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THE INFLUENCE OF IMPURITIES AND FABRICS ON MECHANICAL PROPERTIES
OF ROCK SALT FOR UNDERGROUND STORAGE IN SALT CAVERNS — A REVIEW

Salt caverns are used for the storage of natural gas, LPG, oil, hydrogen, and compressed air due to
rock salt advantageous mechanical and physical properties, large storage capacity, flexible operations
scenario with high withdrawal and injection rates. The short- and long-term mechanical behaviour and
properties of rock salt are influenced by mineral content and composition, structural and textural features
(fabrics). Mineral composition and fabrics of rock salt result from the sedimentary environment and post
sedimentary processes. The impurities in rock salt occur in form of interlayers, laminae and aggregates. The
aggregates can be dispersed within the halite grains or at the boundary of halite grains. Mineral content,
mineral composition of impurities and their occurrence form as well as halite grain size contribute to the
high variability of rock salt mechanical properties. The rock or mineral impurities like claystone, mudstone,
anhydrite, carnallite and sylvite are discussed. Moreover, the influence of micro fabrics (in micro-scale)
like fluid inclusions or crystals of other minerals on rock salt mechanical performance is described.

In this paper the mechanical properties and behaviour of rock salt and their relation to mineral com-
position and fabrics are summarised and discussed. The empirical determination of impurities and fabrics
impact on deformation mechanism of rock salt, qualitative description and formulation of constative models
will improve the evaluation and prediction of cavern stability by numerical modelling methods. More-
over, studying these relations may be useful in risk assessment and prediction of cavern storage capacity.

Keywords: mechanical properties of rock salt, impurities, fabrics, underground storage, salt caverns

1. Introduction

Salt caverns offer a suitable location for storage of power sources such as oil, natural gas,
compressed air, and hydrogen due to their large capacity, flexible operation scenario and multiple
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cycles of injection and production in a year [1-3]. The specific physical and mechanical proper-
ties of rock salt, such as the ability to creep, healing fractures, high solubility in water, very low
permeability, chemical inertness, and the availability of salt deposits in many locations, means
that salt caverns are suitable for underground storage and making strategic reserves of power
sources [4-7].

The design of salt caverns is a complex engineering problem that involves identifying of
geological and geotechnical conditions, choosing leaching method and construction works. Geo-
logical and geotechnical conditions are particularly complex issues influenced by many factors
including the thickness of rock salt layers, inner structure of salt deposits, tectonically disturbed
zones e.g. shear zones, mineralogy, impurity content and occurrence form e.g. interlayers, laminae
and mechanical properties of rock salt.

The mechanical behaviour of rock salt is influenced by the mineral composition as well as
structural and textural features like grain size, grain shape and grains arrangement within the
sample [8-10]. The mineral composition, form of impurity occurrence, structure and texture
(fabrics) resulted from the occurrence depth, sedimentary environment and post-sedimentation
processes [11,12]. Impurities can affect creep deformation and strength of rock salt [13]. The
impact that impurities have on the mechanical properties of rock salt can be very complicated
[14-16]. The mechanical parameters of rock salt are applied to the numerical modelling and have
an impact on cavern stability performance [17-28]. Moreover, both the mineral composition and
internal fabrics of the rock salt influence the cavern shape and consequently, long-term cavern
operation and stability [8,9,29,30]. Nowadays, storage caverns have been built in salt formations
with several non-salt interlayers e.g. Jintan salt formation in China [23,31] and average impurity
content of 25% e.g. Northwick Halite Formation in the UK [32] as well as complex internal
structure e.g. close to edge of the salt dome [33]. Thus, studying the relationship between mineral
composition, fabrics and mechanical behaviour of rock salt contribute to the improvement of
cavern stability predictions and evaluations.

In this paper, a comprehensive review on the mechanical properties of rock salt that are
determined in short- and long-term standard laboratory tests and their dependence on mineral
content and composition, and fabrics are summarised. Firstly, deformation mechanisms of rock
salt observed in these tests are introduced. Secondly, the long and short-term mechanical properties
of different petrological types of rock salt are described. Next, a relation between deformation
mechanisms of rock salt and petrological features visible in both macroscale like laminae, interlay-
ers, grain size and grain orientation and microscale (under a microscope) like fluid inclusions at
grain boundaries, crystals and aggregates of other minerals dispersed within halite grains. The rock
and mineral impurities like claystone, mudstone, anhydrite, carnallite and sylvite are discussed.

