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A constitutive model for crushed salt
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SUMMARY

A constitutive model for crushed salt is presented in this paper. A creep constitutive model is developed
first and compared with test results. The constitutive model presented here concentrates on creep
deformation because saline media behave basically in a ductile and time-dependent way. An idealized
geometry is used as a common framework to obtain stress—strain macroscopic laws based on two
deformation mechanisms: fluid-assisted diffusional transfer creep and dislocation creep. The model is able
to predict strain rates that compare well with results from laboratory tests under isotropic and oedometric
conditions. Macroscopic laws are written using a non-linear viscous approach, which incorporates also a
viscoplastic component, based on critical state theory. The viscoplastic term is intended for non-creep
deformation mechanisms such as grain reorganization and crushing. Copyright © 2002 John Wiley &
Sons, Ltd.

1. INTRODUCTION

An introduction to saline media, in general, precedes a description of deformation processes in
rock salts and porous aggregates.

1.1. Background

Salt rock is considered as a possible geological medium for underground radioactive waste
disposal. Seals in salt-rock caverns for isolating purposes are designed to be made of
porous crushed salt with different degrees of compaction, i.e. with different initial porosities
¢ Backfilling of cavities is carried out with slightly compacted crushed salt (¢, = 0.3-0.4)
while seals (also called dams) can be built with salt bricks with a higher degree of com-
paction (¢, =0.1-0.2). Figure 1 shows crushed salt before and after compaction.
Temperature and humidity content are crucial variables in the mechanical behaviour of these
aggregates.

The study of these seals requires the development of new approaches. The main reason is that
fundamental processes taking place in salt are less relevant in other geological materials or take
place much slowly. While salt rock behaviour is relatively well understood, the behaviour of
porous salt aggregates is much less known. Therefore, research activity has recently focused
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Figure 1. Crushed salt before and after compaction.

on the study of the coupled hydraulic, thermal and mechanical behaviour of porous saline
media.

An interesting secondary objective of the investigation of crushed-salt behaviour is that some
analogies can be defined with the bond creation in other materials. The study of the mechanical
behaviour of hard soils and soft rocks gives preferential attention to the process of bond
degradation caused by the application of stresses and/or strains to the material (e.g. References
[1-4]). It is a logical consequence from the fact that the progressive weakening and destruction
of bonds controls the main features of the mechanical behaviour of this type of materials.
However, in crushed salt behaviour the opposite phenomenon is focused: bond creation, the
basic process by means of which an initially detritic material becomes progressively a soft rock
and, sometimes, even a hard sedimentary rock (Figure 2). Bond creation is an important part of
the process of lithification and it can be considered as the counterpart of bond degradation
associated with weathering [5].

Cohesive sands are a typical transition material between sand and sandstone. Barton [6]
identifies two main sources for cohesion in this material: (i) interlocking of particles and (ii)
bonding of particles. Barton [6] also discusses the main diagenetic mechanisms causing the
development of cohesion: compaction, decomposition of chemically less stable materials,
pressure solution of detrital grains, crystal overgrowths, cementation and intergranular welding.
Naturally, the development of cohesion in sands require long times and, therefore, they are
difficult to observe in the laboratory under controlled conditions.

However, for crushed salt, bond creation development occurs very quickly. It is possible to
transform an initially loose arrangement of particles into a material closely resembling a soft
rock. The times required for this transformation allow the study of the process in the laboratory
without undue difficulties. Crushed salt, therefore, may provide a natural analogue examining at
least some of the mechanisms involved in bond creation and lithification.

In general, a saline medium can be envisaged as composed by three phases. Each phase may
contain several species and they can be described in terms of the components as

® Solid grains made of crystalline sodium chloride. Brine inclusions may be present in the solid
matrix.

® Liquid phase as a dissolution of salt and air in water.

® Gas phase as a mixture of dry air and water vapour.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719—746
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Figure 2. The transition between soil and rock (adapted from Reference [5]).

The behaviour of porous salt aggregates is complex. As mentioned above, phase interaction
involves processes that take place in much slower time scale in other geological media. For
instance, dissolution and precipitation of salt implies major differences with other materials. In
this regard, variations of porosity may take place induced, for instance, by temperature
differences [7]. From a mechanical point of view, saline materials show significant creep
deformation. Presence of brine in pores leads to a creep deformation based on dissolution/
precipitation at the pore scale level caused by stress differences within the grains. Therefore,
coupling between mechanical and hydraulic problems is relevant not only due to the usual
process mechanics of porous media (i.e. consolidation, permeability changes) but also because
salt creep is strongly dependent on the presence of brine in grain contacts and pores.

On the other hand, there exist strong coupling effects between thermal phenomena and
mechanical and hydraulic ones. These are important because significant temperature gradients
exist in problems of waste disposal so that the medium is under non-isothermal conditions.
Apart from the classical couplings (e.g. thermal expansion), it should be noticed that the
following processes depend strongly on temperature:

® Creep deformation of salt rock. Creep strain rates are highly dependent on temperature.

® Solubility of salt in water. The concentration of a saturated dissolution is a function of
temperature.

® Water vapour concentration and motion in gas phase. Consideration of phase change
requires enthalpy balance.

® Viscous motion of fluids. Viscosity of fluids depends on temperature.

The study of a medium of this type, leads to a physico-mathematical approach in the field of
multiphase-multicomponent flow under non-isothermal conditions including deformation.
Three main directions of investigation, theoretical and computational, have been followed in
order to develop a comprehensive approach:

® Formulation of the balance equations for mass, momentum and energy.
® Development or adaptation of constitutive laws.
® Numerical implementation of balance equations together with constitutive laws.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719-746
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The formulation of the balance equations can be found in Reference [8]. In this work, partial
differential equations were established paying specific attention to the relevant processes that
take place in the saline media.

