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Summary

The dependence of rock behavior to the deformation rate is still not well understood.
In salt rock, the fundamental mechanisms that drive the accumulation of irreversible
deformation, the reduction of stiffness and the development of hysteresis during
cyclic loading are usually attributed to intracrystalline plasticity and diffusion. We
hypothesize that at low pressure and low temperature, the rate-dependent behavior
of salt rock is governed by water-assisted diffusion along grain boundaries. Accord-
ingly, a chemo-mechanical homogenization framework is proposed, in which the
Representative Elementary Volume (REV) is viewed as a homogeneous polycrys-
talline matrix that contains sliding grain-boundary cracks. The slip is related to the
mass of salt ions that diffuse along the crack surface. The rate of diffusion is cal-
culated by a pressure solution model. The relationship between fluid inclusion-scale
and REV-scale stresses and strains is established by using the Mori-Tanaka homog-
enization scheme. The proposed rate-dependent homogenization model is calibrated
against cyclic compression tests. It is noted from the model that a lower strain rate
and a larger number of sliding cracks enhances stiffness reduction and hysteresis.
Thinner sliding cracks (i.e. thinner brine films) promote stiffness reduction and accel-
erate stress redistributions in the crack inclusions. Higher roughness angles lead to
an increased difference of normal stress along the different segments of the crack
plane and to a reduced diffusion path, which both amplify the reduction of stiffness
and the development of hysteresis. The larger the volume fraction of the crack inclu-
sions, the larger the REV deformation and the larger the hysteresis. Results presented
in this study shed light on the mechanical behavior of salt-rock that is pertinent to
the design of geological storage facilities that undergo cyclic unloading, which could
help optimize the energy production cycle with low carbon emissions.
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1 | INTRODUCTION

Salt rock is a favorable host material for geological storage of hydrocarbons, Compressed Air Energy Storage (CAES), seques-
tration of CO,, and disposal of radioactive waste because of its low permeability and ideal creep properties. Salt rock is made of
bonded halite crystals. Crystal plasticity influences the development of microscopic cracks ', and inter-granular sliding leads
to the degradation of the elastic moduli of the polycrystal*#>., In salt rock, frictional sliding at grain boundaries is the primary
accommodation mechanism at room temperature and in dry conditions, low confining pressure and high strain rate'’”. Deforma-
tion is controlled by the normal and shear stresses at grain boundaries and by the distribution of boundary orientations. The rate
of diffusional sliding depends on the availability of water and the shape of the grain boundaries®.

The strain rate is a significant factor in the mechanical behavior of salt rock?1%01 At low strain rate, the dominant mechanism
can be diffusion. At higher temperature solid-state, diffusion can occur within the lattice of crystals (a phenomenon called
Nabarro-Herring creep) or along the grain boundaries (a phenomenon called Coble creep)!#13. The presence of inter-granular
brine can activate pressure solution at lower temperature #1008, pregsure solution in crystalline media involves dissolution
at the grain-to-grain contacts that are under high stress, transportation of ions by diffusion in fluid films along grain boundaries,
and re-precipitation at grain-to-grain contacts that are under low stress. In wet salt rock, pressure solution can dominate creep
for temperatures below 350 °C (Fig.[I)). The goal of this study is to gain a fundamental understanding of the mechanisms that
influence the accumulation of irreversible deformation under cyclic loading and the development of hysteresis at low temperature
and high strain rate.
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FIGURE 1 Deformation map of damp halite. LT represents low temperature; HT represents high temperature; N-H represents
Nabarro-Hering.'?. Temperature scale is strange: the first mark is for both 0 and 600C. I would add a textbox to indicate the
domain of study of this paper (low temperature, high strain rate).

The mechanical behavior of a polycrystalline rock can be described via homogenization of diverse and realistic microstruc-
tures, i.e. by upscaling crystal-, boundary- or grain- scale mechanisms to the scale of the volume of a specimen. The smallest
material volume element above which an effective property does not vary with position of that element is called the Representa-
tive Elementary Volume (REV)2Y, Homogenization is a procedure that allows relating field variables at the micro-scale to those
at the macro-scale of the REV%!' and calculating the effective mechanical properties of a composite.

The REV is often viewed as a homogeneous matrix that contains several families of inclusions. The solution of the inclusion-
matrix interaction problem was established by Eshelby? for an infinitely extended linear elastic matrix that contains ellipsoidal
inclusions. Numerous models were since then developed to predict the effective properties of an inhomogeneous continuum
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with ellipsoidal inclusions based on Eshelby’s solution“*2#, The local strain (or stress) field is written as the sum of the far field
strain (or stress) boundary condition plus a so-called disturbance strain (or stress) field (note that the reasoning is the same for
mixed boundary conditions). In Eshelby’s theory, the key idea is to model each inclusion by a domain that has the same stiffness
as that of the matrix, but to add a so-called eigenstrain (or eigenstress) field to the local strain (or stress) field in the inclusion.
For instance, in the Mori-Tanaka scheme, the average disturbance strain (or stress) field in the matrix is zero, so that the average
matrix strain (or stress) is equal to the far field strain. Physically, that means that inclusions interact with a matrix subjected to
a uniform strain (or stress) in the far field222027, The Mori-Tanaka scheme has been widely used because of its accuracy and
simplicity32%, for instance, to predict the deformation of voids and the propagation of cracks in porous media“¥. Each family of
voids is regarded as a set of inclusions subjected to a pore pressure field that is independent from the stress field of the matrix.
Pore pressure adds to the eigenstress that stems from the difference of stiffness between the matrix and the inclusions. The
Mori-Tanaka scheme was also used to calculate the thermal expansion of composites. In this case, the eigenstrain is the thermal
deformation, expressed as a function of the difference between the thermal expansion coefficient of the matrix and that of the
inclusions®L. It was noted that for a composite material that contains inclusions with eigenstrains other than the eigenstrains that
stem from mechanical heterogeneity, the REV stiffness tensor predicted with the Mori-Tanaka scheme may violate symmetry
requirements if inclusions have different orientations and shapes2%32,