2. Fabrics of rock salt

The rock salt characterises a wide variety of fabrics due to differences in occurrence depth,
sedimentary conditions and post-sedimentary processes. The rock salt mainly consists of halite
but may contain other minerals (impurities) such as anhydrite, gypsum, clay matter, carnallite,
polyhalite and sylvite [34]. Their volume and distribution vary significantly between salt depos-
its, within a salt deposit, cavern field and even within a single well [30]. The mineral impurities
compose of several cm thick interlayers, several mm thick laminae or they are dispersed within
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halite grains or occur around halite grains. The banded rock salt shows alternating grey and
white layers and is known from e.g. Klodawa salt dome, Bochnia salt mine [35,36], Gulf Coast
salt domes in the USA [8,9,30]. The structural features like grain size, grain shape and their ar-
rangement of component grains are differentiated. The size of halite crystals ranges from a few
millimetres to more than 10 cm [34]. However, very fine grains (below 1 mm) and very coarse
grains (above 10 cm) were noticed in the salt domes as a result of large deformation, differential
stress and recrystallisation. Moreover, halite grain elongation resulted from shear stress. The
shape-preferred orientation of these elongated grains is parallel to flow direction [6,30].

As described above, the salt fabric refers to structural and textural patterns resulted from
both sedimentary and post-sedimentary processes. Anomalous salt is related to post-sedimentary
processes [8,9,12,30]. The term “anomalous salt” was originally defined by Kupfer [37,38] for
rock salt from salt domes in Gulf Coasts (USA) but it is also used to explain discontinuities in
bedded salt [12]. This term describes atypical local physical and structural features of rock salt
e.g. very coarse grains, black colour, salt with flow banding, salt with elongated grains and pre-
ferred grains orientation [12,33]. The anomalous salt features are related to different creep and
strength properties as well as dissolution characteristics that have an impact on the operation of
the storage caverns [9,30].

The fabrics can be divided into macroscopic patterns like grains, bands or laminae. Fluid
inclusions, crystals of anhydrite and other minerals located inside halite grains related to crystal
growth, recrystallisation or healing fractures [39-41], are microscopic fabrics. The influence of
these fabrics and impurities on the long- and short-term mechanical properties, as well as me-
chanical behaviour of rock salt was studied in many papers during the last 30 years [7,42-49].
Findings presented in these papers and the author’s own experience were presented in sections 3
and 4 of this paper.

3. Short-term mechanical properties

The short-term properties of rock salt are usually evaluated in the uniaxial compression
and triaxial compression tests. The rock mechanical behaviour and deformation characteristic
in these tests consist of five stages [50]. In the first stage (Fig. 1), at low stress, the compaction
is caused by the closure of some primary pores and cracks (Stage 1). After the compaction, the
elastic behaviour dominates the stress-strain relationship (Stage 2, Fig. 1, point A). Then, the
volume gradually increases because of microcracks development (Fig. 1). The stable crack growth
process (Stage 3) overlapping the final elastic deformation results in the dilatancy boundary
(Fig. 1, point B). The dilatancy boundary is defined as the turnover point, damage threshold,
damage critical point where permanent damage begins [51-56]. In the next stage, the unstable
rapid development of cracks begins and causes the volume to increase (Stage 4). This stage ends
with the plasticity for rock salt at point C (Fig. 1). Next, the growth of the cracks continues, the
volumetric strain increases and the rock salt exhibits a visco-plastic deformation (Stage 5) that
leads to damage [50].

The short-term mechanical parameters differ between salt deposits (Fig. 2).

The volume increase, called dilatancy, related to rock salt microcracking of rock salt, occurs
both during load application (e.g. uniaxial and triaxial compression tests) and during creep tests
when loads are held constant [51]. The cracks develop mainly at rock salt crystalline boundaries
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Fig. 1. The general stress-strain relationship for a rock salt sample from the Asse salt dome [50]
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with grain sliding and dislocation processes. The fracture plains are irregular and form twists
and turns along the grain boundaries [50,55,65]. The irregular shape of these cracks is well vis-
ible under the microscope as voids at the grain boundaries (Fig. 3). The failure mode of rock
salt under uniaxial compression is primarily tensile-shear failure [56-65]. In the triaxial tests,
the development of macro-cracks is not observed as confining pressure prevents their formation,
although numerous tiny cracks occur at grain boundaries and some transgranular cracks [65].

