanical behavior of compressed rock salt by obstructing or
facilitating the movements of the grains (Mouritz, 2012). Moreover,
activation of deformation mechanisms such as recrystallization
(annealing) and crystal plasticity can affect the properties of the
grains, including their size and shape, which inﬂuences the mechanical behavior and strength of the medium after the compression (Knudsen, 1959; Ostapenko et al., 1993; Peach et al., 2001).
Stormont et al. (2017) compressed polycrystalline rock salt specimens under hydrostatic stresses up to 40 MPa and temperatures up
to 250  C. The results of their work showed that specimens compressed at higher stresses have lower ﬁnal porosities and therefore
lower permeabilities. Moreover, they observed specimens with
porosities below a critical porosity value (in the range of 0.02e0.05)
did not possess a connected pore network, whereas specimens
prepared above the critical porosity had a connected pore network.
Paneru et al. (2018) investigated the thermal properties of granular
salt specimens made by either compression at high axial stresses at
ambient temperature or compression at a longer period of time and
elevated temperatures. The specimens that were prepared using
the short-time compression method had open grain boundaries
with cleavage cracking compared to the long-time compressed
specimens with similar porosity which had saturated and fused
grain boundaries.
Lebensohn et al. (2003) investigated the deformation and
texture development in polycrystalline rock salt by compressing
and testing different types of specimens using triaxial extension
experiments. The specimens were compressed by cold-pressing
rock salt grains at 120  C and an axial stress of 200 MPa. Selected
compressed specimens were then annealed at 650  C for one day.
The comparison of the specimens after the compression showed

the annealed specimens had double the average grain size of coldpressed specimens. Moreover, during triaxial experiments,
annealed specimens exhibited a lower compressive strength. Ter
Heege et al. (2005) studied the dynamic recrystallization of wet
compressed polycrystalline rock salt specimens by axial compression tests. The specimens initially contained 0.1% water content and
were cold-pressed at 200 MPa; then, they were cured at 150  C and
100 MPa axial stress for one week. A set of prepared specimens was
annealed at a temperature of 515  C for one day to make them
nominally dry. The triaxial compression tests on the specimens
showed more dynamic recrystallization occurred within the wet
specimens, and they possessed a lower compressive strength. Liang
et al. (2012) tested natural low porosity polycrystalline rock salt
specimens under monotonic and cyclic unconﬁned compression
conditions. The specimens tested under monotonic loading condition showed elastoplastic behavior and failed in a ductile manner
because the main observed deformation mechanism was grainsliding along the grain boundaries. Bourcier et al. (2013) investigated crystal plasticity and grain boundary sliding in different types
of specimens. Salt grains with two different initial sizes were hotpressed at a temperature of 150  C and an axial stress of
100 MPa. Selected prepared specimens with initially coarser grains
were annealed at a temperature of 750  C for two days. Uniaxial
compression experiments on the specimens revealed that the
recrystallized (annealed) specimens exhibited a lower compressive
strength, while the specimens with the minimum initial grain size
showed the highest compressive strength. Ding et al. (2017) studied
microcrack network development in polycrystalline rock salt under
cyclic loading. The specimen showed a dominant elastic behavior
during the initial load cycle before yielding, whereas it showed a
ductile behavior and deformed plastically with work hardening
throughout the next cycles of loading. The plastic deformation of
the specimen was attributed to grain boundary microcracks which
were preferably oriented in the loading direction. In addition to the
grain boundary microcracks, the plastic deformation of the grains is
the other main mechanism in rock salt’s plastic deformation under
axial loading (Müller et al., 2018; Shen et al., 2020).
This paper proposes a simple model to deﬁne the relationship
between the applied axial stress and porosity in one-dimensional
(1D) compression of rock salt under wet and dry conditions.
Detailed specimen preparation methods presented in this study are
economical, easy to execute, and fast; therefore, they can be used to
prepare a large number of polycrystalline rock salt specimens for
various studies in the future. Moreover, the reproducibility of the
specimens is investigated using micro- and macro-scale methods.
Two compression procedures, i.e. dry and wet, were employed to
assess the effects of water content on the compression of rock salt.
The specimens prepared in dry and wet compression are denoted
as dry and wet specimens, respectively. Some of the dry and wet
compressed specimens were annealed after the compression and
they are labeled as dry-annealed and wet-annealed specimens,
respectively. SEM scanning was performed on representative
specimens of dry, dry-annealed, and wet-annealed types to study
and compare the local porosities and average grain size of differently prepared specimens. Lastly, two specimens of each type were
tested using the unconﬁned compression test to determine their
compressive strength.
2. Raw material
Rock salt grains used for specimen preparation in the study were
collected from Windsor Salt Mine, Ontario, Canada. Natural noncommercial grade rock salt does not contain any additives such as
anticaking agents, which can affect the behavior of the material.
Mineralogy and purity of the material were examined by powder X-

