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Abstract The operation of fracture, diffusion, and intracrystalline-plastic micromechanisms during
semibrittle deformation of rock is directly relevant to understanding mechanical behavior across the
brittle-plastic transition in the crust. An outstanding question is whether (1) the micromechanisms of
semibrittle flow can be considered to operate independently, as represented in typical crustal strength
profiles across the brittle to plastic transition, or (2) the micromechanisms are coupled such that the
transition is represented by a distinct rheology with dependency on effective pressure, temperature, and
strain rate. We employ triaxial stress-cycling experiments to investigate elastic-plastic and viscoelastic
behaviors during semibrittle flow in two distinctly different monomineralic, polycrystalline, synthetic
salt-rocks. During semibrittle flow at high differential stress, granular, low-porosity, work-hardened salt-
rocks deform predominantly by grain-boundary sliding and wing-crack opening accompanied by minor
intragranular dislocation glide. In contrast, fully annealed, near-zero porosity salt-rocks flow at lower
differential stress by intragranular dislocation glide accompanied by grain-boundary sliding and opening.
Grain-boundary sliding is frictional during semibrittle flow at higher strain rates, but the associated
dispersal of water from fluid inclusions along boundaries can activate fluid-assisted diffusional sliding at
lower strain rates. Changes in elastic properties with semibrittle flow largely reflect activation of sliding
along closed grain boundaries. Observed microstructures, pronounced hysteresis and anelasticity during
cyclic stressing after semibrittle flow, and stress relaxation behaviors indicate coupled operation of
micromechanisms leading to a distinct rheology (hypothesis 2 above).

Plain Language Summary Controlled deformation experiments on rock are conducted

to develop a general understanding of the mechanical properties of earth materials in the crust. Rock
consists of an assemblage of mineral grains in tight contact and undergoes deformation in nature by
operation of several microscopic processes that often operate simultaneously. When multiple processes
occur, their interaction and combined effects can be complex. In this study, two synthetic salt-rocks

are deformed under cyclic loading at pressures and rates that activate multiple microscopic processes.
Recoverable and permanent deformations are measured during the experiments, and deformation
features are studied using a microscope after experiments. Our findings document that linked networks
of opening cracks along grain boundaries and of sliding cracks along grain boundaries is the main process
of deformation; but, deformation inside grains and chemical reactions along grain boundaries with water
also are important. We find that with small amount of water and low rates of deformation, the chemical
action of water can strongly influence mechanical behavior. Our findings indicate that the interactions
between multiple microscopic processes must be considered to describe the mechanical behavior of rock
accurately.

1. Introduction

Rock deforms by a variety of microprocesses, including brittle processes of fracturing and frictional slid-
ing that are strongly pressure-dependent, as well as viscoplastic processes of intracrystalline plasticity
and diffusive mass transfer that are largely pressure-independent, but strongly temperature- and rate-de-
pendent (Knipe, 1989; Sibson, 1977, 1986; Tullis, 1979). Semibrittle refers to deformation involving com-
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bined operation of brittle and intracrystalline plastic micromechanisms and is generally relevant to the
brittle-plastic transition with depth in the crust or mantle (Carter & Kirby, 1978; Chester, 1989; Paterson &
Wong, 2005; Reber & Pec, 2018). Most commonly, the combined and concurrent operation of multiple dis-
tinct micromechanisms of deformation is treated as independent processes, that is the distinct mechanisms
operate as parallel-concurrent and the total strain rate is the sum of that achieved by each mechanism.
Viewing steady semibrittle flow in this way, a mechanical-analog diagram would consist of dashpots and
slider blocks connected in series. Treatment of multiple microprocesses of deformation as independent is
well illustrated by the classic deformation-mechanism maps of high temperature and pressure mechanisms
involving intracrystalline plasticity and diffusion (e.g., Frost & Ashby, 1982), as well as in more recent work
representing the brittle-plastic transition for brittle-creep to dislocation creep and dissolution-precipitation
creep (Reber & Pec, 2018). Another example of treating deformation across the brittle-plastic transition in
terms of independent mechanisms is the strength profiles constructed for the crust and lithosphere, where
the brittle mechanisms are represented by a friction relation, and the plastic by relations for dislocation
glide and dislocation creep (e.g., Brace & Kohlstedt, 1980; Kohlstedt et al., 1995; Sibson, 1983). In most
strength profiles and deformation-mechanism maps, the brittle-plastic transition appears relatively abrupt
and without a distinct representation of semibrittle deformation.

It is likely that in some cases, the micromechanisms operating concurrently during semibrittle flow are cou-
pled and operate as series-sequential, such that a mechanical-analog diagram would consist of a dashpot
and slider block connected in parallel. In this case, rock strength during semibrittle flow would be less than
if the mechanisms were operating independently and would constitute a distinct mechanism field that is
represented by a constitutive relation in which flow strength has both pressure, temperature, and strain-rate
dependencies. An example of coupled interaction of brittle and viscous processes during semibrittle flow
in quartz aggregates include the development of lattice preferred orientations in grains oriented for easy
glide (basal and prism slip) while grain-scale faults and microcracks accommodate strain incompatibilities
at grain boundaries associated with a limited number of independent slip systems (Hirth & Tullis, 1994).
Under this mode of deformation, it is likely that the flow strength shows pressure dependence associated
with the dilatant cracking, and rate and temperature dependence with intracrystalline plasticity, and the
macroscopic behavior reflects series-sequential operation of the brittle and viscous mechanisms to achieve
flow. More work is needed to elucidate how the combined operation of brittle and viscous microprocesses
affects both elastic and inelastic deformation in the semibrittle regime, and whether the simultaneous oper-
ation of the different mechanisms is coupled or independent.

It is challenging to achieve pressure, temperature, and strain rate conditions in the laboratory that are need-
ed to study the mechanical behavior of semibrittle flow of silicate rocks (e.g., Hirth & Tullis, 1994; Pec
et al., 2012, 2016). In contrast, minerals such as calcite and halite deform by intracrystalline plastic and
diffusion processes at room temperature, and semibrittle flow can be achieved more readily in experiments
(Fredrich et al., 1989; Shimamoto, 1986). Synthetic salt-rock is often chosen to study deformation behaviors
and microprocesses to develop micromechanical models (e.g., Spiers et al., 1990; Ter Heege et al., 2005).
By varying fabrication conditions (e.g., temperature, stress) and mineral composition (e.g., halite, impuri-
ties), synthetic salt-rock can be engineered to allow well-targeted studies. Over the past 35 years, a fairly
comprehensive study of the brittle to plastic transition, including the semibrittle field, has been carried out
by deforming monomineralic, polycrystalline synthetic salt-rock in triaxial shear, direct shear, and rotary
shear configurations. The shear experiments on synthetic salt-rock are viewed as analogs to faulting in oth-
er monomineralic or bi-mineralic, polycrystalline rocks in the crust and mantle (e.g., Bos & Spiers, 2002b;
Chester, 1988a; Shimamoto, 1989). The shear configurations allow fairly large displacements and shear
strain such that steady-strength flow can be achieved (Bos & Spiers, 2001; Bos et al., 2000a, 2000b; Ches-
ter, 1989; Chester & Logan, 1990; Noda & Takahashi, 2016; Shimamoto, 1986). Combined, the studies of
sheared halite have documented the transition from brittle, frictional sliding to pressure-insensitive viscous
flow by dislocation creep, and the marked dependence of flow strength on pressure, temperature, and strain
rate within the semibrittle field. Empirical flow models can reproduce steady-state flow strength and tran-
sient rate-dependent behavior across the friction to viscous flow transition documented in the laboratory
(Chester, 1988a, 1988b; Noda & Shimamoto, 2010, 2012; Shimamoto & Noda, 2014), but a micromechanical
basis for describing the interaction of brittle and viscous mechanisms across the transition is lacking and
deserves further study.

DING ET AL.

