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Abstract

Safe Underground Gas Storage (UGS) can be achieved in artificial, salt caverns to meet fluctuations in energy demand by
providing adequate knowledge on rock salt when subjected to similar cyclic conditions. In this study, we performed cyclic
mechanical tests on five rock salt samples with different types and amounts of second-phase mineral content. A confining
pressure of 25 MPa was applied, whilst the axial stress was cycled between 4.5 and 7.5 MPa, at 0.5 kN/s loading rate, dur-
ing 48 h (7200 cycles). The results demonstrate that high second-phase content such as anhydrite layering operates as a
strength weakening agent by accommodating larger brittle deformation in comparison to samples with a lower content in
secondary minerals. This rheological behavior is further exacerbated by the cycling mechanical conditions and recorded by
a marked step on Young’s modulus and Poisson’s ratio value evolution. The microstructure analysis reveals how halite grains
accommodate most of the deformation induced by the cyclic mechanical loading conditions through brittle deformation with
microfracturing network development. Other structures from different deformation mechanisms are also discussed. Two
types of new porosity are observed: (i) pores around isolated crystals of second-phase minerals as a result of grain rotation
under cyclic mechanical deformation, and (ii) microcracks in areas with high concentration of secondary minerals (such as
anhydrite, polyhalite, carnallite, or kieserite). This porosity change has strong implications for both the mechanical behavior
of the material and its potential permeability.
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1 Introduction smaller surface footprint, and very high level of protection

from external influences. The combination of big volumes

The use of caverns in rock salt (halite) for Underground Gas
Storage (UGS) and Compressed Air Energy Storage (CAES)
has been identified as a strategic option to meet seasonal
energy demand fluctuations in the electricity grid (Ozarslan
2012; Evans and Chadwick 2009; British Geological Survey
2016; Peach 1991). UGS, used to meet the seasonal fluctua-
tions in energy demand, operates with moderate gas produc-
tion rate and just one or few cycles per year. UGS has been
also assessed as a more feasible option for short-term peak
shaving operations compared to surface gas tanks. Indeed,
salt caverns present lower specific construction costs,
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and large range of operating pressures allows a typical large
salt cavern to hold more than 60 times the volume of tradi-
tional gas tank (Michalski et al. 2017). CAES is a promis-
ing solution for energy storage with a significant and grow-
ing scientific and economic interest to support intermittent
sources of renewable energy such as wind energy (Bérest
Pierre et al. 2013; Bullough Chris et al. 2004; Lund and
Salgi 2009). It also implies that CAES present daily cycles
of injection-withdrawal operations compared to UGS (Bérest
Pierre et al. 2013).

Salt caverns have also been identified as a key element in
the UK energy system decarbonization strategy for storing
hydrogen (Sadler 2016), for power generation purposes to
meet the UK government target to reduce greenhouse emis-
sions (Parliament 2008). Hydrogen is presented as the only
gas decarbonization option suitable to replace natural gas,
by doing some modifications to the current gas networks,
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ensuring energy supply in the long term, from a cost-optimal
perspective (Dodds and McDowall 2013).

Halite has low (i) creep strength, (ii) porosity, (iii) per-
meability, and iv) density, making it a very good seal rock
(Bérest Pierre et al. 2012) capable of trapping hydrocarbons
on a geological time scale for instance. The creation of cav-
erns for UGS in halite formations and the operation activities
of gas injection and withdrawal occurring under lithostatic
pressure lead to local deviatoric stresses resulting in rock salt
creep deformation (Carter et al. 1982; Van Sambeek et al.
1993). Additionally, periodic injection-production activities
in response to seasonal temperature changes and associated
gas consumption imply regular fluctuation of both mechani-
cal (due to internal operational pressure changes) and ther-
mal (due to adiabatic processes) stresses in salt caverns
(Jiang et al. 2016; Fan et al. 2016). Therefore, understand-
ing the fatigue of rock salt under these mechanical cyclic
conditions is paramount to ensure safe and sustainable UGS
(Fan et al. 2019).

Deformation in rock salt subjected to cyclic mechanical
loading conditions is accommodated by dislocation motion
and pressure solution, grain rupture, microcracks, and fric-
tional sliding (Jiang et al. 2016; Fan et al. 2019). Other
common deformation mechanisms are dislocation creep
and solution-precipitation creep, which can imply differ-
ent re-crystallization processes (Urai et al. 1986; Urai and
Spiers 2007; Li and Urai 2016). Dislocation creep is pro-
moted by lattice or crystal defects under stress and the main
dynamic re-crystallization processes take place inside the
crystal lattice of halite grains (Li and Urai 2016). Dynamic
re-crystallization processes include grain boundary sliding
(GBS), trans-granular microcracking and dislocation creep
by grain boundary migration (GBM) and subgrain rotation
(SR) (Urai et al. 1986; Urai and Spiers 2007; Urai 2008;
Desbois et al. 2010; Zavada 2015; Linckens et al. 2016).
Pressure-solution creep (PS) or solution-precipitation creep
takes place at the grain boundary enhanced by grain bound-
ary brine. During pressure solution, grains dissolve at highly
stressed boundaries and diffusion of the material through the
grain boundaries results in re-crystallization at low normal
stress interfaces (Urai and Spiers 2007). Rock salt deforma-
tion is generally a complex process involving more than one
mechanism at once. As a result of the different re-crystalli-
zation processes, rock salt deforms as a viscous fluid under
deviatoric stresses modifying the material strength and its
lateral deformation capacity (Liang et al. 2011). In the long
term, this can lead for example to a reduced cavern’s volume
(shrinking walls) down to cavern ‘s closure (Brouard 2013).
Our current knowledge on how this complex micromecha-
nism relationship controls the overall stability and integrity
of the caverns is incomplete.

Rock salt typically contains secondary mineral phases
(e.g., anhydrite, polyhalite, carnallite, and kieserite), as well
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as fluids trapped in inclusions in the halite crystals, at halite
grain boundaries, or in pores. This presence of other miner-
als besides halite or other rock layers between the rock salt
formations at a range of scales can have significant effects
on the micro- and macro-mechanical properties due to their
different rheological behaviors, notably weakening the rock
salt under high stress conditions (Liang 2012; Berest et al.
2005, 2006; Ma et al. 2013; Serbin et al. 2015; Khaledi et al.
2016; Av et al. 2016; Li 2019). Second-phase content are
known to contribute to a porosity increase (Li 2019) and
can compromise the sealing integrity of rock salt. When
subjected to mechanical loading, damage mainly develops
in the form of microcracks along the interfaces between hal-
ite crystals and second mineral phase layers (Li 2019). An
increase in second-phase content in halite can also lead to
an increase in ductility as a result of a higher diffusion rate
along the solid inclusion-halite contacts in comparison with
halite—halite contacts (Zavada 2015). The mechanical behav-
ior and damage mechanisms of bedded rock salt depend on
the interlayering material and, in particular, on the strength
of the interface between different materials (Liang 2012).
Yet, the effects of second-phase minerals content on halite
rheological behavior under cyclic mechanical conditions are
still not well understood.

Previous studies report on the behavior of halite under
cyclic conditions and the rock salt cycle life, typically inves-
tigating the mechanical properties and rheological behavior
of rock salt samples under cyclic conditions till complete
sample failure (Fan et al. 2016; Liang 2012; Zhao 2020;
Fan 2017; Zhenyu and Haihong 1990). Yet, monitoring
the elastic parameter variations (such as Young’s modulus,
Poisson’s ratio, and Bulk modulus) at the early stage of the
deformation behavior in relation to the different rock salt
compositions would bring essential information on halite
mechanical stability with respect to gas storage risks (Xiong
et al. 2015). Some authors show monitored acoustic emis-
sion from rock salt deformed under cyclic loading condition
(Fan 2017; Voznesenskii et al. 2017) and dynamic Young’s
modulus from velocities of the longitudinal P- and transverse
S-waves through sounding of the samples (Voznesenskii
et al. 2017). This allows them to remotely observe the sof-
tening to hardening evolution of the halite when subjected
to cyclic loading conditions.