A. Moslehy, K. Alshibli / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 311e320

ray diffraction method; the composition of the material was 99.9%
pure halite. Larger blocks of rock salt were cut and ground to a grain
size smaller than 0.075 mm to provide the starting grains for the
compression of different types of polycrystalline specimens.
Moreover, the initial nominal water content of the starting grains
was found to be 0.1% based on ASTM D2216-19 (2019).
3. Compression setup
Stainless-steel tubes with an inner diameter of 25.65 mm, a wall
thickness of 3.05 mm, and a height of 76.2 mm were used in this
study to prepare specimens with a diameter of approximately
25.65 mm and a height of 50.8 mm. A cylindrical stainless-steel die
with an inner diameter of 31.76 mm, a wall thickness of 22.22 mm,
and a height of 76.2 mm was used to conﬁne the specimen tubes. A
stainless-steel disk of 25.4 mm in diameter and 12.7 mm in height
was placed at the bottom of the specimen tubes to prevent contact
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of specimens with other parts of the setup. A 76.2 mm stainlesssteel rod with a diameter of 25.7 mm was used to press the salt
grains inside the specimen tubes (Fig. 1a and b). Furthermore, the
following parts were used to conﬁne specimens during the
annealing process:
(1) A 127 mm  127 mm square steel plate with a thickness of
19.05 mm and eight 1/2 inches (12.7 mm)-13 threaded holes
(bottom plate);
(2) Eight 1/2 inches (12.7 mm)-13 threaded steel rods with
lengths of 228.6 mm;
(3) A 127 mm  127 mm square steel plate with a thickness of
19.05 mm and eight 12.45 mm through holes (top plate);
(4) Eight 1/2 inches (12.7 mm)-13 stainless-steel nuts.
Lastly, another stainless-steel rod with a diameter of 25.7 mm
and a height of 76.2 mm was used to transfer the axial stresses to

Fig. 1. Specimen compression setup: (a) 3D rendering; (b) Experiment setup; and (c) Exploded view of the parts.
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the setup when the compression setup was placed inside the
conﬁning system. Fig. 1c shows all the parts used in the compression setup in an exploded view.
4. Specimen compression
Dry specimens (Fig. 2a) were made by cold-pressing the ground
salt grains in three layers each with equal thickness. Each layer was
compressed using a uniaxial stress of 200 MPa for 20 s. The uniaxial
stress was applied at a constant displacement rate of 0.085 mm/s,
which is equal to a strain rate of 0.0023 s1. During the 1D
compression of each layer, the specimen was unloaded and then
reloaded at 10 MPa and 70 MPa axial stresses to investigate the
recoverability of the deformations. The specimen was then compressed at the same uniaxial stress for 1 h after the 1D compression
of the ﬁnal layer. Then, the tube containing the specimen was
extruded from the cylindrical die and was cut across its height to
split it for easy removal of the specimen. The ends of the specimen
were sanded to make them parallel and maintain the cylindrical
shape of the specimen. A bedding plane (layer boundary) can be
observed on the surface of the specimen between every two
consecutive layers (Fig. 2a).
The three layers of dry-annealed specimens, as shown in Fig. 2b,
were made similar to the dry specimens, but the conﬁnement parts
were used during the 1-h compression of the specimen; thus, the
uniaxial stress could be contained on the specimens throughout the
annealing process. The setup was then placed in an oven with a
temperature of 200  C for 7 d. The specimens were extruded and
sanded using a procedure similar to the dry specimens. Dryannealed specimens also showed bedding planes between the
consecutive layers as well (Fig. 2b).
Wet and wet-annealed specimens were composed of the salt
grains and salt-saturated de-aired deionized water with a ratio of
75%e25%, respectively. Deionized water saturated with salt was
used to prevent the addition of any substances to the specimens
and to prevent the water from dissolving the salt grains within the
specimens. Salt grains were added to the de-aired deionized water
until the solution could not dissolve more salt grains and the
addition of more salt grains would result in the settlement of the
added salt grains. The mixture of salt and salt-saturated de-aired
deionized water was cold-pressed and annealed (in case of wetannealed specimens) in the same manner used in the preparation
of dry and dry-annealed specimens. The specimen was extruded
from the specimen tube and was sanded to maintain its cylindrical
shape (Fig. 2c and d). Wet and wet-annealed specimens did not
exhibit any bedding planes being formed between the consecutive