2 of 24



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021261

Semibrittle processes are directly relevant to deformation of the crust and upper mantle, and particularly
to earthquake nucleation and rupture through the base of the seismogenic zone. Abundant microstruc-
tural evidence confirms a mixed mode of frictional and viscous microprocesses (Fusseis & Handy, 2008;
Mancktelow & Pennacchioni, 2020; Melosh et al., 2018; Stewart et al., 2000; Wehrens et al., 2016; White &
White, 1983; Zulauf, 2001), which are primarily controlled by lithology and environmental conditions of ef-
fective pressure and temperature. While confining pressure and temperature are considered relatively stable
in the subsurface, the stress state, strain rate, and fluid pressure are expected to vary considerably over the
seismic cycle (Ellis & Stockhert, 2004; Ivins, 1996; Matysiak & Trepmann, 2012; Niichter & Stockhert, 2008;
Scholz, 2019). Earthquake rupture propagation into the viscous regime, dramatically raising strain rate and
possibly pore-fluid pressure, will impose an extension of brittle deformation to deeper levels and produce
considerable changes in rock microstructure, crack porosity, and possible fluid migration. Such changes in
rock structure and availability of water may activate transient elastic and inelastic behaviors that are poorly
represented by steady-state flow laws or friction laws.

The purpose of this paper is to report an experimental and microstructural investigation of semibrittle
deformation in salt-rocks aimed at understanding grain-scale micromechanisms of deformation and their
interaction during steady plastic flow and cyclic elastic loading. We use reagent-grade, granular halite to
fabricate two synthetic salt-rocks with contrasting microstructure (i.e., porosity, dislocation density, grain
size, and shape). One of the salt-rocks is a granular, low porosity, work-hardened aggregate produced in the
laboratory by uniaxial-strain consolidation at temperature. The “consolidated” sample contains significant
water in the form of inter- and intragranular inclusions of brine and is considered qualitatively represent-
ative of a natural rock formed by a high strain-rate event (e.g., earthquake) within the semibrittle regime.
The other salt-rock is produced by annealing of a mechanically consolidated aggregate to form a fully dense
polycrystalline rock. The “annealed” sample contains only trace amounts of water as grain-boundary in-
clusions, and is considered qualitatively representative of a naturally deformed rock formed by dislocation
creep or postdeformation annealing during low strain rate periods (e.g., interseismic). Both of the syn-
thetic salt-rocks are deformed in triaxial compression using cyclic loading and stress-relaxation at room
temperature and low confinement to achieve semibrittle flow, as well as to document time-dependent elas-
tic behavior (viscoelastic, anelastic). By conducting the same types of experiments on two synthetic rocks
with distinctly different starting microstructure and water content, we are able to document the coupled
operation of deformation mechanisms that are likely relevant to natural deformation of monomineralic,
polycrystalline rock in the semibrittle regime.

2. Methods
2.1. Fabrication of Two Synthetic Salt-Rocks

Reagent-grade granular salt (99 wt.% NaCl) was used to fabricate two distinct synthetic salt-rocks with
contrasting microstructure: the “consolidated” and the “annealed” samples. The consolidated samples were
fabricated through uniaxial consolidation of 0.3-0.355 mm diameter granular salt at a displacement rate of
0.34 mm/s, a temperature of 150°C, and a maximum axial stress of 75 MPa. Procedures for uniaxial consol-
idation can be found in Ding et al. (2016). The annealed samples were produced by uniaxial consolidation
followed by annealing. The consolidation step was the same as used for the consolidated samples, except
that consolidation temperature and maximum axial stress were changed to 100°C and 120 MPa, respective-
ly. For annealing, the consolidated samples were sealed and placed in a pressure vessel at a temperature
of 150°C and a hydrostatic pressure of 100 MPa for a duration of 1 week. Fabricated samples are right-cir-
cular cylinders (19 mm diameter and 43 mm length), so from measurements of dimensions and mass,
the starting bulk porosity of consolidated and annealed samples were 5.45% + 0.06% and 0.54% %+ 0.08%,
respectively. Based on image analysis of micrographs, consolidated and annealed samples have grain sizes
of 0.273 £ 0.072 mm and 0.241 + 0.146 mm, respectively. Although average grain size is similar, annealing
produced wider grain size distribution.

The rheological behavior of salt-rock can be greatly influenced by the amount of water in sample (Urai
et al., 1986; Watanabe & Peach, 2002). Using a Fourier transform infrared (FTIR) spectrometer (meth-
od described in (Ding, 2019), water contents of consolidated and annealed samples were determined as
301.22 + 18.01 and 5.10 + 0.44 ppm, respectively. To ensure consistency in water content after fabrication,
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Table 1

Sample Classification and Experimentsa Performed

Sample no. Sample type Final axial strain (%) Test performed Notes

60209R Granular N/A N/A Sectioned

70516 Consolidated N/A Undeformed Sectioned

61003 Consolidated 2.77° Cyclic loading Sectioned

61123 Consolidated 7.31° Cyclic loading Sectioned

80204 Consolidated 8.79 Stress relaxation Sectioned

80306 Consolidated 3.82 Cyclic loading, hold First-round of cyclic loading
80306 Consolidated 3.79 Cyclic loading Second-round of cyclic loading
61030 Annealed N/A Undeformed Sectioned

70304 Annealed 4.87° Cyclic loading Sectioned

70305-2 Annealed 3.51 Cyclic loading, hold First-round of cyclic loading
70305-2 Annealed 2.96 Cyclic loading, hold, stress relaxation Second-round of cyclic loading

2All experiments were conducted at room temperature and a confining pressure of 1 MPa. °Final axial strains equivalent to strain gauge measurements were
estimated based on total axial strains measured by an external DCDT and experiments with both strain gauge and DCDT strain measurements (i.e., sample
80306 and 70305-2).

samples were stored and handled in a controlled low-humidity glove-box where relative humidity was
maintained below 17% (Ding et al., 2016). Qualitatively, the consolidated samples may be characterized
as wet, whereas the annealed samples are dry (Watanabe & Peach, 2002). The contrasting microstructure
and water content of the two synthetic salt-rocks allowed detailed study of microstructural control on the
mechanical behavior.

2.2. Cyclic Triaxial Compression and Stress Relaxation Experiments

The tests were performed at room temperature and a confining pressure of 1 MPa (Table 1) to induce
semibrittle deformation in a triaxial apparatus well suited for deformation experiments on weak geo-
materials (Coble et al., 2014; French et al., 2015; Kitajima et al., 2012). While maintaining a constant
confining pressure and using a constant axial displacement rate, the differential stress in the direction
of sample axis was varied in two types of load cycles: (1) small-load cycles in which differential stress
was cycled between 0 and ~6.5 MPa and the sample deformed elastically (i.e., deformation is reversible),
and (2) large-load cycle in which differential stress was cycled between zero and the flow strength, and
the sample was deformed permanently by a specified increment of axial shortening before the unload
portion of the cycle (Figure 1). Except for those performed at zero axial strain, small-load cycles were
started ~15 min after the preceding unload from flow strength was completed to ensure a consistent
amount of rest time before initiating measurements of anelasticity (i.e., time-dependent elasticity) in
all tests. This step reduced the impact of time-dependent deformation from large-load cycles on subse-
quent small-load cycles. A constant strain rate of 3 x 107° s™* was used for large-load cycles, while three
different strain rates of 3 X 107, 3 x 107%, and 3 x 10’ s* were used in small-load cycles to investigate
the rate-dependence of anelastic behavior. Axial and radial strains were measured by two rosette strain
gauges of 0.25-inch gauge length and 350 Q resistance. Strain gauges were glued at opposing sides of the
sample and averaged to account for sample tilting during deformation tests (Figure 2), although the dif-
ferences in strain measurements of a sample is less than 0.006. Differential force was measured through
a semi-internal force gauge that is in direct contact with sample assembly and unaffected by the friction
between the loading piston and sealing stack. The differential force gauge and confining pressure are
accurate to +70 N, £0.01 MPa, respectively. The triaxial deformation apparatus used in this study has
been described in greater detail by French et al. (2015). Daily temperature variation of the apparatus
during test period was less than 0.8°C.