1.2. Deformation of salt rock and salt aggregates

A low-porosity saline rock subject to a confining stress deforms in a ductile way if a deviatoric
stress state is applied. The strain rates that are developed are, in general, a non-linear function of
deviatoric stress and depend strongly on medium temperature [9]. Under low confining stress
states, dilatancy appears and the material becomes more brittle as confining stress decreases or
strain rate increases [10]. Strength is a function of confining stress, strain rate and temperature.
Strength tests under different stress states have been carried out by Hunsche and Albrecht [11] in
a true triaxial cell. Viscoelasticity and viscoplasticity provide an adequate framework for
characterizing the behaviour of rock salt. The existing constitutive models range from a simple
power law [12] which stands for history-independent deviatoric strains, to more complex models
[12,13], which include other features such as dilatancy or hardening/softening behaviour. In
general, these models were developed to analyse saline media with a small or negligible porosity,
i.e. salt rocks.

The study of the behaviour of porous salt aggregates is gaining interest, mainly due to the
possible use of such materials to backfill openings in radioactive waste repositories. Early
studies of crushed salt behaviour adopted, in some cases, an approach similar to that used in soil
mechanics [14,15]. Probably, this approach is adequate for processes that take place at very fast
strain rates. More recently, the interest has focused on the volumetric strains caused by creep. A
very interesting model of deformation of porous salt aggregates has been proposed by Spiers
et al. [16-18].

They have explained creep deformation from a microstructural point of view taking into
account basic physical mechanisms and the geometrical description of grains. These authors
proposed a model for volumetric isotropic deformation. Other authors [19] based their
theoretical developments on works related to compaction of powders in molds by hot-pressing
[20], a field in which several models have been developed.

A mechanical constitutive model to represent the creep behaviour of porous salt aggregates
has been developed, and it is described in this paper. The basic creep model was firstly presented
by Olivella et al. [21-23]. It has been used for modelling in several applications related to
saline formations. Here, the combination of the basic creep model with viscoplasticity is also
included.

1.3. Microstructural observations

A direct evidence of the progress of compaction and bond development is provided by
microscope observation of the microfabric of the materials. Figure 3 presents a sequence of
micrographs in which the transition from the initial loose state to a significantly denser material
can be observed. The material was prepared from analytical-grade NaCl powder, sieved into
prescribed grain-size fractions. Grading was, therefore, very uniform. Particle interlocking,
crystal overgrowth and the appearance of new contacts arising from pressure solution can be
discerned.

However, the main practical interest lies in checking whether, by continuing compaction
further, crushed salt may eventually resemble rock salt. In that respect, the similarity of the two

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719—746
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Figure 3. Reflection optical micrographs showing microstructures of: (a) initial granular material (dy =
275 um), (b) compacted crushed salt (e&y = 11%,dy =410 um), (c) compacted crushed salt
(ey = 20%,dy = 410 um) and (d) compacted crushed salt (e, = 24%,dy = 175 pm) (from Reference [17]).

pictures in Figure 4 is very significant. By using ultrafine NaCl powder (100 pm size) and
continuing the compaction down to a porosity of 2-3%, the microfabric of the compacted
crushed salt ends up resembling that of rock salt very closely.

2. CONSTITUTIVE MODEL FOR CREEP DEFORMATION OF POROUS SALT
AGGREGATES

A general model for the creep behaviour of salt aggregates was required to undertake fully
coupled analysis of salt-based sealing systems. The most relevant mechanisms of deformation in
saline materials are linked with creep or ductile deformation. Two main goals had to be
achieved: good predictive capabilities for the stress—strain processes that take place in real
conditions, and, implementation in a coupled numerical tool. In order to ensure the first
objective, it is necessary to compare the model with test results. For the second one, the
equations theoretically developed should be transformed into a viscoelastic or viscoplastic
framework suitable for incorporation into a numerical formulation.

2.1. Most relevant deformation mechanisms in salt aggregates

In contrast to other rocks, rock salt shows creep deformation at room temperature. Other rocks
require very high temperatures and degree of confinement to behave with such strain rates,

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719—746
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L

Figure 4. (a) Reflection optical micrograph of ultrafine highly compacted NaCl powder
(from Reference [17]) and (b) Micrograph of rock salt (from Reference [16]).
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Figure 5. Stress temperature deformation mechanism map.

otherwise they deform in a brittle manner. In Figure 5 a stress/temperature deformation
mechanism map is presented. This map shows that depending on temperature and stress level,
creep deformation is caused by different mechanisms. Glide and climb (low and high
temperature) mechanisms are related to dislocation theory, hence, they can be seen as
intracrystalline mechanisms. At high temperatures (7/T,, above 0.6, where T, = 800°C is
melting temperature) solid diffusion mechanisms may occur. At low stresses and temperatures,

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719—746
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the most important mechanism of creep deformation is based on fluid-assisted diffusion. This
mechanism is intercrystalline because diffusion takes place along grain boundaries. In the map,
the probable conditions for stresses and temperatures in backfills and seals of repositories are
indicated.

The constitutive model has been based on the following two mechanisms of deformation:

Fluid-assisted diffusional transfer deformation (FADT); and dislocation creep (DC)
deformation.

that are expected to play a significant role in repository conditions. A description of these two
deformation mechanisms follows below in Figures 6 and 7.

FADT refers to the mechanism of deformation based on the migration of salt through the
liquid phase present in pores. This migration of salt is developed from contacts to contacts or
from contacts to pores. The driving force for diffusion is the gradient of chemical potential
induced by differences in contact stresses.

DC refers to intracrystalline mechanisms explained through dislocation theory. The
crystalline net is not perfect because dislocations and voids occur. A deviatoric stress applied
to a crystalline body causes movement of such imperfections which are macroscopically seen as
deformations.

N .m;igb /

- ISSOLUTION.

Figure 7. DC mechanism.
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As mentioned above, solid diffusion mechanisms are only important under high temperatures
and low-stress states, hence these mechanisms are not considered relevant in this context. They
can be neglected because FADT and DC are the dominant under repository conditions.

2.2. Idealized geometry for grains and pores

It has been found useful to base the development of the constitutive model on an idealized
geometry incorporating some features of the real microstructure of the porous salt aggregates.