layers of compression showing more interconnection between the
grain boundaries of the consecutive layers. Table 1 summarizes the
dimensions, weights, and global porosities of eight specimens, two
of each type, measured after compression while being prepared for
unconﬁned compression experiments.
Fig. 3a and b shows the porosity (f) of the specimen versus the
applied axial stress (s1 Þ during the 1D compression of all layers for
two dry and two wet specimens, respectively. B, M, and T in Fig. 3
legend refer to the bottom, middle, and top layers of each specimen,
respectively, while F denotes the ﬁnal compression on the whole
specimen. The porosities of the specimens were calculated from the
measured axial deformations knowing the volume change of the
specimens occurred only due to axial deformations. Moreover, the
elastic (recoverable) volume change of the grains during the 1D
compression was neglected because of the difﬁculties of measuring
the volume change of the grains in the experimental setup used in
this study. Comparing the results obtained from the dry 1D
compression of the different layers of a dry specimen (D_1 or D_2),
the relationship of f with s1 follows a unique decaying exponential
curve. The uniqueness of the exponential curve describing f of the
specimen versus s1 shows during the 1D compression of a layer, the
layers compressed previously (which were being reloaded) did not
exhibit a signiﬁcant deformation. Eq. (1) is a decaying exponential
ﬁt to the loading curves of f versus s1 of the dry specimens with a
coefﬁcient of determination (R2) of 0.997. Moreover, a comparison
between the results obtained from the 1D compression of specimens D_1 and D_2 demonstrates no statistical difference between
the results obtained from each specimen, which shows the reproducibility of the compression procedure. Referring to Fig. 3b, the
results obtained from different layers of the two wet specimens
W_1 and W_2 are similar and provide the same ﬁndings as to the
dry specimens. Eq. (2) describes the relationship of f versus s1 for
wet specimens.

Table 1
Physical properties of polycrystalline rock salt specimens.
Specimen

Height (mm) Diameter (mm) Mass (g) Porosity (%)

D_1 (dry)
D_2 (dry)
DA_1 (dry-annealed)
DA_2 (dry-annealed)
W_1 (wet)
W_2 (wet)
WA_1 (wet-annealed)
WA_2 (wet-annealed)

51.8
53.5
50
50.4
46.1
43.6
40.5
48.2

25.9
25.9
25.4
26
25.9
25.9
25.5
24.6

Fig. 2. Polycrystalline rock salt specimens: (a) Dry; (b) Dry-annealed; (c) Wet; and (d) Wet-annealed.

55.21
57.14
54.03
57.37
51.24
48.63
44.46
49.09

6.8
6.9
1.6
1.5
2.8
2.4
0.7
1
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Fig. 3. Porosity versus axial stress during the compression of (a) dry, (b) wet, and (c)
dry and wet specimens.

fL ¼ 47:45 expð  0:00956s1 Þ
fL ¼ 52:93 expð  0:013s1 Þ





R2 ¼ 0:997

R2 ¼ 0:985





Fig. 4. Porosity versus axial stress’ logarithm during the 1D compression of (a) dry, (b)
wet, and (c) dry and wet specimens.

