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INTRODUCTION

The design of cavities in salt materials usually
requires taking into account the rheologlcal behaviour
of the host rock. This behaviour is respons1ble for a
progressive closure of practlcally any opening in salt.
The rate of closure is an important parameter in most
engineering applications.

Besides the obvious effects, the progressive
closure of salt cavities has other indirect
consequences. One such consequence is the possibility
that overlying strata may not be able to resist, or
adapt without failure to, the bottom boundary
conditions at the salt interface. Failure of the
overlying strata may then provide pathways for water
with potentially disastrous consequences for a number
of operations, such as mining, radiocactive waste
disposal, etc.

For all of those reasons, it is important to have
reliable tools and procedures to produce quantitative
estimates of closure rates in underground openings in
rock salt.

The estimates and data referred to in this paper
correspond to a potash mine in Northern Spain.

BEHAVIOUR OF SALT

Polycrystalline salt rocks are usually taken to behave
as visco-elasto-plastic solids. A number of reviews of
their behaviour has been carried out in recent years,
specially in relation to their potential for storage of
energy resources, such as o0il and gas, and as a
possible reposit?ry for radioactive ite (see, for
examplg, Langer~, Lindner and Erady Munson and
Dawson and Horseman and Passaris The short-term
response of salt rocks is governed by essentially
elastoplastic equations up to failure. Their yield and
hardening behaviour are a function of the rate of
deformation.



The long-term response of salt is best represented
by the steady-state equations of secondary creep,
usually in the form:

P = a0 (1)

1/2

where 6 = [3/2 s is the effective stress

ijsijl

P = 273 d-p-d-p-Jl/2 is the effective plastic
19917 p
strainrate

sij is the deviatoric stress tensor

dfj is the rate of plastic deformation tensor

A and n are material constants

Isotropy considerations 1lead to the component
formulation of the previous equation as:

e;j = a1 Sij (2)

Values of the constants A and n are a function of
the particular salt mineral considered and are not
totally independent of strainrate. That is, different
Ccreep mechanisms or combinations thereof may be
triggered at different 1levels of strainrate or
deviatoric stress. The equations, however, are fairly
independent of hydrostatic stress. Typical values of
the exponent n range from 2.5 to 5 in practical
applications.

NUMERICAL APPROACH

A Finite Difference procedure with explicit time
integratiog has been used, embodied in the code PR2D
(PRINCIPIA®). Although PR2D has the ability to perform
coupled thermo-mechanical analysis (heat diffusion,
thermal stresses, thermal softening, heat from plastic
work,...) the applications in this case have been
purely mechanical. The details of the formulation have
been given elsewhere (Goicolea®) and will not be dwelt
upon here.

The Finite Difference spatial semi-discretisation
is performed using an arbitrary (finite element - type)
topology. The difference with finite elements lies in
the fact that spatial gradients are calculated from
finite difference approximations. The explicit time
integration is wused directly to obtain transient
response, or as dynamic relaxation to obtain steady-
state behaviour. A Lagrangian mesh, which deforms with
the material, is used together with a description based



horizontal movements of various points monitored over
timespans up to about a year. In the instrumented area,
long rooms with 11m x 3m section are separated by
pillars of 4.50m width.

Starting values of the two material constants
required in the model proposed were obtained from
uniaxial creep experiments in the laboratory. However,
it is well known that a number of scale effects combine
to make full-scale predictions difficult when only
laboratory data are available.

For this reason, here the material constants
determined in the laboratory were considered to be only
starting approximations. Their final values were
obtained by a trial-and-error process in which
numerical predictions were matched with field
measurements obtained in the existing room-and-pillar
exploitation.

The configuration modelled can be seen in Figure
1, which also indicates the positions of nodes at which
velocity measurements have been made and can be
compared to the numerical predictions. As can be
observed, there are three planes of symmetry: the
horizontal plane through the middle of the rooms (since
the depth is large compared to room height) and the two
vertical longitudinal planes through the middle of the
room and the middle of the pillar, respectively. The
latter two planes of symmetry describe the periodic
character of the room-pillar arrangement.

The area being modelled is at a depth of 285m
below the ground surface. The mined rock is a
combination of carnallite and sylvinite enclosed in
halite. The constitutive laws must therefore represent
the effective behaviour of this heterogeneous rock.

Starting values of the material constants had been
estimated in the laboratory as:

A

6 X 10_9/(day MPa3)
n 3

Following the trial-and-error process, thg value
of A was modified from 6 to 13.5 x 10™°/(day MPa®). It
was also found that the results could not be improved
much further by modifying the value of the exponent,
which was therefore kept equal to 3.

The numerical and field-measured velocities are
compared in Table 1. Although the agreement is not
perfect, it was considered adequate for the prediction
purposes sought. Furthermore, there are limitations to
the accuracy of the two-constant material description
and of the displacement measurements carried out over
long time periods. Further improvement may be possible
with variable exponent models, such as proposed



on Cauchy stress and rate of deformation tensors.

The time cycle used for the calculations proceeds
as follows. At a given time t,, velocities and
displacements are known at the nodes, while stresses
are known at element centroids. The rate of deformation
components are computed with finite difference formulae
at the centroids. Rate-type, objective constitutive
relations are employed to obtain the new stresses.
These are then integrated around each nodal point to
calculate the internal forces. A lumped-mass
idealisation permits the derivation of the
accelerations and, through a central difference scheme,
these are integrated in time to obtain the new
velocities and displacements for time thi- The
elements employed are a mixture of quadrilaterals
(volumetric components) and constant-strain grlangles
(deviatoric components) (Marti and cCundall This
ensures correct modelling of plastic 1ncompre551ble
flow, without hourglassing.