The idealized microstructure arrangement is composed by a regular arrangement of
polyhedrons (Figure 8). This geometry is used as a basis for calculating strain rates and to
obtain macroscopic laws. In order to provide a common framework for both mechanisms, the
same idealized geometry is used. The microstructure of salt granular aggregates has been
observed by Spiers et al. [17,24], and these authors have shown micrographs where regular cubic
forms can be clearly distinguished. It must be recalled that sodium chloride belongs to the
crystallographic cubic system. This regular form of grains has led to idealize the geometry using
polyhedral forms as simple as possible. An idealized geometry for grains and pores could be
based, alternatively, on spherical particles, as for instance, Spiers et al. [17] have done.

In order to simplify the subsequent mathematical developments, two hypotheses concerning
the idealized geometry are adopted:

® The principal directions of the macroscopic stress state are normal to the faces of the
idealized grain.

® The characteristic sizes d, s, (Figure 8) and a (Figure 10) of the geometry are equal in all
directions.

Figure 8 shows the idealized geometry and several simple relationships in terms of the
following characteristic sizes: d, grain size and s, void size. For instance, contact size is related to
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Figure 8. Idealized geometry of grains and pores used to develop a creep model.
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them as x =d — \/Es. Void volume, void ratio and the ratio of stress concentration can be
computed (Figure 8) in an easy way.

It is convenient to write every geometrical variable as a function of void ratio. In this way the
introduction of these variables in equations, produces dependencies only on void ratio and not
on the characteristic sizes which are difficult to determine in a real granular aggregate. However,
this three-dimensional geometry leads to somewhat complex expressions, e.g. relative pore size is
s/d = \/e[iny/\/1+ e with 2, = 3 — (4/3)\/2(s/d), which is not explicit. Unnecessary complex-
ity of the equations would appear if this form is maintained. To overcome this practical
difficulty, /, has been modified to A, = 3(1 — ¢*/?). The modified function has the following
advantages: simplifies the resulting relationships, for low values of e converges to the theoretical
expression, and when comparing the model with experimental results for different values of e, it
has exhibited a better performance than the algebraically derived one. The use of a modified A,
does not imply any loss of generality in the geometrical relationships. The contact size and the
pore-size functions, which are key functions in the model, are represented in Figure 9 as a
function of void ratio. It can be observed from this plot that for these relationships a void ratio
of approximately e = 0.78 is an upper bound of validity of the equations. Higher values of void
ratio would produce contacts with negative size.

The main features of this approximated idealization of the microstructure are

® All geometrical variables (Figure 8) are only functions of void ratio (e).

® The same relationships (Figure 8) apply for void ratios from e=0 (x=d) to
e=0.78 (x =0).

® All relationships are explicit and sufficiently simple to allow the development of model
equations.

® Anisotropy could be introduced by means of the use of different sizes of the grain along each
axis.
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Figure 9. Variation of contact size (x/d) and void size (s/d) with void ratio using the
modified function (empirical).
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2.3. FADT mechanism

The first mechanism that was investigated is FADT. It involves basically the deformation of
grains by dissolution/migration/precipitation of salt from zones of stress concentration to zones
of lower stress levels. Since salt migration takes place through the liquid phase, this mechanism
will only operate if brine is present. For porous salt aggregates subjected to relatively confined
conditions, salt migration takes place from contacts to pores causing reduction of pore volume.
This mechanism of deformation has been extensively studied by Spiers et al. [16-18,24]. Their
ideas have been followed in the development of a constitutive model. Experimental data from
these authors have been useful to validate model predictions.

The medium is considered saturated with brine at a pressure P, pressure and macroscopic
stresses 0,0, 0 are applied externally (principal stress tensor components).

A macroscopic model for FADT can be obtained if the following hypotheses are considered:

® Chemical potential (u) is the driving force for dissolution/transport/precipitation of salt.

® In the absence of flow, the dissolution/transport/precipitation is diffusion controlled.

Dissolution and precipitation take place with negligible chemical potential losses compared

to diffusion.

Chemical potential is the same in the solid and in the solution in contact with it.

Differences in chemical potential are induced by differences in normal stress on the solid.

A fluid film of thickness a exists in the contacts.

Salt behaves as a single ion in these processes, so the couples of Na® and Cl™ ions dissolve/

diffuse/precipitate jointly.

® Due to tortuosities and reduced thickness of the contacts, the losses of chemical potential
take place mainly inside the contact. In other words, diffusion through the pore is much
easier.

After the statement of these assumptions, the flux of salt from contact to pores can be
obtained and then related to macroscopic deformations. This will be done in five steps. Diffusive
mass flux of dissolved salt will be written using Fick’s law, mass balance of salt will be written at
the grain scale, chemical potential gradients will be estimated as a function of stress
concentration on contacts, strain rates computed from grain size variations and the model
will be generalized to a tensorial form.

2.3.1. Diffusive mass flux of dissolved salt. Fick’s law allows to express the diffusive mass flux of
salt in solution as [25]
om

RT Vu (1)

where o is the mass fraction of salt in dissolution and D is the coefficient of effective diffusion
expressed as D = tp,Dp,, where 1 is the tortuosity coefficient, p, is the liquid density and Dy, is
the molecular diffusion coefficient. The second equivalence in (1) has been obtained from the
definition of chemical potential in terms of solute concentrations:

i=—-DVw = —1p,Dp

Vu Vy Vo o l1-w
- RT1 oA _ 7 =M, | — 2
p= o+ RT log(yp), o L mo " W(Mh o ) (2

where g is a reference value for chemical potential, R is the constant of gases (8.314 J/mol/K),
T is the absolute temperature, y is the mole fraction, y is the activity coefficient and M;, and M,,
are molecular weights of salt and water, respectively.
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2.3.2. Mass balance of salt at the grain scale. The mass flux of salt will cause a reduction of the
grain and pore sizes (d,s) while the mass should be locally conserved. Therefore, the salt mass
flux through the lateral area of the fluid film in the contact must equal the salt removed from the
contact. This is expressed by

dd
daxli| = px® —
axlil = po* 3)

where | | is the module, dd/dz is the time variation of d, p is the solid density and x is the
contact length.