In this study, we investigate the impact of the secondary
mineral phase content on the rock salt mechanical behavior
under cyclic loading conditions. Cyclic triaxial tests were
performed on five rock salt samples with different types of
secondary mineral phase content at 25 MPa confining pres-
sure and ambient temperature (22°-25°C). Thin sections of
each sample’s microstructures, before and after mechanical
deformation, were analysed by transmitted light microscopy
and scanning electron microscopy (SEM) to identify the
micromechanisms and early damage induced by the cyclic
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loading conditions. Finally, we assess the role of the sec-
ondary mineral phase content on the microdamage develop-
ment under cyclic stress changes to provide an insight on its
potential impact in salt caverns during UGS activities.

2 Rock Salt Formations in the UK

The salt formations in the UK are of Triassic (252-201 Mya)
and Permian age (299-251 Mya). Triassic salt in the UK
can be found mainly in bedded strata in the Cheshire Basin
and, to a lesser extent, in Northern Ireland, Lancashire, the
Isle of Man and Walney, Staffordshire, Worcestershire, and
Somerset. Permian salt fields extend in the northeast of Eng-
land (Yorkshire) and Northern Ireland (Beutel and Black
2005). The rock salt samples tested are from Boulby Mine
(Permian Zechstein) and Winsford Mine (Triassic Mercia
Group) (Fig. 1).

2.1 Permian Rock Salt
Permian (299-251 Mya) salt deposits in the UK belong to

the Zechstein Group sequence, which is found eastwards
from the northeast of England in Yorkshire to Germany and
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Fig.1 Schematic map of the Triassic and Permian salt fields in the
United Kingdom and Triassic basins. Winsford Mine is identified in
the map as part of Cheshire Basin and Boulby Mine as part of the
Zechstein Basin

Poland. The Permian deposits from the Zechstein group crop
out onshore only in the UK and are exploited in Boulby
Mine. The Permian Zechstein sequence is composed mainly
of thick units of anhydrite, halite, and potash. The Permian
salt deposits in Yorkshire are divided in four cycles, which
have been named Zechstein I-IV from the base upwards
and originated as a cyclic drying out of a landlock sea in the
Permian age (Beutel and Black 2005). Each cycle starts with
a carbonate rock unit passing to anhydrite, polyhalite, and
to halite. Other mineralogies associated with these Permian
Zechstein rock salt deposits are kieserite, carnallite, and syl-
vinite. The thickest rock salt sequence in Yorkshire belongs
to the second Zechstein cycle (Zechstein II) corresponding
to Fordon Evaporites, with a thickness of 75-90 to 120 m.
The Zechstein II has been assessed as a potential geological
site to host salt caverns (Beutel and Black 2005).

Boulby Mine Boulby Mine is located in the Zechstein
Permian Basin that extends from eastern England to the
Netherlands, North Germany, and Poland (Ziegler 1990;
Van Wees 2000; Zhang et al. 2013) (Fig. 1). The Zech-
stein salt sequence was deposited under arid climate con-
ditions and as a result of a series of marine transgression
and regression episodes during the Upper Permian (Zhang
et al. 2013). The formation sequence presents clastic sedi-
ments of aeolian sandstones, fluvial fans, and shallow-lake
deposits from Lower Permian passing through cyclic deposi-
tion of salt alternated with anhydrite and mudstone during
the repeated transgression—regression episodes during the
Upper Permian (Zhang et al. 2013; Strohmenger and Strauss
1996). Overlying the Upper Permian (Zechstein) formation
of carbonates and evaporites, the sequence passes to red-bed
fluvial to lacustrine sediments and sabkha deposits from the
Lower Triassic and shallow marine carbonates from Middle
Triassic (Zhang et al. 2013; Kossow and Krawczyk 2002).
The deposition during the Mesozoic was controlled by the
regression and transgression of the Tethys Ocean (Ziegler
1990; Zhang et al. 2013).

2.2 Triassic Rock Salt

Triassic (252-201 Mya) rock salt in the UK was deposited
under semi-arid environmental conditions within mainly a
fault-controlled endorheic basin linked to the major depo-
sitional centres of the North and Irish Sea (Cooper 2002)
resulting in a brown-red and some slightly green—grey-
colored sequences of evaporitic and sedimentary deposits
(Cooper 2002; Howard et al. 2008). In the Cheshire Basin,
the Mercia Mudstone Group consists of reddish-brown
mudstones and siltstones alternating beds of halite (Evans
and Holloway 2009). Within the Triassic Mercia Mudstone
Group, the main rock salt resources are displayed in two
salt-bearing formations, the lower Northwick Halite Forma-
tion with a maximum thickness of 280 m of pure halite beds

@ Springer



5248

C. Martin-Clave et al.

alternating with mudstone and siltstone levels, and an upper
Wilkesley Halite Formation in alternation with mudstone
(Cooper 2002).

Winsford Mine

Winsford Mine is stratigraphically located at the base of
the Northwich Halite Formation, which contains 92% NaCl,
and the extraction is made by room and pillar mining (Nor-
ton et al. 2005). Within the salt mine, two different economi-
cally workable levels of rock salt have been differentiated on
the halite purity, namely Zone B and Zone F. Zone B and
Zone F are located between 130 and 200 m depth, respec-
tively. Layer B has a higher concentration of halite, where
the purest material is at the basal part of the salt bed. Layer
F has a higher content of second phase mineralogy, mainly
anhydrite and clay, and a lower concentration in halite. The
geological formation, of approximately 150 m in thickness,
was deposited during the Triassic under arid climatic condi-
tions with terrigenous reddish-brown sediments containing
red clay and other silicates. The mine extension and structure
are limited by two main faults crossing the geological forma-
tion on the east and the west, and the mining activity in the
site is limited to the zone in between the fault lines. During
mining extension works in layer B, horizontal and vertical
boreholes were drilled to delimit the location of the work-
ing horizon within the salt bed and the limits dictated by
the structural settings of the site. The site engineers kindly
provided core samples from the boreholes for testing in the
laboratory. Additional rock salt samples were collected on
site from layers B and F.

3 Methodology
3.1 Mineralogical Analysis

The mineralogical analysis was conducted by combining
Powder X-Ray Diffraction (PXRD) analysis and polar-
ized light microscopy using thin sections. Mineralogical
phase identification by PXRD was completed on an X’Pert
PRO PANalytical MPD X-ray diffractometer. Normal
Bragg—Brentano geometry and CuKe radiation at 40 kV and
40 mA were used with sample holders of 20 mm diameter
and samples were scanned over a sampling range of 5 to 70
26 with a step size of 0.0066(226) and a scan speed of 0.23
26 per second. For phase identification, the PDF4 (Interna-
tional Centre for Diffraction Data 2020) database was used
within the software DIFFRAC.EVA to identify the mineral
peak patterns. The PXRD data were combined with miner-
alogical description of blue dye impregnated, one-side pol-
ished thin sections at 200 microns. The thin section analysis
was performed using a ZEISS transmitted light polarization
microscope (using a magnification 10x and 20x).
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3.2 Sample Preparation

Cylindrical samples of 51 mm diameter were cut from same
diameter borehole cores using a diamond-tipped rock saw,
so that the length-to-diameter ratio was approximately 2:1
(International Society for Rock Mechanics 1979). Off-cuts
from each cylinder were used to produce thin sections previ-
ous to the cyclic mechanical loading test to provide informa-
tion of the undamaged microstructure .

For the mechanical testing, each cylindrical sample was
mounted between two hardened steel platens prepared with a
layer of heat-resistant silicone tape for sealing purpose. The
assembly was then encased in two 5 mm heat-shrink Polyte-
trafluoroethylene (PTFE) membranes to prevent ingress of
confining fluid into the sample. Locking wires were used to
complete the seal between the PTFE jacket and the platens.
The sample was then instrumented with two axial extensom-
eters (MTS 632.90F-12, accurate to +0.01%), positioned
diametrically opposite each other over the central 50 mm
of the sample, and a circumferential chain extensometer
(MTS 632.92H-03, accurate to +0.01%) positioned at mid-
length. A third platen, not part of the aforementioned sample
assembly, was spherically seated to prevent eccentric load-
ing. This spherically seated platen was in turn fixed to a 2.6
MN capacity force transducer (MTS 661.98B.01, accurate to
+0.32% of load) to measure the load applied to the sample.