In this paper, we propose a homogenization scheme to understand the rate dependent decrease of stiffness and the hysteretic
behavior of salt rock documented by during cyclic compression tests. The experimental procedures and results are presented in
Section [2] Based on our experimental observations, we hypothesize that the rate-dependent behavior of salt rock is governed
by pressure solution on grain boundaries. Accordingly, Section [3|explains grain boundary sliding by a micro-mechanical model
based on the pressure-solution theory. In Section[d} a Mori-Tanaka homogenization scheme is used to upscale the local sliding
mechanisms at the REV scale. In Section[5} the model is calibrated against the experimental results obtained for sets of loading
cycles with permanent strain 0% and 3.8%. In Section [6] sensitivity analyses are conducted to evaluate the effects of local
diffusion at grain contacts on the macroscopic deformation of salt rock. We discuss the mechanisms that most contribute to the
dissipation of energy at REV scale in Section[7} and Section [§] summarizes the conclusions of this study.

List of Symbols

a Radius of crack inclusions

A, Concentration tensor of the component i

A? Concentration tensor of the matrix component

a Angle between the plane of sliding plane and its subsurfaces
b Length of the subsurface of sliding planes

p Volume fraction parameter

c Thickness of shear-mode cracks

C Concentration of minerals (ions) in the fluid

C, Reference concentration

Ck.Cg Parameters for bulk and shear moduli degradation
Ciom Homogenized stiffness of the REV

C, Stiffness of the component i

C, Stiffness of matrix

Ve Shear strain of the crack inclusion

D; Influence tensor

d Width of the subsurface of shear-mode cracks
d, Tangential displacement at the crack plane

D Grain boundary diffusion coefficient

0y Kronecker delta

€; Local total strain of component i

€ Strain field in the matrix

€, Volumetric strain of the REV

€ Strain of the REV

b, Volume fraction of component i

G Shear modulus

n Eigenstrain of crack inclusions
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Fourth-order identity tensor

Diffusion flux along subsurface

Bulk modulus

Number of components in the REV

Number sliding planes counted in the microscopic images
Number of boundary sections counted in the microscopic images
The normal direction of crack plane

Orientation of the sliding plane plane from the horizontal
Number of moles of weathered biotite in the REV

Gas constant

Thickness of the brine film at the crack surface

Local total stress of component i

Normal stress applied on the subsurface of shear-mode cracks
Stress of the REV

The tangential direction of crack plane

Chemical reaction time

Kelvin temperature

Volume fraction of all the crack inclusions

Density of sliding planes

Dissolution rate at the subsurface

Angle of revolution of the crack planes around the loading axis
Molar volume of NaCl
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2 | EXPERIMENTAL OBSERVATIONS DURING CYCLIC COMPRESSION TESTS

The granular salt was sieved to separate grains 0.3-0.355 mm diameter. Reagent-grade granular salt specimens (high purity 99
wt.%) were subjected to uniaxial consolidation tests in a hollow cylindrical steel vessel with a 19 mm diameter at a constant
temperature of 150 °C=3. Cyclic compression tests were conducted on the consolidated salt rock specimens at room temperature,
with a confining pressure of 1 MPa. The specimens were subjected to seven loading cycles with a maximum differential stress
of 40 MPa at an axial strain of 3x107>. These seven loading cycles are named “large loading cycles”.

Between two large loading cycles, the specimens were systematically subjected to three small loading cycles with a maximum
axial differential stress of 6 MPa. In each sequence of three small loading cycles, the first small loading cycle (C1) was applied
at arate of 3 x 107 /s, the second small loading cycle (C2) was applied at a rate of 3 x 1076 /s, and the third small loading cycle
(C3) was applied at a rate of 3 X 1077 /s. The time period between C1 and C2 was 147 seconds, and the time period between C2
and C3 was 538 seconds. Unloading of small cycles were extended to allow slight separation of sample from piston and therefore
confirming full removal of axial load. Upon reloading, axial load started increasing once the piston came into contact with the
sample again. This resulted in a short period of zero load between small cycles, which increased in duration with decreasing
reloading rate. Since the maximum differential stress in the small loading cycles was much lower than the yield stress of salt
rock (see Figure [2), we considered that cracks did not propagate during the small loading cycles, and therefore, that damage
accumulated during the large loading cycles only.

During the first set of small loading cycles, the stress-strain curves of C1, C2 and C3 exhibit the same linear elastic behavior
(see Figure[2]and Figure[3). The strain rate does not affect the stiffness of the specimen and no significant hysteresis is observed.
By contrast, the stress-strain curves obtained during the set of small cycles that followed the last large loading cycle after a
permanent axial strain of 3.8% has been reached, exhibit a marked decrease of stiffness and pronounced hysteresis (see Figure
[lc and Figure[3]d). Stiffness degradation and hysteresis are enhanced by low strain rate (i.e. stiffness degradation and hysteresis
are more pronounced during C3 than C2, and more so in C2 than C1).

According to microscopic images taken after each large loading cycle (Figure ), isolated fluid inclusions exist along the
grain boundaries at the beginning of the cyclic compression test. After a few cycles, these fluid inclusions tend to connect to one
another because of grain boundary sliding. A thin film forms at grain contacts. We hypothesize that this brine film facilitates
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FIGURE 2 Stress-strain curve obtained during cyclic compression tests under a 1 MPa confining pressure. The maximum
differential stress during large loading cycles is 40 MPa, and about 6 MPa during small loading cycles~.

diffusion along grain boundaries and enhances pressure solution at the grain contacts. In the following, we propose a micro-
macro model to test this assumption. We simulate the behavior of salt rock during the small loading cycles and we check that
the model can be used to predict the rate dependence of the REV response.

