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Abstract
Rock salt is found in nature either in a single crystal or polycrystalline form, where crystal structure, grain, and grain bound-
ary properties have major effects on its strength. The compressive strength of single-crystal rock salt is highly dependent on 
the loading direction with respect to rock salt’s crystal orientation. Most salt formations are either located in a hot environ-
ment or exposed to elevated temperatures. Therefore, the influence of temperature should be considered when evaluating the 
constitutive behavior of rock salt. In this paper, the details of the design of a new high-pressure thermal cell that can withstand 
a confining pressure up to 15 MPa and a maximum temperature of 150 °C are presented. Three types of polycrystalline rock 
salt specimens with different grain and grain boundary properties were synthesized to study the effects of grain and grain 
boundary properties on the strength properties of polycrystalline rock salt. The results of the experiments were then used 
to examine the influences of grain size, grain boundary properties, annealing process, and temperature on the unconfined 
compressive strength of polycrystalline rock salt. In addition, 18 natural single-crystal rock salt specimens were prepared 
and tested at three different crystal orientations relative to loading direction at different temperatures. Specimens tested 
parallel to [1 0 0] and 19° to (1 0 0) in (0 1 0) showed quite a similar behavior. However, specimens tested on 30° to (1 0 0) 
in (0 1 0) exhibited a much higher unconfined compressive strength at 20 °C, while their unconfined compressive strength 
was significantly reduced when the temperature was increased.
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Abbreviations
ASME	� American Society of Mechanical Engineers
BPVC	� Boilers and pressure vessels
LVDT	� Linear variational differential transformer
PTFE	� Polytetrafluoroethylene
PXRD	� Powder X-ray diffraction
FCC	� Face-centered-cubic
LXRD	� Laue X-ray diffraction
ASTM	� American Society for Testing and Materials
ε1	� Axial strain
�1	� Axial stress
�
u
	� Unconfined compressive strength

RSS	� Resolved shear stress
CRSS	� Critical resolved shear stress

RNS	� Resolved normal stress
CRNS	� Critical resolved normal stress
�	� Applied stress
m	� Slip system’s Schmid factor
∅	� Angle between the cleavage or slip plane and σ
�	� Angle between the slip direction and σ

1  Introduction

Salt domes usually trap oil, gas, and valuable minerals 
beneath them due to their low porosity and impermeability. 
Extracting trapped resources requires drilling through thou-
sands of meters of rock salt formations which introduces 
many challenges, such as stability of the wellbore, case col-
lapses, and thermal stresses (Fredrich et al. 2003; Hansen 
and Leigh 2011). On the other hand, rock salt’s low poros-
ity, impermeability, high ductility, and self-healing make 
salt domes excellent and reliable repositories for hazard-
ous wastes, including nuclear waste, and energy resources 
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(Marques et al. 2013). Some of the stored hazardous wastes 
within salt domes are either hot when they are transferred to 
the domes (such as hot oil or oil drilling operations waste) 
or may produce heat over time, while they are stored inside 
the domes (nuclear waste for example) (Davis et al. 1978; 
Hansen and Leigh 2011). Therefore, the applications of salt 
domes in the energy industry have initiated studies on the 
effects of temperature on the behavior of rock salt. Differ-
ent testing procedures such as triaxial, uniaxial, and creep 
experiments have been used to investigate temperature’s 
short-term and long-term effects on rock salt (Carter and 
Hansen 1983; Ter Heege et al. 2005; Lebensohn et al. 2003; 
Liang et al. 2006; Senseny et al. 1992).

Sedimentary rock salt formations develop as a result of 
the evaporation of enclosed water bodies, such as lakes; 
therefore, because of their formation process, they are 
mostly polycrystalline, bedded, and may include impurities 
(Xing et al. 2015). They usually retain a very low water con-
tent in the range of 0.01–1.00% (De Las Cuevas and Pueyo 
1995). Polycrystalline rock salt known as halite is made of 
a large number of smaller halite crystals (grains) bonded to 
each other at grain boundaries. Grain boundaries are crystal-
lographically defective regions, where two or more crystals 
with different crystal orientations bond to each other (Locke 
et al. 2012). The crystal formation process, whether in the 
laboratory or in nature, influences the properties of a poly-
crystalline medium’s grains and grain boundaries. The prop-
erties of a polycrystalline material’s grains such as their size, 
shape, and crystal perfectness degree affect its strength and 
behavior (Knudsen 1959; Ostapenko et al. 1993). The grain 
boundaries and their properties also influence the material’s 
behavior and strength, because they can hinder the move-
ment of crystal dislocations (Mouritz 2012). On the other 
hand, an elevated ambient temperature normally decreases 
the strength of polycrystalline materials and increases their 
ductility (Evans et al. 1970; Takasugi and Izumi 1985). 
Lebensohn et al. (2003) found increasing the temperature 
from 20 to 100 °C reduces the compressive strength of 
polycrystalline halite from 60 to 34 MPa under the same 
confining pressure of 50 MPa without a noticeable increase 
in the axial strain and ductility of the material. Ter Heege 
et al. (2005) reported a decrease in the compressive strength 
of polycrystalline halite when the material was exposed to 
elevated temperatures. No obvious changes in the ductility 
of polycrystalline halite were reported in Ter Heege et al.’s 
study (2005). The results of the aforementioned studies did 
not report a significant increase of ductility at elevated tem-
peratures in polycrystalline rock salt’s behavior.

Some rock salt formations consist of relatively large halite 
grains (> 100 mm) that have grown in size during a geologi-
cal time scale under high tectonic hydraulic pressures (Waw-
ersik and Hannum 1980). At a microscopic scale, the consti-
tutive properties of rock salt are governed by the behavior of 

rock salt single crystals (grains). The constitutive behavior 
of rock salt single crystals is anisotropic and their strength 
can vary based on what crystal orientation they are loaded 
on. Carter and Heard (1970) tested synthetic melt-grown 
rock salt single crystals in tension loaded on three differ-
ent crystal orientations at various temperatures and strain 
rates. The selected crystal orientations were parallel to [0 0 
1], 30° to (1 0 0) in (0 − 1 1), and 45° to [0 0 1] in (0 1 0). 
The specimens extended on 30° to (1 0 0) in (0 − 1 1) and 
45° to [0 0 1] in (0 1 0) were found to have a higher work-
hardening rate and higher ultimate tensile strengths, because 
the secondary slip systems became the dominant slip sys-
tems compared top which have higher Critical resolved shear 
stress (CRSS) values. Moreover, all specimens showed a 
decrease in the strain-hardening rate and ultimate tensile 
strength with the increase of temperature and decrease of 
the applied strain rate. Although the studies conducted on 
synthetic single-crystal rock salt can be a good starting point 
in understanding the anisotropic response of rock salt single 
crystals, the constitutive behavior of natural single-crystal 
rock salt is not necessarily the same as synthetic rock salt. 
Natural rock salt single crystals often possess more crystal 
defects when compared to synthetic rock salt crystals (Sedl-
mayr 2014). Therefore, natural single-crystal rock salt can 
fail in an entirely different mode than synthetic rock salt, 
which is yet not thoroughly studied.