Fig. 3. The cracks at the crystal boundaries in a pink rock salt samples (double polished sections
about 1-3 mm thick, parallel nicols) from the Klodawa salt dome after uniaxial compression tests:
H — halite, cracks are marked by red arrows

The determination of dilatancy boundary which initiate a micro-cracks induction and
propagation is considered as a critical condition for the stability and integrity of the salt stor-
age caverns [50,66]. The dilatancy is evaluated during numerical simulations to predict cavern
stability in a long-term operation. There are several dilatancy criteria elaborated by Spiers et al.
[67], Ratigan et al. [68], Hunsche [69], deVries et al. [19]. The micro-cracks are a path for fluids
migration that may induce serious consequences such as gas leakage, wall collapse or cavern
roof failure [46,53,70]. The stress value at dilatancy boundary varies in different salt series and
petrological type of rock salt (Fig. 2).

The significant differences in dilatancy and volumetric strains between the different petro-
logical types of rock salt can be explained by rock salt heterogeneity [42]. Numerical simulations
of triaxial compression tests on rock salt samples with impurities showed that such heterogeneity
can induce dilatancy, and results in the formation of tensile zones translated into a micro-cracking
activity [42].

The impurities in rock salt are represented by several forms e.g. interlayers, laminae and
can be dispersed as single grains or/and their aggregates within the halite grains or occur at halite
grain boundaries. These forms have an impact on the mechanical performance of rock salt and
consequently on salt caverns stability performance and safety of storage operations.

Generally, the dip of geological layers and inclination of the bedding planes and foliation
influence their deformation [71]. It is generally known that the rocks are deformed perpendicular
to bedding planes or foliation showed higher compressive strength than that deformed parallel
to the bedding [72]. The uniaxial and triaxial compression tests performed on samples from
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Yingcheng salt deposit (Hubei Province, China) and Pingdingshan Salt Mine (He nan Province,
China) showed [44,45] that the failure mode of rock salt samples with interbeds is far more
complex than “pure” rocks salt (without interlayers and visible admixtures). The pick strength
(in uniaxial compressive tests) of samples built of halite and horizontal anhydrite interlayers
were higher than the pure rock salt with the slightly lower Young’s modulus and largest Poisson’s
ratio [44]. The tensile cracks developed because of different mechanical responses of anhydrite
and rock salt to loading. One of these components may dominate the behaviour e.g. the samples
where rock salt prevails were weaker and showed higher lateral deformability but in the samples
with more anhydrite interlayers, the anhydrite developed high tensile strength and increased
the strength. The difference between rock salt and anhydrite interlayers becomes less visible as
the confined stress increases in triaxial compression tests [45]. It was noticed that in confining
stress higher than 10.0 MPa, brittle-ductile transition for rock salt occurred. The halite expanded
laterally in a viscoplastic mode, whereas the adjacent non-salt beds experience shearing and the
development of tensile vertical cracks [45]. The behaviour of rocks salt samples with mudstone
interbeds was different. Although the uniaxial compression strength of mudstone is higher than
pure rock salt, the mudstone interlayers fractured firstly. The authors stated that the specific
relationship between interbeds and rock salt is complex issues influenced by the texture and
geometry of the interbedding [44,45]. Another deformation mechanism was observed for rock
salt with claystone interlayers from the L.¢zkowice salt deposit (Poland) (Fig. 4). The claystone
interlayers underwent compaction during the uniaxial test. The tensile cracks formed at contact
between salt and interlayers and propagated into the salt (Fig. 4).

Fig. 4. The rock salt sample with claystone interlayers from the L¢zkowice salt deposit:
A — before test, B — after uniaxial compression test

The inclination of interbeds at the angle of 20-30° cause a difference in deformation and
fracturing process and stimulates more complex stress state than in the case of horizontal inter-
layers [44]. The cracks initiated in contact (interface) between the rock salt and interbeds. The
cracks propagation causes different stress state and resulted in different crack geometries. In the
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samples with interlayers <10 cm thick the deformation characteristics and fracturing are mainly
controlled by rock salt. The samples with thick interlayers (<10 cm) and medium interlayers
(0-20 cm), showed more ductility and a larger probability of micro-cracks formation. In the tri-
axial tests, the confining pressure decreased the stress difference in the rock salt and interlayers
consequently, the difference in fracture morphologies reduced [44].