3 | MICRO-MECHANCIAL MODEL OF GRAIN BOUNDARY SLIDING BY PRESSURE
SOLUTION

3.1 | Conceptual model

From the discussion in Section [I]and the observations made in Section [2] we hypothesize that the rate-dependent behavior of
salt rock is governed by pressure solution on grain boundaries at low pressure and low temperature. When subjected to normal
stress, larger normal stress induces a higher chemical potential and the dissolution of salt crystals at contacts. Ions diffuse along
fluid films at crystal boundaries and precipitate at the contacts with less normal stress. Dissolution, diffusion and precipitation
happen simultaneously (but at different locations). Pressure solution thus happens due to the presence of brine films along
contacting grain boundaries. We represent the REV as a solid salt matrix that contains intergranular shear-mode cracks. We
model the shear-mode crack inclusions as a spherical volume containing a crack, referred as a crack inclusion. Within one crack
inclusion, the sliding plane is characterized by its orientation in reference to the horizontal (angle 8), so that the REV is viewed
as a distribution of oriented spherical volumes (crack inclusions) embedded in a solid matrix. Additionally, we consider that the
sliding planes are rough at a finer scale, see Figure[5] The sliding plane has a saw tooth shape: it is made of alternating smooth
planes of normal directions #, and n,. In the plane formed by the normal to the plane direction (n,, at an angle 90° + 6 from the
horizontal) and the tangential direction ?,, the plane can be represented by broken lines. The angle formed by the direction of
the broken lines (¢, and #,) with the direction of the sliding plane (#,) is noted a. The angle « it is an indicator of the roughness
of the sliding plane.

The mechanism of pressure solution is explained in Figureat the scale of one crack inclusion. 6}1 and 0'5 are the projections
of the stress in the spherical volume on two segments of the sliding plane. Without loss of generality, we assume 0; > 05. The
larger normal compressive stress induces a higher chemical potential at the crack surface of normal »,. The salt mineral thus
dissolves first at the surface of normal n;, diffuses along the plane of normal n;, and finally precipitates on a surface of normal
n,, where the chemical potential is lower. This process happens simultaneously on all the segments of normals n,; and n, in the
shear-mode crack inclusion. As a result, the initial crack surface (represented by a red solid line in Figure [5b) is transformed
into another crack surface (represented with an orange dashed line). The relation between the two crack surfaces is a translation,
which explains the occurrence of shear displacement along the crack plane.
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FIGURE 3 Plots of differential stress versus axial and radial strain obtained experimentally for the first and last set of small
loading cycles. (a) C1-C3 radial stress-strain curve with ermanent axial strain €, = 0%. (b) C1-C3 axial stress-strain curve with
permanent axial strain €, = 0%. (c) C1-C3 radial stress-strain curve with permanent axial strain €, = 3.8%. (d) C1-C3 axial
stress-strain curve with permanent axial strain ¢, = 3.8%. €, is the axial strain. €, is the radial strain. The stress-strain relationship
is linear when €, is 0%. When ¢, equals 3.8%, hysteresis occurs in the specimen, especially under lower strain rate"~.

3.2 | Thermodynamic model
A difference of normal stress at grain contacts triggers an increase of chemical potential u as follows:
Au = AcQ (1)

where € is the molar volume, and Ao is the difference of contact normal stress on the crack surface. The chemical potential
u controls the local concentration of brine; larger chemical potentials lead to higher mineral concentrations, according to the
following relation:
u=RTn & @)
CO
where R is the gas constant, T is the Kelvin temperature, C is the concentration of minerals (ions) in the fluid, and C, is a

reference concentration, which is taken equal to 6.48 x 107% mol/mm? for salt®>, Differentiating Equation [2| with respect to C



X. Shen ET AL

(a) Grain boundary

(b) Fluid inclusions
FIGURE 4 Isolated fluid inclusions along grain boundaries in undeformed consolidated sample (5% porosity)m.
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FIGURE 5 Model of a crack inclusion based on the pressure solution theory. a is the diameter of the spherical volume, b is the
length of a sliding segment within the sliding plane. ¢ represents the thickness of the rough sliding plane (of normal n; and n,,
yields:

respectively). The angle between the crack inclined segments and the crack plane is noted a2, a; and 05 are the normal stresses
applied on the subsurfaces of the sliding plane. d, is the shear displacement of the spherical volume.

ou RT
P _ R4 3
oC C

According to Fick’s first law, the diffusion flux J (r) along a diffusion path at a location r (see Figure[6) is expressed as follows:

J(@r) = —DE ()
or

where D is the grain boundary diffusion coefficient. With the assumption that C(r) can be taken as a constant Ca, Equation
[3]is substituted into Equation[d] which yields:
0 C, 0
J(@r) =— 6_C_/4=_D o O
du or

RT or

®)
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FIGURE 6 Diffusion process in the brine film. J(r) is the diffusion flux at location r. d is the width of the crack plane. .S is the
thickness of the brine film at the crack surface.

In our model, each crack inclusion is a closed thermodynamic system. Based on the mass conservation principle, the mass of
mineral dissolved at grain contacts is equal to the mass of mineral that diffuses along the crack plane, which can be written as:

2rdV,

2dSJ(r)+ =0 (6)

where d is the width of the crack plane, .S is the thickness of the brine film at the crack surface, and V is the dissolution rate of
mineral at the crack surface (velocity of the dissolution front). Substituting Equation[T|and Equation[5)into Equation[6} we have:

Jo _ RTrVd (7)
or  DC,QS
Integrating Equation [/|along the diffusion path, the dissolution rate V, is expressed as:
8DC,Q*SAc
ALl ®)
RTb

According to the geometry of the cracks shown in Figure[Sa] the length of a sliding segment within the sliding plane b can be
expressed as:
c=bsina )
As shown in the Figure[Sb] the tangential displacement d,, at the crack plane can be determined by the dissolution rate at the
crack plane, as follows:
d, =V, tsina (10)
where # is the chemical reaction time. With the assumption of small deformation in the crack inclusions, the shear strain of the
crack inclusion, noted y,, is induced by the tangential displacement at the crack plane, and can be expressed:

V tsina
Ye=—_ (11)

Substituting Equation [§]into Equation [IT|and using the geometric relationship ¢ = bsina, y, is expressed as:

_ 8C,Q* DSsin’ aAc .
" RT ac?
In this study, the product of the diffusion coefficient D by the thickness of the brine film .S is taken as 2.0 x 10~'% mm3/s>.