2.3.3. Estimation of chemical potential gradients. Since not all the dissolved salt will travel the
same distance from the contact to the pore, it is assumed that the mean distance for salt
diffusion through the pore is x/4 (Figure 10). Then, the chemical potential gradient is
approximated as

o M _ Hcontact — Hpore
S ox/4 x/4
At this point the soil mechanics concept of effective stress will be recalled. Considering that the
medium is fully saturated with brine at pressure Py, this effective stress is ¢; = o; — P, and the
mean effective stress can be obtained as the average of normal stresses as p/ = (¢ + 0 + 0%)/3.
A saturated material will only deform when subjected to changes of effective stress, and as
effective stresses tend to zero, the granular material loses any shear resistance because contacts
tend to separate.

According to Spiers et al. [17] and Schutjens [24], chemical potential in contacts can be
approximated as

Vu “4)

Heontact = (O—g)c Vin + PV (52)

where J;, is the mole volume, and O, indicates the contact stress (Figure 9). For the value of
chemical potential at the pore, it is proposed in this paper to use

Hpore = PV + (pl)c(l = /)m (5b)

as a modification of the usual relationship used by these authors which only contains the first
term o = PrVin. As shown later, this modification allows to ensure that as pores disappear the
volumetric strain rate also vanishes. In fact, the surface of the grain facing the pore progressively
becomes part of the grain contact as void volume reduces. A value of f = ¢*/? has been adopted
on an empirical basis by comparison of the predictions of the final equations of the model with
experimental results.

2.3.4. Strain rate for FADT. Strain rate along principal direction (i) is obtained by combination
of the above equations and the relationships derived from the geometry. As the size of the grain

—}_a: contact thickness
- »
x: contact side

Figure 10. Scheme of the contact.
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(d) changes with time, strain rate along any principal direction i can be estimated as
(de;/dt = (1/d)dd /dt, where dd/d¢ will be computed from Equations (3), (1) and (4) and d from
geometrical considerations (Figure 8). This leads to

dei_ (d\ _ | p@= U= | B (o~ p(1—)1+e)
dt 1- dx2x? dy (V1+e—2e/iy)!

d
(6)

tDppmoVypa
RTp,

B

in which a material parameter B has been defined by compilation of physical constants.
Essentially, this material parameter depends on temperature and mineral properties. The
intercontact thickness () is also included in B.

Once the strain rates along principal directions have been obtained, volumetric strain rate is
computed as

dey _dey dey des B (PN +e) )4

&G AT N (e Jaelhy e T ) 7
and deviatoric strain rate is obtained as
de; de  1dey _ 162 (6i—p)l+e) (5= p) (7b)
dr dr 3dt dy (/1+e— V2e/7e) niAPT(e, T, dy)
The new variables nfAPT and #§APT compile the dependencies on (e, T, dy) and can be viewed as

viscosities for volumetric and deviatoric viscous deformations. In fact, when void ratio goes to
zero, only the deviatoric behaviour remains and the viscous deformation is completely
analogous to a Newtonian fluid. It should be noticed that de,/df =0 for e =0 due to the
proposed form of chemical potential at pores (7b).

An important result is that for this mechanism a linear dependence of deformation rate on
stresses is found. This statement is not completely true because strain rates are, in fact, a
function of void ratio. So, if void ratio could be considered constant over a small range of
deformations, then (7a) and (7b) would express a linear viscoelastic behaviour. If void ratio
changes, (7a) and (7b) are non-linear and a steady-state behaviour does not exist.

Another point that deserves further comments is the presence of brine in pores. It has been
assumed that the medium is fully saturated with brine. However, experiments from Reference
[17] show that full saturation is not a necessary condition for this mechanism to operate.

Without loss of generality, for unsaturated conditions effective stresses (¢} = g; — P;) should
change into another definition (¢; = o; — P,) in (5a) and (5b) where P, is the pressure of the gas
phase, which is used in soil mechanics [26]. The term P, J;,, does not change in (5a) and (5b)
because both the contact and the pore are assumed to be in contact with the liquid phase.

On the other hand, experimental results have shown (see Figure 11) that a strain rate
reduction takes place under unsaturated conditions, specially at low saturation levels. This can
be explained by a reduction of brine film thickness (a) due to suction forces and/or an increase of
tortuosity (reduction of 7). To take into account this effect, an empirically derived dependence
on the square root of degree of saturation (S;) has been adopted. Backfills of porous salts are
likely to have small quantities of brine which may be sufficient for the FADT mechanism to be
active. Figure 11 shows the strain rate reduction that takes place as the medium becomes
unsaturated.
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Figure 11. Void ratio rate of tests at 4.2 MPa, 22°C, grainsize 275 pm and constant brine content. Points
with the same void ratio are connected. Experimental data from Spiers et al. [17]: open symbols; function of
square root of degree of saturation plotted in closed symbols.

2.3.5. Generalization of the constitutive relationships for FADT. The final equations for FADT
mechanism express strain rate as a function of several variables (Equation (6)). They are:
stresses, void ratio, grain size, temperature and medium properties. The linear dependence on
stresses allows to postulate a viscoelastic form. Equations (7a) and (7b) show that the
dependence of strain rates on stresses can be separated from the other variables leading to two
laws apparently independent for volumetric and deviatoric components of deformation. If one
knows these two components, it is straightforward to generalize the model with a viscoelastic
law (here including also the correction for unsaturated conditions):

FADT
de; J

1
g _ (A~ / /
T (03, — P'0yj) + 7Dy ®)

! 217(11:ADT / ’ nFADT !

where a;j is the effective stress tensor (defined as a;j = ogj — 0;;P), P; is the fluid pressure (gas if
unsaturated and liquid if saturated), p’ is the mean effective stress (p/ = (], + a5, + 0%3)/3), 0;;
is the Kronecker delta, and the volumetric and deviatoric viscosities are defined from (7a) and
(7b), respectively:

1 16B(T)+/S
. _ Mg; apt(@) = C(T,S¢, do)gy:apr(e)
NEADT dq
1 16B(T)\/Se "’
2pd - T[Q%ADT(@ = C(T. 8¢, do)git apr(€)
NEaDT 0
32632 d g
v - PN ]
g apr(@) 150 Jrapr(e) T+o (10)

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:719-746



732 S. OLIVELLA AND A. GENS

The function C(T, Sy, dy) includes the information related essentially to grain size, brine content
and temperature and the function g(e) has the form

1 d? 2 2
I=—=% f\/ ¢ = (an

1—f)y> «x 3(1—e)(14+e) d

i.e. g and f are geometrical functions related to d/x and s/d. Associated with volumetric and
deviatoric behaviour, the auxiliary functions g}, yr and g%, contain the dependence on void
ratio. These functions are plotted in Figure 12.