The rock salt lamination and its orientation to loading direction have impact on mechanical
parameters and deformation characteristics. The samples of laminated rock salt (1.0-1.7 mm
laminae of insoluble components such as marl, quartz, clay, and carbonates) from Guma Rocksalt
Mines (India) were deformed in uniaxial compression tests. The samples were oriented in a way
that loading direction was perpendicular, parallel, and oblique to bedding [43]. All samples [43]
showed the influence of bedding orientation on the stress-strain behaviour and mechanical prop-
erties. The samples with loading direction perpendicular to bedding showed the highest value
of compaction stress, yield stress, failure stress and Young’s modulus. However, samples with
loading direction parallel to bedding showed the highest values of Poisson’s ratio, compaction
strain, yield strain and failure strain and total strain. The results for the samples with a loading
direction oblique to bedding showed the lowest values of all parameters. This difference was
explained [43] by the formation of the tensile and shear crack along the bedding planes that run
perpendicular, parallel, or oblique to the stress axis and propagate due to the availability of weak
planes. However, with a high stress rate, all samples exhibited similar deformation patterns due
to the increased contribution of the shear crack in comparison to tensile cracks (Fig. 5).
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Fig. 5. Crack patterns developed in samples deformed perpendicular, parallel, and oblique to bedding [43]
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Impurity (insolubles) effects on strength parameters and the stress-strain characteristics of
the rock salt were analysed in several papers [7,46,63,64,73]. The strength of rock salt in both
uniaxial and triaxial compression increases with impurity content as well as the bearing capacity
of the rock salt. The impurity (insolubles like mudstone, anhydrite, glauberite) content increases
the brittleness of rock salt. Thus, rock salt with impurity content above 50% showed failure mode
with a single shear crack [7]. The same failure mode characterises salty clays (Fig. 6) with accord-
ing to Laszkiewicz [74] characterise by impurity content above 85%. In the pure rock salt and
the rock salt with low impurity content (below 5.0%), the development of tensile-shear failure is
observed [7]. Moreover, the rock salt (insolubles content 14.32%, mainly as clay minerals) with
clay minerals located at the halite grain boundaries and within the grains behaved as modified
material [44,46]. Impurities located among the boundaries of halite grain, acting as cement to
strengthen the connecting of halite grains. Many paralleled lateral shear fractures were found
near the parts rich in impurities. The presence of impurities could improve the strength of the
rock salt, and the brittleness of the rock was also increased [44,75].

Fig. 6. Comparison between failure mode of rock salt and salty claystone from the L¢zkowice salt deposit:
A — tensile-shear failure mode of rock salt, B — single shear crack in salty claystone

On the contrary, laboratory tests of rock salt from Saskatchewan (Canada) showed [47] that
sylvite content has no measurable effect on elastic properties like Young’s modulus and Pois-
son’s ratio as well as dilatancy strength of rock salt. However, tests for the Maha Sarakham rock
salt showed [13] that the strengths at dilation and at failure decrease with increasing carnallite
content. Moreover, the carnallite tends to dilate more than halite probably due to lack of cleav-
age planes [13]. However, in these papers, there is no information about the form of carnallite
and sylvite occurrence.

In the rock salt with low insolubles content (0.13-2.11%), the mechanical parameters and
failure mechanism can differ between samples however, they are independent of impurity content.
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Rock salt samples from the LGOM area [73], in which the main impurity is anhydrite, showed the
uniaxial compressive strength (UCS) in a range from 32.61 MPa (insoluble content of 1.44%) to
18.34 MPa (insoluble content of 1.09%). Microscopic observations indicated that this difference
is related to anhydrite distribution within the halite grains. The anhydrite occurred at the grain
boundaries in the samples with the highest UCS (Fig. 7A). However, in the samples with low UCS,
the anhydrite crystals were dispersed inside the halite grains (Fig. 7B). The anhydrite at the grain
boundaries increased the stiffness of the halite grains and strengthened the boundaries between
halite grains. In these samples the dilatancy boundary was at a stress of 17.82 MPa (54.75% of
the UCS) and the Young’s modulus reached 7.23 GPa. Otherwise, the anhydrite crystals located
inside the halite grains contributed to the initiation of microcracks and their propagation. The
dilatancy boundary for these samples is much lower 6.87 MPa (37.05% of the UCS) as well as
Young’s modulus (4.56 GPa) (Fig. 7C, D).