After each test, the damaged sample was recovered,
halved along the axial length (parallel to the applied axial
stress), and impregnated in blue dye epoxy. A one-side pol-
ished thin section was then produced from the center of the
sample, thicker (200 microns) than standard thin section due
to the nature of halite minerals.

3.3 Cyclic Mechanical Loading Test

The cyclic mechanical loading tests were undertaken on
a triaxial servo-controlled stiff frame (MTS 815 rock test
system with a maximum axial load up to 4600 kN) with
a confining pressure vessel rated to 140 MPa, at the Rock
Mechanics and Physics Laboratory, British Geological Sur-
vey (BGS). A thermocouple was placed as close as possible
to the sample to monitor the temperature. The confining
pressure vessel was then closed and an initial axial load of
o, = 1 kN was applied, that corresponds to an axial stress
of 0.5 MPa, to ensure a stable contact and alignment of the
platens whilst the vessel was filled with mineral oil confin-
ing fluid. The confining pressure (P, = 0, = ¢3) was then
applied hydrostatically at 1 MPa/min to 25 MPa, and then
kept constant at that value. The samples were all tested at
room temperature between 22° — 252 and moisture condi-
tions, in a single orientation.

The axial stress was cycled between 4.5 and 7.5 MPa
at a loading rate of 0.5kN/s for a period of 48h. Hence, a
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complete test comprised a total number of 7200 cycles. The
axial load, axial load actuator displacement, axial stress (o),
differential stress (Q = o, — o03), confining pressure P, con-
fining pressure actuator displacement, axial strain (g,,), cir-
cumferential strain (g;,.), and temperature were monitored
throughout the test at two independent sampling frequencies
of 5s and 2.5kN .

3.4 Microstructural Analysis

The microstructural analysis was performed on thin sec-
tions from Boulby mine samples only, before and after test-
ing, using the same transmitted light microscope as for the
mineralogical anaylsis, and a scanning electron microscope
(SEM) to identify structures and deformation mechanisms
resulting from the cyclic mechanical loading test. The same

thin sections used in the transmitted light microscope were
treated with pulverized coated carbon to be used in the SEM.

4 Mineralogical Analysis and Sample
Description

4.1 Mineralogical Analysis

The mineralogical results from the PXRD analysis are
shown in Table 1. Each series result (A, B, C, F, LB) is an
average of the compositional analysis performed on 5-12
core samples from that series. Samples from Boulby Mine
were grouped in series A, B, and C, based on the petrologi-
cal description (Fig. 2) and data from mineralogical analysis.
Samples from Winsford Mine were grouped in series LB and
F, based on the halite content level.

Table 1 Mineralogical

N Mineral A B C F LB
characterisation from X-ray
diffraction analysis; sd*= Halite wt% 87 45 87 89 85
standard deviation d* 7 2 3 12 8
Anhydrite wt% 6 31 6 7 5
sd 4 29 2 5 2
Tllite wt% - - - 3 10
sd - - - 1 9
Quartz wt% - - - 0.6 0.3
sd - - - 0.12 0.04
Polyhalite wt% 2 15 3 - -
sd 0.8 16 0.6 - -
Kieserite wt% 0.5 2 0.7 - -
sd 0.2 3 0.01 - -
Carnallite wt% 4 7 4 - -
sd 2 2 0.5 - -
Boulby Mine Winsford Mine

Fig.2 Rock salt core samples used for the cyclic mechanical tests. From left to right, panels a—c correspond to Permian rock salt from Boulby
Mine, and panels d and e correspond to Triassic rock salt samples from Winsford Mine
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All series but series B had a very high content of halite
of 86-90% on average. The highest amount of halite in aver-
age is measured in series A and C, with a halite content of
around 86-87% and 87-88%, respectively. Series B has an
average halite content of 45% and a strong layering related
to significant variations in the second-phase content within
the same core sample, with up to 30% anhydrite and 15%
polyhalite. The percentage by weight has about 30% standard
deviation due to the alternating halite and anhydrite thin lay-
ers. Series B also has a slightly higher content in carnallite
(around 6-7%) and up to 5% kieserite was identified based
on PXRD data.

4.2 Rock Salt Sample Description

Boulby MinePermian rock salt samples were grouped in
three different series; A, B, and C, according to the pet-
rological description and second-phase content from the
PXRD results combined with thin section analysis. Series
A from Boulby Mine was described as clear halite, from
white-transparent to light-brown color, with some thin lay-
ers (no more than 3 mm thick) of anhydrite sporadically in
between halite layers at a 20° bedding dip angle (Fig. 2).
However, series A core samples generally consist of clear
rock salt crystals with average sizes of 1 mm to 1.5 cm. Thin
section analysis indicates that the main mineralogy consists
of halite and anhydrite (consistent with PXRD analysis).
Two different ranges of grain size can be distinguished, (i)
colorless or light-yellow halite crystals of 200 pm to 1.5 mm
in diameter and which can contain fluid inclusions, and (i)
smaller prismatic anhydrite crystals with sizes of 10-200
pm in diameter. Both halite and anhydrite are colorless in
plane polarized light, but under crossed polars, halite turns
completely black due to the cubic crystal system, and anhy-
drite displays third-order interference colors from green and
light blue to light pink (Fig. 3). Polyhalite occurs as colorless
crystals with a maximum size of 200 pm, and displays low
interference colors from grey to white and inclined extinc-
tion under crossed polarized light. This mineral also shows
twinning typical of polyhalite (Biehl et al. 2014).

The distribution of second-phase content is mainly
concentrated around the halite crystal boundaries, sur-
rounding the anhedral and equant halite crystals (Fig. 3a,
b). Occasionally, second-phase minerals are also included
within some halite grains. Anhydrite tends to show spheri-
cal shapes, whereas polyhalite occurs as prismatic crystals.
Kieserite is identified in the thin sections by a vitreous luster,
very high birefringence and may have also twinning struc-
tures. Prismatic polyhalite can be observed poikilotopically
enclosing finer crystals of anhydrite. Polyhalite crystals can
be recognized under polarized light for the low interfer-
ence colors and the chadacrysts of anhydrite enclosed in
the oikocryst polyhalite are recognized by the third-order
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interference colors. Polyhalite also shows parallel to inclined
extinction.

Series B core samples show alternating 2 mm to 2 cm-
thick layers of brown- and grey-colored anhydrite and very
light grey to grey halite (Fig. 2b). Due to the insertion of
halite and anhydritic rich layering, series B shows a higher
variation in second-phase content (Table 1). Crystal size
is slightly smaller than in series A and C, with grain sizes
between microcrystalline and a few mm up to 1 cm. Based
on thin section analysis, an increase in second-phase con-
tent such as anhydrite and polyhalite is noted. Thin sections
reveal a significant increase in polyhalite, observed as pris-
matic shaped crystals, in comparison with the other core
sample series (Fig. 3¢, d). The anhydritic layering observed
from the core sample (Fig. 2b) is seen as layers of microcrys-
talline anhydrite mud alternating with halite. The boundary
between halite and anhydrite layers can be sharp or gradual.
Figure 3e, f shows a well-defined discordant boundary of a
microcrystalline matrix of anhydrite, abruptly cutting the
halite crystals. On the top of the layer, a gradual mineralogi-
cal transition from anhydrite to halite can be observed. This
transition presents a slight increase of anhydrite crystal size
from the microcrystalline matrix to anhedral crystals from
10 to 50 pm and bigger halite crystals of 200 pm enclosing
the smaller anhydrite crystals. In the anhydrite-halite con-
tact zone, there are some fractures. The PXRD results indi-
cate a halite content varying from 10 to 60% within the same
sample. Second-phase content in Series B samples consist
of anhydrite (6-30%), polyhalite (3—65%), kieserite (1-5%),
and carnallite (5-10%) (Fig. 4).