12)

Ye

4 | HOMOGENIZATION SCHEME: FROM LOCAL SLIDING TO RATE-DEPENDENT REV
BEHAVIOR

We formulate a 3D homogenization scheme to upscale grain sliding mechanisms at REV scale. For this, we adopt a Mori-Tanaka

scheme?

, in which each crack inclusion is a sphere that contains a sliding plane, and that is embedded in a solid matrix. That
matrix is subjected to boundary conditions that are equivalent to the far field conditions imposed on the infinite medium that

the crack inclusion is embedded in. According to Eshelby’s theory?%, the material properties and the stress and strain fields are
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uniform in the matrix and in each crack inclusion. We gather crack inclusions into families, within which crack inclusions all
have the same sliding plane orientation, and the same sliding plane geometry (sliding plane thickness ¢, roughness angle a).
Crack inclusions of the same family thus have the same local stress and strain fields. For the i crack inclusion family, the local
stress o; is expressed as a function of the local strain ¢; and of a local eigenstrain #;, which adds to the eigenstrain due to stiffness
heterogeneity and represents the strain field that would exist in the crack inclusion in the absence of matrix and crack inclusions
around it. The microscopic stress can thus be expressed as=:

0;=C,:¢,—-C, . ny (13)

where C,; is the fourth-order stiffness tensor for the i crack inclusion family, and o;, €;, and #; are all second-order tensors.

In our study, #; is induced by the shear displacement along the sliding planes in the crack inclusions. The in-plane shear com-
ponent of the second order tensor #; is equal to the chemical shear strain y,. Due to strain compatibility and stress admissibility,
the macroscopic strain € (respectively, the macroscopic stress &) is the volume average of the local strains €; (respectively, the
volume average of the local stresses o;) in all crack inclusions over the REV. The homogenized stiffness C,,,, of the REV is the
volume average of the local stiffnesses, weigheted by the inclusion-specific concentration tensors A;:

Cion = D, $Ci : A, (14)
i=0

where ¢, is the volume fraction of crack inclusion family i and » is the number of crack inclusion families (the index O refers to
the matrix). The concentration tensor A, is an operator that relates the local strain tensor in the i’ crack inclusion family to the
REV strains. Based on Eshelby’s theory, the state of stress in each crack inclusion is uniform and the concentration tensor A,

can be calculated as follows=Z: .
A=A (Z ¢,.A;’°> (15)
=0

in which A’® is the concentration tensor that relates the local strain field in the crack inclusions of the i’* family to the strain
applied in the far field, E*:

€

— A ES (16)
We have:
AP =[1+P, : (C;-C)I"" (17)
In the Mori-Tanaka scheme, the stiffness of the infinite medium C, is equal to the matrix stiffness. P; is a fourth-order tensor
specific to each crack inclusion family, the expression of which can be found in the work of Mura=5.
According to Levin’s theorem"?, the REV stress & is expressed as a function of the REV strain € and of the eigenstrain of
each component, as follows:

5=Chp 1 €= ). $,C i my 1 A, (18)
i=0

On the right side of Equation the first term (C,,,, : €) is the linear elasticity relation for a homogeneous medium, while
the second term describes how the REV stress is modified by the eigenstrain of each component in the REV. The strain field in
each phase (crack inclusion family and matrix) is related to the macroscopic strain field and to the eigenstrains of that phase, as
follows:

&=A; 1+ ) Dyn, 19)
j=0

where D, is the influence tensor, which accounts for the influence of the eigenstrain of a phase on the eigenstrain of other phases.

Substituting Eq[I9into Eq[T3] using stress admissibility conditions and comparing with Eq.[T8] the expression of D;; is found,

as follows=%:

- -1
D, = {5[/.A;’° P - A, AT P+ [A,. CAT I PoAT P,.] : [(Chom—C) TAT P]

D [(I—AJ.)T+(C,,0,,, —-C) 1 AY: Pj)] } :C, (20

where 6,; and I are the Kronecker delta and the fourth-order identity tensor, respectively.
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S | MODEL CALIBRATION

The proposed Mori-Tanaka homogenization model is now calibrated against the results presented in Section [2] for the sets of
small loading cycles performed at 0% and 3.8% permanent strain. The distribution of the orientation of the sliding planes was
obtained by image analysis (Figure [7). Opening-mode cracks and a net dilatancy were documented. Since sliding on a flaw
cannot produce a displacement without opening a crack at the tip of the flaw, we assumed that opening-mode cracks indicated the
propagation of shear-mode cracks. Accordingly, we identified a grain boundary that slides as a grain boundary that (Figure [8):

e FEither connects to an intergranular opening-mode crack at one end, and to a void at the other end;

e Or connects to an intergranular opening-mode crack at each of its ends.

(a) Permanent axial strain €, = 0% (b) Permanent axial strain €, = 3.8%

FIGURE 7 Binary images of salt microstructure with permanent axial strain ¢, = 0% and €, = 3.8%. The blue scale bar represents
0.5 mm. The red inserts indicate the presence of opening-mode cracks and associated sheared grain boundary segments=%,

) : Sliding cracks - &
N Al/ \.‘9)\
: \

FIGURE 8 Schematic showing the interpretation of the microscopic images to find the sliding cracks. Blue arrows show the
shearing directions.