To investigate the time dependence of changes in elastic properties, a “hold” was employed between two
rounds of cyclic loading tests on the same sample. The salt-rock sample was first deformed to approxi-
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Figure 1. Differential stress and axial strain versus time for the first-round of cyclic triaxial compression test (sample
80306). Small-load cycles were applied before and after large-load cycles. A ~15-min wait was applied before small-load
cycles that followed large-load cycles. A second-round of cyclic triaxial compression test was performed on this sample
using the same load path. In between the two rounds of cyclic loading, the sample was on hold without load for 34.5 h.
Flow stress refers to the differential stress at which the sample undergoes macroscopically ductile deformation.

mately 4% axial strain, close to the linear limit of the strain gauges (4.5%), to record the evolution of elastic
properties with axial strain. Then the sample was removed from the vessel and the strain gauges were
replaced, after which samples were held at either at 0 or 1 MPa confining pressure for a period of time
(1-5 days). After the hold, a second-round of cyclic loading was performed on the sample following similar
stress cycles as used in the first-round (Figure 1).

Stress relaxation tests also were conducted to gain more information on time-dependence and deformation
mechanisms (Table 1). The loading piston was abruptly stopped when a sample was being deformed at a
constant strain rate. Differential stress on the sample decreases with time as elastic energy stored in the
sample and loading rig is converted into inelastic strain. The stress relaxation was continued until strain rate
decreased to 1 x 10~° s™* or below at room temperature. Differential stress and axial strain were recorded.
The stress relaxation technique allows determination of inelastic deformation mechanisms through the
analysis of strain rate versus stress behavior (French et al., 2015; Rutter et al., 1978).

2.3. Microstructural Characterization

Loosely packed salt grains, the consolidated and annealed synthetic salt-rock samples, and key synthet-
ic salt-rock samples deformed in triaxial compression, were epoxy-saturated, cut along the cylinder axis,
and polished to make petrographic sections, and then chemically etched to al-
low observation of grain-scale features, including grain boundaries and disloca-
tions (Table 1). All steps of cutting and polishing samples were carried out using
the low-humidity glove-box. The sectioning and etching procedures follow the
techniques developed by Spiers et al. (1986) with minor modifications. Micro-

<— polyolefin structures were characterized under both reflected- and transmitted-light. Ob-

I jacket servations focus on the central part of the sample, near where the strain gauges
were attached, for the benefit of direct correlation between microstructures and
< salt sample mechanical data as well as reduced sample end-effects. In addition to detailed
. observation on a few halite grains in a single photomicrograph of an area 1 mm?*

<— thin . . .
(N or smaller, tens of images were stitched together to allow observation of one to

Teflon sheets o . o
two hundred grains in an area of approximately 20 mm~, which is equal to about

40% of the strain gauge area.

Figure 2. Schematic of sample assembly.
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Figure 3. Plots of differential stress and volumetric strain versus axial strain for (a) consolidated sample 80306 and (b)
annealed sample 70305-2. The first and last small-load cycles for each round of cyclic compression test are indicated by
letters. Note small-load cycles are not readily seen due to scale and masking by large-load cycles.

3. Results
3.1. Mechanical Behavior
3.1.1. Overall Stress-Strain Behavior

At room temperature and a confining pressure of 1 MPa, the mechanical behavior of the consolidated
samples is characterized by approximately linear elastic deformation, yielding at approximately 36 MPa,
followed by inelastic deformation at relatively constant stress of ~40 MPa (Figure 3a). The inelastic defor-
mation is homogeneous across the samples with only a slight barreling in the middle. In the beginning of
the deformation experiment the sample compacts slightly and then steadily dilates thereafter, documenting
a porosity increase. The semibrittle flow strength and rate of porosity increase for the two rounds of cyclic
loading tests, separated by a 34.5 h hold without confinement, are highly consistent (Figure 3a). At the
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same testing conditions used for the consolidated samples, the annealed samples show similar mechanical
behavior except for yielding at lower stress (~13 MPa) and work-hardening at a progressively decreasing
rate throughout the deformation test (Figure 3b). The final strength of the annealed samples is about 80% of
the semibrittle flow strength of the consolidated samples. Dilatancy occurs at an increasing rate throughout
the deformation test indicative of a net increase in porosity of about 2% in both annealed and consolidated
samples. After the annealed sample undergoes an unconfined hold for 66 h, the second-round cyclic load-
ing was initiated. The first loading cycle of the second-round shows apparent reduction in slope (Young's
modulus) relative to earlier load cycles, likely from the presence of the microcracks developed from unload-
ing sample (i.e., unloading cracks). After imposing ~0.5% inelastic axial strain during the first load cycle,
the subsequent unload-load cycles show greater slopes of stress-strain curves comparable with those of the
first-round of cyclic loading test, indicating the unloading cracks produced during the unconfined hold are
effectively closed during the first large-load cycle of the second round.

3.1.2. Stress-Strain Behavior During Small-Load Cycles

Small-load cycles of consolidated samples exhibit characteristic stress-strain behavior (Figure 4). For the
first-round of cyclic loading at zero axial strain, before the first large-cycle loading, samples show nearly
perfect linear elastic deformation, and the subsequent small-load cycles of different strain rates overlie
exactly (Figure 4a). As permanent axial strain increases with the large-load cycling, the elastic response dur-
ing the small-load cycles progressively develops a nonlinear elastic response with hysteresis that is rate-de-
pendent. Slower loading and unloading lead to more compliant behavior and hysteresis (Figure 4b); how-
ever, even with hysteresis, the axial strain is nearly fully recovered during a single small load-unload cycle
regardless of strain rate, whereas radial strain recovers more than initially achieved. During the ~15 min
between complete unload of large cycles and start of small cycles, appreciable axial and radial strain is
recovered providing evidence of anelasticity consistent with the hysteresis and rate-dependence of elastic
behavior seen in the small-load cycles (Figure 4b and 4d). For the second-round cyclic loading test, after
the days-long hold with no confinement, the behavior during the first small-load cycle (which precedes the
first large cycle) shows that the sample recovers to the initial state (i.e., the state prior to initiating the first-
round of small-load cycling) where hysteresis and rate-dependence are absent (Figure 4c). With continued
deformation, the sample displays the same evolution as in the first-round of cyclic loading before the hold,
that is, increasing rate-dependence and hysteresis with permanent strain (Figure 4d).

The small-load cycles of annealed samples (Figure 5) show quite different stress-strain behavior from those
of consolidated samples in that rate-dependence and hysteresis are largely absent throughout the defor-
mation tests. Closing of unloading cracks is evident in the first small-load cycles of the second-round test
(Figure 5c¢), but subsequent small-load cycles show similar stress-strain behaviors as those of the first-round
test (Figure 5d). Very little axial and radial strain is recovered during the ~15 min between complete unload
of large cycles and the start of small cycles (Figure 5b and 5d).

3.1.3. Young's Modulus and Poisson’s Ratio

Young's modulus and Poisson's ratio are determined for loading and unloading using best-fit linear rela-
tion over the stress intervals of 2.5-5.5 MPa for small cycles, and stress intervals of 18-21 MPa for large
cycles. Observed modulus and Poisson's ratio from small and large stress cycles show similar evolution in
magnitude with permanent strain. Accordingly, only the Young's modulus and Poisson's ratio determined
from the loading interval of the small-load cycles are presented (Figure 6). The differential stress range
used in linear fitting covers a major part of the stress cycling of small-load cycles (between 0 and 6.5 MPa)
and therefore reflects the overall slope well. As shown in the previous section, axial strain is nearly fully
recovered during small-load cycles even when there is appreciable hysteresis. Therefore, the stress-strain
behavior of small-load cycles is considered elastic.