There are types of rock salt where mineral grains or aggregates (impurities) are distributed
unequally within halite grains. A particular type is banded rock salt characterised by alternating
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Fig. 7. The of samples rock salt from the LGOM characterise by different mechanical properties:
A — microscopic image of sample with high UCS, B — microscopic image of sample with low UCS,
C — stress-strain characteristic of sample with high UCS, D — stress-strain characteristic of sample
with low UCS ([73] modified)
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layers of white and grey rock salt. The banded rock salt occurs in a bedded Miocene formation
(Poland) that underwent strong tectonic deformations [76]. The studied sample (Fig. 8A) is char-
acterised by grey layers of irregular boundaries when in contact with white salt and with varying
thickness that can result from tectonic deformation. Moreover, the banded salt was described in
salt domes and referred to as anomalous salt associated with the salt flow [8,9,30]. The deforma-
tion mechanism of rock salt with unevenly distributed impurities (UDI) was explained by [77].
These impurities tend to cause uncoordinated deformation and local fracture, which can even
induce the sample to split [77]. The banded salt from the L¢zkowice deposit showed a deformation
mode different from rock salt with UDI (Fig. 8A,B). The deformation mode of banded rock salt is
a mixture of modes described for rock salt with inclined interlayers and unevenly distributed im-
purities (UDI) (Fig. 8C,F). The cracks are initiated at the boundary between white and grey layers
and propagate to white salt but there are also local fractures between halite crystals. Furthermore,
the stress-strain characteristics and mechanical parameters obtained in uniaxial compression tests
of banded salt and rock salt with UDI showed the different value of UCS, Young’s modulus and
dilatancy threshold (Fig. 8C,F). The UCS of banded rock salt is 30.3 MPa and Young’s modulus
is 2.020 GPa but for rock salt with UDI is 41.09 MPa and 2.78 GPa, respectively. The dilatancy
threshold is 12.80 MPa for banded salt and 11.10 MPa for rock salt with UDI.
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Fig. 8. Rock salt samples characterised by unevenly distributed impurities from the L¢zkowice salt deposit
([63] modified): A-C banded rock salt, D-F — grey salt with unevenly distributed impurities within halite grains,
A, D before tests, B, E — after uniaxial compression test, C, F, stress-strain characteristics
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Moreover, uniaxial compression tests of rock salt from LGOM [73] and Ktodawa salt dome
indicated that the presence of fluid inclusions at the grain boundaries and inside the grains con-
tribute to decreasing in the mechanical parameters and accelerated the plastic deformations (Fig.
9). In samples from LGOM characterised by low mechanical parameters, the fluid inclusions were
present at the grain boundaries (Fig. 9A). The samples of pink salt from Ktodawa characterised
by many fluid inclusions inside the halite grains and at the halite grains boundaries (Fig. 9B).
The UCS determined for this pink salt sample is lower (21.22 MPa) than white rock salt which
characterises by an average value of 27.33 MPa [62]. The dilatancy threshold for pink salt is
7.03. MPa but for white rock salt reported in the paper by Kolano & Flisiak [62] is 15.17 MPa.
Fluid inclusions inside the halite grains are gas-liquid secondary inclusions in the shape of lin-
ear arrays, these features suggest that they were formed as a result of healing fractures (Fig. 9).
Secondary fluid inclusions are always present at crystal grain boundaries and healed fractures
as the result of fluid transfer during deformation/recrystallisation processes [39,41,60,78-82].
The salt from LGOM and pink salt from the Ktodawa salt dome are rich in fluid inclusions and
showed low dilatancy boundary. This may result from the mobility of secondary fluid inclusions
network at grain boundaries. This mobility may enhance deformation mechanisms and crystals
seem to become softer and deform more easily [60,83].

Fig. 9. Fluid inclusion plains at halite grain boundaries: A — rock salt from LGOM (double polished sections
about 1-3 mm thick, parallel nicols) rock salt, B — pink rock salt from the Ktodawa salt dome

The impact of grain size and orientation on salt deformation mechanism in laboratory tests
was studied by Bauer et al. [84], Speranza et al. [60], Liang et al. [85]. The rock salt samples char-
acterised by small crystals are stronger during uniaxial deformation [60]. The Young’s modulus is
directly proportional to the average crystal area, and shape uniformity but elastic limit and strain
at peak stress are inversely proportional to the average crystal area [60]. Numerical simulations
showed that both the grain size and the uniformity of grain shapes have a positive impact on the
mechanical parameters because the stress is distributed more evenly in each grain. Moreover,
a larger density of grain boundaries (larger number of grain boundaries per unit) is associated
with fine-grained rock salt samples than with large crystals. The density of the grain boundary
is related to the path of crack propagation during the damage. With the larger number of grain
boundaries, the crack propagation path is longer and requires more energy [85].
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The elongated grains are found both in the domal and bedded salt formations. In domal salt,
grain elongation is caused by the flow of rock salt during the formation of the salt dome, in bed-
ded salt from the post-sedimentary processes [80]. It was suggested [60] that the secondary salt
is formed and a progressive increase in crystals elongation and preferred orientation as well as,
a crystal size decreases. This salt is dominated by the smaller crystals and is likely to be stronger
during uniaxial deformation at room temperature (20°C) [60].