We counted the number of sliding planes (N,) and the number of boundary sections (/V,) in the microscopic images, which
allowed us to calculate the following 2D sliding plane density ¢, as follows:

NS
= Fb (21)

The mechanical properties of the crack inclusions were then calibrated against the stress-strain curves obtained experimentally,

@

as described below.
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We introduce the following relationship between the sliding plane density ¢ and the volume fraction of the crack inclusions
(¢,) considered in the REV:

b = ho” (22)
where f; and f, are parameters that need to be calibrated. For simplicity, we assume that all crack inclusion orientations are
represented with the same volume fraction ¢,/ N,.

The orientation angle of a crack plane obtained by image analysis in 2D is taken equal to the angle formed by the crack plane
with the horizontal in 3D, which is identical to the angle between the normal direction of the crack plane and the loading axis,
i.e. 0 in Figures 5| and [9] We assume that the angle of revolution of the crack planes around the loading axis (often noted y) is
uniformly distributed in the REV. This hypothesis is supported by the fact that: (i) specimens were fabricated by consolidating
salt aggregates at high temperature, and where statistically identical to one another; (ii) the loading conditions and the shape of
the specimen were axis-symmetric. We sorted the values of 8 obtained by image analysis for all the sliding planes, by ascending
order. We divided the interval of variation of the angle 8 into ten sub-intervals. In each sub-interval, the mean of § was calculated.
The distribution of 8 in the REV was defined by the 10 mean @ values, weighted by the number of occurrences of 6 in that
interval, normalized by the total number of angles 8 observed in the image. Ten uniformly distributed values of y, ranging from
0° to 360°, were used to define the distribution of the revolution angles of the crack inclusions of the REV. As a result, 100 crack
inclusion families were defined, each having a specific orientation defined by a couple of angles (8, y).

—Crack plane

FIGURE 9 The orientation of a crack plane. The z axis is the loading direction. € is the angle between normal direction (n) of
a crack plane and the z axis. y represents the angle between the x axis and the projection of the normal direction of the crack
plane on the horizontal plane (xy plane).

We introduce two parameters Cy and C; to account for the stiffness degradation of the crack inclusions as a consequence of
sliding. The bulk modulus K; and the shear modulus G; of the crack inclusions of family i are calculated as follows:

K; = CkK, (23)

G, =C;G, 24)
where K,, and G, are bulk and shear moduli of the matrix, respectively.

In the small compression cycles done with a permanent axial strain equal to 0%, few sliding planes are observed. The stiffness
of the salt rock REV is controlled by the stiffness of the matrix. We thus calibrate the bulk and shear moduli of the matrix
(K,, and G,,) against the results of the small cyclic compression cycles with a zero permanent strain. In the small compression
cycles done with a permanent axial strain equal to 3.8%, very small chemical shear strain occurs in the first cycle C1, because
the strain rate is high and the period of time of the loading is small. The deformation of salt rock in C1 is controlled by the
modulus reduction parameters Cy and Cg, and the volume fraction of the crack inclusions, ¢,. ¢, depends on the parameters
p, and p, (Equation [22). So the parameters f;, f,, Cx and Cg; are fitted to match the stress-strain curve C1. The geometry of
the crack planes and the volume fraction of the crack inclusion families influence the reduction of stiffness and the development
of hysteresis in the three cycles C1, C2, and C3. The parameters controlling the geometry of the crack planes are the roughness
angle a and the thickness of the crack plane, c. We calibrate a and ¢ to match the stress-strain curves in C2 and C3. We do not
simulate the deformation of salt rock during the waiting period of time between small loading cycles. In other words, cycles
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C2 and C3 are manually shifted so that they start at the same initial axial strain as recorded in the experiments. The calibrated
parameters are listed in table[I} and simulations done at the material point with the calibrated model are shown in Figure [I0]and

M1

TABLE 1 Parameters of the rate-dependent micro-macro model of salt calibrated against the results of the small loading cycles
at 0% and 3.8% permanent axial strain.

Mechanical properties Crack geometry
K, G, Cx Cgq A b, c a
GPa GPa - - - - um °
17.0 10.5 0.9 0.6 1.91 1.34 4.5 60
i ——Cf1, C2, C3 (Simulation)] | <60
© - i o
Qs C1 (Exper!ment) S 5!
= - - -C2 (Experiment) <=
- ; 0
2yl (33 (Experiment) @ 4t
o \ o
5° N 5 °
€ ~ €ol C1, C2, C3 (Simulation) | |
o 2r DN [0} A .
> =) = 7 C1 (Experiment)
;DE 1 \1.\ g 1 ”/ - - -C2 (Experiment)
- a] Vi - - -C3 (Experiment)
oL ) ) 0 id . .
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-4
€ %107 €a x10
(a) Radial strain (b) Axial strain

FIGURE 10 Model calibration against the results of the small loading cycles at a permanent axial strain ¢, = 0%. Solid lines:
simulation results. Dashed lines: experimental results.

When the permanent axial strain €, is 0%, no sliding planes develop. Brine is isolated in the fluid inclusions, and there is
no brine film at the grain boundaries to facilitate the pressure solution process. The simulation results show that the stress-
strain curves obtained for the small loading cycles C1, C2 and C3, conducted at different strain rates, are superimposed, which
indicates that the effects of chemical reactions are negligible (Figure[I0). According to Figure [IT] our model can well capture
the stiffness reduction and hysteresis evolution of salt rock, which are observed at a permanent strain of 3.8%.