The functions gy, and g% Apr> 9 and f are geometry dependent. In principle, change in
other grain shapes would modify these functions, while the other dependences would remain
unchanged. The shape obtained with the geometry used in this paper, as will be shown later,
seems to be sufficiently adequate.

Finally, it should be emphasized that Equation (8) shows a linear dependency with respect to
stress but, as mentioned, it is in fact a non-linear relationship because void ratio, which appears
in the viscous coefficients, depends on strains. In this context, the non-linear law given by
Equation (8) is still referred to as viscoelasticity due to its mathematical form. However, this
would be strictly true if the viscosity coefficients were constant with void ratio.

2.4. Dislocation creep mechanism

The second mechanism included in the model is called DC (dislocation creep strain). With this
name several strain mechanisms related to dislocation theory are grouped. The most important
one is dislocation climb, but glide of dislocations can also take place. The main reason for this
grouping is that these mechanisms can be represented by power-law terms, i.e. the same
mathematical representation corresponds to various possible strain mechanisms. A very
comprehensive discussion of the relevance of the different mechanisms of crystalline
deformation in salt rock can be found in Reference [9].
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160347 -+ Volumetric function for DC

Function value

1.E-04 -+ Deviatoric function for DC
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0 0.1 0.2 0.3 04 0.5 06 0.7 0.8

Void ratio (e )

Figure 12. Auxiliary functions gy p, g‘ﬂ-ADT, gbe and g%c (Equations (10) and (18)).
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As explained (Section 1.2) creep of rock salts is governed by a power law as a first
approximation. This law, can be written in different ways, the most common is
dSl‘j :Aqn 6q

(12)

in the generalized case (¢ = (3J,)*° deviatoric stress, J,: second invariant of the deviatoric part

of the stress tensor). 4(T) is a temperature-dependent parameter, and # is the power of the creep
law. It is important to notice that this law does not allow volumetric creep deformation. This
power law will be combined with the selected idealized geometry to obtain a law for porous
aggregates.

Yet, another form of the power law can be obtained if the generalized one is particularized for
the principal directions:

L2 ag o~ p) (13)

It does not matter if effective or total stress is used here because deviatoric stresses do not
depend on pore pressure and this law does not contain volumetric contribution. Therefore, for
porous materials, net stresses (0}, = o}, — Pyd;;) will be considered in what follows.

From the basic mechanism equations and the proposed geometry a macroscopic law is
sought. However, it is not possible to obtain analytical expressions without making further
assumptions. The following hypotheses will be considered:

® A simple stress distribution inside the grain.
® The grains deform, i.e. change their shape without volume change.
® Creep power law is valid to calculate the deformation of the grain.

A direct consequence of these assumptions is that volumetric deformation will be produced by
the deformation of the grains but not by their reorganization. The macroscopic equations of the
model will be built in three steps. These are: adoption of a stress distribution in a grain,
calculation of strain rates along the principal directions and generalization of the model to a
tensorial form.

2.4.1. Stress distribution in a grain. Figure 13 shows the cross-section of the grain and different
zones are distinguished, o, i and j (k would appear in another cross-section). It is assumed that
in zone o the stress state is equal to the macroscopic one. So the core of the grains has similar
stress state as externally applied. In zone i, near the contacts, the stress state is modified by the
influence of stress concentration. This is expressed by (a})., (O’})C and (g}),, 1.e. the corresponding
principal effective stress is concentrated while the other remain equal to the macroscopic ones.
Concentration is obtained as (d}), = (})d>/x>.

The assumption of using averaged stresses in the various zones considered is indicated in
Figure 13 as piecewise. The elastic stress distribution in a grain was also calculated by finite
element computations at grain level [27]. The stress inside the grain could be considered a
function of the distance to the contact, but using piecewise values strongly simplifies the
development of the model equations. Other possibilities can be considered in future refinements
of the model.
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Figure 13. Idealized grain section: (a) characteristic sizes in the geometry; (b) central zone and contact
zone in the grain section; and (c) average normal stress (vertical stress in this case) along horizontal sections
(maximum stress on the contact and minimum stress in the grain core).

2.4.2. Strain rates along principal directions. The assumed stress distribution inside a grain is
used to compute the strain rate along the principal direction i. As the size of the grain d changes
with time, strain rate along any principal direction i can be estimated as ((1/d)dd/dr),, where
dd/dt is computed using (13) in the different grain zones described above:

de;  (ldd\ _3 .., V2 03 o x
o= (35) = 34 @ Y30 G (14)

where p) and ¢; are mean net stress and deviatoric stress in zone i (Figure 13), i.e. computed with
(0))es () and (o}); and, p' and g are mean net stress and deviatoric stress in zone o, i.e.
computed with (a}), (a;) and (o},). In this equation, the first term corresponds to the strain of the
area near contacts and the second term corresponds to the strain in the core of the grain. As
porosity tends to zero, the first term vanishes, and the original law for rock salt is obtained. The
volumetric strain law for DC could be obtained simply by addition of strain rates along the
three principal directions. However, a more simple relationship is obtained if the stress state is
considered isotropic, i.e. (67) = (d5) = (d%):
dey dep  dey des

V2s
Tov el vl 9 AN S
det dt+dt+dt 34(P)e = P) d

:3A< (1+e) 1) ,/2e/)vv(p,)n_;( y (15)