4. Long-term mechanical properties

The long-term properties and behaviour of rock salt are studied in the laboratory creep tests.
In these tests, the rock salt shows noticeable rheological properties displayed by creep and stress
relaxation. The creep rate and strain for engineering purposes like underground storage or mining
determined in laboratory tests are characterised by limited duration. The long-term creep process
(halokinesis, tectonics) are known from the salt bodies. The studies of naturally deformed rock
salt [60,81,82,86-90] contributed to major progress in understanding the creep mechanisms. At the
same time, the internal fabrics (microstructural features) resulted from these natural processes
influence on results of laboratory tests performed for engineering purposes. Repeated changes in
natural stress conditions during deformation and recrystallisation processes in a salt body affect
the mechanical and rheological properties of rock salt [91-93] e.g. the elastic limit and Young’s
modulus of samples that underwent creep test was larger than for intact samples [57].

Rock salt strain during creep can be divided into three distinct stages: transient creep (pri-
mary), steady-state creep (secondary) and tertiary creep (Fig. 10). The transient creep stage is
characterised by high deformation in a short time. As rock salt is subjected to constant loading,
the rate of deformation increases in a decreasing creep rate until it reaches the steady-state creep.
The secondary creep is the longest stage during which the strain rate tends to become constant.
The tertiary creep occurs when the rate of deformation increases exponentially until the failure
is reached [94,95].
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Fig. 10. Idealized creep curve showing three creep stages [96]
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Many constitutive models of rock salt creep based on laboratory tests results or a combina-
tion of generally known rheological models like Norton Power Law, Maxwell or Kelvin models
were elaborated [7,97]. The most popular are: time dependent creep-damage model [98], Lubby
2 model [98], BGR constitutive model [100], Lux/Hou model [101], Giinther model [102],
TUBSalt model [103]. Several papers present constitutive models based on micromechanisms
of deformations like the Multimechanism Deformation Constitutive Model [104,105] and the
composite model [52]. The Multimechanism Deformation Constitutive Model (MDCM) was
initially elaborated for the secondary creep stage and later extended for the primary creep stage
[106]. The model describes a relationship between strain, temperature and load on the basis of
microstructural mechanisms. Moreover, Munson [48,106] indicated that inner rock salt struc-
ture influence the creep curve. The dislocations and other defects are generated in rock salt as
the result of the creep process to form a submicroscopic internal structure. Five deformation
mechanisms for secondary creep stage acting in different stress and temperature conditions [104]
were indicated: dislocation climb, dislocation glide, undefined mechanism, diffusional creep and
defect-less flow. The Composite Model developed for the transient and steady-state creep by
Hunsche & Hampel [52] was based on dislocations micromechanisms. Creep by dislocations is
a general deformation controlling process in crystalline materials like rock salt in temperature
from 20° to 200°C. The temperature rise causes a change in the dominant mechanism of creep
deformation from dislocation slip to dislocation climb [107] Each constitutive model mentioned
above requires the determination of different parameters in laboratory creep tests.

The creep deformation process of rock salt is controlled by many factors, mainly by stress
and temperature, which activate different mechanisms (Fig. 11). In a vast majority of cases in
a natural environment is controlled by several parallel mechanisms [10]. The fabrics of natural
rock salt are the final result of deformation, recrystallisation and fluid migration processes such
as pressure solution, dislocation creep, grain boundary migration, microcracking [60]. Moreover,
the creep deformation is influenced by impurities present in rock salt [68,69,108,109].

Hansen et al. [108] noticed that the amount of clay matter and anhydrite in the rock salt has
no statistical correlation with a rate of steady-state creep and total strain. The creep tests performed
on “milky” salt, which was fine-grained, rich in fluid inclusions and coarse-grained salt with clay
and carbonate impurities located around the halite crystals, showed that the strains of “milky”
salt were two times higher than coarse-grained salt after one month [111]. The independence of
creep rate from halite grain size was reported by Slizowski et al. [112]. The highest strain was
observed in medium-grained salt than in coarse and fine-grained halite. However, the analysed
samples were rich in fluid inclusions. The fluid inclusions at grain boundaries that may enhance
deformation mechanisms as a solution—precipitation creep and fluid-assisted grain boundary
migration [40,41,60]. On the contrary, fine-grained rock salt with elongated and uniformly ori-
ented grains may retard creep by the climb and glide of dislocations as there is a higher density
of grain boundaries and accelerate creep by fluid assisted grain boundary mechanisms (pressure
solution). This occurs when there is a minor amounts of water present [41,67]. Creep dependence
from a density of grain boundaries indicates grains size impact on creep rate. Moreover, this type
of rock salt is considered anomalous salt [9,30].