Figure [12a presents the development of local normal contact stress on the segments n; and n, of a crack surface in one of
the crack inclusion families, during the small loading cycles performed at a permanent axial strain of 3.8 %. Initially, during
C1, the compressive normal stress on segment 7, (‘7,1,) is much larger than the compressive normal stress on segment #, (63).
Then, the difference between o-r'l and 63 decreases. During the unloading phase of C2, o-rll gets equal to o-fl (intersection of the red
dashed line and the red solid line in Figure [I2a)). Then, the chemical shear strain y, starts to decrease as shown in Figure
The strain rate in C3 is 1/10 of the strain rate of C2, and the duration of C3 is 10 times that of C2. y, is 2.0 X 10™* when Ae,
reaches its maximum value in C3, which is only four times the value of y, when Ae, reaches its maximum in C2 (0.5 x 107%).
This is because the smaller difference between a; and 05 decelerates the accumulation of chemical strain (Equation .
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FIGURE 11 Model calibration against the results of the small loading cycles at a permanent axial strain €, = 3.8%. Solid lines:
simulation results. Dashed lines: experimental results.
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FIGURE 12 Local normal stress and chemical strain in a representative crack inclusion family, in which the orientation of
the crack plane is 25°. The difference of normal stress between the planes of normal n; and n, decreases during the unloading
phases. The chemical strain starts decreasing when the sign of the difference of normal stress is altered.

6 | SENSITIVITY ANALYSIS

We now investigate the sensitivity of the deformation of the REV to the geometry of the crack plane (thickness of crack ¢ and
roughness angle a) and to the volume fraction of the crack inclusion families. In all the simulations presented in the following,
the angle between the direction of the crack planes and the horizontal direction is set equal to 60°. The strain rate is 3 x 1076 /s.
The mechanical properties calibrated above are adopted (see Table|[T).

According to Figure[I3] larger chemical strain and larger deformation are produced for thinner cracks, which is consistent
with Equation [T2] A thinner sliding plane provides a shorter diffusion path from the crack plane segment with large normal
stress to the crack plane segment with small normal stress. More salt mineral is dissolved at the grain contacts, and the shear
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displacement increases. When c is smaller than 8 ym, hysteresis is enhanced by a larger crack thickness. When ¢ is very small
(i.e. ¢ = 2 um), the stress of the crack inclusions is redistributed very rapidly because the dissolution rate is very high at the
grain contacts. As a result, chemical strain develops in the direction opposite to the sliding, and hysteresis reduces.

»
»

[6)]
(6]

N
I

Differential stress (MPa)
w
Differential stress (MPa)
w

27 27
17 17
0 0
15 0
(a) Radial strain (b) Axial strain

FIGURE 13 Influence of crack thickness on the stress-strain relationship. The total volume fraction of the crack inclusions, ¢,,
is equal to 50%. The roughness angle a is set equal to 60°. More irreversible deformation accumulates for very large or very
small crack thicknesses. The hysteresis is less pronounced when the crack film is either very thin or thick.

Figure [T4]shows that a larger roughness angle a enhances the accumulation of irreversible deformation and the development
of hysteresis. When « is larger than 45°, the influence of @ becomes insignificant. A larger roughness angle a decreases the
length of the diffusion path of salt ions, which enhances the shear strain of the crack inclusions. In addition, the roughness
angle a controls the difference in normal stress, 6’1, - o-rzl. When « is very small, segments n; and segments n, have very similar
orientations (Figure [3_5]) Hence, the difference of normal stress becomes negligible, and as a result, the shear strain rate of the
crack inclusion is very small.

The volume fraction of the crack inclusions (¢,) does not influence the local chemical shear strain rate in the crack inclusions.
However, a larger ¢, amplifies the effect of local strains on the macroscopic deformation of the REV, including the elastic strain
(Equation [I4)) and the chemical strain induced by pressure solution (Equation [I8)). The larger the volume fraction ¢,, the larger

the REV deformation and the larger the hysteresis, as shown in Figure[T3)].

7 | ENERGY DISSIPATION

The hysteresis and the residual strain observed in the tests indicate that energy is dissipated during the loading and unloading
cycles. Figure[I6a]presents the external work input to the salt rock REV for different values of the crack thickness (c), for a strain
rate is 3 X 107 /s. The roughness angle a is set equal to 60°, and the total volume fraction of the crack inclusions, ¢,, is equal
to 50%. In each cycle, the specimen is unloaded after the maximum differential stress reaches 6 MPa. Therefore, the maximum
external work ever provided to the REV can be calculated by multiplying the maximum axial strain by 6 MPa.

As can be seen from FigurdI6] a smaller crack thickness is accompanied by a faster pressure solution process at the crack
faces, which enhances the local chemical strain and increases the maximum strain undergone by the REV. As a result, the smaller
the crack thickness, the larger the maximum external work at the REV scale. When c is large (¢ >16 um), the rate of pressure
solution is too small to influence the chemical strain or trigger any hysteresis. When ¢ is small (¢ < 2 ym), pressure solution
happens so quickly that stress is redistributed quasi-instantaneously in the salt REV during the loading path. The maximum
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FIGURE 14 Influence of the roughness angle a on the stress-strain relationship. The total volume fraction of crack inclusions,
¢, is equal to 50%. The crack thickness ¢ was set equal to 4.8 ym. A larger angle a enhances the accumulation of irreversible
deformation and the development of hysteresis.
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FIGURE 15 Influence of the volume fraction of the crack inclusions on the stress-strain relationship. The roughness angle «
was set equal to 60°. The crack thickness ¢ was set equal to 4.8 ym. Irreversible deformation and hysteresis increase with the
volume fraction of the crack inclusions in the REV.

strain of the REV is not influenced by pressure solution. Little energy is dissipated during the loading cycle when c is large or
small, because hysteresis is negligible.