Rock samples from series C do not show any layering.
The sample shows clear white-greyish to light-grey salt crys-
tals (Fig. 2c) with sizes from 1 mm to 1.5 cm. The PXRD
analysis from series C identifies halite as the main mineral-
ogy with the lowest variation in content in comparison to
the other series tested. Series C also shows a small content
of anhydrite (around 6%) and carnallite (around 4%) and
very low content of polyhalite (3%) and kieserite (0.7%)
(Table 1). The thin sections from series C show a structure
formed by relatively bigger, in comparison with the pre-
viously discussed samples, halite crystals (from 500 pm
to 1.5 cm) with lower second-phase content (Fig. 3g, h).
Similar to the observations in the previous samples, the few
second-phase minerals are generally located at the halite
crystal boundaries, although small (about 10 pm) anhedral
anhydrite crystals also occur enclosed in more central parts
of the halite crystals.

Winsford Mine Samples from Winsford Mine are brown-
to-reddish rock salt with crystal sizes of a few mm up to 2
cm (Fig. 2d, e). The PXRD (Table 1) and thin section pet-
rographic results indicate that the main minerals are halite
(84-90%) and anhydrite (1-13%), held in a reddish-colored
clay matrix with some quartz crystals in very low quantities
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Fig.3 Microphotographs of
Series A (a, b), Series B (c-f),
and Series C (g, h) samples. a
Large halite (Ha) crystals of up
to 2 mm surrounded by small
(about 50 pm) prismatic poly-
halite crystals and small (about
20 pm) anhedral anhydrite (An)
crystals. Sample A3, plane
polarized light. b Same view
as a, but under crossed polars.
Halite crystals (black) are
distinguished from polyhalite

Series A

(indicated with the letter P) and
anhydrite crystals (third-order
interference colors). ¢ Aggre-
gate of prismatic polyhalite
crystals and anhedral anhydrite
grains enclosing halite crystals
with maximum size of 200 ym.
Plane polarized light. d Same
view as ¢, but crossed polars.

e Microcrystalline matrix of
anhydrite layers alternating with
halite. Plane polarized light.

f Same view as e, but crossed
polars. g, h Large (500 pm to 1
mm) halite crystals with small
(up to 10 pm) anhedral anhy-
drite crystals located along the
halite crystal grain boundaries.
Plane polarized light

Series B

Series C

(Fig. 4a, b). Thin section analysis from samples collected
from the two economically workable levels, zone B and
zone F, shows aggregates of second-phase content with clay,
anhydrite, and some grains of quartz located interstitially
in bigger (1 mm-1.5 cm) halite crystals. Clay surrounding
the halite crystals interstitially contains microscopic scale
(10-80 pm) quartz grains and aggregates of anhydrite crys-
tals with grain sizes from 10 to 200 pm (Fig. 4c). In Fig. 4c,
a matrix of clay surrounding large (0.5—1 cm) halite crystals

can be observed (crossed polars). The clay mineral matrix
contains 50 pm crystals of quartz and anhydrite aggregate
crystals of around 50-100 pm. The aggregates show dif-
ferent morphologies, (i) circular aggregates with a radial
distribution of anhydrite crystals, and (ii) individual elon-
gated anhydrite crystals. No clear crystal orientation can be
identified in the elongated aggregates. There are also 10-50
pm quartz grains. All grains of quartz and anhydrite crystal
aggregates are held in a clay matrix.
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Fig.4 Microphotographs

from Winsford Mine Layer

B samples. a Aggregates of
second-phase content with clay,
anhydrite (An), and some grains
of quartz (Qz) interstitially
disposed in bigger halite (Ha)
crystals. b Same view as A, but
crossed polars. ¢ Matrix of clay
surrounding the large (0.5-1
cm) halite crystals. Crossed
polars. d Close-up from area in
¢, showing aggregates of anhy-
drite crystals, with crystal sizes
of 10-50 pm

Samples from LB series show a smaller mylonite—brec-
cia grain texture (as defined by Leitner et al. 2011) with
elongated crystal habit and grain size from 1 mm to 1
cm. The coloration of halite grains is orange-reddish to
dark-brown, and shows similar texture as described to
the mylonite haselgebirge with a strong content in halite,
anhydrite, and mudrock (equivalent to clay) (Leitner et al.
2011; Othmar 1986). Figure 5a shows a thin section from
LB series before deformation where strongly elongated
and deformed halite grains indicating shearing can be
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Anhydrite

Halite

observed. Halite grain boundaries are strongly deformed
with sinuous shapes. The main second-phase content
observed is anhydrite and clay , both located mainly
around the deformed halite grains. Some microcrystals of
anhydrite can also be spotted interstitially enclosed within
halite grains also containing fluid inclusions. Figure 5b
shows the same section from A in crossed polars. A matrix
of clay and microcrystalline anhydrite, with sizes from 10
to 50 pm, can be observed mainly distributed along halite
grain boundaries.
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Fig. 5 Microphotographs from Winsford Mine sample LB4. a Thin
section from sample LB4 under the transmitted light microscope. A
mylonite-breccia grain texture can be observed with elongated hal-
ite grains with second-phase content (clay) observed along the grain
boundary. Fractures can be observed across halite grains and halite
grain boundaries. b Same view as a, but crossed polars. Second-
phase content along grain boundary consists of a matrix of clay with
microcrystals of anhydrite with crystal sizes of 10-50 pm

Signs of plastic and brittle deformation can be observed
. Both inter- and trans-granular microfractures can be
observed as highlighted by the epoxy blue resin in Fig. Sa.

5 Mechanical and Microstructural Results

5.1 Mechanical Data

Five different rock salt samples with different content in
second-phase minerals were subjected to axial cyclic load-
ing conditions between 4.5 and 7.5 MPa at 25 MPa of
confining pressure and ambient temperature (22 — 25°C).
Mechanical data (axial stress—strain and lateral strain

plots) and elastic parameters (Young’s modulus, Poisson’s
ratio, Bulk modulus) are presented below. Although we do
not explore the full linear elastic behavior of the samples
nor quantify their full brittle failure, using the aforemen-
tioned elastic parameters allows us to measure the impact
of the small microstructural changes that the mechani-
cal testing conditions may induce from the evolution of
the elastic response. The stress—strain data under cyclic
mechanical conditions are reported in Fig. 6. We follow
the convention that compressive stresses and compactive
strains (i.e., shortening and volume decrease) are positive.
We first observe that (i) samples B8 and LB4 have a
lower slope than samples A3, C3, and F4, and (ii) sample
LB4 also recorded twice more axial strain than all the
other samples. Sample A3 has a maximum axial strain
€. =0.14% at the last 7.5 MPa loading and ¢,, =0.13% at
t last 4.5 MPa unloading. Sample C3 axial strain ranges
from e,, =0.11% at 7.5 MPa and ¢, =0.09% at 4.5 MPa. In
comparison, sample B8 ranges from €,, =0.17% at the last
7.5 MPa loading and ¢, =0.15% at last 4.5 MPa unload-
ing. Both samples A3 and C3 also have a similar stiffness,
whereas sample B8 shows a notably lower stiffness. Sam-
ples F3 and LB4 both recorded greater final axial strain
compared to samples A3, B8, and C3 (Fig. 6). Sample
F3 ranges from ¢,, =0.18% at 7.5 MPa and ¢,, =0.16%
at 4.5 MPa. Samples LB4 has the greatest values of all
samples with ¢,, =0.31% at the last 7.5 MPa loading and
€. =0.28% at last 4.5 MPa unloading. Sample LB4 also
present the largest initial axial strain during the first load-
ing, highlighting its strong intrinsic inelastic behavior.
Lateral strain for the different tested rock salt samples
along the cycles is presented in Fig. 7. Note that due to a
technical issue on the circumferential strain gauge, unfor-
tunately, no ¢, data were recorded for sample A3. All
sample curves first show a smooth negative logarithmic
trend. Sample LB4 has recorded the least amount of lat-
eral expansion (maximum ¢, = —0.016%), whilst sam-
ple B8 the largest (maximum €, = —0.062%). Moreover,
we observe that sample B8 initially (within the first 1000
cycles) expands at a greater rate than the other samples.
Between 1000 and 2500 cycle, overall, all samples’ €,
values decrease more slowly. Beyond 3000 cycles, the
curves reach its near plateau value. Sample LB4 shows
an increase in g, up to 0.01% at about 500 cycles before
continuing on its negative logarithmic trend till about 2500
cycles; then, it tends to a plateau till the end of the test.
Sample F3 has a distinctive pattern of recurring variations
in g, on top of the logarithmic trend. Its lateral strain
presents a quite fast increase in €, during the first 1000
cycles up to 0.02% followed by a small positive recovery
approximately every 200-500 cycles. Indeed, after 1000
cycles, several small positive recovery episodes in £, can
be observed in form of small jumps of —0.020 — —0.028%.
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Fig.7 Plot of ;. (%) against cycle number for all tested samples
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Axial strain, €« (%)

Just before reaching 6000 cycles, the curve stabilizes with
a slightly positive recovery to about ¢, = —0.025%.