Munson [109] indicated that for rock salt with impurity content of 5-6%, creeps slower than
pure rock salt. The author also noticed that rock salt containing the anhydrite at grain boundaries
crept slower than salt in which anhydrite is dispersed inside the grains [109]. One of the variables
in the MDCM model was the structural factor in which was elaborated for rock salt from WIPP
(Waste Isolation Pilot Plant). This factor was compared with rock salts from several American
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Fig. 11. The steady state creep rates for rock salt from different salt domes in USA [110]

salt domes and its value was determined. The rock salt from Weeks Island salt dome is charac-
terised by an anhydrite content of 1-2%, and coarse grains have the a structural factor of 0,59.
For coarse and very coarse-grained rock salt from Bryan Mound salt dome containing 6.0% of
anhydrite in a form of bands, the factor is 0,17. Another example is medium to very coarse-grained
rock salt with an anhydrite content of 1,7% from the Big Hill salt dome, for which the structural
factor is 1,29 [109]. However, the detailed petrological description of samples and the impact of
petrological features on the deformation mechanism were not presented.

In the papers by Hunshe et al. [66] and Hunshe [113] authors pointed out that different
types of rock salt exhibit rather different creep behaviour. These differences result from a dif-
ferent distribution of microscopic impurities within grains but not from the total amount of the
impurity mass. During the creep process, impurities act like a barrier for dislocation migration
through the halite grains and a larger load is necessary to maintain the creep. These results
were confirmed by studies of rock salt formation from the Chinese [10,114]. Moreover, it was
found that the small grains are related to more boundaries between them. Consequently, this
salt creeps slower. Moreover, when the boundaries between the grains are irregular, then more
dislocation movements occur and accumulate at grain boundaries and as a result, the creep is
slower [10,114,115].

An admixture of sylvinite and carnallite in rock salt is considered as an unfavourable impu-
rity in the context of salt caverns. The impact of both minerals on rock salt solubility is known
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in engineering practice. However, their influence on creep behaviour was not fully elaborated.
Based on creep tests of salt samples from Saskatchewan, Canada, it was noticed [47,116] that
an increase in the steady-state creep rate corresponds to an increase of sylvite and carnallite
content. Based on laboratory creep tests results it was predicted that the carnallite admixture
(max. 13.0%) causes 20 times faster steady-state strain rates than the steady-state strain rate for
halite at the same conditions. During the 25% admixture of sylvite it was only ten times faster.
The creep tests results for Maha Sarakham rock salt confirmed that the higher is the carnallite
content, the larger creep strains are registered [13]. These probable results were connected with
water content in carnallite, which may increase the strain rate via water release [116]. However,
a detailed description of sylvite and carnallite occurrence forms was not reported in these papers.

The laboratory creep experiment of rock salt samples with interbeds reported by Chinese
authors showed that their creep properties are worse than pure rock salt and creep strains are
between the value of rock salt and interlayers e.g. mudstone [10,117-119]. The long-term creep
tests on rock salt with interlayers showed [120] that shear stress is generated at the contact
between rock salt and interlayers (Fig. 12). When the creep of rock sat increases in time and
the shear stress accelerates. They are exceeding of the shear strength in a contact results in
creep failure.

NaCl salt rock

Interlayer

Fig. 12. Creep failure sketch map of bedded rock salt ([10] after [121])

5. Discussion

The research results described in the previous sections showed both the positive and negative
influence of impurities and fabrics on the long- and short-term mechanical properties of rock salt.
All these results were summarised below (Tab. 1). This summary includes only several types of
fabrics and impurities registered in rock salt. These features are visible in samples by the naked
eye (mesoscale) e.g. laminae, size of halite grains, interlayers and the following are visible under
the microscope (microscale) e.g. fluid inclusions, anhydrite crystals in halite grains and at halite
grain boundaries. The deformation mechanism of rock salt with interlayers and laminae in short-
term laboratory tests was explained based on macroscopic observations of cracks, their geometry,
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and analytical equations [42-44]. However, the mechanical behaviour of rocks is controlled by
their microstructure consequently, the macro-mechanical behaviour results from mechanisms
acting at the grain scale [122-124]. The creep deformations of pure rock salt were explained by
microstructural mechanisms involving dislocations movements [52,104,105]. The mechanism of
rock salt deformation which contains impurities in a different form, fluid inclusions and rock salt
samples characterised by the admixture of different minerals as well as empirical relationships
between these factors were not elaborated. Empirical determination of these factors role in the
deformation process is crucial for understanding the physical mechanisms of this process both
in the short and long term for use in engineering purposes. Qualitative and empirical description
of these mechanisms will be useful not only for theoretical consideration of natural phenomenon
but also for engineering purposes e.g. numerical evaluation of cavern stability, long term opera-
tion and cavern shape design.