This paper presents the design details of a new thermal 
cell suitable for testing rocks at elevated temperatures and 
high confining pressures and compares the compressive 
strength and ductility of differently prepared polycrystal-
line rock salt specimens. Each of the prepared polycrystal-
line rock salt specimens represents a distinct polycrystal-
line rock salt formation. We then investigate the influence 
of temperature on ductility and compressive strength of dif-
ferent polycrystalline rock salt specimens. In addition, the 
effects of crystal orientation and temperature on the behavior 
of natural single-crystal rock salt are studied by preparing 
specimens with different crystal orientations and testing 
them in unconfined compression experiments at various 
temperatures.

2 � High‑Pressure Thermal Cell

2.1 � Background

The combination of a high confining pressure and an ele-
vated temperature makes designing a thermal cell challeng-
ing. Cekerevac et al. (2005) employed a hot bath to circulate 
hot water inside a coil within a traditional triaxial cell for 
heating. Cekerevac et al. (2005) cell can withstand a tem-
perature up to 90 °C and a confining pressure up to 2 MPa. 
Zhang et  al. (2010) designed a temperature-controlled 
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triaxial cell capable of applying thermo-mechanical load-
ing on soft sedimentary rocks. They added a cartridge heater 
and a temperature sensor inside a conventional triaxial cell 
controlled by a voltage regulator-based temperature control-
ling unit able to adjust the temperature at a stable rate. The 
designed cell’s temperature and confining pressure ratings 
were 90 °C and 10 MPa, respectively. Many high-pressure 
thermal cells have been designed by modifying either a tra-
ditional Bishop triaxial cell (Bishop and Donald 1961) or 
a Bishop-Wesley triaxial cell (Bishop and Wesley 1975) 
to add thermal capacities to them (Ghembaza et al. 2015; 
Uchaipichat et al. 2011). Uchaipichat et al. (2011) added 
a heater and a temperature sensor inside Bishop-Wesley’s 
triaxial cell to test unsaturated soils. Their modified cell 
can withstand a temperature up to 60 °C and a confining 
pressure of 600 kPa. Uchaipichat et al. (2011) decided to 
employ a glass wall tube instead of a conventional Perspex 
cylinder after the Perspex cylinder used in their initial design 
exhibited permanent expansion and chemical reaction during 
elevated temperature experiments. Ghembaza et al. (2015) 
adopted Bishop-Wesley triaxial cell as a baseline design to 
test unsaturated soils using the osmotic method by substitut-
ing the conventional Perspex cell cylinder with an aluminum 
jacket, adding a heating collar outside the cell, and adding 
a temperature probe inside the cell to make the cell suitable 
for experiments at a temperature up to 80 °C. MTS Systems 
Corporation’s various thermal triaxial cells as reported in 
the literature, such as in Mishra and Janecek (2017), are 
another all-around alternative for rock core testing. Some 
MTS thermal cells can withstand confining pressures higher 
than 100 MPa and be operated at temperatures up to 200 °C 
using external heating bands and cartridge heaters embed-
ded within the lower loading platen. In addition, MTS ther-
mal cells are compatible with MTS chain extensometers for 
measuring lateral deformations during compression tests. 
Jaradat and Abdelaziz (2020) developed a modified thermo-
mechanical triaxial cell capable of changing the temperature 
within a range of 0.001–0.4 °C/min for thermo-mechanical 
loading path tests. The heating source in the thermal cell 
designed by Jaradat and Abdelaziz (2020) was a thermo-
electrical heater installed around the cell chamber. The 
designed cell can reach a maximum of 70 °C temperature 
and a maximum of 2 MPa confining pressure.

The choice of the fluid for applying confining pressure 
and/or transferring the heat to the material being tested sig-
nificantly impacts the thermal cell’s operational temperature. 
Although water has been used as the heat transfer fluid in the 
literature (mainly for soil testing purposes), the maximum 
achievable and safe temperature inside the thermal triaxial 
cell cannot exceed 90 °C (a safe temperature below water’s 
boiling point). The temperature inside salt domes can reach 
150 °C or more due to their depth or the heat produced by 
the material stored inside the rock salt cavities. Moreover, 

using water as the confining fluid in the presence of rock salt 
(in case the membrane separating the specimen and the con-
fining fluid is defective) can lead to specimen dissolution, 
cell corrosion, and eventually failure of the cell. Therefore, 
the high-pressure thermal cell designed in this study uses 
a heat-transfer oil to reach temperatures up to 150 °C and 
withstand a maximum confining pressure of 15 MPa.

2.2 � Base Design

Three common methods are widely used for adding ther-
mal capacities to conventional triaxial cells. Circulation of 
a fluid within a metallic coil using a hot bath source or a 
cooling system is the most used design for changing the cell 
temperature. The coil used in the fluid circulation method 
is either wrapped around the cell or submerged around the 
specimen (Alshibli and Jarrar 2020; Cekerevac et al. 2005). 
In the fluid circulation method, the confining pressure is 
applied inside the thermal cell using a different fluid. In the 
second method, a collar heater wrapped around the speci-
men or the triaxial cell can produce the desired temperature 
inside the cell (Abdelaziz and Jaradat 2020; Ghembaza et al. 
2015). A pressurized fluid applies the confining pressure 
within the cell similar to the first approach. In the mentioned 
techniques, if the heating source is mounted outside the cell, 
the cell chamber needs to transfer the heat to the confining 
fluid and then the heat is transmitted to the specimen. In the 
internal heater method (third method), an immersion heater 
installed inside the cell heats the confining fluid (mostly 
liquid) to transfer the heat to the specimen (Uchaipichat 
et al. 2011; Zhang et al. 2010). Based on the heater’s watt-
age and the liquid heat capacity and thermal conductivity of 
the confining fluid, an internal heater method can increase 
and equilibrate the temperature much faster than the other 
two heating methods especially if the cell is not designed 
for thermal or thermo-mechanical loading paths that may 
add more challenges. Therefore, the cell designed in this 
paper employs an internal heater method considering its 
advantages.