For consolidated samples, Young's modulus of small-load cycles shows clear evolution with inelastic defor-
mation (Figure 6a). Overall, for the first-round of cyclic loading, Young's modulus decreases with increas-
ing inelastic deformation. At zero axial strain, Young's modulus at different loading rates are similar, but
as inelastic deformation increases, they progressively diverge in magnitude. After the days-long hold, in
the first set of small-load cycles of the second-round tests, the Young's modulus is nearly the same as the
original values at zero axial strain and are similarly rate-insensitive. With further permanent strain in the
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Figure 4. Plots of differential stress versus axial and radial strain of small-load cycles for consolidated sample 80306.
The first (a and c) and last (b and d) small-load cycles for two rounds of cyclic compression tests are shown. Refer
Figure 3a for locations of these small-load cycles in the overall stress-strain curve. Loading and unloading directions
of large-load cycles are indicated by arrows. t; and ¢, mark the complete unload of a large cycle and the start of the
first small cycle, respectively. Approximately 15 min was maintained between t, and ¢, to reduce the impact of time-
dependent deformation from large-load cycles on subsequent small-load cycles.

second-round test, Young's modulus decreases quickly and develops pronounced rate-dependence, repeat-
ing the evolution shown in the first-round test. Overall, Poisson's ratio increases with increasing inelastic
deformation (Figure 6b). Similar to the evolution of Young's modulus, Poisson's ratio is initially independ-
ent of strain rate, but progressively increases in rate-dependence with increasing inelastic deformation.
After the hold, Poisson's ratio recovers significantly and returns to rate-independence, but then repeats the
same evolution as seen in the prehold, first-round test.
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Figure 5. Plots of differential stress versus axial and radial strain of small-load cycles for annealed sample 70305-2. The
first (a and c) and last (b and d) small-load cycles for two rounds of cyclic compression tests are shown. Refer Figure 3b
for locations of these small-load cycles in the overall stress-strain curve. Loading and unloading directions of large-
load cycles are indicated by arrows. Note in (b), the amplified hysteresis of the fastest small-cycle (shown in green) was
caused by the loading procedure, likely a sticking of force gauge during rapid load/unload.

Young's modulus of annealed samples exhibits a different evolution with increasing inelastic deformation
than that of consolidated samples (Figure 6c¢). In the first-round test of an annealed sample, Young's mod-
ulus is similar in the first two small-load cycles, but then decrease continuously thereafter. In the sec-
ond-round test, after a hold for 66 h without confinement, the first small-load cycles show abnormally low
Young's modulus due to closing of the unloading cracks (Figure 5c). In subsequent cycles, Young's modulus
maintains similar values slightly lower than those of the last cycles of the first-round test, without any
sign of recovery to the original values (i.e., at zero axial strain). Unlike the consolidated sample, Young's
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Figure 6. Plots of Young's modulus and Poisson’s ratio as a function of
axial strain for consolidated sample 80306 (a and b) and annealed sample

70305-2 (c and d). Young's modulus and Poisson's ratio were calculated for

the loading segments of small-load stress cycles in the differential stress
range between 2.5 and 5.5 MPa.

modulus of annealed samples is rate-independent regardless of the im-
posed inelastic strain. Poisson's ratio of annealed samples increases with
increasing inelastic strain (Figure 6d). Neither strain rate nor a long hold
affects the evolution of Poisson's ratio.

3.1.4. The Effects of Holds on Elastic Properties

As shown by the measurements of Young's modulus and Poisson's ratio,
imposing a hold leads to a recovery from the reduced values produced
during permanent flow to nearly original values (prior to the permanent
deformation). The recovery occurs very rapidly in consolidated samples;
experiments show the Young's modulus recovers to 96% of the original
values in less than 22 h. The rapid recovery did not require confining
pressure or differential stress.

Elastic properties of annealed samples do not recover after a hold at
zero pressure for 66 h, but only because of the presence of the unloading
cracks (Figure 5c¢); recovery of elastic properties does occur once unload-
ing cracks are closed at 1 MPa confining pressure (Figure 7). Nonethe-
less, compared to consolidated samples, recovery in annealed samples is
much slower even if the sample is under pressure and stress. After ~27 h
under confining pressure, Young's modulus recovers to only 66%-71% of
the original value. With additional ~90 h under both pressure and differ-
ential stress (during stress relaxation test), Young's modulus recovers to
89% of the original value.

3.1.5. Stress Relaxation Behavior

The stress relaxation tests were initiated at high differential stress after
accumulating permanent strain by semibrittle flow during a large-load
cycle. Qualitatively, the stress relaxation behavior of the consolidated
and annealed samples is markedly different. The consolidated sample
displays much greater relaxation of stress over a longer period of time
before achieving a strain rate of 10~° s}, whereas the annealed sample
displays less relaxation of stress over a shorter period of time until the
strain rate achieves 10~° s (Figure 8).

Stress relaxation data of axial strain rate versus differential stress plotted
in logarithmic scale may be used to identify operation of different time-de-
pendent microprocesses by comparing the slope of the relaxation curve
(exponent of a power-law creep relation) between the different samples
and within a single sample as a function of stress. The stress exponents
have characteristic values for micromechanisms such as dislocation glide
and diffusion, which are well documented for salt (Haupt, 1991; Spiers
et al., 1986; Zhang et al., 2007). The slope of the stress relaxation curve for
the consolidated samples decreases continuously with strain rate, but is
linear below a strain rate of 2 x 10~® s™ with a stress exponent of 0.9 (Fig-
ure 8). A stress exponent of unity reflects linear viscous behavior which
is consistent with diffusion creep. The stress relaxation behavior of an-
nealed samples shows a relatively constant slope over the range of strain
rate of 5 10°s™" to 4 x 107'% s™! with an exponent ~25 (Figure 8). The
observed exponent is consistent with deformation by dislocation glide in
salt (Spiers et al., 1986; Zhang et al., 2007). The observed behavior is also
consistent with stress relaxation by frictional sliding in salt.
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Figure 7. Plots of Young's modulus and differential stress as a function of
hold time for annealed sample 70305-2. The hold time is relative to the end
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Hold Time (hrs) After consolidation, the initially cubic grains have more rounded cor-

ners and other indentations due to intracrystalline plastic deformation at
loaded grain contacts (Figure 9b). Grain contacts appear fully closed and

of the last (fourth) small-load cycles of the second-round test in Figure 3b. are often straight or only slightly curved recording mutual indentation.
Percentage numbers are relative to the original Young's modulus (i.e., at Pores (equant voids) are present at places where the boundaries of three
zero axial strain).

or more grains come together. The dominant intragranular substructure

are the well-developed, dense, arrays of linear etch features, termed slip

lines. The wavy slip lines are indications of dislocation glide controlled by
cross slip of screw dislocations (Senseny et al., 1992; Spiers & Carter, 1996). The slip lines within individual
grains are generally similar in orientation reflecting crystallographic control. At indented grain contacts
where deformation is most intense, intersecting sets of slip lines in two or more orientations are present
and diminish in number away from the contact. Some of the most highly strained areas contain small
recrystallized grains, characterized by straight boundaries and dislocation-feature-free interiors. The recrys-
tallized grains are uncommon, occurring in less than 4.8% of all grains. The recrystallized grains formed
at the expense of the highly deformed grains, and likely at the latest stages of consolidation or under static
conditions after consolidation was terminated because the grain boundaries are straight and the interiors
are largely devoid of slip lines. Isolated intragranular microcracks are formed during consolidation that typ-
ically intersect fluid inclusions or coincide with fluid inclusion arrays, likely reflecting stress concentration
at inclusions that nucleate cracks. Less than 6.4% of all grains contain intragranular cracks, which indicates
limited influence of fracture during consolidation. Overall, grain boundaries are well bonded with presence
of dense and irregular-shaped fluid inclusions (Figure 10a and 10b); the grain-boundary fluid inclusions
typically measure less than 10 um in length.