Figure[I7)shows that the volume fraction of the crack inclusions largely influences the external work provided to the salt rock
REV. In these simulations, the roughness angle a was set equal to 60°. The crack thickness ¢ was set equal to 4.8 ym. Figure[I74]
suggests that a higher volume fraction of crack inclusions amplifies the effects of the chemical strains in the crack inclusions,
which yields more chemical strain and irreversible deformation at the REV scale. As a result, both the maximum external work
and the dissipated energy increase with the volume fraction of the crack inclusions.
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FIGURE 16 Influence of crack thickness on energy dissipation. The roughness angle « is set equal to 60°. The total volume
fraction of the crack inclusions, ¢,, is equal to 50%. A smaller crack thickness induces a larger maximum external unit work.
The energy dissipated by diffusion is negligible when the thickness of cracks is either very larger or very small.
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FIGURE 17 Influence of the volume fraction of the crack inclusions on energy dissipation. The roughness angle @ was set equal
to 60°. The crack thickness ¢ was set equal to 4.8 ym. A larger volume fraction of crack inclusions leads to greater external work
applied to the salt rock REV and to more energy dissipated by pressure solution.

To summarize, pressure solution can induce significant hysteresis, which may reduce the efficiency of geological storage
facilities that are loaded cyclically, such as Compressed Air Energy Storage (CAES) caverns. From the analysis above, we
conclude that CAES is most efficient in undamaged salt rock with only a few sliding planes, or in salt rock where the pressure
solution rate is either very large (small crack thickness c¢) or very small (large crack thickness c).
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8 | CONCLUSIONS

A chemo-mechanical homogenization framework is proposed to capture the rate-dependent behavior of salt rock during cyclic
compression loading. The Representative Elementary Volume (REV) is viewed as a homogeneous matrix that contains sliding
cracks. A crack inclusion is defined as a spherical volume around a sliding crack that has rough surfaces. Field variables at
the REV scale are calculated as the average of the local field variables over all the possible distributions of orientation, crack
thickness and roughness angle of the crack inclusions. The shear displacement of the sliding planes is related to the mass
of salt ions that diffuse along the crack surface. The rate of diffusion is calculated by a pressure solution model. The shear
deformation of a crack inclusion due to pressure solution defines the chemical eigenstrain of that crack inclusion. The relationship
between the inclusion-scale stresses and strains and the REV scale stresses and strains is established by using the Mori-Tanaka
homogenization scheme.

The proposed rate-dependent homogenization model is calibrated against cyclic compression tests. It is noted that a lower
strain rate and/or a larger number of sliding cracks enhances stiffness reduction and hysteresis. Sensitivity analyses show that
thinner sliding cracks (i.e. thinner brine films) promote stiffness reduction and accelerate stress redistributions in the crack
inclusions. Higher roughness angles lead to an increased difference of normal stress along the different segments of the crack
plane and to a reduced diffusion path, which both amplify the reduction of stiffness and the development of hysteresis. The larger
the volume fraction of the crack inclusions, the larger the REV deformation and the larger the hysteresis — this is because the
presence of a higher number of sliding planes amplifies the effects of the local shear strains driven by pressure solution.

Our results confirm that the rate-dependent behavior of salt rock is governed by pressure solution on grain boundaries at low
pressure and low temperature. The proposed model provides the first micromechanical explanation of the rate dependent behavior
of salt under cyclic loading at room temperature. The homogenization scheme can easily be adapted to other geomaterials that are
subject to pressure solution or chemical weathering. Results presented in this study shed light on the design of geological storage
facilities that undergo cyclic unloading, which could help optimize the energy production cycle with low carbon emissions.

ACKNOWLEDGEMENTS

This research was supported by the U.S. National Science Foundation under grants CMMI-1362004/1361996 (“Col-
laborative research: Linking Salt Rock Deformation Regimes to Microstructure Organization”) and under grant CMMI-
1552368(“CAREER: Multiphysics Damage and Healing of Rocks for Performance Enhancement of Geo-Storage Systems — A
Bottom-Up Research and Education Approach”).

References

1. Knipe R. Deformation mechanisms—recognition from natural tectonites. Journal of Structural Geology 1989; 11(1-2):
127-146.

2. FredrichJT, Evans B, Wong TF. Micromechanics of the brittle to plastic transition in Carrara marble. Journal of Geophysical
Research: Solid Earth 1989; 94(B4): 4129-4145.

3. Paterson MS, Wong Tf. Experimental rock deformation-the brittle field. Springer Science & Business Media . 2005.
4. Chester FM. Dynamic recrystallization in semi-brittle faults. Journal of structural geology 1989; 11(7): 847-858.

5. Ghahremani F. Effect of grain boundary sliding on anelasticity of polycrystals. International Journal of Solids and
Structures 1980; 16(9): 825-845.

6. Zener C. Theory of the elasticity of polycrystals with viscous grain boundaries. Physical Review 1941; 60(12): 906.

7. Chester FM. The brittle-ductile transition in a deformation-mechanism map for halite. Tectonophysics 1988; 154(1-2):
125-136.

8. Raj R, Ashby M. On grain boundary sliding and diffusional creep. Metallurgical transactions 1971; 2(4): 1113—-1127.



18

| X. Shen ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lajtai E, Duncan ES, Carter B. The effect of strain rate on rock strength. Rock Mechanics and Rock Engineering 1991;
24(2): 99-109.

Senseny P, Hansen F, Russell J, Carter N, Handin J. Mechanical behaviour of rock salt: phenomenology and micromecha-
nisms. In: . 29. Elsevier. ; 1992: 363-378.

Fuenkajorn K, Sriapai T, Samsri P. Effects of loading rate on strength and deformability of Maha Sarakham salt. Engineering
Geology 2012; 135: 10-23.

Wheeler J. Anisotropic rheology during grain boundary diffusion creep and its relation to grain rotation, grain boundary
sliding and superplasticity. Philosophical Magazine 2010; 90(21): 2841-2864.

McClay K. Pressure solution and Coble creep in rocks and minerals: a review. Journal of the Geological Society 1977;
134(1): 57-70.

Paterson MS. Nonhydrostatic thermodynamics and its geologic applications. Reviews of Geophysics 1973; 11(2): 355-389.
doi: 10.1029/RGO11i002p00355

Rutter EH, Elliott D. The Kinetics of Rock Deformation by Pressure Solution [and Discussion]. Philosophical Transactions
of the Royal Society of London. Series A, Mathematical and Physical Sciences 1976; 283(1312): 203-219.