The thermal cell’s requirements (holding a maximum 
confining pressure of 15 MPa and a maximum cell tempera-
ture of 150 °C) led to a flange-based design to overcome the 
applied stresses (Fig. 1). A flange-based cell provides more 
rigidity and better sealing when compared to a conventional 
triaxial cell, where the flanges encircle the cell chamber and 
prevent it from bulging. The increased moment of inertia 
by adding the flanges to the cell prevents bending at the 
top and bottom cell plates caused by the internal pressure. 
In addition, the compressional forces caused by the bolts 
and nuts attaching the top and bottom plates to the flanges 
provide enough pressure on the O-ring between the plates 
and flanges to seal the cell. The new thermal cell is designed 
according to the American Society of Mechanical Engineers 
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(ASME) Boilers and Pressure Vessels (BPVC) code with a 
factor of safety of 1.5 applied on the yield stresses of the 
materials. Figure 2 displays an exploded view of all the com-
ponents of the new high-pressure thermal cell. 316 stainless 
steel was selected as the design material for all cell metallic 
parts to prevent thermal strength losses and corrosion that 
could potentially happen when testing rock salt. The cell 
confining chamber has an outer diameter of 127.00 mm (5 
in.), a wall thickness of 6.35 mm (0.25 in.), and a height 
of 152.40 mm (6 in.) to accommodate the heater and other 
thermal elements within the cell. The 190.50 mm (7.5 in.) 
long and 25.40 mm (1 in.) thick square flanges were welded 
to the cell chamber. The top and bottom plates are square 
with the same dimensions except that their thicknesses are 
25.40 mm (1 in.) and 19.05 mm (0.75 in.), respectively. A 
set of 12 3/8-in. (9.50 mm) fine thread grade 8 bolts and 
nuts attaches each of the plates to its respective flange. The 
19.05 mm (0.75 in.) diameter loading rod can transfer an 
axial load up to 44.5 kN (10,000 lb) to the material being 
tested. Figure 3 shows the details of the top plate and the 
placement of the tying bolts on it.

Figure 4 shows the stainless-steel specimen caps. An 
O-ring groove was machined on the caps for placing an 
O-ring around the specimen membrane to secure it. The 
bottom cap is attached to the cell’s bottom plate using a 
threaded rod to ensure proper alignment of the specimen 
with the loading rod. Considering the height of the cell 
chamber and other parts inside the cell, such as specimen 
caps, the cell can accommodate specimens with heights up 
to 70 mm (2.75 in.) and diameters up to 35 mm (1.38 in.). 
Widely used latex membranes have a temperature range of 
− 55–82 °C; therefore, they cannot be used in experiments 
at temperatures exceeding 82 °C. Neoprene membranes with 
a recommended temperature rate of 135 °C are normally 
the alternative to the latex membranes for hot temperature 
experiments. However, the pyrolysis of neoprene does not 
occur before 200 °C (Caballero et al. 2005). Hence, they still 
can be a viable solution for experiments up to a tempera-
ture of 200 °C for an extended time. In addition, a neoprene 
membrane was placed in a hot bath filled with Therminol 
55 heat transfer fluid at a temperature of 150 °C for 60 days 
before adopting them in this study. No decomposition or 

Fig. 1   New high-pressure thermal cell’s design
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puncture was observed after 60  days. Neoprene mem-
branes have a dimension of 101.60 × 30.50 × 0.60  mm 
(4 × 1.2 × 0.025 in.) and can be secured around the speci-
men and caps using high-temperature silicone O-rings (rated 
up to 232 °C). Silicone O-rings are dash number 023 size 
with an outer diameter of 30.25 (1.19 in.), an inner diameter 
of 26.7 (1.05 in.), and a width of 1.78 mm (0.07 in.). The 
load frame used in this study was a 44.5 kN (10,000 lb) 
Sigma-1 servo automated test system manufactured by Geo-
tac coupled with a 44.5 kN (10,000 lb) S-shape load cell 
by Omega Engineering Inc. The axial deformations in the 
loading direction are measured using a 76.20 mm (3 in.) 
range Linear Variational Differential Transformer (LVDT) 
by Geotac placed on top of the thermal cell. Figure 5 shows 
a photo of the entire test setup including the load frame and 
the coupled sensors with it.

2.3 � Heating System

The cell’s maximum design temperature of 150 °C required 
a heat transfer fluid with a maximum extended use tempera-
ture and a flashpoint above 150 °C that does not emit toxic 
fumes. A heat transfer fluid with a high thermal conductivity 
and a low heat capacity also conducts the heat faster and lets 
the cell temperature become stable much faster. Therminol 

55 heat transfer fluid manufactured by Eastman (2020) satis-
fies all of the four previously mentioned thermal properties 
and was selected as the heat transfer fluid. Therminol 55’s 
flashpoint is 177 °C with an extended use temperature up to 
335 °C. Like the cell designs by Uchaipichat et al. (2011) 
and Zhang et al. (2010), the initial design in this study used 
a cartridge heater immersed from the top of the cell. The car-
tridge heater was 650 W and 152.40 mm (6 in.) long which 
could heat the fluid in contact with the whole length of the 
heater. Therminol 55’s 0.000961/°C coefficient of thermal 
expansion causes its density to decrease from 872 kg/m3 
at 20 °C to 784 kg/m3 at 150 °C. As a result, the heated oil 
inside the initially designed cell constantly flew towards the 
cell’s top plate, and the cold oil moved to the bottom. The 
fluid flow inside the cell caused a significant heat gradient of 
60 °C between the top plate and the bottom plate when the 
top plate was at 150 °C. To prevent a heat gradient with the 
height of the cell, the heat needs to be applied at the bottom 
of the cell instead of along its height. Installing the heater 
at the very bottom of the cell causes a density-based fluid 
circulation which makes the temperature uniform along the 
height of the cell. However, a straight cartridge heater with 
enough heat capacity cannot fit in a horizontal direction at 
the bottom of triaxial cells. Tubular heaters, on the other 
hand, are bendable; therefore, they can fit inside a thermal 
triaxial cell. The bendability of the tubular heaters comes 
at the price of larger diameters and longer cold ends. The 
tubular heater substituting the initial cartridge heater is an 
RDN16L1S-27 Watlow heater with a wattage of 650, has a 
diameter of 9.53 mm (0.375 in.) and a length of 422.28 mm 
(16.625 in.) and was bent into a ring shape (Fig. 3). The 
substitution of the heater reduced the heat gradient along 
the height of the cell to a maximum of 1.7 °C at any time.