For the annealed samples, which are produced by static recrystallization of consolidated samples, are whol-
ly comprised of strain-free, irregular to crudely polygonal grains forming imperfect triple junctions with
gently curved grain boundaries (Figure 9f). All grain contacts are fully closed and pores (e.g., voids at tri-
ple junctions) are not observed at the optical microscopic scale. No mi-
crocracks are observed in annealed samples. Grain boundaries are well

1LE-05 5 bonded and display dense and nearly equal-dimension fluid inclusions
] that measure less than a few microns in diameter (Figure 10e and 10f).
1.E-06 A . i s . .
~ ] - Consolidated sample 80204 Annealing reduced the fluid inclusion density and removed most of the
E“’; T+ Annealed sample 70305-2 larger fluid inclusions in grain interiors consistent with the much lower
3 1LE-07 3 water content than in the consolidated samples.
=] ]
g ] 0202
2 1.E-08 5 ﬁ,o(\e“‘ 3.2.2. Deformed Samples
g ress &
o] 1 . . . . . .
< 1.E-09 4 Triaxial compression of consolidated samples led to an increase in the
] density of slip lines, characterized by an overall darker appearance in
1.E-10 T LMY photomicrographs (compare Figure 9b with Figures 9c-9e). Two sets of
1 10 100 recrystallized grains are observed, but the fractional area of recrystallized

Figure 8. Plots of axial strain rate versus differential stress derived from
stress relaxation tests for consolidated sample 80204 and annealed sample

Differential Stress (MPa)

grains is low, ranging from 3% to 7%. One set of recrystallized grains ap-
pear undeformed and show no sign of dislocation substructure, whereas
the other set are slightly deformed and display wavy slip lines with simi-

70305-2. Stress exponents are determined for deformation regimes by lar characteristics to grains in consolidated samples (Figure 9c). The ma-

linear fitting to data shown by the red lines.

jority of recrystallized grains appear in euhedral shapes and reside either
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at grain boundaries or within highly deformed grains close to fluid inclusions. Grain shape analysis was
performed on consolidated samples triaxially deformed to different axial strain to evaluate the role of grain
flattening by intracrystalline plasticity. Grains were best fit by ellipses with the same area as the grain to
determine the minor to major axis ratios. Consolidated samples triaxially deformed to 0%, 2.77%, and 7.31%
axial strain are characterized by grain axial ratios of 0.671 + 0.172 (131 grains), 0.650 + 0.174 (215 grains),
and 0.639 + 0.162 (211 grains), respectively. The axial strain by grain flattening is estimated to account for
around 6% of the total axial strain.

The most obvious deformation feature produced during the triaxial deformation of consolidated samples
are grain-boundary opening-mode cracks (gbo cracks). An opening mode is easily identified if the grain
boundary geometry on the two sides of the opening match exactly, suggesting they were previously in con-
tact (Figure 9d and 9e). The gbo cracks distribute uniformly across samples and preferentially orient parallel
or subparallel to differential load axis (Figure 11a). In many cases, two gbo cracks link by connecting to a
common pore. The density, aperture, and linking of the gbo cracks increase with increasing inelastic strain
and linked crack arrays comprised of several gbo cracks develop at large axial strain (Ding et al., 2017).
Intragranular cracking is minor and often associated with fluid inclusions. Some of the fluid inclusions
in grain interiors, shown as dark pits in micrographs, show greater opening than generally observed in
consolidated samples, which records additional cracking caused by differential loading (Figure 11a). In
the consolidated sample deformed to an axial strain of 7.31%, only 7.6% of all grains contain intragranular
cracks, which is slightly higher than the background intragranular cracks density of 6.4% observed at zero
axial strain. Of all the intragranular cracks, 81% are associated with fluid inclusions.

Under transmitted-light microscopy, high-density and irregular-shaped fluid inclusions are observed at
closed grain boundaries of deformed samples (Figure 10c and 10d). The fluid inclusions appear in all closed
grain boundaries. The morphology of the fluid inclusions is similar to that of the consolidated samples prior
to triaxial deformation (compare Figure 10b with Figure 10d).

Triaxial deformation of the annealed samples produced wavy slip lines in the initially strain-free halite
grains (Figure 9f). The slip lines are mostly concentrated near grain contacts reflecting indentation. The
density of slip lines is much lower than that generally observed both before and after triaxial deformation
of consolidated samples. Newly recrystallized grains are not observed in the annealed samples after triax-
ial deformation. Grain shape analysis shows similar minor-to-major axial ratio for an undeformed sample
(0.652 + 0.154, 166 grains) and a sample triaxially deformed to 4.87% axial strain (0.652 + 0.165, 104 grains).
The similar grain axial ratios suggest that grain flattening during triaxial deformation of the annealed sam-
ple is insignificant.

Grain-boundary opening cracks are present in the triaxially deformed annealed samples (Figure 11b). Two
sets of gbo cracks are identified. One set of gbo cracks are oriented at low angle to load axis and occur as ei-
ther isolated cracks along a single boundary between two grains, or a series of cracks linked in the direction
of the differential load. This set of cracks are formed during triaxial deformation and are similar to the gbo
cracks linked at pores in the deformed consolidated samples. The other set of gbo cracks in the deformed
annealed samples are unloading cracks in various orientations but that are linked in the direction perpen-
dicular to the differential load axis. The second set were produced during depressurization of the sample at

Figure 9. Reflected-light photomicrographs of (a) the starting microstructure of reagent-grade granular salt, sample
60209R, (b) a consolidated sample, 70516, prior to triaxial deformation, (c) a consolidated sample, 61003, triaxially
deformed to 2.77% axial strain, (d and e) a consolidated sample, 61123, triaxially deformed to 7.31% axial strain, (f)

an annealed sample, 61030, prior to triaxial deformation, and (g) an annealed sample, 070304, triaxially deformed to
4.87% axial strain. In all cases, the polished surfaces were chemically etched to illuminate microstructures. GB—grain
boundary, GBO—grain boundary opening, EPY—epoxy (filling larger pores), RG—recrystallized grain, SL—slip lines,
ISL—intersected slip lines, FI—fluid inclusions intersected by the polished surface, FIO—fluid inclusion opening,
IC—intragranular cracks, SC—scratch associated with polishing. Paired arrows show inferred shear motion on grain
boundaries associated with grain-boundary opening. For the photos of the triaxial deformed samples, differential
load axis is vertical. Scale for (b-e) is shown in (b); scale for (f and g) is shown in (f). Note two types of recrystallized
euhedral grains are shown in (c): RG1—recrystallized grains free of dislocation, RG2—recrystallized grains containing
slip lines.
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Figure 10. Transmitted-light photomicrographs of (a and b) consolidated sample, 70516, prior to triaxial deformation,
(c and d) consolidated sample, 61123, triaxially deformed to 7.31% axial strain, (e and f) annealed sample, 61030,

prior to triaxial deformation, (g and h) annealed sample, 70304, triaxially deformed to 4.87% axial strain. (a, c, e, g)
The optical focus is on the polished surface; (b, d, £, h) The optical focus is below the polished surfaces to reveal grain
boundary structures. For all cases the polished surface was chemically etched. GB—grain boundary, GBO—grain
boundary opening, FI—fluid inclusions intersecting the polished surface. Differential load axis was vertical. Scale is
shown in (a). Note fluid inclusions are observed along all grain boundaries.
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Figure 11. Tracings of stitched photomicrographs of (a) a consolidated
sample, 61123, triaxially deformed to 7.31% axial strain, and (b) an
annealed sample, 70304, triaxially deformed to 4.87% axial strain. Halite
grains (white), pores (black), and opening-mode microcracks (red) were
manually traced. Missing grains (yellow) resulted from plucking during
polishing. Images were taken of the center of the sample. Note two sets
of grain boundary openings in (b): one set preferentially aligned to the
load axis (vertical direction) and distributed across the micrograph; the
other set connected in the direction perpendicular to load axis (horizontal
direction) and localized at the bottom of the micrograph, which are
interpreted as unloading cracks formed during final depressurization.

the end of the triaxial deformation experiment and unrelated to the sem-
ibrittle flow during the large load-cycles. Intragranular cracking is also
minor in triaxially deformed annealed samples. In the sample deformed
to 4.87% axial strain, 7.7% of total grains contain intragranular cracks.

Viewed under transmitted-light optical microscopy, high-density and
spherical or tubular-shaped fluid inclusions are apparent at the closed
grain boundaries of the triaxially deformed annealed samples (Fig-
ure 10g and 10h). The fluid inclusions appear in all closed grain bound-
aries. Comparing with the undeformed annealed samples, grain-bound-
ary fluid inclusions in the triaxially deformed annealed samples are less
equant with more tubular shapes (compare Figure 10f with Figure 10h).