A slightly strain recovery can be observed in some sam-
ples. According to Berest (Berest 2011), even small ther-
mal variations can generate thermo-elastic strains in pure
halite samples (thermal expansion coefficient for rock salt
isof a =4 x10 — 5/°C). This suggests that slightly changes
in rheological behavior, like the jumps observed in sample
F3 (Fig. 7), could be linked to involuntary small variations
in room temperature. Hence, temperature changes during
the cyclic mechanical loading experiment were recorded to
account for any significant variation. Figure 8 shows the
temperature evolution versus lateral strain. All tests show
a decrease in temperature from the beginning of the test
until the end with variations of temperature from +3°C
to maximum =+ 5°C. Sample F3 is the sample showing the
greatest temperature variation with a temperature drop of
4.5°C from the beginning (25.5°C) until the end (21°C)
of the test. Despite F3 being one of the samples showing
the least variation in lateral strain, the significant drop in
temperature could be (between other factors like second-
phase content) one of the reasons to explain why F3 show a
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Fig.8 Plot of €, (%) against temperature during the cyclic loading
mechanical test

repeated recovery in lateral strain around every 500 cycles.
Even though thermo-elastic strains can play a significant role
over creep rate in long-term creep tests in pure halite (Berest
2011), our data do not point to a clear relationship between
the room temperature variations and the recorded strains
during these short-term cyclic mechanical loading tests.
The second-phase mineral content may also have allowed
to accommodate this minor temperature effect differently.

5.2 Elastic Parameters

The Young’s modulus (E) is calculated from the axial stress
and strain data to analyse the changes in the elastic proper-
ties of the tested samples during the cyclic mechanical load-
ing test. Figure 9 shows the individual cycle (noisy signal in
light blue for samples A3, B8, and C3 and red for samples F3
and LB4) and average (overlaying black curves on the blue
and red signal) Young’s modulus values as well as Poisson’s
ratio (black curves) value per cycle. Table 2 summarizes the
recorded maximum and minimums of the average Young’s
modulus per cycle.

Overall, all tested rock salt samples show a softening pro-
cess with a recognizable decrease in Young’s modulus. Four
out of five samples (namely A3, C3, F3, and LB4) show
Young’s modulus values between 13 and 16 GPa. Sample B8
has the lowest Young’s modulus with £ ~ 9 GPa. Sample B8
is also the sample that presents the lowest amplitude oscilla-
tion recorded regarding the elastic modulus in comparison
to all the other samples. Samples A3, B8, and C3 record
a marked decrease in Young’s modulus value observed
consistently between 2000 and 3000 cycles, with sample
B8 having the smallest amplitude drop with just about 0.5
GPa of decrease. Samples F3 and LB4 also show a drop in

Young’s modulus but during the first 500 cycles instead.
Sample F3 has a more gradual decrease in Young’s modulus
along the first 1000 cycles, whereas sample LB4 shows a
slightly positive jump in the first 100 cycles and then a more
noticeable decrease between the first 100 and 500 cycles
from 14 to 13 GPa. A slightly gradual decrease in the first
900 cycles can be observed in samples A3 and C3, but also
a similar initial behavior in sample F3.

The Poisson’s ratio (v) does not change during the test
period. Each sample shows a steady v value ranging between
0.2 and 0.5%. Table 2 gives the mean value from Poisson’s
ratio calculated for each cycle. Samples F3 and LB4 show
similar Poisson’s ratio during the whole test. No Poisson’s
ratio was calculated for sample A3 due to the missing cir-
cumferential strain data, as explained above.

The Bulk modulus K can be calculated either from the
Young’s modulus and Poisson’s ratio (Eq. 1) or also from
the axial stress o applied and volume change of the sample

(Eq. 2):

E
k=302 (1
o
K= @
\%

Since no circumferential data (thus no Poisson’s ratio) could
be recorded for sample A3, sample A3 has no data for Bulk
modulus. All the values are summarized in Table 2. The
Bulk modulus remains steady across all the cycling tests,
with values of about 23-24 GPa for all samples.

5.3 Microstructural Analysis

The microstructural modifications of the samples before
and after the mechanical cyclic loading tests were analysed
for samples A3, B8, and C3. Figure 10 shows petrographic
images of samples A3, C3, and B8, before (on the left) and
after (on the right) deformation.

Prior to the mechanical stimulation, we observed in all
samples annealed structures of subhedral polygonal crystals
with straight and strain free grain boundaries presenting 120°
intersection. The thin section analysis shows halite crystals
of between 500 pm and 2 mm diameter, lacking major frac-
tures. Cleavage can be observed in the larger halite crystals.
Minor microfractures within some second-phase minerals
can also be identified sporadically, at a very low density and
lacking connectivity.

After deformation, the microfracture network was drasti-
cally denser in areas with higher concentration in second-
phase minerals. In general, the observed macroscopic axial
shortening of the samples results from grain size decrease in
the axial direction and subsequent grain size increase of the
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Fig.9 Young’s Modulus and
Poisson’s ratio values for all
samples
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samples Boulby (Permian) A3 13.5-15.6 - -
Boulby (Permian) B8 8.7-9.3 23.7-24.0 0.50
Boulby (Permian) C3 12.8-15.3 24.6-24.8 0.35
Winsford (Triassic) F3 13.3-14.3 24.2-24.3 0.23
Winsford (Triassic) LB4 12.5-14.2 24.3-24.4 0.23

halite crystals perpendicular to o, in comparison to the pre-
deformation subhedral shape of the halite crystals. The grain
boundaries perpendicular to the maximum principal stress
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o, became more flattened after deformation. Halite crystals
in sample A3 before deformation (Fig. 10a) are larger than
500 pm, whereas after deformation, the halite crystals are
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Fig. 10 Microphotographs of

Before deformation

After deformation

samples A3, C3, and B8 before
(a—c) and after (d—f) deforma-
tion

Sample A3

Sample C3

Sample B§

smaller, about 100 pm (Fig. 10d). Sample C3 shows similar
grain size modification: a volume decrease from subhedral
crystals with straight grain boundaries with high angle inter-
sections of 120° (Fig. 10b) to more packed anhedral crystals
showing curved and lobate grain boundaries (Fig. 10e). Fig-
ure 10f shows the microstructure from B8 after deforma-
tion with a clear increase in microcracking linked to areas
with a higher content in anhydrite and boundary flattened on
grain boundary perpendicular to ¢, resulting in a halite grain
elongation. Overall, this sample recorded the highest degree
of damage due to microfractures that developed within the
anhydrite minerals.

The microstructural analysis of samples F3 and LB4
also shows a slightly decrease in grain size compared to
the reference intact materials. The deformation mechanism
is observed around halite grains and appeared to be related
to a higher anhydrite and clay content. Figure 11 shows
the microstructure of samples from series LB and F before

(Fig. 11a, b) and after (Fig. 11c, d) the cyclic mechanical
loading test. Due to the significant pre-existing microstruc-
tural damage in series LB, it is difficult to clearly distin-
guish the deformation structures before and after the test.
Nonetheless, we noticed some increase in deformed struc-
tured similar to dislocation creep following halite cleavage
and a decrease of halite grain sizes, related to area with a
greater content in anhydrite and clay around grain bound-
ary. However, we cannot certify these structures were pro-
duced during the cyclic loading mechanical test.