The heat controlling unit consists of a Watlow Series 
CV temperature controlling unit (model CV-CBJHD) and 
a 152.40 mm (6 in.) long type J thermocouple submerged 
inside the cell through the top plate. The heating system 
keeps the cell’s temperature within a range of ± 1.7 °C of 
the target temperature. A fiberglass insulation jacket is also 
wrapped around the cell chamber to minimize heat loss. 
Finally, two continuous temperature-indicating labels with a 
temperature range of 90–120 °C are attached to the top plate 
the bottom plates for safety purposes. If for any unforeseen 
reason the thermocouple fails, these temperature-indicating 
labels alert the user by changing their color.

2.4 � Pressure System

The cell’s independent pressure system uses a Teledyne 
Isco 500D syringe pump with a fluid capacity of 500 ml, 
and is capable of providing a maximum pressure of 
25.85 MPa (3750 psi), and uses the same Therminol 55 
heat transfer fluid to apply the confining pressure within 

Fig. 2   Exploded view of the high-pressure thermal cell parts
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the cell. All the tubes connecting the pump system to the 
cell are made of 316 stainless steel due to high pressures. 
An SS-2P4T4 Swagelok valve rated up to 6.9 MPa (1000 
psi) at 204 °C or 20.7 MPa (3000 psi) at room temperature 
is mounted on top of the thermal cell to purge the gas out 
of the cell at the time of filling it with the heat transfer 
fluid through the bottom port. The high confining pressure 
at elevated temperatures makes sealing the cell another 
challenging task. Viton O-rings rated up to 204 °C seal the 
gaps between the flanges attached to the top and bottom 
plates (Fig. 1). Furthermore, a torque of 50 N-m (37 lbs-ft) 
is applied to the bolts and nuts holding the top and bottom 
plates to provide enough compression pressure for sealing 
the mentioned surfaces. Initially, an O-ring loaded rubber 
U-cup with a rating of 34.5 MPa (5000 psi) and 150 °C 

was used for sealing the gap between the loading rod and 
the top plate (Fig. 3). However, during the thermal cell’s 
proof test at a temperature of 150 °C the rubber made 
U-cup dried after approximately 50 h and caused a fluid 
leakage around the loading rod. Therefore, a custom-made 
Viton O-ring loaded U-cup seal rated up to 204 °C with 
a dimension of 25.40 × 19.05 × 4.75 mm (1 × 0.75 × 0.187 
in.) was used instead of the rubber U-cup. The proof tests 
on the thermal cell after the installation of the custom-
made U-cup seal showed it can seal the loading rod at a 
confining pressure up to 6.9 MPa (1000 psi) at 150 °C, 
which is the maximum confining pressure the authors 
intend to use the cell for. However, if a user chooses, a spe-
cial-made Polytetrafluoroethylene (PTFE) spring-loaded 

Fig. 3   Thermal cell’s top plate and the heating components attached to it
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U-cup seal can seal the loading rod up to a pressure of 
15 MPa at 150 °C. In addition, a 38.10 × 19.05 × 12.70 mm 
(1.5 × 0.75 × 0.5 in.) Buna-N cotton-reinforced piston-cup 
seal is placed around the loading rod beneath the top plate 
to help seal the loading rod (Fig. 1).

3 � Specimen Preparation

3.1 � Raw Material

The source rock salt used in preparing both synthetic 

Fig. 4   Specimen end caps, 
membrane, and silicone O-rings

Fig. 5   The high-pressure ther-
mal triaxial system



	 A. Moslehy et al.

1 3

polycrystalline and natural single-crystal rock salt speci-
mens was acquired from Windsor Salt Mine in Ontario, 
Canada. The 1.5 × 1.5 × 0.3 m source rock salt was cut into 
smaller blocks with diligence to provide the raw mate-
rial for preparing the specimens. Powder X-ray diffraction 
(PXRD) revealed that the material is 99.9% NaCl.

3.2 � Polycrystalline Rock Salt Specimens

Crushed Rock salt grains with a size smaller than 0.075 mm 
(US sieve #200) were used to prepare the polycrystalline 
specimens. Three types of polycrystalline halite specimens 
were synthesized to represent various polycrystalline rock 
salt formations. The synthesis procedures of the polycrys-
talline halite specimens are not reported in this paper for 
the sake of brevity and the reader is referred to Moslehy 
and Alshibli (2021) for more details. Dry polycrystalline 
halite specimens were made by cold-pressing halite grains 
(containing 0.1% moisture) in three layers with equal thick-
nesses at 200 MPa uniaxial stress. Dry specimens were fine-
grained with an average grain size of 0.15 µm and possessed 
a global porosity of about 7.2%. Porosity and average grain 
size inside dry specimens at the top layer were 5.8% and 
0.13 µm, respectively. Porosity and average grain size of dry 
specimens increased from the top layer to the bottom layer, 
where the porosity and average grain size were 8.1% and 
0.18 µm, respectively. Dry specimens represent the younger 
polycrystalline rock salt formations that did not have the 
same amount of time for annealing when compared to older 
formations.

Dry-annealed polycrystalline halite specimens were 
prepared similar to the dry specimens; however, they were 
annealed at a temperature of 200 °C for 7 days after com-
paction. Dry-annealed specimens had a larger average grain 
size (0.40 µm) and their global porosities were about 1.8%. 
The average grain size increased in dry-annealed specimens 
from the top layer (0.17 µm) to the bottom layer (0.78 µm). 
Porosity, on the other hand, was at the highest within the 
middle layer (3.1%) compared to the top layer at 1.9% and 
the bottom layer at 1.2%. Dry-annealed specimens represent 
older bedded polycrystalline rock salt formations, where the 
grains had more time to anneal. The bedding in the men-
tioned formations is caused by different layers of sedimenta-
tion throughout the history of the formation.