4. Discussion
4.1. Deformation Mechanisms

In consolidated samples, intracrystalline plasticity is an active deforma-
tion mechanism during the cyclic triaxial compression tests. First, the
density of wavy slip lines after triaxial deformation is increased beyond
that seen in the grains deformed by consolidation only. Second, wavy slip
lines are observed in the recrystallized grains formed at the end of con-
solidation, but are absent from the recrystallized grains formed at the
end of triaxial deformation, also demonstrating dislocation motion dur-
ing triaxial deformation. At room temperature, low confining pressure,
and relatively fast strain rates, dislocation glide is the dominant intrac-
rystalline plastic process in halite as recovery mechanisms are insuffi-
cient (Carter & Hansen, 1983; Peach & Spiers, 1996; Senseny et al., 1992).
However, two lines of evidence indicate dislocation glide is a subordinate
mechanism. During triaxial deformation, the stress-strain behavior is
flow at a nearly constant differential stress after yield, contrasting with
a characteristic behavior of strain hardening during deformation by dis-
location glide in polycrystalline halite at room temperature and higher
pressure (Peach & Spiers, 1996). In addition, grain flattening is relatively
insignificant in that it contributes only around 6% to the total axial strain.

The dominant micromechanism contributing to strain during triaxial
deformation of the consolidated samples is cracking, opening, and slid-
ing along grain boundaries that allows grain rearrangement (Shen, Ding,
Lordkipanidze, et al., 2021). The gbo cracking occurs at all stages of axial
shortening and is recorded by increase in crack density and aperture with
increased axial strain (Figure 11a). Moreover, opening cracks produce
new porosity that explains the observed dilatancy throughout triaxial
deformation (Figure 3a). Based on the geometry and distribution of gbo
cracks, shear motion can be confidently inferred along adjacent closed
grain boundaries (Figure 9e). Here, we refer to the shear motion along
grain boundaries with the descriptive term, grain-boundary sliding (gbs),
that is, the mechanism of sliding is not implied.

The observational evidence of the dominant and subordinate microme-
chanisms operative during triaxial deformation of consolidated samples
suggest that the grain boundaries are weak surfaces relative to grain inte-

riors when oriented at low to moderate angles to the differential load axis. During initial sample fabrication
by uniaxial consolidation of granular halite, the lateral stress is raised with axial stress and gbo is greatly
inhibited. Thus grain rearrangement and pore volume reduction is achieved by gbs and indentation via dis-
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location glide, such that grain interiors are hardened (Shen, Ding, Lordkipanidze, et al., 2021). Subsequent
triaxial deformation at low temperature and confining pressure promotes brittle processes along relatively
weak grain boundaries. Thus, bonding along optimally oriented grain boundaries is progressively damaged
by increasing gbo and gbs. Halite grains with broken boundaries rearrange through gbs and gbo, but due to
sufficient confining pressure the gbs cannot be accommodated completely by gbo without some concomi-
tant intragranular deformation by dislocation glide.

Cracking, opening, and sliding along grain boundaries also is important during the cyclic triaxial com-
pression tests on annealed samples (Figure 11b), most clearly evinced by the increase in sample volume
(Figure 3b) and gbo crack-arrays. While grain-scale plastic deformation by dislocation glide may have con-
tributed to gbo, there is clear kinematic evidence that gbs contributed to opening (Figure 9g) as occurred in
the consolidated samples. Thus, optimally oriented grain boundaries are weak relative to the grain interiors
of annealed samples at the test conditions. Intracrystalline plasticity is significantly more important for
deformation of the annealed samples during the cyclic triaxial compression test compared to the micropro-
cesses of deformation in the consolidated samples. Static recovery and recrystallization during annealing
reduce dislocation density to produce strain-free grains and reduced critical shear stress for dislocation
glide (Figure 9f). The triaxial deformation leads to dislocation motion evidenced by the formation of wavy
slip lines (Figure 9g). While consolidated samples flow at nearly constant stress, the annealed samples yield
at much lower differential stress and show pronounced work hardening in the stress-strain response (Fig-
ure 3), consistent with significant deformation by intracrystalline dislocation glide. The lack of evidence for
grain flattening in the annealed samples likely reflects the lack of initial porosity that accommodates grain
flattening by indentation as occurred in the consolidated samples with a porous-granular structure. Overall,
for the annealed samples, dislocation glide contributes significantly to the deformation of the annealed
samples, but also is likely a subordinate deformation mechanism relative to the gbo cracking and gbs at the
test conditions.

Grain-boundary cracking and intracrystalline plasticity also are documented by Peach and Spiers (1996)
and Bourcier et al. (2013) in synthetic, annealed, salt-rock samples, and deformation conditions similar
to annealed samples herein. While Peach and Spiers (1996) focused on the effect of microcracking in
transport properties of salt-rock, Bourcier et al. (2013) quantified strain partitioning between gbs and
intracrystalline plasticity using surface markers and digital image correlation. These works conclude
that gbs accounts for more than 50% of total strain in fine-grained (0.03-0.08 mm) samples, and intrac-
rystalline plasticity accounts for more than 80% in coarse-grained (0.25-0.5 mm) samples. Given that
our annealed samples have a greater range of grain size (0.025-0.833 mm), and were deformed to a
greater total strain (~8% relative to ~3%), our interpretation of dominant and subordinate deformation
mechanisms is in good agreement with previous findings. For both consolidated and annealed samples,
the stress states during semibrittle flow fall in the dilatancy field mapped out by previous works on salt-
rocks (Alkan et al., 2007; Hunsche & Hampel, 1999; Popp & Kern, 2000; Popp et al., 2001). The dilatan-
cy field is characterized by increased pore volume caused by microcracking, which is consistent with
mechanical and microstructural observations from our deformed samples. For both types of triaxially
deformed samples, grain boundaries can be classified into two groups based on whether they open un-
der differential load (Figure 12). Grain boundaries that open and create new porosity are preferentially
aligned to load axis. Grain boundaries that remain closed can be further divided into two subgroups
based on whether sliding occurs. Those oriented at low to moderate angles to load axis are subjected to
sufficient shear stress to cause sliding during differential loading, while those oriented at high angles
generally are not.

4.2. Micromechanisms of Grain Boundary Sliding

In the brittle field, slip along grain boundaries displays frictional behavior (pressure dependence of
shear strength) arising from microfracture and local separation along nonplanar surfaces such that the
true area of contact is less than the apparent area (Bowden & Tabor, 2001; Scholz, 2019). Locally, associ-
ated with indentation creep at contacting asperities, intracrystalline processes such as dislocation glide
also may occur (Dieterich, 1978). At room temperature, low confinement, and high strain rates, shear
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Figure 12. Classification of grain boundaries in deformed samples: (a) classification chart and microstructural
examples of (b) consolidated and (c) annealed samples. In (b and c), halite grains (white), pores (black), and opening-
mode microcracks (red) were manually traced. Paired arrows show inferred shear motion at a closed grain boundary.

of granular salt displays frictional behavior with microstructural evidence of fracture, grain crushing,
and intracrystalline plasticity, and macroscopic coefficient of friction, u, between 0.5 and 1 (Chester &
Logan, 1990; Shimamoto, 1986). These studies demonstrate an increase in the role of intracrystalline
plasticity and concomitant reduction in pressure dependence of strength within the semibrittle field at
higher pressure and temperature or decreased strain rate (Chester, 1988a; Shimamoto, 1986). Accord-
ingly, in the present triaxial experiments at low confining pressure, room temperature and moderate
strain rate, the observed gbs is likely frictional. For semibrittle flow of the consolidated samples, the
differential stress of 40 MPa and confining pressure of 1 MPa produces shear and normal stress on grain
boundaries at angles 45° to the sample axis, which is sufficient for frictional slip with a coefficient of
friction of 0.95, assuming stress homogeneity. Grain boundaries deemed likely to have slipped in the
deformed samples, based on linkage to pores or neighboring gbo cracks, have an average orientation of
50.4° and 53.4° to the sample axis in the consolidated and annealed samples, respectively. For these and
greater angles, frictional sliding on grain boundaries is compatible with the range of friction coefficients
observed in shear experiments on granular salt, particularly considering the likelihood of significant
stress variation at the grain scale.