The analysis using the scanning electron microscope
(SEM) shows new pores being generated around some
second-phase minerals in sample A3 as a result of mineral
rotation (as highlighted by green arrows on Fig. 12b). The
mineral rotation also induced (i) grain boundary opening
(Fig. 12a) and (ii) some microfracturing between anhydrite
crystals, as indicated by magenta arrows in Fig. 12c.
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Before deformation

After deformation

Series LB, sample LB4

Series F, sample F3

Fig. 11 Thin section analysis of samples LB4 and F3 before and after deformation under cyclic loading conditions. A slightly decrease of halite
(Ha) grain size can be observed. Second-phase content along grain boundary consists of a matrix of clay with microcrystals of anhydrite (An)

6 Discussion

6.1 Impact of Second-Phase Content on Elastic
Parameters

We can observe in Fig. 6 (stress—strain curve) that the sam-
ple with the highest final strain is LB4 followed by F3 and
B8 with very similar final strains. This difference in maxi-
mum final strain can be explained not only for the miner-
alogical content but also the texture. According to Hick-
man and Evans (1995), Martin et al. (1999), Spiers and
Schutjens (1999), and Lohkémper et al. (2003), the pres-
ence of mudrock (assumed to be similar to the clay content
of our sample here), and other second-phase content, can
induce enhanced pressure solution of halite and hydrofrac-
turing of mudrock when there is also the presence of water
in the system. A greater amount of clay in samples from
Winsford Mine would thus explain larger final axial strains
for those samples in comparison to samples from Boulby
mine (A3 and C3) despite same content of halite. Moreover,
the breccia-haselgebirge texture from LB4 (in addition to
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the presence of clay minerals) would explain the dramatic
increase in maximum amount of axial strain in comparison
to the rest of the samples presenting a nonclastic-crystal-
line texture. Pre-existing fractures, previous to the cyclic
mechanical loading test, have also likely played an important
role in accommodating the axial shortening of sample LB4.
Figure 13 shows the values of Young’s modulus (top graphs)
and maximum &,, recorded per cycle (bottom graphs) per
cycle for all samples. The €,, recorded per cycle is the peak
&, recorded at the maximum principal stress applied (o;)
of 7.5 MPa every cycle. The orange bands mark the transi-
tion from stage I to stage II in which a change in the curve
trend is observed and the marked drop in Young’s modulus
values is recorded in samples A3, B§, and C3. Samples LB4
and F3 also present the same trend, but the decrease occurs
much earlier, during the first 500 cycles. This change in
rheological behavior, implying a strain recovery of around
0.01-0.02% (for samples A3, B8, and C3), seems to be
related to the transition between two different deformation
stages as captured by the plot £,, versus the number of cycles
in samples A3, B8, and C3: typically, the axial strain first
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Fig. 12 SEM images of sample A3 after deformation. Porosity gener-
ation (green arrows) can be observed as a result of second phase min-
eral rotation under cyclic mechanical loading. Yellow arrows mark
the boundary opening at the halite—halite contact and the blue arrows

increases to reach a short plateau period before diminishing
whilst the cyclic loading continues. After few hundreds of
cycles, it increases again steadily until the end of the test
(Fig. 13 bottom). Samples A3 and C3 have similar mag-
nitude of changes, whilst sample B8 axial strain variation
has a much smaller amplitude. Further investigation will
be needed to clarify the changes in rheological behavior
(described in this paper as two different deformation stages)
in relation to the strain recovery only observed in samples
from Boulby Mine (A3, B8, and C3).

Inhomogeneous deformation has been studied in other
materials such as metals and alloys, where inhomogeneous
creep observed recorded in strain-time data is associated
with shear bands before creep and the presence of pre-
deformation microstructures (Li 2015). Shear deformation
is observed here in the corresponding thin sections of our
post-deformation samples (Fig. 14). However, to capture
the microstructural changes at this particular period, some
experiments should have been stopped just before 2000
cycles and others just after 3000 cycles, under same the
cyclic mechanical loading conditions. Since we only recov-
ered the samples after 7200 cycles, more damage has very
likely overprinted the one that occurred at this stage. More
work is thus necessary to improve our understanding of the
deformation mechanisms and internal structural changes
linked to this notable change in mechanical properties.

indicate the grain boundary at the halite—anhydrite contact. Purple
arrows show plastic deformation between two grains of second-phase
content as a result of grain rotation during the cyclic mechanical
loading test (Color figure online)

Voznesenskii et al. (2017) also recorded a decrease in
dynamic Young’s modulus—calculated from ultrasonic
velocity surveys—during cyclic loading conditions of
similar amplitude, with a subsequent increase after more
cycles were applied. The decrease in Young’s modulus and
rock sample strength was interpreted as a result of inner
material arrangements. Our data also captured a similar
decrease but after a larger number of cycles (after few thou-
sands instead of just about 20 cycles). No subsequent static
Young’s modulus increase was observed however. Accord-
ing to Voznesenskii et al. (2017), two opposite processes
are taking place during cyclic loading: first dilatation, as
the result of halite grain displacement relative to each other;
second consolidation, accompanied by compaction, with a
decrease of grain size and intergranular porosity, caused by
salt diffusion at the grain boundaries. However, although a
slightly decrease in grain size has been observed in thin sec-
tions after deformation, none of the rock salt samples tested
showed an increase in Young’s modulus.

The Poisson’s ratio (v) is 0.35 for sample C3, 0.5 for B8,
and 0.23 for samples F3 and LB4 (Table 2). Although Pois-
son’s ratio values of 0.20-0.25 are common for rock salt,
values up to 0.40 have also been reported in rock salt studies
and used for rock salt rheological behavior modeling (Li and
Urai 2016; Senseny et al. 1992; Liang 2007). Poisson’s ratio
also shows a slightly variance linked to the drop observed in
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Fig. 13 Plots of Young’s modulus variation and of strain against
cycle number for all samples. The orange band indicates the lapse
between 2000 and 3000 cycles where a drop in Young’s Modulus
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(Color figure online)

1
1

50 pm

Fig. 14 Image in the transmitted light microscope from C3 after
deformation. Shear deformation is observed in halite grains. Principal
stress o is represented with black arrows on the top left of the picture
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Young’s modulus (Fig. 9). Taken together, the lowest value
of Young’s modulus and highest value of Poisson’s ratio cal-
culated for sample B8 seem to highlight that the outstanding
microstructure (low halite content, high second-phase con-
tent) of this sample compared to the others is significantly
impacting the mechanical properties of such rock salt.

6.2 Deformation Mechanisms in Rock Salt

Rock salt can accommodate deformation via a large range of
mechanisms. Many mechanisms, from dislocation creep to
pressure solution and dynamic recrystallisation, have been
studied for decades. Although an increase of mechanisms
similar to pressure solution can be observed here in the tested
samples with a high second-phase content, such as anhydrite
and polyhalite, a more detailed review of the constitutive
laws is needed to fully distinguish between previous internal
structures and deformation induced by the cyclic mechani-
cal loading test. Dislocation creep mechanism, which takes
place within the crystal lattice, dominates deformation on
short duration laboratory tests at a high range of tempera-
tures (100-200 °C) (Urai and Spiers 2007; Li et al. 2012).
Solution-precipitation creep, which take place in the grain
boundaries, and dynamic recrystallisation play an important
role in long-term deformation processes (Li et al. 2012).
During dislocation creep, if the halite grains contain sig-
nificant amounts of water in fluid inclusions or in the grain
boundary, fluid-assisted grain boundary migration occurs by
solution-precipitation transfer across grain boundary water/
brine films. This helps to decrease dislocation density and
remove the stored energy from dislocations (Urai and Spi-
ers 2007; Schenk and Urai 2004; Schenk et al. 2006). Also,
during pressure solution, highly stressed boundaries dissolve
allowing the diffusion of material through grain boundary
fluid which crystallizes under low normal stress (Urai and
Spiers 2007; Spiers and Schutjens 1999). Compaction of
porous salt may occur as result of a grain rearrangement by
the intergranular sliding and rotation processes accompany-
ing pressure-solution process (Spiers and Schutjens 1999).