(1)

(2)

The ﬁnal 1D compression of both types of compression
(reloading the whole specimen) or the unloading-reloading curves
of the 1D compression display a linear relationship between f and
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s1 . Eqs. (3) and (4) represent the slope of the ﬁtted lines for dry and
wet 1D compression unloading and reloading phases of the experiments, respectively. The change in the porosity of the specimens during the unloading-reloading is due to the elastic
deformation of the grains which is considered negligible when
compared to the non-recoverable deformations.

fR ¼ 0:01s1
fR ¼ 0:011s1



R2 ¼ 0:979


R2 ¼ 0:958

(3)



(4)

Fig. 3c compares the 1D compression results of dry specimen
D_1 and wet specimen W_1 and shows that the wet specimens’
porosities decreased at a steeper rate than dry specimens’ porosities both during the loading and reloading of the material. Because
the applied strain rate during the 1D compression is relatively fast
in comparison to creep, only time-independent deformation
mechanism of rock salt such as grain rearrangement, cataclasis
(grains brittle failure because of intra-grain slips or local stress
concentrations), and grain crystal plasticity have a chance to occur.
The grain boundaries of the wet specimen, which are mainly
composed of the added brine to the salt grains, facilitate the
dislocation (rearrangement) of the grains during the compression
and decrease cataclases compared to the dry specimen. This difference in the developed deformation mechanisms explains the
higher reduction of the porosity of the wet specimen in comparison
to the dry specimen.
By plotting f of the specimens being compressed against the
logarithm of the applied axial stresses, a point can be found on the
curves where the relationship of log 10 s1 versus f becomes linear
(Fig. 4) and is denoted in this study as the critical porosity. This
critical porosity value can be physically explained as the point
where the dominant deformation mechanisms transition from
grain rearrangement and cataclasis to grain crystal plasticity and
eventually grain boundary diffusion. The critical porosities of the
specimens being compressed in dry and wet manners were found
to be 32% and 37%, respectively. As shown in Fig. 4, the wet specimens reached the critical porosity earlier compared to the dry
specimens due to the effects of added brine to the grain boundaries.
Eqs. (5) and (6) show the ﬁtted lines to the 1D compression of the
specimens during dry and wet 1D compressions after reaching the
critical porosities, respectively.

fL ¼ 35:94log10 s1 þ 90:44
fL ¼ 34:25log10 s1 þ 85:1




R2 ¼ 0:999
2

R ¼ 0:998





(5)

(6)

Porosities of the specimens versus the applied axial stresses
during unloading and reloading of the specimens for the dry and
wet 1D compressions were ﬁtted to Eqs. (7) and (8), respectively.
The ﬁtted lines representing the unloading-reloading curves started to diverge from the actual reloading curves as the axial stresses
became closer to the axial stresses on the loading path. The lower
values of R2 for Eqs. (7) and (8) are caused by the deviation of the
ﬁtted lines from the actual reloading curves. During the reloading
of the material when s1 advances towards the loading curve, the
reapplied stresses on the specimen can cause further crystal plasticity and grain boundary diffusion, which decreases the porosity of
the specimens at a higher rate.

fR ¼ 0:228log10 s1



R2 ¼ 0:985



(7)

Fig. 5. SEM scan of a dry specimen: (a) Top layer; (b) Middle layer; and (c) Bottom
layer.

fR ¼ 0:399log10 s1



R2 ¼ 0:983



(8)