Raj R. Creep in polycrystalline aggregates by matter transport through a liquid phase. Journal of Geophysical Research:
Solid Earth 1982; 87(B6): 4731-4739. doi: 10.1029/1B087iB06p04731

Rutter EH. Pressure solution in nature, theory and experiment. Journal of the Geological Society 1983; 140(5): 725-740.
doi: 10.1144/gsjgs.140.5.0725

Lehner FK. A model for intergranular pressure solution in open systems. Tectonophysics 1995; 245(3-4): 153-170.

Urai JL, Spiers CJ, Zwart HJ, Lister GS. Weakening of rock salt by water during long-term creep. Nature 1986; 324(6097):
554-557.

Drugan W, Willis J. A micromechanics-based nonlocal constitutive equation and estimates of representative volume element
size for elastic composites. Journal of the Mechanics and Physics of Solids 1996; 44(4): 497-524.

Gross D, Seelig T. Fracture mechanics: with an introduction to micromechanics. Springer . 2017.

Eshelby JD. The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems. Proceedings of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences 1957; 241(1226): 376-396. |doi:
10.1098/rspa.1957.0133

Vieville P, Bonnet A, Lipifiski P. Modelling effective properties of composite materials using the inclusion concept. General
considerations. Archives of Mechanics 2006; 58(3): 207-239.

Lurie S, Solyaev Y, Shramko K. Comparison between the Mori-Tanaka and generalized self-consistent methods in the
framework of anti-plane strain inclusion problem in strain gradient elasticity. Mechanics of Materials 2018; 122: 133-144.

Mori T, Tanaka K. Average stress in matrix and average elastic energy of materials with misfitting inclusions. Acta
Metallurgica 1973; 21(5): 571 - 574. doi: https://doi.org/10.1016/0001-6160(73)90064-3

Benveniste Y. A new approach to the application of Mori-Tanaka’s theory in composite materials. Mechanics of Materials
1987; 6(2): 147 - 157. doi: https://doi.org/10.1016/0167-6636(87)90005-6

Ma H, Hu G, Huang Z. A micromechanical method for particulate composites with finite particle concentration. Mechanics
of Materials 2004; 36(4): 359-368.

KimJ, Lee JK. A new model to predict effective elastic constants of composites with spherical fillers. Journal of mechanical
science and technology 2006; 20(11): 1891-1897.


http://dx.doi.org/10.1029/RG011i002p00355
http://dx.doi.org/10.1029/JB087iB06p04731
http://dx.doi.org/10.1144/gsjgs.140.5.0725
http://dx.doi.org/10.1098/rspa.1957.0133
http://dx.doi.org/10.1098/rspa.1957.0133
http://dx.doi.org/https://doi.org/10.1016/0001-6160(73)90064-3
http://dx.doi.org/https://doi.org/10.1016/0167-6636(87)90005-6

X. Shen ET AL | 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tucker III CL, Liang E. Stiffness predictions for unidirectional short-fiber composites: review and evaluation. Composites
science and technology 1999; 59(5): 655-671.

Pichler B, Dormieux L. Cracking risk of partially saturated porous media—Part I: Microporoelasticity model. International
Jjournal for numerical and analytical methods in geomechanics 2010; 34(2): 135-157.

Lu P. Further studies on Mori-Tanaka models for thermal expansion coefficients of composites. Polymer 2013; 54(6):
1691-1699.

Castafieda P, Willis J. The effect of spatial distribution on the effective behavior of composite materials and cracked
media. Journal of the Mechanics and Physics of Solids 1995; 43(12): 1919 - 1951. |doi: https://doi.org/10.1016/0022-
5096(95)00058-Q

Ding J. Grain boundary processes, anelasticity, and test of the effective stress law for semibrittle deformation of synthetic
salt-rocks. PhD thesis. Texas A & M University, 2019.

DingJ, Chester FM, Chester JS, Xianda S, Arson C. Microcrack Network Development in Salt-Rock During Cyclic Loading
at Low Confining Pressure. In: American Rock Mechanics Association. ; 2017.

Schutjens P, Spiers C. Intergranular pressure solution in NaCl: Grain-to-grain contact experiments under the optical
microscope. Oil & Gas Science and Technology 1999; 54(6): 729-750.

Pichler B, Hellmich C. Estimation of influence tensors for eigenstressed multiphase elastic media with nonaligned inclusion
phases of arbitrary ellipsoidal shape. Journal of engineering mechanics 2010; 136(8): 1043-1053.

Hill R. Continuum micro-mechanics of elastoplastic polycrystals. Journal of the Mechanics and Physics of Solids 1965;
13(2): 89 - 101. doi: http://dx.doi.org/10.1016/0022-5096(65)90023-2

Mura T. Micromechanics of Defects in Solids (Martinus Nijhoff, Dordrecht, 1987). Google Scholar 1987: 1.

Levin VM. Thermal expansion coefficient of heterogeneous materials. Mekhanika Tverdogo Tela 1967; 2(1): 83-94.


http://dx.doi.org/https://doi.org/10.1016/0022-5096(95)00058-Q
http://dx.doi.org/https://doi.org/10.1016/0022-5096(95)00058-Q
http://dx.doi.org/http://dx.doi.org/10.1016/0022-5096(65)90023-2

20

X. Shen ET AL




	Micro-mechanical Modeling for Rate-Dependent Behavior of Salt Rock under Cyclic Loading
	Abstract
	Introduction
	Experimental observations during cyclic compression tests
	Grain boundary sliding
	Conceptual model
	Thermodynamic model

	Homogenization scheme
	Model calibration
	Sensitivity analysis
	Energy dissipation
	Conclusions
	Acknowledgements
	References