Several factors such as temperature, confining pressure,
grain size, second-phase content, and the presence of brine
water in grain boundaries will determine the relative impor-
tance of those processes during rock salt deformation (Urai
and Spiers 2007). Although solution-precipitation creep has
been described in several laboratory investigations, with
temperature ranges of 20-200°C (Urai et al. 1986; Urai and
Spiers 2007; Berest et al. 2005; Spiers et al. 1990; Spiers
and Brzesowsky 1993; Renard et al. 2002, 2004) due to
the strong dependence of grain size and limited duration of
laboratory tests, it is difficult to observe this deformation
mechanism in experiments on natural rock salt at laboratory
time scale (Urai and Spiers 2007).
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Urai and Spiers (2007) and Li and Urai (2016) con-
ducted a data recompilation from previous analysis on rock
salt samples tested at constant load in the literature. This
data has been used in this paper for a better understand-
ing of the deformation processes taking place during the
cyclic mechanical loading test. Although previous labo-
ratory research on deformation mechanisms in rock salt
has been conducted under constant stress deformation, we
observed that rock salt samples deformed at a low range
of cyclic mechanical loading conditions still presents a
similar behavior to the typical creep behavior observed in

Table 3 Steady-state strain rate values for all samples

Differential stress
(MPa)

Sample Sample Strain rate

origin ID (s™h

2.00e—06 17.5
4.00e—06 17.5
2.00e—06 17.5
4.00e—06 17.5
6.00e—06 17.5

Boulby (Permian) A3
Boulby (Permian) B8
Boulby (Permian) C3
Winsford (Triassic) F3
Winsford (Triassic) LB4

strain—time plots under a constant stress, where it can be dis-
tinguished an initial stage (stage I) and a steady-state stage
(stage II). For this reason, we calculated steady-state strains
from strain versus time plots (Fig. 13). Steady-state strain
rates for all samples and the differential stress are summa-
rized in Table 3. The plotted results correspond to the data
recorded at maximum axial stress applied (7.5 MPa) during
the mechanical loading test and also showed in Fig. 13.
Figure 15 presents the differential stress—strain rate dia-
gram with the data from all samples tested at the maximum
axial stress applied during the cyclic mechanical loading
test (represented in blue squares) and recompiled data from
the literature review (Urai and Spiers 2007; Li and Urai
2016; Schleéder and Urai 2005). Discontinuous line repre-
sents extrapolation of the dislocation creep law. Solid lines
are the room temperature solution-precipitation creep law
in different colors for different grain sizes (after (Urai and
Spiers 2007; Schleéder and Urai 2005)). Creep constitutive
laws help to predict and model deformation processes under
certain mechanical conditions. The graph shows that, with
the strain rates calculated at the steady-state stage of the
strain versus time plot, our samples are below the domain

Fig. 15 Strain rate (s~') versus 1.00E-05
differential stress (MPa) plots
for all tested samples and a
. 1.00E-06
summary of data from previous
tests from the literature review
(After (Urai and Spiers 2007)) 1.00E-07
1.00E-08 120 days
—~
-
1%}
~  1.00E-09 A,
2 Y
ﬁ 1.00E-10 33
00E- years
= o3
n  L00E-11 So\“t\of\
wessufe.
1.00E-12 3000 years
1.00E-13
1.00E-14
0 1 10 100

Differential stress (MPa)

Previous laboratory data collected

from different authors (after Schleder

Rock salt tested at

& Urai, 2005; Spiers and Urai, 2007)

room temperature

e Fine grained wet halite
A Coarse grained halite

+ Coarse grained halite

(22-252C) under
cyclic conditions.
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of pressure-solution for samples with a grain size of 0.1
mm. Thus, lower strain rates would be needed for pressure-
solution between halite grains to take place in a sample
with a grain size from 0.5 mm to 1.5/2 cm. Hence, although
pressure-solution structures can be observed in rock sam-
ples after deformation, it is not possible to certify that those
structures are a result of the cyclic loading mechanical defor-
mation. Figure 15 not only evidences that slower strain rates
are required to meet pressure-solution at those grain sizes
but also longer testing times than 48 h.

6.3 Elastic Recovery Capacity in Rock Salt

The stress—strain plots shown in Fig. 6 recorded the mini-
mum and maximum ¢, for each minimum and maximum
axial stress applied per cycle. Every cycle was loading up to
7.5 MPa and then unloading to 4.5 MPa. Therefore, during
every cycle, the samples recorded an elastic recovery where
the €,, at maximum axial stress registers a positive recovery
when the sample is unloaded. The difference between the
maximum ¢,, and the minimum &,, per cycle is interpreted
here as the elastic recovery capacity of the sample. Hence,
the total deformation of the sample is the sum of the initial
deformation by the static load until 4.5 MPa and the creep
and damage deformation induced by the cyclic loading test
(Zhenyu and Haihong 1990).

Figure 16 shows the evolution of the elastic recovery
capacity during the cyclic tests for all samples. All graphs
present a positive trend, with two distinctive patterns
observed. Samples A3, B8, and C3 values vary along the
cyclic testing, with local increase, decrease, or steady peri-
ods. Samples F3 and LB4 do not show significant changes
for the duration of the test. Only sample LB4 shows a notice-
able increase during the first 500 cycles before reaching a
plateau value of elastic recovery capacity.

Elastic deformation in rock salt is linked to interatomic
forces resisting the distortion produced over the crystal lat-
tice when a stress is applied and then removed, bringing the
lattice to the equilibrium position at zero stress. Inelastic
deformation is permanent and non-recoverable deformation
as a result of line motion from imperfections in the crystal
(dislocations), mass diffusion, and, at low pressure, microc-
racking (Senseny et al. 1992). Sample B8, with the highest
second-phase content and lowest halite content (60%), shows
a higher elastic recovery capacity per cycle than every other
tested samples that have a higher halite content in compari-
son (more than 80%; Fig. 16). Indeed, all samples but B8
show elastic recovery values between 0.018% and 0.024%,
whereas B8 has an elastic recovery value of around 0.03%.
The most notable increase in the elastic recovery capac-
ity for samples A3, B8, and C3 is registered between 2000
and 3000 cycles, simultaneously with the drop in Young’s
modulus and the change in strain versus cycle number. In

@ Springer

0.035

BS ST
0.03 b

0.025

0.02

TestA3 |

Elastic recovery/cycle (%)

0.015 TestB8
TestC3
TestF3
TestLB4 ‘
0.01
0 1000 2000 3000 4000 5000 6000 7000
Cycles ‘
L i 1
0 12 24 36 48
Time (h)

Fig. 16 Plot of the elastic recovery capacity variation against cycle
number for all samples. Sample B8 shows a higher elastic deforma-
tion in comparison to the other samples. Two petrographic images
from sample B8 present the fracture network in the anhydrite layering
after deformation with microcracking as the main deformation mech-
anism in sample B8. The micrograph from sample C3 displays pres-
sure solution, resulting in a more plastic deformation. A schematic
picture of pressure solution creep summarizes the main deformation
structures from this deformation mechanism (after (Urai and Spiers
2007))

comparison, samples F3 and LB4 show very stable elastic
recovery values of around 0.022-0.024%. Based on post-
deformation petrographic analysis, sample B8 shows a major
formation of microcracks during the cyclic loading test.
Several authors have investigated the relationship between
the effects of differential, effective stress and temperature
over permeability of rock salt [Urai et al. 1986 (17), Peach
and Spiers, 1993 (add), Peach et al. 2001 (add), and Popp
et al., 2001 (add)]. Rock salt permeability can dramatically
increase when tested at low effective stress and low tempera-
tures by microfracturing and dilatancy. However, the higher
concentration of microfractures, in the samples analysed,
is linked to the anhydrite bands between halite layers in the
sample (see corresponding inserts micrographs from the
transmitted light microscope in Fig. 16). We propose that
the microcracks could act as sliding paths assisting the elas-
tic recovery during axial stress unloading, thus supporting
sample B8 higher elastic recovery in comparison to the other
samples. The variations observed on the elastic recovery
graphs for samples A3, B8, and C3 could be also linked to
the polyhalite presence as a second-phase minerals.