Wet-annealed polycrystalline halite specimens were pre-
pared by cold-pressing a mixture of halite grains and salt-
saturated deionized de-aired water with a ratio of 75–25%, 
respectively. The cold-press was completed in three equal 
layers at 200 MPa uniaxial stress. Wet-annealed specimens 
were annealed at a temperature of 200 °C for 7 days as well 
and have an average grain size of 0.63 µm which is larger 
than the other two types. Wet-annealed specimens also had 
smaller global porosities compared to the other two types 

(0.8%). The average grain size and porosity of wet-annealed 
specimens were almost uniform alongside their height. How-
ever, the middle layer had a slightly smaller average grain 
size (0.60 µm) compared to 0.67 and 0.63 µm at the top and 
bottom layers, respectively. The porosity of the middle layer 
(1.3%) was also slightly higher than the top layer (0.8%) and 
the bottom layer (0.6%). Although most of the water was 
ejected during the cold-press process, some water could be 
trapped in the middle layer that caused its porosity to be 
slightly higher than the other two layers and prevented the 
grains from annealing and growing in size (Moslehy and 
Alshibli 2021). Wet-annealed specimens mimic old poly-
crystalline rock salt formations without clear beddings that 
have a higher uniformity in their properties. 6 of each type 
of specimens were prepared to conduct unconfined com-
pression experiments at various temperatures. Table 1 lists 
the height, diameter, mass, and porosity of the specimens. 
Although the successful reproducibility of the properties 
of the specimens produced in this paper is briefly summa-
rized here, the readers are referred to Moslehy and Alshibli 
(2021) for the detailed reproducibility discussion. Figure 6a, 
b shows the boundaries of the compaction layers of a dry 
and a dry-annealed specimen, which caused the beddings 
within the specimens. However, no clear bedding could be 
seen within wet-annealed specimens (Fig. 6c).

3.3 � Single‑Crystal Rock Salt Specimens

Halite’s face-centered-cubic (FCC) crystal structure with 
natural cleavage planes on {1 0 0} crystal planes makes 
preparing standard cylindrical rock cores quite futile. As 
a result, cuboidal-shaped specimens with an average 
height of ~ 45.00 mm and a height to width or length ratio 
of 2:1 were adopted in this study. The existence of visible 
orthogonal {1 0 0} cleavage planes within the nearly trans-
parent source rock was used as an identifier for locating 
large single crystals within the source rock and their ori-
entation. Large cubical single crystals with dimensions 
of ~ 76.20 mm were separated from the source rock. The 
crystal orientations of the single crystals were estimated 
to be aligned with the cube’s surfaces. Specimens with 
three different crystal orientations were then cut from the 
single-crystal cubes with the following orientations: paral-
lel to [1 0 0], 19° to (1 0 0) in (0 1 0), and 30° to (1 0 0) in 
(0 1 0). The crystal orientations of the specimens in the 

Bunge Euler definition were 
⎡⎢⎢⎣

�1 = 0

Φ = 0

�2 = 0

⎤⎥⎥⎦
 , 
⎡⎢⎢⎣

�1 = 19◦

Φ = 0

�2 = 0

⎤⎥⎥⎦
 , and 

⎡⎢⎢⎣

�1 = 30◦

Φ = 0

�2 = 0

⎤⎥⎥⎦
 , respectively; therefore, for simplicity, these 

specimens are referred to as 0°, 19°, and 30° specimens, 
respect ively.�1 ,  Φ ,  and �2  in  order  are  the 
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counterclockwise rotation angles of the specimen’s axes 
about the z-axis, [1 0 0] direction, and [0 0 1] direction, to 
transfer specimen axes to the crystal axes. Specimens were 
gradually sanded with P3000 sandpaper to fine-tune their 
crystal orientation and to smooth their surface. Figure 7 
shows a representative specimen of each type. The crystal 
orientations of the specimens were verified by conducting 
Laue X-ray diffraction (LXRD) experiments on 6 repre-
sentative specimens to determine their crystal orientations 

with respect to the specimens’ surface. 6 specimens of 
each crystal orientation were prepared to conduct the 
unconfined compression experiments at various tempera-
tures (Table 2).

Table 1   Initial physical 
properties of polycrystalline 
rock salt specimens

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

D_1 Dry 51.8 25.9 55.21 6.8
D_2 53.5 25.9 57.14 6.9
D_3 53.7 25.5 55.24 7.4
D_4 47.4 25.5 48.51 7.7
D_5 52.9 25.9 56.04 7.3
D_6 53.5 25.9 56.91 7.0
DA_1 Dry-annealed 50.0 25.4 54.03 1.6
DA_2 50.4 26.0 57.37 1.5
DA_3 47.5 25.6 52.16 2.1
DA_4 41.2 25.3 44.06 1.8
DA_5 45.6 25.3 48.91 2.0
DA_6 39.5 25.3 42.25 1.8
WA_1 Wet-annealed 40.5 25.5 44.46 0.7
WA_2 48.2 24.6 49.09 1.0
WA_3 46.3 25.5 50.67 0.8
WA_4 46.2 24.8 47.88 0.9
WA_5 48.4 25.5 53.21 0.8
WA_6 44.8 25.5 49.09 0.8

Fig. 6   Photos of polycrystalline rock salt specimens
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4 � Unconfined Compression Experiments

4.1 � Polycrystalline Specimens

Strain-controlled uniaxial compression experiments were 
conducted on 18 specimens employing the new high-pres-
sure thermal cell. The experiments were carried out at 20°, 
100°, and 150 °C, and two specimens of each polycrystalline 
rock salt type were tested at each temperature. The experi-
ments were performed according to ASTM D7012 (2014) 
standard using a constant loading strain rate of 1.7 × 10−4s−1 . 
The results are summarized in Table 3, and Fig. 8a, b, c 
shows the axial strain ( �1 ) versus axial stress ( �1 ) relation-
ships of dry, dry-annealed, and wet-annealed specimens, 
respectively, at various temperatures. Dry specimens 
exhibited an average unconfined compressive strength ( �

u
) 

of 64.38 MPa at room temperature (20 °C), which is much 
higher than dry-annealed and wet-annealed specimens’ 

unconfined compressive strength at room temperature (39.58 
and 41.02 MPa, respectively; Fig. 8). Bourcier et al. (2013) 
similarly found that polycrystalline rock salt specimens with 
smaller average grain sizes displayed a higher unconfined 
compressive strength. A smaller average grain size prevents 
the formation of connected crystal dislocations. On the other 
hand, dry specimens had high porosity grain boundaries, 
which are naturally immobile at room temperature (Guil-
lope and Poirier 1979). The immobility of grain boundaries 
resulted in a surge in the unconfined compressive strength 
of the material and reduced its ductility, which explains the 
lesser ductility of dry specimens, ~ 2.84% axial strain at fail-
ure, compared to the other specimens (Fig. 8).