The slope of the lines ﬁtted to the unloading-reloading phases of
dry and wet 1D compressions in both normal and semi-logarithmic
scales are marginal and quite close to zero (Eqs. (3), (4), (7) and (8)).
These nearly horizontal slopes show that the elastic deformations
within the specimen are marginal and the compressed specimen
nearly maintains its ﬁnal porosity after unloading.
The averages of the porosities of dry and wet specimens at the
end of 1D compression of each layer were 8.1% and 6.4%, respectively (Fig. 4). The 1-h compression after the 1D compression of the
individual layers caused a decrease in the averages of the porosities
of dry and wet specimens to 6.9% and 2.6%, respectively (Table 1).
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This 1-h compression contributed to the activation of timedependent deformation mechanisms within the specimens such
as grain boundary diffusion and pressure solution. However, pressure solution can only occur in the presence of water at the grain
boundaries. Pressure solution is the simultaneous development of
grain dissolution at highly stressed grain boundaries, its diffusion
into the wet grain boundary, and its precipitation at less stressed
grain boundaries, which justiﬁes the greater reduction in the porosities of the wet specimens. Lastly, the averages of the ﬁnal porosities of dry-annealed and wet-annealed specimens were
measured to be 1.6% and 0.8%, respectively (Table 1). Timedependent deformation mechanisms continued to cause a
decrease in the porosity of the specimens during the annealing
process. Both dry and wet specimens exhibited a considerable
decrease in f after the annealing process. Annealing in polycrystalline rock salt recrystallizes the compressed grains (crystals),
which further results in a reduction in the porosity of the material
(Ding et al., 2016).
5. Scanning electron microscopy (SEM)
One representative specimen of each of dry, dry-annealed, and
wet-annealed types were cut across their height into ﬁve disks with
equal thicknesses of 8 mm. The bottom surface of the top disk
corresponding to the middle of the top layer, the top surface of the
middle disk corresponding to the middle of the middle layer, and
the top surface of the bottom disk corresponding to the middle of
the bottom layer were selected for further examination using SEM
method. Each disk was sanded and further polished using P3000
sandpaper to achieve an average surface roughness of
Ra ¼ 0.018 mm. A relatively low electron high tension (EHT) voltage
of 1 kV was employed to prevent the scanned surfaces from being
charged because rock salt is not electrically conductive and the
scanned specimens were not coated with a conductive layer. Type II
secondary electron (SE2) signals were used by the SEM detector to
scan the disks; thus, the scan would reﬂect a two-dimensional (2D)
topography of the surfaces.
Figs. 5e7 show the 2D scans of representative dry, dry-annealed,
and wet-annealed specimens where scans a, b, and c show the top,
middle, and bottom of the cross-section of the specimens, respectively. Local porosity and average grain size of each scan were
calculated using Avizo (FEI Visualization Sciences Group, 2018)
image processing software. Black pixels of the scan were
segmented using a threshold module to represent the voids inside
the specimen. The local porosity of the scan was calculated by
dividing the area of the voids by the total area of the scan. The
grains of the specimen shown on the scans were found by labeling
function of Avizo and the average grain size of the scan was
determined by using label analyses function. Table 2 summarizes
the values of porosities and average grain sizes of the scans. Across
the height of the scanned dry specimen, the porosity and average
grain size increased from the top to the bottom layers. The presence
of sharp-cornered cubical grains shows the dominance of cataclases within the dry specimen. Moreover, grain boundary diffusion
can also be noted between the grains. The 1-h compression in the
process of preparing the specimen impacted the top layer more
than the layers beneath it. The axial stresses applied to the specimen during the 1-h compression speciﬁcally intensiﬁed cataclases
within the top layer of the specimen, which decreased the porosity
of the top layer (Fig. 5).
The dry-annealed specimen also exhibited well-deﬁned cubical
grains, which indicated the dominance of cataclases; however, the
grains had rounded corners (Fig. 6). Grain boundary diffusion and
recrystallization of the grains can also be seen in the scans displayed in Fig. 6. It is worth mentioning due to the small grain size in

Fig. 6. SEM scan of a dry-annealed specimen: (a) Top layer; (b) Middle layer; and (c)
Bottom layer.