Extreme nonlinearities are handled efficiently in
this fashion, providing robust algorithms capable of
modelling large strains/deformations, contacts and
material nonlinearities, including plastic and
viscoplastic behaviour.

The constitutive model uses Von Mises plasgicity
criteria with rate dependence (Bodner and Symonds

Y =¥, () [1+ |P/B11/N (3)

where Y, ,Y are the static and dynamic Von Mises yield
values

P bp
P = [2/3.fdeijdeij]l/2 is the effective
plastic strain

] P
& = [2/3 dijdij]l/z is the effective

plastic strainrate

B is a material constant

On the assumption that Y >> Y this is equivalent
to the v1scop1astlc Creep power law given in equation
(1), where A = B/Y

SIMULATION OF THE EXPERIMENTS

The experiments modelled correspond to an instrumented
area of a potash mine in Northern Spain. The area was
been mined by the room-and-pillar technique. In-situ
measurements essentially consisted of vertical and



by Maxwell®.

Table 1. Comparison of Numerical and Measured
Steady-State Velocities

POINT Velocities (um/day)
measured calculated
VERTICAL A 26.1 23.0
" B 23.7 22.6
M C 22.0 , 22.5
" D 18.4 22.4
HORIZONTAL E 8.8 13.6
" F 3.0 6.5

DESIGN CALCULATIONS

The objectlve pursued was the design of a deeper
exploitation in the same formation. Salt extraction
should be maximised while closure rates should be kept
sufficiently 1low, firstly to make the mine safe and
functional, and second, to prevent fracture of
overlying strata and associated water intrusion.

Initial estimates were made assuming that changes
in the room/pillar ratio produced proportional changes
in effective stress. And that closure rates scaled with
the third power of the resulting effective stress,
whether its change was related to increasing depth or
room-pillar ratio. These estimates allowed arriving
easily at provisional designs which could later be
studied by means of detailed calculations.

With the goal of determining the sensitivity of
the results to various parameters, some of those were
altered and new results produced. Such studies permit,
among other things, establishing some sort of ‘"safety
factor" by evaluating how large can the variation of a
certain parameter be before "failure" conditions are
reached. Failure conditions may arise from mechanical,
functional or safety considerations.

Of special interest 1is one of the parametric
calculations performed, in which the vertical pressure
is increased to 70MPa. This value is much greater than
those of interest but allows, in a moderate time, to
follow the large deformations taking place, the
progressive closure of the room and the establishment
of contacts between roof and pillar as the room closes.
Such modelling obviously requires large strain and
displacement capabilites in the program, as well as the



contact logic for handling the roof-pillar contacts
when they take place.

The mesh utilised is composed of 1037 elements
and 573 nodes. As before, there are three assumed
planes of symmetry: two vertical ones (mid-pillar and
mid-room) and one horizontal one (mid-room). The
resulting velocities are very large, as could be
expected from the large pressures. Maximum closure
rates are about 12mm/day vertically and 13mm/day
horizontally. Their predicted evolution can be seen in
Figures 2 and 3. The time to maximum velocities is not
physically meaningful, as it is governed by the dynamic
relaxation process. The velocity decrease, though, is
realistic since it is produced by the large
displacement phenomena which result in contacts between
the roof and the pillar. These contacts stiffen with
time the overall behaviour of the room-pillar assembly.

The effect of utilising scaled values of density
for improving the dynamic relaxation procedure was also
studied in some detail. Figure 4 shows the evolution of
a representative velocity for two values of the density
differing by a factor of 4. As could be expected,
smaller density values give a noisier record and, in
this case, a slightly faster convergence (measured in
number of cycles) to steady velocities. Both
calculations yield the same stationary velocities,
demonstrating the density independence of the
predictions.

Figures 5 and 6 present the mesh after 15 days. As
can be seen, the progressive closure and bulging has
already led to contact between the roof and the pillar.
It is worth noticing that closure in this area is
achieved, not so much by movements of the corner
towards the interior, but by migration of the contact
between roof and pillar. Contours of equal effective
stress have also been plotted to allow visualisation of
the deviatoric stress levels around the opening.

SUMMARY AND CONCLUSIONS

Field measurements and numerical predictions of closure
rates in a potash mine have been compared with
satisfactory although imperfect results. This has
allowed improving somewhat the viscoplastic creep law
derived from laboratory experiments. The improved law
has been used for design calculations in relation with
a future exploitation at greater depths.

The calculations have been carried out by explicit
integration in the time domain. A mixed discretisation
referred to a Lagrangian frame was used for spatial
representation of the equations. Dynamic relaxation
procedures were implemented to study the quasi-static
problems of interest. The results show the robustness



of the algorithm in spite of the constitutive non-
linearities triggered, the large strains developped and
the establishment of contacts between roof and pillar
associated to their progressive bulging.
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Figure 1. Mesh used in the calculations indicating points where
velocities are compared with field measurements.
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Figure 2. Evolution of maximum vertical closure rate.
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Figure 3. Evolution of maximum horizontal closure rate.
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Figure 5. Deformed mesh and contours of effective stress
(multiples of 20MPa) after 15 days.



Figure 6. Detail of the upper corner of the room.



