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ABSTRACT

The time-dependent behavior of an empty solution mined
cavern in salt located near o luterul vertical boundary tflank) of
irs hast salt dome (s studied, the particular geamerry considered
inspired by an existing near-flank covern in salt. A two-dimen-
sional, plane-strain simplication of the interaction between cav-
ern and flank is modeled using the finite element method. Only
two materials are assumed invoived: saflt, interfor ro the dome,
and shale, representing material outlying the dome. Creeping
af salt is represented as very viscows fluid flow with an effective
viscosity for salt defined by wse of un empirical, time-hardening

power low. The bebuvior of the material referred ta as chale is
simply asswimed twice as viscous as salt urder the same condi-
tions. Materiol constants employed in the analvsis were based
on graphical triaxiel extension data _for yolt wvatlable in the lir-
arature. The finite element method employed uses four-node
quadri{areral elements and imposes @ condition uf approximare
fncampressibility by the use of a penaity function. Resulis ob-
tafned indicate a stress distribution showing linle effect attrib-
utehle ta the proximily of the flank 1o the cavern.

INTRODUCTION

The purpose of this study is to develop and test a pre-
liminary model of the interaction between a cavern in sali
and a nearby lateral vertical boundary {flank) of the host
salt dome. Foeus is directed toward a particular cavern
and flank geometry which was inspired by an existing so-
{ution-mined cavern kocated near a dome flank, The
study originated as a demonstration model in a master’s
thesis relating to the implementation of a finite element
code for modeling the slow, time-dependent deformation
of rock salt (Gehle, 19803,

BData for the cavern describes it as ronghly evlindrical
in shape with a maximum radius of approximately 200 ft
{61.0 m). Top aand boitom of the cavern are located at
4125 £t {1257.3 m) and 4348 £t (1325.0 m), respectively.
Based on seismic and surveying data, the minimum dis-
fance from the cavern wall to material outlying the dome
is estimated to be about 250 fi (76.2 m), The dome flank
near the cavern slopes pently inward from vertical. A
schematic of the cavern and flank configuration is shown
in Figare 1. Symmetry is implied across the exposed face

‘containing the cavern,

The geometry depicted implies that the mode! be ap-
proached as a three-dimensional analysis {ask. However,
& two-dimensional simplification can be had by neglect-
ing cavern end effects, and assurning that the ratio of cav-
ern depth to height is sufficiently large to approach plane
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Figure 1. Schematic of a Cavern Near a Lateral Vertical
Boundary of a Salr Dome
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strain conditions at a horizontal plane passing through
the cavern at mid-height. A plane-strain simplification
was chosen as a First-approximation to the configuration
in Figure 1. A further simplification is the assumption
that only two materials are Involved, rock salt, interior to
the dome, and shale, representing materials outlying the
dome.

MATERIAL REPRESENTATION

Rock salt under constant stress exhibits a deformation
aver time that resembies the flow of a very viscous fluid.
Following this description the components of deviatoric
stress Sif can be related to the components of strain-rate
Eij by the constitutive expression:

8§ = uEi} {1

The proportionality term u plays the role of an effective
viscosity, Definition of the viscosity allows selection of
several of the material representations presently em-
ployed in the modeling of salt, The form taken here is
after the work of others (Boresi, 1983; Thoms, e af.,
1972y and yields an empirical, time-hardening power law
for the time-dependent response of rock salf to foad. The
effective viscosity is given by:

g (Keh)™! ()

in which t is time, }; is the second invariant of deviatoric
stress, and K, a, b are material constants.

A fit of the employed material deseription to selected
data [rom available graphical triaxial extension creep
curves for salt (Boresi, 1983) is shown in Figure 2. In that
figure points represent selected data and solid lines repre-
sent the calculated fit. For time in hours and stress in psi
{KPa), values determinad for the material conslants are
K = 348E—16 (3.18E—19), a = —0.634, and b =
1.43, These are the values used in representing the time-
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Figure 2. Triaxial Extension Creep Curves for Sait
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dependent behavior of rock salt for the present study. In
this stndy also, shale is assumed to behave in the same
manner as salt, but to be twice ax viscous as salt under the
same conditions. Both salt and shale are assumed incom-
pressible.