As mentioned earlier, dry-annealed specimens dis-
played a similar unconfined compressive strength to wet-
annealed specimens at room temperature (Fig. 8b, c). This 
similarity is due to the comparably large average grain size 
of the dry-annealed and wet-annealed specimens, which 

Fig. 7   Single-crystal rock salt specimens. The solid lines show the specimen’s edges and the dotted lines show the specimen’s crystal orientation
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allowed crystal dislocations to form and grow. However, 
the dry-annealed specimens’ ductility, ~ 3.73% axial strain 
at failure, was considerably less than wet-annealed speci-
mens’ ~ 7.88% axial strain at failure (Fig. 8b, c). The bed-
dings within dry and dry-annealed specimens in addition to 
their high porosity grain boundaries could further obstruct 

crystal dislocations in comparison to wet-annealed speci-
mens (Schenk et al. 2006). Moreover, the presence of water 
within grain boundaries of wet-annealed specimens facili-
tated the grain boundary migration. Comparing the results 
of unconfined compression experiments on the three types 
of polycrystalline specimens at various temperatures, the 

Table 2   Initial physical properties of single-crystal rock salt specimens

Specimen Crystal orientation Height (mm) Length (mm) Width (mm) Mass (g) Porosity (%)

0°_1_20 °C Parallel to [1 0 0] 32.0 16.9 14.8 17.28 0.4
0°_2_20 °C 37.3 21.7 19.0 32.95 0.9
0°_3_100 °C 41.5 19.2 16.6 28.47 0.8
0°_4_100 °C 45.5 22.7 19.8 43.85 1.3
0°_5_150 °C 42.3 24.7 24.2 54.52 0.7
0°_6_150 °C 41.7 22.1 20.2 39.88 1.0
19°_1_20 °C 19° to (1 0 0) in (0 1 0) 49.1 32.7 27.5 95.3 0.6
19°_2_20 °C 37.2 24.2 22.3 42.88 1.7
19°_3_100 °C 46.3 30.2 26.3 79.15 0.9
19°_4_100 °C 49.6 26.4 19.0 53.61 0.7
19°_5_150 °C 38.1 26.3 23.3 49.97 1.5
19°_6_150 °C 38.7 24.7 21.6 43.77 2.3
30°_1_20 °C 30° to (1 0 0) in (0 1 0) 43.6 25.7 24.2 58.21 0.8
30°_2_20 °C 36.8 25.0 24.8 48.66 1.3
30°_3_100 °C 61.3 27.0 24.8 88.48 0.8
30°_4_100 °C 55.5 27.9 22.9 76.21 1.0
30°_5_150 °C 41.1 25.6 22.6 50.60 2.1
30°_6_150 °C 42.2 25.7 21.5 49.50 2.3

Table 3   Summary of 
unconfined compression 
experiment results on the 
three types of polycrystalline 
rock salt specimens at various 
temperatures

Specimen Temperature 
(°C)

Yield stress 
(MPa)

Unconfined compressive 
strength (MPa)

Axial strain at 
failure (%)

Elastic 
modulus 
(GPa)

D_1 20 64.37 66.83 2.90 2.6
D_2 56.34 61.92 2.78 2.6
D_3 100 54.52 55.90 3.21 2.5
D_4 55.51 57.85 3.40 2.5
D_5 150 35.07 43.78 7.83 2.1
D_6 28.28 42.25 9.57 2.1
DA_1 20 18.69 40.19 4.01 2.4
DA_2 18.69 38.96 3.45 2.4
DA_3 100 16.48 35.19 9.53 1.4
DA_4 16.43 34.12 7.18 1.4
DA_5 150 16.09 30.56 10.10 0.7
DA_6 15.62 30.99 11.05 0.7
WA_1 20 12.79 39.87 7.97 3.6
WA_2 13.27 42.17 7.78 2.4
WA_3 100 13.27 36.98 16.26 1.4
WA_4 11.07 34.47 12.04 1.4
WA_5 150 12.72 29.71 17.89 1.4
WA_6 13.22 31.92 20.90 1.1
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trend is the same in the results of different polycrystalline 
specimens: the increase of temperature leads to a decline of 
the unconfined compressive strength and gain of ductility 
(Fig. 8). During the compression experiments at elevated 
temperatures, dynamic recrystallization of rock salt grains 
occurs (Watanabe and Peach 2002). Dynamic recrystalli-
zation increases the average grain size and eases the grain 
boundary migration, which were the causes of unconfined 
compressive strength drops and ductility gains.

The dry specimens tested at 150 °C showed work harden-
ing and reached a steady-state flow stress during the tests due 
to grain boundary migration compared to the dry specimens 

tested at 20 °C and 100 °C. Moreover, the unconfined com-
pressive strength dropped 33% at 150 °C compared to the 
unconfined compressive strength at room temperature. Dry 
grain boundary migration does not occur in polycrystalline 
rock salt at temperatures below 400 °C (Guillope and Poirier 
1979); however, Schenk et al. (2006) showed a small pres-
ence of water (even 0.1%) at the grain boundaries allows 
grain boundary migration to occur at a temperature above 
125 °C. Dry-annealed and wet-annealed specimens dis-
played work hardening and reached a steady-state flow stress 
during the experiments conducted above 100 °C due to the 
higher mobility of the grain boundaries caused by annealing. 
The unconfined compressive strength of dry-annealed and 
wet-annealed specimens decreased 25% from room tempera-
ture to 150 °C, in comparison to a 33% drop observed for dry 
specimens. Dry-annealed and wet-annealed specimens had 
experienced static recrystallization during their annealing; 
therefore, their unconfined compressive strengths showed 
less reduction. Moreover, wet-annealed specimens showed 
more increase in ductility at elevated temperatures in com-
parison to dry-annealed specimens due to the higher mobil-
ity of wet grain boundaries (Fig. 8).

4.2 � Single‑Crystal Specimens

Similar to the polycrystalline specimen experiments, a total 
of 18 single-crystal specimens (6 of each crystal orientation) 
were tested at the following condition: a pair of specimens 
with a specific crystal orientation at 20°, 100°, and 150 °C. 
The same constant loading strain rate of 1.7 × 10−4s−1 was 
used for testing the single-crystal specimens. Table 4 sum-
marizes the results of the experiments, and Fig. 9a, b, c 
depicts the axial strain ( �1 ) versus �1 relationships of 0°, 19°, 
and 30° specimens, respectively, at various temperatures.