- = p
(/1+e—+/2e/1,)* V1+e n<(e, )
As an opposite state to isotropic, pure shear stress state is considered, i.e. (¢%) = —(g}) and
(a5) =0:

dt

©_am) (wm (2 f+(\/§)"11> " (16)
\/g
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The reason for these two particularizations (isotropic and pure shear) is to obtain simple
relationships for volumetric strain rate and deviatoric strain rate. If a general stress state was
assumed without any restrictions, these forms would be more complex due to the non-linear
(power) dependence of strain rate on stress for this mechanism. From (15) and (16) the following
viscosities for volumetric and deviatoric creep can be obtained:

1
oo A(T)gpc(e)
1
—— = A(D)ghc(e)
bc

(I

where
gbcle) = 3g—-D"f

n—1
l+g+4° 29+ 1 1 (18)
(V 3 ) (57) 7

where g and f have already been defined in (11), A(7T) and n come directly from the creep power
law for rock salt, i.e. the non-porous material. The functions g,-(e) and g‘li)c(e) depend on the
idealized geometry and in turn on void ratio. However, because of the originally non-linear
power law, a dependence on the power »n remains in these functions. Since this parameter (n)
does not change very much in saline materials, this power in the geometrical function does not
represent a practical difficulty. A value of n =5 has been used to calculate these functions
(Figure 12) which is a theoretical value for dislocation climb plus glide [28].

The geometrical functions for FADT and for DC mechanisms show similar behaviour, but
for DC a much higher increase is observed as void ratio increases.

ngc(e)

2.4.3. Generalization of the model for DC. Equation (14) has been developed on the basis of the
idealized geometry adopted. However, it lacks generality because it has been written for strain
rates along principal directions. While for FADT, linear dependences could be exploited in
order to obtain a viscoelastic generalization, for DC this is not possible. One way to generalize
(14) is to use a flow rule. In this procedure, (15) and(16) will be very useful to identify how this
generalized form should be. The following general form, based on viscoplasticity theories for
geological materials [29], is proposed:

dePC oG
V2 oF) — 19
G =7 O 5 (19)

In this equation, a viscosity parameter is included, G is a flow rule, F is a stress function and ® is
a scalar function.
In Equation (19), G and F should be taken as functions of stress invariants. The following

form is proposed here:
2
F=G=\/q¢*+ <p>
%p

O(F) =F" (20)
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where 7 is the power of the rock creep law and aj, is a material parameter. Figure 14 shows the
shape of the flow rule in the (p/, ¢) plane depending on F and a;, values.

Since ®(F) is always positive, no threshold is considered in this law. This is consistent because
saline rocks develop viscous deformations under any stress level. In order to exploit the
theoretically derived equations ((14)—(16)) this generalization of the model is complemented
with definitions for n and «,. By comparison of (15) and (16) with the results obtained using (19)
and (20) under the same stress state (i.e. isotropic and pure shear) it is obtained that

v 1/(n+1)
n
n=nbe, op= <ﬂ> 1)

Mo
in other words, using (19)—(21) produces exactly the same results as would be obtained using
(14) for the cases of isotropic (i.e Equation (15)) and pure shear stress state (i.e. Equation (16)),
respectively.

When void ratio vanishes, o, tends to infinity and the mathematical expression of G
(Equation (20)) reduces to the von Mises case. In this way the creep law for rock salt with von
Mises flow rule is recovered. Therefore, a;, can be seen as a hardening parameter for volumetric
creep behaviour. With the flow rule adopted, the model does not allow any dilatancy behaviour,
and it is expected to be adequate only for high confinement situations. This limitation can be
overcome in the future if other forms for the flow rule and stress function (G and F) are
explored. This would require to look carefully at the behaviour under dilatant conditions of
porous aggregates.

2.5. Creep model equation

The physical description of the model for creep presented in this paper indicates that two
independent deformation mechanisms contribute to the total strain rate. FADT is intercrystal-

3+
F=1.00, 0,= 1
g 21 F=1.00, a,=2
§ F=125,a,=2
H
g / F=150,0,=2
0 . , } ; , :
0 1 2 3 4 5

mean net stress (p")

Figure 14. Stress function and flow rule F = G used for the viscoplastic generalization (DC mechanism).
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line while DC is intracrystalline. Hence, it is reasonable to combine them in a single additive
way. Therefore, creep strain rate can be written as the sum of Equations (8) and (19), that is

dee.  deFADT  (DC 1 1 1 oG
y_ U LA r— p6i))+ ———p'6i + —— D(F)— 22
d¢ dr dr 2’7%ADT (GU Poy)+ 3’7¥?ADTP j+ n%c ( )86§j (22)

The set of variables temperature, stress level, grain size and brine content can give a
predominance of one mechanism over the other. For instance, if the medium is absolutely dry,
or, it has a very large grain size, DC will predominate over FADT. On the contrary, if grain size
is small (say of the order of hundreds of microns) and brine is present, FADT will predominate,
specially at low stresses.

It must be noticed that accumulation of volumetric deformations will change the void ratio,
thus changing viscosities. From this point of view, the mechanisms are not independent. For
instance, DC will take place at the same strain rate if stress level, void ratio and temperature are
the same in two samples, one completely dry and the other fully saturated. Of course, after some
time, the saturated sample will have reduced void ratio more than the dry sample. At that point,
DC strain rate will not be the same in the two samples because void ratio will not be the same.

2.6. Main contributions of this model
The main contributions of the model presented in this paper are

® A new idealized geometry has been adopted valid for void ratios from e = 0 to 0.78 (the
geometry it is used for both FADT and DC).

® Estimation of chemical potential gradients from contacts to pores in a way that produces
viscous incompressibility at full compaction (for FADT).

® Strain rates for DC are estimated from grain deformation assuming a stress distribution
inside the grains (from DC). Viscous incompressibility is achieved at full compaction.

® The theoretically derived equations have been generalized to a tensorial form (for both
FADT and DC).