FINITE ELEMENT METHOD

The finite element method (FEM) provides a conven-
ient means of handling hoth the maodel geometry and ma-
teridl representation. Figure 3 shows the cross-sectional
area being studied. The area is subdivided into a typical
FEM mesh composed of linear isoparametric quadrilat-
eral elements. Element definitions respect the geometry
of the dome [fank. Pressure boundary conditions can he
appiied within the cavern, and along the left, upper and

right boundary, as seen in Figure 3. Element nodes lying.

on the lower boundary, across which symmetry is im-

plied, are consrained to remain on the boundary and the
lower right node of the model is fixed to exclude the possi-~
bility of rigid body motion. Effective viscosity is assumed’
constant over each element and is evaluated at each ele-
ment mid-point. The FEM formulation emploved uses 2

penalty function (Zienciewicz, 1974; Hughes, et af.,
1979} technigue to enforce approximate incompressibil-
ity onl & per clement basis,

Use of the FEM method reduces the analysis of the
model to solve & system of non-linear equations which
vield nodal velocities corresponding to a particular time ¢
for a2 fixed geometry. Using matrix nowation, the form of
the system to be solved for a vector of nodal velocities (v)
is: :

[Kitv) + () = 0, K = K{(v)1. (3

The most straightforward means of resolving these

cquations is by direct iteration, referming the matrix K]
{analogous (o a stiffness matrix for elastic sotids) for each

iteration. Tteration is continued unti! a selected conver-’
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Figure 3. Finite Flement Mesh end Boundary Conditions
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gence criteria is satisfied. The convergence criteria nsed
here is that the norm of the differsnce [ef of two sucees-
sive velocity vectors be less than some fraction ‘¢ of the
novm of the latest velocity.

lej < clvl
Ie'} = {edle), (e} = (v) — {vh., (4)

Solution for deformation of the model over time is per-
formed by use of a simpie time-marching scheme with
suitably small dme steps and geometry update.

RESULTS

Boundary conditions for this analvsis were uniform
tithostatic pressure (3.8ES psf, 27.8 M¥Pa) appiied along
the outer model edges and zero cavern pressure assuming
an empty caver. These condiiions were not changed over
the duration of the analysis.

The iterative solution process was siarred for time t ==
1 hour and the initial geometry of Figure 3 with an initial
estimate obiained from a linear elastic analysis. Salk was
assumed to be Lwice as siiff as shale and a Poisson’s ratio
of (1,30 way employed.

The sotution for time t = 1 hour converged after unly
12 iterations with a convergence criteria of ¢ = 001. Fig-
ure 4 shows the stress distriburion obtained for a time | =
720 hours {approximalely 1 month). Megligible difference
was secn between the stress distribution at € == 1 hour and
1 = 720 hours. No observed cffect is atiributable to the
presence of the dome flank.

Figure 3 is a plot of the square root of the second invar-
iant of deviatoric stress. The model was completed across
the boundary with symumeiry for plotting this surface,
Again, no significant variation is apparent due to the lo-
cation of the dome tlank. Loss of cavern cross-sectional
ated over time is depicted in Figure 6.

CONCLUSION

Cbviously more work needs to be done. The model pee-
formed admirably, vietding an extremely stable, albeif
uninteresting, solution. The most vbvious step to take in
pursuaing this analysis would be {o use a more realistic
material description to represent the outlying material.
Also of interest would be o sensitivity analysis associated
with the proximity of the dome flank to the cavern. A
study including different cavern shiapes and various cav-
cra load conditions, as has heen done (Ghabousst, ef al. |
16981} for caverns well away from the dome boundary, is
alse of interest for near-flank caverns.

It should be noted that while nathing dramatic in cav-
ern behavior is predicted for the specitic situation consid-
ered, a cavern located near ¢he fank of a salt dome poses
prablems heyond the question of structural stability. If a
cavern near the flank of a dome is used for storage pur-

Dy e e o=

.‘«\/z_.L—-w{—ﬁa—i—w:—

e —y

s anint izt busy,
[ TFIY

Figure 4. Distritntion of Principal Stress for Viscous Flow,
t == 720 hours

Figure 5. Surface Defined by ~15 for Viscous Flow, 1 = 720

hours
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Figure 4, Porceniage Loss in Cavern Cross-Sectional Avea
Versus Tine

poses, the guestion of degree of containment of the stoved
material fakes on added significance.

Hydraulic conductivity of rock salt is affected by its de-
gree of confinement and the associated stress feld. A
salt-shale interface in the proximity of a storage cavern
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implies a need for additional considerations of stress field
variations on the surrounding host rock system. Increases
in host rock hydraulic conductivity may range from slow
“leaks” to more abrupt “hydraulic fracing.” The latter
case involves a phenomenon that is site specific, and
which has not been introduced in this preliminary paper.
However, it is generally acknowledged that stress states
considered acceptable for interior caverns may be unac-
ceptable for caverns near dome boundaries,
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