Elastic recovery curves for samples A3, B8, and C3 show
higher variation along the whole test, while samples F3
and LB4 show a smoother trend. All samples A3, B8, and
C3 have polyhalite as a second content mineralogy which
is harder than anhydrite (Pfiefle and Senseny 1981). The
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present of polyhalite as second-phase content could be an
explanation for a higher variability in elastic recovery along
the cyclic mechanical test.

The thin sections after deformation suggest that most
plastic deformation newly observed is driven by a decrease
in halite grain size which could be accompanied with grain
boundary diffusion in halite crystals. Deformation of rock
salt under low-stressed conditions is mainly controlled by
pressure-solution creep, involving crystal grain slide with
pressure solution and dynamic re-crystallization processes
(Urai and Spiers 2007; Berest et al. 2005). However, the
comparison of our data to other data from the literature sug-
gests that strain rates reached during the cyclic mechanical
loading test performed are neither slow enough nor long-
lasting in time for pressure-solution creep mechanisms to
take place. Small shear deformation traces in halite crystals,
observed in sample C3 after deformation, could be related to
defects of crystal misorientation and grain boundary sliding
(Fig. 14). Deformation of grain boundaries in Fig. 14 could
have been a result of rotation re-crystallization or boundary
rotation (Drury and Urai 1990) as does the observation of
many rocks with 120° triple junction (Urai et al. 1986). As a
result of this rotation and the crystal misorientation, plastic
deformation appears in the form of plastic microfractures
with a very low angle from the direction of o, applied (hori-
zontal) during the cyclic loading test. Grain boundary migra-
tion seems to be observed in Fig. 17a, where material from
a halite grain enters in the neighbouring grain boundary and
recrystallizes on the lattice of that grain (Urai et al. 1986).

6.4 Brittle Damage and Porosity Enhancement
Induced by Deforming Rock Salt Minerals

A clear relation between microcrack formation and higher
second-phase content has been already discussed. The main
deformation mechanisms in areas with higher concentration
in second-phase content is microcracking and grain size
decrease (Fig. 17). This creates new porosity.

Deformation and damage around halite grains can also be
observed as trans-granular microcracking (TMC) in the pres-
ence of second-phase content. second-phase content acts as
a weakening agent in halite crystal deformation (Fig. 17c¢).
Sample B8 also shows fluid inclusions arranged along lin-
ear disposition across some halite grains. According to Urai
(1983), during grain boundary migration, fluid inclusions
encountered are incorporated to the thin fluid layer promot-
ing the migration. When the grain boundary is pinned due to
the presence of second-phase content, fluid inclusions can be
left behind resulting in an array of fluid inclusions.

According to Schulze et al. (2001), both permeability
and porosity depend on the state of stresses, the differential
stress relative to the dilatancy boundary, and on the princi-
pal minimum stress. Strain accumulation during mechanical

loading and the distribution of hard particles can imply crack
patterns and permeability to develop anisotropically, with
orientations that depend on load geometry. SEM analyses
have shown that other types of damage related to the cyclic
mechanical loading can occur by mineral rotation. In spite
of an increase of porosity around isolated grains of anhy-
drite due to crystal rotation under cyclic conditions, there
is no evidence here of an increased permeability as the new
porosity generated does not show further connectivity with
other microfractures. However, we can observe an important
increase in microfractures connectivity linked to anhydrite
layering that could result in a potential increase in rock per-
meability. A high concentration of such second-phase min-
eral content could thus support the creation of a connected
microfracture network capable to impact the transport prop-
erties of a rock salt volume.

Grain size decrease is observed in all samples, where
spherical-like crystals are changing shape to more elon-
gated crystals. An example of this can be seen in deformed
sample B8 (Fig. 17b), with a micrograph showing a verti-
cal shortening accompanied by an horizontal elongation of
halite grains.

6.5 Implication of second-phase content for UGS
Safety

Several authors has investigated the compressibility and
strain rate evolution of salt caverns to predict salt cavern
closure on both long and short terms based on numeri-
cal modeling and in situ monitoring data (Brouard 2013;
Moghadam et al. 2013; Wang 2013; Moghadam 2015; Wang
2016). A study from Brouard (2013), analysing in situ elastic
parameters from the salt cavern at Gellenoncourt (France),
states that long-term subsidence and possible brine leaks
from the cavern should not have an environmental impact.
However, none of the previously cited studies consider the
impact of secondary minerals in rock salt cavern stability
in their models (Briickner et al. 2003). By testing samples
with different second-phase content at the same conditions,
we have observed how a higher amount of anhydrite content
for instance can result in higher strains under differential
stress accompanied with an increase in brittle deformation
and greater connectivity of the microfracture network.
Rock salt can also creep at high strain rates without show-
ing brittle deformation and tends to self-heal (Wawersik
and Preece 1982). However, microcracks along secondary
mineral layers, such as anhydrite, in bedded salt can cause
integrity problems, resulting in a gas leak through the for-
mation due to a lower self-healing capacity of anhydrite in
comparison to rock salt (Beauheim et al. 1993; Pluymakers
and Niemeijer 2015). Interlayered composite rock salts are
more common than pure halite thickened salt formations
where secondary mineralogy will act as a weakening agent
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Fig. 17 Microphotographs and

sketches of main deformation -
structures observed as a result

of pressure solution creep. a

Sample C3 after deformation.

Pressure solution between two
grains of halite is observed. The
sketch on the right shows the
principal axial stress applied.

b Sample B8 after deforma-

tion, showing a decrease and
horizontal shortening of halite
grains. The schematic diagram
on the right displays how crys-
tals undergo axial shortening
and giving as a result of halite
grain elongation. ¢ Sample A3
showing the main deformation
mechanisms implied in a more
brittle deformation in relation B

to the presence of second-phase g )
content. The main structures -

described are trans-granular
microcracking with grain
plasticity. The sketch on the
right shows porosity generation
(represented in yellow) along 7
the grain boundary between two =

grains of anhydrite (Color figure J

online)

50 pm

(Liang 2007). The structural analyses of samples A3, B8,
and C3 after deformation have shown that the layers of anhy-
drite present the highest concentration of new microfractures
after 48 h of cyclic mechanical deformation. Hence, we can
see a clear relationship between an increase in anhydrite
content and the creation of new microfractures under cyclic
mechanical loading. This implies that even low operation
pressure changes inside salt caverns could lead to significant
damage propagation throughout the entire cavern walls as
well as potential reduction of the cavern’s volume (Han et al.
2006) as a result of the amount of second-phase content.
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More investigation is needed to fully understand the
micromechanisms leading to brittle deformation on the
long term and its contribution to potential leaks through the
formation. Indeed, it could trigger a self-feed chain reac-
tion whereby pore fluid could migrate in the new space and
fluid pressure would likely further enhance rock fracturing
(Beauheim et al. 1993). Although the vast majority of micro-
fractures are surrounded by halite crystals likely to self-heal,
no work has reported so far what the outcome would be in
the previously described conditions here. Such a study would
add important information about damage development in
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long-term operations. The impact of second-phase content
under mechanical loading conditions linked to gas storage
activity still requires more detailed investigations.

7 Conclusions

We investigated the mechanical deformation of five different
rock salt samples under cyclic mechanical loading condi-
tions. Our results show that high second-phase content, nota-
bly linked to anhydrite layering, acts as a strength weakening
agent on both axial and lateral strains accommodating larger
brittle deformation in comparison to samples with a lower
content in secondary minerals. This rheological behavior is
further exacerbated by cycling the mechanical conditions
visible from marked changes in the elastic parameters. Halite
grains seems to accommodate most of the induced defor-
mation via brittle deformation with microfracturing which
is directly linked to the presence of second-phase content
such as anhydrite and clay. Two types of porosity enhance-
ment are observed. New porosity is created around isolated
crystals of second-phase minerals as a result of grain rota-
tion under cyclic mechanical deformation, without further
connectivity nor impact on permeability. Porosity is also
generated in areas with high concentration of secondary
minerals (such as anhydrite, polyhalite, carnallite, or kie-
serite) significantly contributing to the microfracture con-
nectivity hence likely increasing permeability. Overall, these
porosity changes would have implications for the behavior
of the material should the permeability increase by other
means. Further investigation is needed to assess the long-
term microbrittle deformation linked to second-phase con-
tent under cyclic loading conditions.
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