® Combination of the two mechanisms under the assumption that they are independent from
the physical point of view. Degree of saturation weights the FADT mechanism. Void ratio
couples both mechanisms in porous aggregates because viscosities for both mechanisms
depend on it.

3. MODEL PREDICTIONS USING THE CREEP EQUATIONS

The predictions of the model have been compared with isotropic and oedometric creep test
results reported in the literature under dry and saturated conditions. The same values for B(T)
and A(7T) have been used for all comparisons regardless of the other variables (e.g. stress, grain
size). In fact B(T) and A(T) correspond to salt-rock properties, therefore they must depend, in
principle, only on the nature of the medium, in this case halite.

In the model predictions included in this paper we have used the following values:
DC:

—59650
R

A(T)=5x%x10"° exp( )s_l MPa™, n=5.375
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FADT creep:

B(T) =

6 x 10713 —24530\ _, 3

RT exp( RT )s MPa™" m
The two parameters have different units because each mechanism of deformation exhibits
different dependences. For DC the adopted values correspond to typical values for rock salt
(from Asse mine) deviatoric creep deformation [30]. An experimental value of n = 5.375 was
obtained instead of the theoretical n = 5 value. For FADT, the constant inside the exponential
has been taken from Spiers et al. [18] while the pre-exponential constant has been determined to
obtain a good prediction of the experimental test (see below) represented in Figure 15. Finally,
void ratio rate can be obtained as de/ds = (1 + e) de, /dt.
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Figure 15. Comparison of model predictions (creep FADT mechanism) with experimental
results from creep tests on saturated crushed salt (data from Reference [24]). Time evolution is
represented only from e = 0.25.
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Figures 15 and 16 show comparisons with test results obtained in the literature. Figure 15 is a
clear example of deformation controlled by FADT mechanism because of the small grain size of
the material used (50-75 and 125-150 um), the low stress level and the presence of brine. On the
contrary, Figure 16 shows two tests carried out under relatively dry conditions, higher stresses
and, in one of them, higher temperature. Therefore, in this case, the predominant strain
mechanism is DC. A quite good prediction of strain rates is obtained in both cases.
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Figure 16. Comparison of model predictions (DC mechanism) with experimental results from
creep tests on dry crushed salt. One test is performed with a stress of 16.5 MPa and at 100°C
while the other is performed with a stress of 8.0 MPa and at 22°C (data from Reference [17]).
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The results of an oedometric laboratory test carried out in our laboratory have also been used
to compare the predictions of the model. The test was carried out at 25°C and under brine-
saturated conditions. The salt powder was obtained at the Suria mine (Spain) and the sample
prepared with a controlled grain size of 0.520 mm. Four steps of stress were applied to the
sample, these are: 0.6, 3.7, 6.0 and 30 MPa. The high load for the last stage was mainly used in
order to finish the test in a shorter time. Such high-stress state can only be achieved in a
repository backfill at low void ratios, i.e. after strong compaction.

Figure 17 shows creep strain rates as a function of void. This representation is very useful
because it allows the estimation of the creep parameters. In this test, the contribution of both
deformation mechanisms was considered because of the high stress used during the last loading
step (30 MPa). One way to see the mechanism that is predominating is to compare the shape of
the curves de/dt vs e with the shape of the functions gy, pr, and g}, plotted in Figure 12. DC
dominates for the highest stress level (30 MPa) in almost all the range of void ratios (e > 0.1).
For stress levels of 3.7 and 6 MPa, DC is dominant only if void ratio is very high (e > 0.6).
FADT dominates in the other cases. The change of the regime defined by one or other
mechanism takes place in a continuous way, so that, there is a transition zone in which both
mechanisms give similar contribution.

The creep strain rates do not predict very well the transient period immediately after the stress
increment. This should be expected because the model does not include a component for the
quasi-instantaneous deformations that occur immediately after loading due to particle re-
arrangement. This is discussed in Section 4. Here, only an elastic contribution has been
considered with a Young’s modulus of 2000 MPa and a Poisson’s modulus of 0.30.

A deviation of strain rates is obtained for low void ratios. The observed strain rates are smaller
than the ones predicted with the model. It should be pointed out that the model assumes perfect
connectivity of pores until they close completely. In reality, brine flow may be restricted by the low
porosity of the medium causing a smaller rate of creep than the one derived from the model. At low
void ratio, therefore, permeability may control deformation. A similar difference can be observed in
the modelling of tests reported by Schutjens [24] (Figure 15). A coupled microstructural analysis of
the experiment itself would, in principle, permit the modelling of this phenomenon.

In spite of the apparent complexity of the model, the number of free parameters is, in fact,
highly reduced and most equations are derived from the idealized geometry adopted. In fact, most
parameters correspond to either well-established physical constants or to rock salt parameters.
An additional feature is the fact that at low void ratio only the DC creep component operates and
a smooth transition to rock salt behaviour is obtained. In this way the full transformation from
granular material to soft rock is accounted for. Although the number of free parameters is small,
the overall model is able to reproduce observed behaviour quite satisfactorily.

4. COMBINATION OF CREEP EQUATIONS AND A VISCOPLASTIC LAW

Originally, the creep equations were combined with an elastic part. This was not enough for
representing mechanisms of deformation that may take place related to grain reorganization and
sliding. These mechanisms are essentially irreversible because changes in the structure take place and
the original arrangement cannot be recovered. These mechanisms are typical mechanisms of soil
deformations. In fact, if the tests in salt are performed at constant strain rate instead of at constant
stress, the results can hardly be modelled with the creep equations combined with elasticity.
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Figure 17. Comparison of oedometer test results with full model predictions; tests on Suria crushed salt.

In the context of a European Community project named BAMBUS, experimental data were
available on variable-stress conditions. For example, Figure 18 shows experimental results of
crushed salt compaction at different velocities. Void ratio (or porosity) versus stress (or log-
stress) is a typical representation in soil mechanics. From Figure 18 it can be seen that the faster
the loading, the smaller the deformation indicating that there is an important effect of loading
velocity. A creep deformation that develops during loading is an explanation of the difference.
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Figure 18. Results of constant strain rate compression tests.