the dry and dry-annealed specimens, crystal plasticity of the grains
cannot be investigated. The average grain size within the dryannealed specimen increased from the top layer to the bottom
layer, which is the same pattern as the dry specimen. The similarity
of the increase in the porosity of the specimen from the top layer to
the bottom layer in dry and dry-annealed specimens is inherited
from the 1-h compression step, where the two types of specimens
were compressed using the same procedure. Moreover, the
mentioned similarity shows that annealing increased the size of the
grains proportional to their initial sizes.
Larger grains of the wet-annealed specimen, which were not
perfectly cubical in shape, show that cataclasis was not the dominant deformation mechanism in the 1D compression of wet rock
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salt. Because of the larger grain size, the SEM scans of the wetannealed specimen demonstrate the crystal plasticity imposed on
the grains, where some grains have eventually fractured. Irregular
diffused grain boundaries also point out to the pressure solution
that has occurred inside the specimen during the 1-h compression
of the specimen. Moreover, the recrystallization developed during
the annealing process is clearer compared to the dry-annealed
specimen. In contrast to the dry specimen, the dry-annealed and
wet-annealed specimens possessed a lower porosity within the top
and bottom layers compared to the middle layer (Figs. 6 and 7).
From the macroscopic point of view, during the annealing of the
material, the air and water inside the voids move out of the specimens. The purge of the ﬂuid from the specimen depends on the
distance from the void to the outside of the specimen and the interconnectivity of the voids throughout the specimen. Therefore, the
voids enclosed inside the middle layer have a lower chance to exit
the specimen.
A comparison amongst the variation of average grain sizes and
porosities in the layers of different specimens shows that wetannealed specimens exhibited a more uniform proﬁle of average
grain size and porosity with their height. Besides the global porosities in Table 1, the local porosities of the specimens obtained
from Figs. 5e7 show that annealing of the specimens decreases the
porosities of the specimens signiﬁcantly.

6. Unconﬁned compression experiments

Fig. 7. SEM scan of a wet-annealed specimen: (a) Top layer; (b) Middle layer; and (c)
Bottom layer.

Table 2
Porosity values and average grain sizes of different layers of representative dry, dryannealed, and wet-annealed specimens.
Specimen

Layer

Porosity (%)

Average grain size (mm)

Dry

Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom

5.8
6.8
8.1
1.9
3.1
1.2
0.8
1.3
0.6

0.13
0.15
0.18
0.17
0.25
0.78
0.67
0.6
0.63

Dry-annealed

Wet-annealed

Two specimens of each type of prepared specimens were tested
in unconﬁned compression experiments at 20  C. The test equipment included a 44.5 kN (10,000 pounds) servo-automated load
frame coupled with a 44.5 kN load cell and a 76.2 mm (3 in) range
linear variable differential transformer (LVDT). The specimens were
compressed at a constant strain rate of 1:7  104 s1 according to
ASTM D7012-14 (2014).
Fig. 8 shows the results of the unconﬁned compression experiments on dry specimens (D_1 and D_2), dry-annealed specimens
(DA_1 and DA_2), wet specimens (W_1 and W_2), and wetannealed specimens (WA_1 and WA_2). Table 3 summarizes the
unconﬁned compressive strength (UCS or su ) and axial strain (ε1 ) of
the specimens at failure. Dry specimens showed an average su of
64.3 MPa which was higher than su of dry-annealed specimens
(39.6 MPa). Bourcier et al. (2013) reported that polycrystalline rock
salt specimens with smaller average grain size possess a higher su.
Smaller average grain size inhibits the formation of connected
crystal dislocations. Moreover, dry specimens have high porosity
grain boundaries compared to dry-annealed specimens, which are
naturally immobile at room temperature (Guillope and Poirier,
1979). The immobility of grain boundaries resulted in an increase
in su of the material and reduced its ductility, explaining why dry
specimens had lower ductility, ε1 ¼ w2.9% at failure, compared to
the other specimens.
Wet specimens had a su of 16.1 MPa on average, which was the
lowest compared to the other three types of specimens. The presence of water within the grain boundaries of salt crystals can cause
weakening of the material. This weakening is associated with
increased inter-granular deformation, grain boundary diffusion,
and pressure solution in wet polycrystalline rock salt. Comparing su
of wet to dry specimens shows the effects of the weakening on su of
wet specimens. Moreover, wet specimens reached steady-state
ﬂow stress at ε1 ¼ w2% and showed work-softening after
approximately ε1 ¼ 3.5%. The water within the grain boundaries of
wet specimens also increased the ductility of the material due to
enhanced inter-granular deformation, grain boundary diffusion,
and pressure solution in the specimens.
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7. Conclusions

Fig. 8. Axial stress versus axial strain during unconﬁned compression experiments on
two dry, dry-annealed, wet, and wet-annealed specimens.