The post sedimentary processes like folding, stretching, shearing, and flowing result in
recrystallisation, overprinting and the creation of new fabrics and structural features in rock salt
[8,9], all can lead to the deformation of the crystal lattice. Polarised light microscopy observa-
tions revealed optical anisotropy (birefringence) of blue halite crystals from the Klodawa salt
dome (central Poland) and rock salt from the Pembina salt deposit (Alberta, Canada) resulting
from the crystals’ deformation at the atomic level [125-127]. In blue halite crystals, a deviation
from cubic symmetry was indicated [128,129]. Moreover, a variability of microhardness (HV)
value and the distortion of an imprint’s shape were indicated in these crystals [125,126]. These
microstructural features may have an impact on the macro-mechanical behaviour of rock salt
but this issue requires further studies.

In addition, in the literature relevant to salt mechanics, including the journals, conference
papers and reports, information about mineral composition, impurities distribution, structure
and texture of the tested salt samples are rarely included. As a result, comparison of mechani-
cal properties with different types of rock salt, fabrics and mineral composition is impossible.
An increase in the availability of this information may contribute to the elaboration of the
mathematical relationship between these features. As an example., three aforementioned papers
[13,47,116] describing creep parameters of rock salt with the admixture of carnallite and sylvite
are presented. In these papers, the only chemical composition of samples was tested without the
description of rock salt fabrics and form of impurity occurrence. Moreover, the correlation of
mineralogical, structural, and textural characteristics with mechanical and rheological parameters
of rock salt could be useful in grading and classifying different types of rock salt for engineering
purposes. This kind of correlations was performed for other rocks, e.g. granitic rocks [130,131]
and sandstones [132].

6. Conclusion

A comprehensive review of the short- and long-term mechanical properties of rock salt
and their dependence on impurity content, mineral composition, and fabrics is presented in this
paper. From this study, the following conclusions can be drawn. The admixture of anhydrite,
claystone or mudstone improve uniaxial compressive strength, Young’s modulus and decrease
creep rate. The sylvite and carnallite admixture in rock salt increases its creep rate. Sylvite content
has no impact on the short-term mechanical properties of rock salt but an admixture of carnallite
decreases these properties. However, there are some differences in the mechanical behaviour of
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rock salt related to the form of impurity occurrence. For instance, anhydrite crystals located at
the halite grain boundaries strengthen and increase the stiffness of the halite grains. Anhydrite
crystals dispersed in the halite grains contribute to the initiation and propagation of microcracks.
Thus, anhydrite crystals dispersed within the halite grains decrease uniaxial compressive strength
but located at halite grain boundaries improve this parameter. On the contrary, fluid inclusions at
the halite grain boundaries contribute to decreasing the mechanical parameters and accelerating
creep rate. Moreover, the grain size, grain shape and preferred orientation have an impact on the
mechanical properties of rock salt, e.g. fine-grained rock salt with elongated uniformly oriented
grains is stronger during uniaxial deformation. The Young’s modulus is directly proportional
to the average grain area, grain shape and uniformity. The creep rate in this type of rock salt is
lower because of the large number of grain boundaries that retard creep.

The review presented in this paper shows that elaboration of the relationship between
impurities, fabrics and mechanical behaviour of rock salt requires further study. Annual growth
in energy consumption resulted in increasing demand on storage caverns and utilisation of salt
beds with higher impurity content and consideration of these parts of salt domes that are close
to their edges. In addition, cavern stability at the designing, completion, and operation stage, as
well as risk assessment, are mostly evaluated by numerical modelling that relies on mechanical
properties of rock salt and material models. Thus, qualitative understanding of impurities and
fabrics influence on rock salt mechanical behaviour as well as the elaboration of the empirical
relationship between these factors and formulation of constitutive models will contribute to the
improvement of accuracy and the precisions in prediction and evaluation of cavern stability
by numerical modelling including addressing the atypical, local features like shear zones and
anomalous rock salt.
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