Fracture (failure) of FCC single crystals (Fig. 10a) is 
often controlled by the activation of either some slip systems 
or cleavage planes within the crystal (Cox Jr 1954). Slip sys-
tems are plastic deformation mechanisms causing the crystal 
to fail in a ductile manner, while the activation of cleav-
age planes causes a brittle fracture of the crystal (Aoki and 
Izumi 1979; Wimmer et al. 1963). Rock salt has 6 primary 
slips systems along {1 1 0} planes on < 1 − 1 0 > directions 
(Fig. 10b). They are accompanied by 6 secondary slip sys-
tems along {1 0 0} planes on < 0 1 1 > directions (Fig. 10c) 
and 12 more secondary slip system along {1 1 1} planes 
on < 1 − 1 0 > directions (Fig. 10d). Any of these 24 slip 
systems activates if the resolved shear stress (RSS) on the 
slip system exceeds the critical resolved shear stress (CRSS) 
of the slip system. RSS on any slip system can be calculated 
using Eq. (1). Rock salt’s orthogonal cleavage planes are 
along {1 0 0} planes, where the activation of a cleavage 
plane depends on the cleavage plane’s resolved normal stress 

Fig. 8   Axial strain versus axial stress during unconfined compression 
experiments on polycrystalline specimens at various temperatures
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(RNS) surpassing the plane’s critical resolved normal stress 
(CRNS). RNS on a cleavage plane is calculated from Eq. (2):

where ∅ is the angle between the cleavage or slip plane 
and the stress axis, � is the angle between the slip direction 
and the stress direction, � is the applied stress, and m is 
the slip system’s Schmid factor. Table 5 shows the Schmid 
and cleavage factors of the specimens with different crystal 
orientations. The CRSS values of rock salt’s primary slip 
systems are generally smaller than the secondary slip sys-
tems’ CRSS (Carter and Heard 1970); therefore, normally 
rock salt’s primary slip systems are more active during sin-
gle-crystal rock salt deformation (depending on the loading 
direction). However, the secondary slip systems’ CRSS val-
ues are more sensitive to an increase of temperature; there-
fore, at elevated temperatures, the secondary slip systems 
may become activated more often. Smaller applied strain 
rates can also facilitate the activation of rock salt’s slip sys-
tems resulting in a ductile creep rupture of the specimens, 
which prevails the more brittle cleavage fracture. The cleav-
age fracture of rock salt is a function of the density of the 
ionic bonds at cleavage planes. Rock salt single crystals with 
more defects and atomic vacancies naturally have a lower 
ionic bond density at their cleavage planes yielding a lower 
CRNS value (Schultz et al. 1994).

(1)RSS = cos
(
�
)
× cos (�) × � = m × �

(2)RNS = cos2
(
�
)
× � = cleavage factor × �

Figure 11a shows the results of a representative speci-
men of each crystal orientation tested at various tempera-
tures. The specimens loaded parallel to [1 0 0] crystal 
planes (0° specimens) at 20 °C had a lower average uncon-
fined compressive strength (19.72 MPa) in comparison to 
the specimens loaded on 19° to (1 0 0) in (0 1 0) and 30° 
to (1 0 0) in (0 1 0) with average unconfined compressive 
strengths of 22.39 MPa and 38.18 MPa, respectively. How-
ever, the unconfined compressive strength of the 0° speci-
mens was lower than the confined extensional strength of 
similar specimens (28 MPa) reported by Carter and Heard 
(1970). The specimens prepared by Carter and Heard 
(1970) were synthetic specimens that normally contain 
fewer artifacts, impurities, and inclusions when compared 
to the naturally sourced specimens tested in this study. 
Figure 12a, d shows specimen 0°_1_20 °C before and after 
the test, respectively. The macroscopic observations of 0° 
specimens after the failure manifest the distortion of the 
{1 0 0} cleavage planes on the {1 1 0} < 1 − 1 0 > slip 
system and activation of a significant number of the {1 0 
0} cleavage planes, meaning cleavage fracture had eventu-
ally governed the failure. Single-crystal rock salt (based 
on tests conducted on synthetic rock salt) is normally 
expected to undergo a significant continuous dislocation 
on an activated slip system at room temperature until the 
specimen is deemed failed because of the amount of the 
axial strain or the specimen fractures due to lattice rota-
tions caused by the accumulated plastic deformation on 
the slip systems. However, as shown here, the defects and 

Table 4   Summary of 
unconfined compression 
experiment results on single-
crystal rock salt specimens with 
different crystal orientations at 
various temperatures

Specimen Temperature 
(°C)

Yield stress 
(MPa)

Unconfined compres-
sive strength (MPa)

Axial strain at 
failure (%)

Elastic 
modulus 
(GPa)

0°_1_20 °C 20 8.06 19.68 8.77 0.9
0°_2_20 °C 8.66 19.76 7.77 0.9
0°_3_100 °C 100 7.54 18.92 12.74 0.7
0°_4_100 °C 8.03 18.86 15.02 1.0
0°_5_150 °C 150 5.79 19.05 20.69 0.5
0°_6_150 °C 6.62 17.69 21.24 1.0
19°_1_20 °C 20 7.46 21.41 8.45 1.1
19°_2_20 °C 9.58 22.36 8.55 2.0
19°_3_100 °C 100 10.72 22.48 12.68 0.7
19°_4_100 °C 7.38 21.91 13.35 0.7
19°_5_150 °C 150 6.86 22.79 22.81 0.5
19°_6_150 °C 7.48 22.29 20.07 0.7
30°_1_20 °C 20 12.47 38.48 8.01 2.0
30°_2_20 °C 12.08 37.88 8.90 2.0
30°_3_100 °C 100 12.62 30.25 8.79 1.1
30°_4_100 °C 11.37 29.29 7.81 1.1
30°_5_150 °C 150 10.09 22.72 15.66 1.3
30°_6_150 °C 9.81 24.07 17.86 0.9
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flaws within natural rock salt single crystals can facilitate 
a cleavage fracture to occur much sooner than the axial 
strains reach the expected values. The 0° specimens also 
possessed an average elastic modulus of 0.9 GPa compared 
to 1.5 and 2.0 GPa for the 19° and 30° specimens, which 
was also lower than the 1.76 GPa reported by Carter and 
Heard (1970) for synthetic 0° specimens.

The specimens loaded on 19° to (1 0 0) in (0 1 0) at 20° 
C showed an average unconfined compressive strength of 
21.89 MPa. The unconfined compressive strength of 19° 
specimens is interestingly 1

19◦cleavage factor
 times higher than 

the unconfined compressive strength of 0° specimens. 19° 
specimens also exhibited the same distortion and significant 
activation of the {1 0 0} cleavage planes (Fig. 12b, e). The 
conjunction of these two observations means that the domi-
nant accumulated slip system during the tests on 19° speci-
mens had been {1 1 0} < 1 − 1 0 > and they failed by cleav-
age fracture on the {1 0 0} planes. The 38.18 MPa average 
unconfined compressive strength of 30° specimens, on the 
other hand, does not follow a similar relationship with the 
0° specimens. Visual inspection of 30° specimens tested at 
20 °C (Fig. 12c, f) did not reveal a significant amount of 
distortion of the {1 0 0} planes along the {1 1 0} < 1 − 1 
0 > slip system. One explanation could be activation of some 
of the {1 1 1} < 1 −  1 0 > slip systems which had an 
increased Schmid factor of 1.18 on this specific crystal ori-
entation. The dislocations caused by slipping on the {1 1 
1} < 1 − 1 0 > slip system due to their directions can impede 
the propagation of the {1 0 0} cleavage planes making the 
specimens fracture at a higher �1 under the same applied �1.