In order to model this behaviour, it is necessary to incorporate another component on the
model. Figure 19 shows an ideal representation of the combined processes of deformation that
can explain the mechanical behaviour of crushed salt. A loose aggregate will respond as a sand,
specially if loading takes place fast. Modelling of such loose material can be made with a critical
state model, which is based on a yield surface. This yield surface, corresponding to an unbonded
granular material, will expand due to densification and bond creation. Expansion implies
increase of py and decrease of p,. Bond development tends to be more closely associated with an
increase of cohesion (controlled by parameter p;), whereas compaction increases preferentially
the value of py. The yield surface at a given state defines an internal domain of elastic plus creep
behaviour. As mentioned above, creep is not lower bounded by any threshold. Even if the stress
level falls inside a given yield surface, densification is still progressing and the yield surface
expanding. Under loading, elastic and creep deformations are combined with viscoplastic
deformations as the yield surface is reached by the stress point.

Based on these ideas, a viscoplastic law is chosen in order to make the model more
comprehensive. The basic viscoplastic equations are as follows:

VP

e LG VJP (3)
FYP = \/q? + M*(p' + p)(P/ — po) (24)
o= a(gi/nelastiC)m’ = b(givnelasti(:)p 25)
o(FV?) = (FVPy" (26)

é = Avp exp (_I?YYP> g'()

83

e =e+ z(emax —ep) 27

0
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Figure 19. Mechanisms of deformation in crushed salt.

where F is the viscoplastic yield function, py and p, are the hardening parameters, ¢’ is the
effective stress (soil mechanics) and ¢ strain. An important feature of the model is that the
hardening is, in most situations, driven by the inelastic deformations arising from the creep
mechanisms. The combination of the viscoplastic component of the model together with the
creep DC component was considered for modelling crushed salt in the context of the BAMBUS
project [31]. The following set of parameters was obtained for the model:

n=3 m=4, a= 3400,
viscoplastic component :  Qvp = 54000 J/mol, Ayp =0.005 (1/s), M =1
emax = 0.75, eg = 0.45

creep component: n =15, QOpc = 54000J/mol, Apc = 5.8107% (1/s)

This set of parameters was calibrated and the strain rates are represented in Figure 20 compared
with the measured strain rates at 62 points corresponding to several triaxial tests carried out by
Korthaus at FZK in Germany [32]. Manual minimization of the average error for all points was
performed. The calibration over these 62 values is considered comprehensive since porosity
ranges from 0.05 to 0.25, mean stresses from 2 to 12 MPa and temperatures from 25 to 150°C.

5. CONCLUSIONS

In this paper a complete constitutive model for crushed salt is presented. Crushed salt evolves
from high-porosity conditions to a nearly rock-like material by volumetric deformation.
Different stress, temperature and humidity conditions may lead to different mechanisms of
compaction. Creep deformation tends to be dominant in nature due to stress stabilization. A
deformation mechanism map gives a picture of the deformation mechanisms and their
relevance. For engineering purposes, dislocation creep (DC) and fluid-assisted diffusional
transfer (FADT) creep are important and are the basis for the model developed here. An
idealized geometry permits to obtain macroscopic laws for crushed salt from power law (at
constant temperature shear strain rate is proportional to a power of shear stress) and Fick’s law
(dissolved salt diffusion law) which can be considered as basic physical laws. The developed
macroscopic laws are generalized to viscoplasticity and viscoelasticity, respectively, for DC and
FADT and the creep model compared with experimental data. A further development of the
model consists in the coupling of a viscoplastic component that is responsible for mechanisms of
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Figure 20. Volumetric strain rate predicted and measured for a series of points (62 sets of
(T (°C), ¢ (dimensionless), ¢ (MPa), d ¢/dt (s7'))) that correspond to true triaxial tests carried
out by Korthaus at FZK [31].

deformation related to grain rotation, rearrangement and crushing. The critical state theory is
considered for this component but with a viscoplastic form. An important point of the model is
that hardening in all components is controlled by volumetric inelastic deformation without
distinction of the mechanism that is generating it. For instance, the yield envelope of the
viscoplastic critical state component expands at constant stress due to accumulation of
volumetric creep deformation.

NOMENCLATURE
a intercontact thickness (L)
A(T) temperature-dependent parameter for DC (T~'(F L=2)™")
B(T) temperature-dependent parameter for FADT (T~ '(F L2)"'L?)
C auxiliary function of (T, S, dy) (T"'(F L7271
do characteristic grain size (L)
d grain size (L)
Dpy molecular diffusion coefficient for salt (L> T~!)
e void ratio (dimensionless)
1.9 auxiliary functions of void ratio (dimensionless)
F stress function for viscoplastic model (F L™2)
G flow rule for viscoplastic model (F L~2)
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diffusive flux of salt (M L2 T~1)
second invariant of the deviatoric part of stress tensor (F L™2)
W molecular mass of water (M)
M, molecular mass of salt (M)
n stress power for DC (dimensionless)
p mean stress (F L™2)
P, fluid pressure of a-phase o = /,g (F L72)
q deviatoric stress (F L™2)
R universal constant of gases (F LO™ )
-
N
Se
T
m
X
Y

ol

auxiliary function of void ratio (dimensionless)

pore size (L)

volumetric fraction of pore volume occupied by liquid phase (dimensionless)
temperature (®)

mole volume (L?)

contact size (L)

activity coefficient (dimensionless)

0jj Kronecker delta (dimensionless)

de/dt strain rate (T™")

de,/d¢ volumetric strain rate (T~')

de/dt strain rate tensor (T~ ')

n viscosity coefficient (F L2 T)

Av auxiliary function of void ratio (dimensionless)

I chemical potential (FL)

v gradient vector (L")

0p density of liquid phase (brine) (M L™3)

Py density of solid salt (M L™%)

T tortuosity (dimensionless)

1 mole fraction (dimensionless)

W mass fraction (dimensionless)

Gijs o;j stress tensor (total and effective) (F L™2)

¢ porosity (dimensionless)

(0] function used in the viscoplastic model (dimensionless)
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