Table 3
Unconﬁned compression experiment results of the polycrystalline rock salt specimens at room temperature.
Specimen

UCS, su (MPa)

Axial strain at failure (%)

D_1 (dry)
D_2 (dry)
DA_1 (dry-annealed)
DA_2 (dry-annealed)
W_1 (wet)
W_2 (wet)
WA_1 (wet-annealed)
WA_2 (wet-annealed)

66.8
61.9
40.2
39
16.4
15.8
39.9
42.1

2.9
2.8
4
3.4
6.4
9.2
8
7.8

Wet-annealed specimens exhibited a completely different
behavior in the unconﬁned compression experiment compared to
wet specimens. Wet-annealed specimens did not show weakening.
During the annealing process, wet-annealed specimens lost most of
the water within the grain boundaries and the porosities of the
specimens were decreased on average from 2.6% to 0.8%. The
evaporation of the water around the grain boundaries decreased
the inter-connectivity of wet grain boundaries, resulting in sparse
wet grain boundaries within mostly dry grain boundaries. Moreover, annealing grew the size of the grains inside the polycrystalline
media resulting in an increase in the grain to grain contacts and
more interlocking inside the wet-annealed specimens. The changes
in the properties of the grain boundaries, porosities, and grain sizes
of the wet-annealed specimens after annealing led to workhardening in the material during the unconﬁned compression experiments after about 0.8% axial strains. The su value of wetannealed specimens increased to 41 MPa as a result of the aforementioned changes within the specimen.
Comparing the results obtained from the unconﬁned compression experiments on wet compressed specimens to dry compressed
specimens, the wet compressed specimens showed a more ductile
behavior. This increase in ductility is a direct result of increased
grain boundary mobilities due to the presence of water within grain
boundaries of wet compressed specimens. Moreover, the bedding
planes that were observed between the layers of the dry and dryannealed specimens tend to obstruct crystal dislocations during
the unconﬁned compression experiments which cause a more
brittle response of the material.

The relationships between the porosity and the applied axial
stresses in dry and wet 1D compressions of polycrystalline rock salt
were ﬁtted using decaying exponential models. The porosity in wet
1D compression decreased at a higher rate when compared to the
dry ones due to the presence of water during the compression that
facilitated the dislocation of the grains. When the porosity is
plotted versus the logarithm of the applied axial stress, both dry
and wet 1D compressions show a linear relationship between
porosity and the logarithm of axial stress after reaching unique
critical porosity values. The critical porosities of dry and wet 1D
compressions were found to be 32% and 37%, respectively. The relationships of the porosity and the applied axial stress in dry and
wet 1D compressions in unloading and reloading regions were
ﬁtted with linear trend lines that have slopes close to zero, suggesting that the elastic deformations during the 1D compression
are marginal and nearly the entire deformation is non-recoverable.
Wet compressed specimens possessed a lower porosity after the
1-h compression when compared to dry compressed specimens
because of the development of pressure solution deformation
mechanism. Annealing of both the dry and wet specimens after the
1-h compression resulted in a decrease in their porosities and an
increase in their average grain sizes. The local porosity of the nonannealed specimens increased from the top layer to the bottom
layer, while the local porosities of the annealed were maximum in
the middle layer. Wet-annealed specimens showed more homogeneity in local porosities and average grain sizes compared to the
other types of the prepared specimens.
Dry specimens exhibited the highest UCS (64.3 MPa) compared
to the other types of specimens. Moreover, dry specimens failed in a
brittle manner. Dry-annealed specimens had a lower UCS of
39.6 MPa and exhibited a ductile behavior when compared to dry
specimens. Wet specimens exhibited weakening during the unconﬁned compression experiments and their UCS was averaged at
16.2 MPa. Wet specimens had a ductile failure. Wet-annealed
specimens had an increase in their average UCS to 41 MPa
compared to wet specimens. Wet-annealed specimens had a
ductile failure behavior.
The authors suggest studying the behavior of the prepared
specimens in unconﬁned compression tests at elevated temperatures for future work. Moreover, conducting creep experiments on
the prepared specimens can reveal valuable insights about their
creep behavior. Conducting in-situ X-ray diffraction on granular
rock salt under 1D compression can also help better understand the
elastoplastic deformation of the individual grains, especially in
ﬁne-grained rock salt.
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