Frictional sliding generally is characterized by small magnitude rate dependence (Dieterich, 1978; Ma-
rone, 1998). Although the macroscopic semibrittle flow strength in stress cycling experiments was de-
termined at a single strain rate, stress-relaxation tests can provide information on rate dependence of
strength and the underlying mechanisms of sliding. The rate dependence of strength is clearly different
for consolidated and annealed samples as shown by the stress relaxation tests (Figure 8). The water con-
tent of the annealed samples is 5.1 ppm prior to triaxial deformation. This water content is comparable
with the “dry samples” of Watanabe and Peach (2002), which deformed without the operation of fluid-as-
sisted grain-boundary processes (Bos & Spiers, 2002a; Pennock et al., 2006). Thus, gbs accommodated
by fluid-assisted diffusion is likely negligible in the annealed sample. The small rate dependence shown
by the stress relaxation behavior at strain rates down to 107'° s™* (du/dln ¢ ~ 0.002) is comparable to
the observed rate dependence of frictional sliding in salt and other rocks (Chester, 1988a; Chester & Lo-
gan, 1990; Marone, 1998), as well as with the underlying process of indentation creep of asperity contacts
by dislocation glide.
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The consolidated samples are considered wet, with a water content of 301 ppm. For fine-grained salt-rocks
(0.08-2 mm), this water content is sufficient to invoke fluid-assisted grain boundary processes such as
grain-boundary migration recrystallization and solution-transfer creep as long as the water is located
at the grain boundaries (Shen & Arson, 2019a; Spiers & Carter, 1996; Ter Heege et al., 2005; Watanabe
& Peach, 2002). We infer that at low strain rates, gbs may be accommodated by water-assisted diffusion
if water is distributed along the sliding grain boundaries. The diffusion process is likely localized and
serves as an effective accommodation mechanism for gbs (Bos & Spiers, 2002a; Pennock et al., 2006; Raj
& Ashby, 1971) and is compatible with the stress relaxation behavior at low strain rates with a stress ex-
ponent of nearly one (Figure 8). At higher strain rates in the consolidated samples, where flow strength
is somewhat greater than that for the annealed samples, frictional sliding likely occurs in conjunction
with water-assisted diffusion. In this latter case, the stress relaxation behavior from an initially high stress
exponent evolving to a very low exponent (Figure 8) would be consistent with frictional gbs dominating
at the beginning of relaxation (i.e., at high stress) and a gradual transition to diffusion gbs as the lowest
rates (107 s™) are approached.

4.3. Elastic Properties and Associated Grain Boundary Behavior

The progressive changes in the elastic behavior for both consolidated and annealed samples during pro-
gressive deformation, as displayed in the small-load cycles, must be caused by the increase in porosity
and change in pore distribution (in consolidated samples), and the significant role of gbs relative to pore
and gbo cracks. For both sample types, Young's modulus and Poisson's ratio decreases and increases,
respectively, with increasing inelastic deformation by semibrittle flow. The starting porosity of the con-
solidated samples, in the form of pores, produces little difference in elastic properties compared to the
annealed samples in initial loading (Figure 6). The increase in porosity with progressive strain in both
types of samples is similar, as is the generation of axial gbo cracks and linked gbs cracks, which explains
the similar evolution of Young's modulus and Poisson's ratio. Semibrittle flow in the large-load cycles ac-
tivates gbo cracking and frictional gbs. During small stress cycles, the gbo cracks can increase or decrease
in aperture with associated gbs in a recoverable fashion. The increase in the density of gbo and gbs arrays
with increasing strain, as evinced by the progressive increase in volume (Figure 3), leads to the observed
continuous reduction in modulus and increase in Poisson's ratio with axial strain (Shen, Ding, Arson,
et al., 2021).

The documentation that the changes in elastic properties during semibrittle flow in the consolidated sample
are largely recovered after sufficiently long holds at confinement of 1 MPa or less, but not in the annealed
sample, suggests water-assisted healing of the gbs cracks. The water-assisted diffusion processes responsible
for the enhanced stress relaxation of the consolidated samples at low rates, also promote healing of gbs in-
terfaces under isostatic stress conditions. Similar to the stress relaxation results, the lower water content in
the annealed samples either prohibits or sufficiently slows down water-assisted diffusion such that healing
does not occur in periods of tens of hours. Comparing microstructural observations before and after holds,
no appreciable microstructural change was observed in the grain interior such as the density and distri-
bution of slip lines, or closure of intragranular cracks and pores. However, microstructural observation of
grain boundaries that had slid (evinced by linkage to gbo cracks) shows dense arrays of small fluid inclu-
sions characteristic of crack-healing (Figure 10d and 10h; Roedder, 1984). Opened grain boundaries remain
open and do not show evidence of rebonding (Figure 9d and 9e). Healed boundaries are restrengthened, so
after a hold they would not slip during small stress cycling until additional semibrittle flow reestablishes
gbs and redistribution of water.

After semibrittle flow of consolidated samples, during which water is distributed on the frictional gbs inter-
faces, rate-dependent elastic behavior is observed during subsequent small stress cycling. Cycling at lower
strain rate leads to lowered modulus and greater hysteresis. The rate-dependence increases with axial strain,
but is greatly reduced or disappears upon healing (Figure 6a and 6b). These observations can be under-
stood by the fluid-assisted diffusional processes in sliding grain boundaries. In the small-load cycles, more
pronounced diffusion at low strain rates leads to greater viscoelastic behavior. In a stress-strain plot, this
is expressed as lower stiffness (more axial strain is recovered) and higher hysteresis (more work is done)
(Figures 4b and 4d). Increasing semibrittle flow at large-load cycles activates more sliding grain boundaries,
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which in turn leads to more pronounced hysteresis, rate-dependence, and anelasticity in small-load cycles
(Shen, Ding, Arson, et al., 2021). These phenomena are absent in annealed samples due to insufficient water
at grain boundaries.

4.4. Coupled Micromechanisms

Both the consolidated and annealed samples deform in the semibrittle flow field with a combined opera-
tion of intracrystalline-plastic mechanisms, intragranular cracking, gbo cracking, and by frictional gbs at
the higher strain rates, and fluid-assisted diffusional gbs at the lower strain rates in the wet consolidated
samples only. While intragranular cracking is subordinate, the displacement along linked arrays of gbs
and gbo cracks formed at variably oriented grain-boundaries is the dominant microprocess for grain re-
arrangement and axial shortening. The gbs shear surface inclined to the load axis and neighboring gbo
segments are analogous to the well-known shear and wing crack for failure of brittle materials (Erdogan
& Sih, 1963; Griffith, 1924). For brittle elastic material, the shear displacement on the surface inclined
to the loading direction is coupled with the opening and extension of the wing cracks, leading to an
elastoplastic behavior. By analogy, for the case of salt-rock at semibrittle flow conditions, frictional gbs
is coupled with gbo to produce pressure-dependent plastic behavior. However, for the case of the wet
consolidated samples where gbs is by water-assisted diffusion processes, the coupling of gbs by diffusion
and gbo by cracking lead to viscoplastic behavior during semibrittle flow at low strain rates, as well as
viscoelastic behavior during small stress cycling represented by anelasticity and hysteresis (see also Shen,
Ding, Arson, et al., 2021).

For semibrittle flow of the consolidated sample to axial strains of ~8%, significant intracrystalline plasticty
occurs as evinced by grain flattening and mutual indentation at high-angle closed grain boundaries. De-
tailed fabric analysis of the consolidated samples deformed in triaxial compression to several sequential
strains show that coordination of grains in the axial direction increases whereas coordination and solid-
ity in the lateral direction decreases with strain (Shen, Ding, Lordkipanidze, et al., 2021). These changes
reflect the rearrangement of grains into columns with high-angle closed grain boundaries, and with the
concurrent formation of bounding crack networks gbo cracks aligned in the axial direction and gbs surfaces
preferentially in the lateral direction (Shen et al., 2020). The microstructures and fabric evolution docu-
ment the coupled operation of intracrystalline dislocation glide associated with shortening the columns of
coordinated grains and as gbs and gbo with lateral grain motions for rearrangement. Thus, dislocation glide
is a subordinate but necessary intragranular deformation mechanism for gbs and gbo to operate at the test
conditions of pressure, temperature and strain rate.