Figure 11b shows the changes in the unconfined compres-
sive strength of the specimens with an increase in tempera-
ture, where the unconfined compressive strength of 0° and 
19° specimens did not change with the increase of tempera-
ture from 20 to 150 °C, while 30° specimens and all poly-
crystalline specimens showed a decrease in their unconfined 
compressive strength. Increasing the temperature not only 
can reduce the value of CRSS and CRNS on slip systems 
and cleavage planes but also can cause a change in the most 
active slip system at any time during the test and eventually 
the failure mode. 0° and 19° specimens’ yield stress and the 
work-hardening rate decreased at higher temperatures in 
addition to the fact that their unconfined compressive 
strength did not change (Fig. 9a, b). This observation pro-
vides clear evidence that the {1 1 0} < 1 − 1 0 > still had 
been the dominant accumulated slip system, while its CRSS 
value had been decreased and the dislocation on the {1 1 
0} < 1 − 1 0 > slip system was facilitated at elevated tem-
peratures. Moreover, the value of CRNS for 0° and 19° 
specimens did not change and the specimens eventually after 
showing a significant amount of axial strain (> 20%) frac-
tured by the activation of the {1 0 0} cleavage planes. The 
unconfined compressive strength of the 30° specimens 
showed a significant drop at elevated temperatures. At 
100 °C, 30° specimens did not show any drop in their yield 
strength and their ductility was still comparable to the speci-
mens tested at 20 °C. However, the increase of temperature 
to 150 °C resulted in a decrease in the yield strength of the 
30° specimens, a significant decrease in the work-hardening 
rate, and a significant increase in their ductility. All of the 
aforementioned observations demonstrated a change in the 
complex interaction of the active slip systems within the 
specimen. Cater and Heard (1970) showed that CRSS value 
of the {1 0 0} < 0 1 1 > slip system decreases at a higher rate 

Fig. 9   Axial strain versus axial stress during unconfined compression 
experiments on single-crystal specimens with different crystal orien-
tations at various temperatures
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compared to the other two slip systems, where at elevated 
temperatures CRSS of the {1 0 0} < 0 1 1 > slip system can 
even become smaller than CRSS of the {1 1 1} < 1 − 1 
0 > slip system. The plastic deformations on the {1 0 0} < 0 
1 1 > slip system are along the {1 0 0} cleavage planes; 
therefore, if activated, they facilitate the propagation of the 
{1 0 0} cleavage planes (in contrast to the plastic deforma-
tions on the {1 1 1} < 1 − 1 0 > slip system). At 150 °C, the 
unconfined compressive strength of the 30° specimens is 

1

30◦cleavage factor
 times of the unconfined compressive strength 

of 0° specimens at 150 °C. This observation shows that at 

least some {1 0 0} < 0 1 1 > slip systems had been activated 
during the tests conducted at 150 °C on 30 specimens.

5 � Conclusions

In this paper, a new high-pressure thermal triaxial cell was 
designed whose features made it a suitable and safe appa-
ratus for testing rock salt. The thermal cell is cost-effective 
considering its application and is easy to fabricate. It is capa-
ble of reaching a maximum confining pressure of 15 MPa 
(a PTFE spring-loaded U-cup seal substitution needed for 
confining pressures higher than 6.9 MPa), a maximum work-
ing temperature of 150 °C, a maximum 1.7 °C heat gradient 
alongside the height of the cell, and a maximum of 44.5 kN 
axial load.

Three different types of polycrystalline rock salt speci-
mens were prepared in this study to investigate the influence 
of temperature on the strength properties of polycrystalline 
rock salts with different grain sizes and grain boundary prop-
erties. 18 unconfined compression experiments were then 
conducted on the specimens at various temperatures which 

Fig. 10   Crystal structure of rock 
salt and its slip systems

Table 5   Schmid and cleavage factors of single-crystal specimens with 
different crystal orientations

Specimen {1 1 0} < 1 
− 1 0 > 

{1 0 0} < 0 
1 1 > 

{1 1 1} < 1 
− 1 0 > 

{1 0 0} 
Cleav-
age

0° 1 0 1 1
19° 0.89 0.31 1.20 0.89
30° 0.75 0.43 1.18 0.75
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lead to the following conclusions: (1) fine-grained rock salt 
containing nominally dry grain boundaries has the high-
est unconfined compressive strength and is the most brittle 
type of polycrystalline rock salt; (2) annealing regardless 
of the grain boundary water content results in a decrease 
in the unconfined compressive strength and increases the 
ductility; (3) bedding planes decrease rock salt’s ductility; 
(4) increasing temperature in all cases decreases the uncon-
fined compressive strength of polycrystalline rock salt and 
increases its ductility, where fine-grained rock salt with dry 
grain boundaries (younger rock salt formations) are more 
susceptible to the mentioned thermal changes.

Finally, natural single-crystal rock salt specimens with 
three different crystal orientations with respect to the load-
ing direction were prepared for investigating the influence 
of crystal orientation and temperature on strength of natural 
single-crystal rock salt using the unconfined compression 
experiment. 18 tests were conducted at various temperatures 
which yielded the following conclusions: (1) natural single-
crystal rock salt is more brittle and has a smaller uncon-
fined compressive strength than synthetic single-crystal rock 
salt (typically tested in the literature; (2) cleavage fracture 
occurs at smaller applied axial strains in natural rock salt; 
(3) the loading direction with respect to rock salt’s crystal 
orientation significantly influences its strength, where gen-
erally rotation of the loading direction from parallel to [1 0 
0] direction to 30° to (1 0 0) in (0 1 0) direction increases 
the unconfined compressive strength; (4) elevation of tem-
perature does not affect rock salt’s response in all crystal 
orientations the same. Increasing the temperature resulted 
in a lower yield strength, a lower work-hardening rate, and a 
higher ductility rock salt tested parallel to [1 0 0] and 19° to 
(1 0 0) in (0 1 0). However, the ductility and yield strength 
of rock salt tested on 30° to (1 0 0) in (0 1 0) did not change 
before increasing the temperature to 150°.

Fig. 11   Effect of temperature on the unconfined compressive of vari-
ous rock salt specimens
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