In annealed samples, coupling of intracrystalline plastic and gbo and gbs processes during semibrittle
flow is similar to that in the consolidated samples. The crack arrays are qualitatively similar to those
in the consolidated samples, but because the annealed samples start with strain-free grains, the loca-
tion of intracrystalline strain is identifiable by density of slip lines (Figures 9f and 9g). The locations
of grains where increased slip line density occur during semibrittle flow coincide with regions of grain
impingement resulting from incompatibility of grain rearrangements by motion along gbo and gbs ar-
rays (Figure 9g). With increasing inelastic strain, the slope of the stress-strain curve decreases while
the slope of volumetric strain-axial strain curve increases (Figure 3b), which indicates that the harden-
ing rate decreases while dilatancy rate increases. In the early stage of deformation, grain-scale plastic
deformation by dislocation glide in strain-free grains easily accommodates displacement incompatibil-
ities associated with gbo and gbs to achieve the bulk triaxial deformation. With increasing dislocation
density, continued glide requires higher stress for gbs and gbo to operate. In some ways, the consolidated
sample may be viewed as representative of the final state of an annealed sample deformed at rates and
temperatures where recovery processes are relatively slow and unimportant. These relations show that
the intracrystalline plasticity is coupled with the gbo and gbs on linked crack arrays. As such, the gbo
contributes pressure dependence and the intracrystalline plasticity contributes strain rate and tempera-
ture dependence, and strain hardening, to the bulk behavior. The microprocesses operating together in
the consolidated and annealed samples during semibrittle deformation constitute a distinct flow process
reflecting series-sequential operation of the micromechanisms rather than independent, parallel-concur-
rent micromechanisms.
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4.5. Implications

Our experiments document coupled brittle frictional, crystal-plastic, and diffusional microprocesses during
semibrittle flow that operate as series-sequential. Under this mode of deformation, the flow strength likely
exhibits pressure dependence associated with the microcracking and friction, and rate and temperature
dependence with intracrystalline plasticity and diffusion. Such a coupled deformation process should be
represented as a distinct mechanism field in deformation-mechanism maps (e.g., Chester, 1988a). Similarly,
the brittle-plastic transition in the strength profiles of the crust and lithosphere should also be represented
as a distinct transition zone that is likely much different than represented by assuming independent mech-
anisms (e.g., Shimamoto, 1989).

The coupled microprocesses lead to distinct rheologic behavior that could have implications for earth-
quake mechanics in the brittle-plastic transition zone. Our experiments document significant transient
behaviors associated with stress cycling, which can be explained by path-dependent activation of wa-
ter-assisted diffusion processes and termination by static healing. Numerical modeling of our experi-
mental data also demonstrates the association of transient semibrittle behavior with stress cycling (Shen,
Ding, Arson, et al., 2021). In the lithosphere, the brittle-plastic transition is characterized by semibrit-
tle deformation involving brittle frictional, crystal-plastic, and diffusional processes (Brace & Kohlst-
edt, 1980; Kirby, 1980; Kohlstedt et al., 1995). In seismogenic zones of the crust, the brittle-plastic tran-
sition corresponds to the depth limit of shallow crustal seismicity and experiences pronounced stress
cycling (Brace & Kohlstedt, 1980; Sibson, 1983). In deep crust, there are also evidences of elevated pore
pressure which is thought to enhance brittle deformation despite high stress and temperature conditions
(Beeler et al., 2016). During interseismic periods, the upper part of brittle-plastic transition deforms dom-
inantly by brittle friction and accumulate stress, whereas the lower part deforms viscously near steady
state (Scholz, 2019; Sibson, 1983, 1986). Viewing salt as rock analog material, the consolidated samples
may represent the shallower, brittle-frictional end-member of the semibrittle regime, and the annealed
samples may represent the deeper, viscous-plastic end-member. Earthquakes rupture downward into the
semibrittle zone, effectively creating large displacement and concentrated increase in stress and strain
rates (Strehlau, 1986), which may be qualitatively analogous to the large-load cycles employed in this
study. The pronounced stress cycling by earthquakes may cause the healed or recrystallized rocks to yield
and undergo semibrittle flow, activating grain boundaries and redistributing water. Postseismic defor-
mation may involve time-dependent grain-boundary sliding that effectively relax stress. As stress is re-
duced, rocks may eventually heal at grain boundaries at shallow depths or transition back to steady state
creep with recrystallization before next stress cycle. Consequently, profound transient perturbation in the
lithosphere could activate completely different deformation microprocesses that alter rock rheological
behavior during seismic cycles. Certainly, this is a rather simplified analogy to natural rock deformation
by ignoring many factors such as rock composition and heterogeneity. However, it serves to illustrate
the important role of grain-boundary processes in controlling rheological behavior of rock at semibrittle
conditions.

In salt caverns, similar conditions of low temperature and effective pressure that promote semibrittle
deformation in our experiments may be encountered at cavern walls (Bérest, 2013; Brouard et al., 2012;
Wang et al., 2018). In excavated salt caverns, halite grains at walls increase in dislocation density due to
construction related deformation, whereas in solution mined caverns dislocation density in halite grains
at walls should be as low as in nondisturbed natural salt (Fokker, 1995). In gas storage caverns operated
to satisfy the seasonal or emergency needs, the cyclic loading associated with changes in gas volume
will induce stress cycling (Bérest, 2013) analogous to our experiments. Inelastic deformation from large
stress cycles around salt cavern walls could lead to the development of grain boundary cracking and
frictional sliding to redistribute water, which can activate viscous processes. Linking of preferentially
opened grain boundaries with shear slipping boundaries can produce linked arrays that, with further
stress cycling, could cause instability of cavern wall such as spalling and block fall (Ding et al., 2017).
Avoidance of large stress cycling could minimize breakage and activation of frictional sliding with dila-
tancy from associated opening boundaries, and employing holds to allow stress relaxation and healing
of cracked grain boundary could help preserve the integrity of cavern walls. Additionally, as water is
almost always present in natural salt rocks (Roedder, 1984), elastic deformation may be dependent on
loading rate with pronounced hysteresis at low strain rates in between stress cycles. Numerical mod-
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eling of salt caverns should consider the time-dependent behavior of salt and the consequent damage
and healing processes, which will affect the mechanical behavior and sealing capability of salt caverns
(Arson, 2020; Shen & Arson, 2019b).

5. Conclusions

We conducted cyclic triaxial compression and stress relaxation tests on two types of synthetic salt-rocks
with contrasting grain structures at room temperature and low confinement. Mechanical behavior and mi-
crostructures document semibrittle deformation in both samples involving grain-boundary opening and
sliding, dislocation glide, intragranular cracking. These brittle and viscous mechanisms are coupled as se-
ries-sequential to achieve flow. Large stress cycling activates grain-boundary sliding accommodated by fric-
tional processes at high strain rates and/or dry condition, or by pronounced fluid-assisted diffusion at low
strain rates and presence of fluid. Young's modulus and Poisson's ratio are largely controlled by the micro-
processes at linked open and closed grain boundaries, leading to viscoelastic and hysteretic behaviors. Such
time-dependent effects vanish with grain-boundary healing over days-long holds at low differential stress.
The coupling of micromechanisms suggests that semibrittle deformation is more appropriately represented
as a distinct rheologic zone in both deformation-mechanism maps and lithosphere strength profiles. The
observed semibrittle processes in response to stress and strain rate cycling in experiments suggest that in the
lithosphere, stress and strain rate changes associated with the earthquake cycle would produce variation in
semibrittle microprocesses and mechanical behavior with time as well as with depth.

Data Availability Statement

The data used in this study are available at the Texas Data Repository (https://doi.org/10.18738/T8/
QCHIJEM).
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