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ABSTRACT

An analysis over time of the behavior ofsalt caverns used for oil and gas storage is presented. The cavern and surrounding salt
mass are modelled axisymmetrically and generalized plane strain is assumed for the vertical (axial) direction. The internal
pressure acting on the cavern boundary is varied as a piecewise linear function of time to accommodate brine and other fluids
within the cavern. The outer cylindrical boundary ofthe salt mass is either restricted from radial motion (multiple cavern array)
or the radial stress is specified (single, isolated cavern). The present analysis predicts stresses and displacements within the salt
mass as functions oftime for either instantaneous or sequential cavern formation.

The disadvantage of other formulations compared to the one presented here is that instantaneous cavernformation has usually
been assumed. In practice, the dissolutioning process occurs over a period of one year or longer while time constants for the salt
are frequently ofthe order of several days. Earlier analyses have predicted that, typically, over one-half oftthe long-term cavern
closure occurs during the first year. The small time constants and sizable first-year closure are inconsistent with the assumption
of instantaneous cavern formation. Predictions using the present formulation, which tracks simultaneous, time-dependent
dissolutioning and cavern closure, are compared with corresponding instantaneous cavern formation results.

INTRODUCTION duced by the stress-state alterations associated with
forming and subsequent pressurization of the

It is common practice to form caverns in salt cavern. This phenomenon has been studied exten-
domes for oil and gas storage. The caverns am often sively by Serata (1978) and, to a lesser extent, Fos-
formed by solution mining; mechanical mining tech- sum (1977). Serata has developed stress-strain
niques are also used at shallow depths. The shape of equations to represent the salt behavior, and a
these caverns, in most instances, can be approxi- rather comprehensive computer program which pre-
mated by slender circular cylinders with vertical dicts cavern closure.
axes. Typical diameters and lengths are 30 m and The purpose of the present work is to investigate
300 m, respectively. The spacing between adjacent sequential versus instantaneous cavern formation
caverns in an array may be such that radial displace- as well as to develop a computer program for prelini-
ment of the salt at some radius is restrained by nary design purposes. Serata's stress-strain equa-
symmetry conditions. At the other extreme, the con- tions are applied under the condition of generalized
figuration may simulate an isolated cavern where it plane strain. Other constitutive models for salt be-
is reasonable toassume that the radial stress is fixed havior could likewise be utilized. The configuration
at a radius large compared to the cavern radius, studied is a cylinder of salt with a concentric hole,

One commercially important characteristic of i.e., a thick-walled cylinder. Beginning from a uni-
storage caverns is that following formation, the form horizontal in situ stress-state present before
volume is reduced to some extent by creep closure. In the cavern is formed, the internal pressure on the
some cases, most of this closure occurs within the cylinder is varied as a piecewise linear function of
first few years following formation. Volume reduc- time. In general, the initial in situ horizontal and
tions on the order of 40% over a one week period vertical stress components can be different. For the
during low-pressure operations have been docu- present model, the outer cylindrical boundary is
mented. Closure is caused by creep of the salt in- either restricted from radial motion or the radial
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Likewise, the stresses, oa, are separated into their

\0> deviatoric and mean normal parts as follows:
So - ij component of reduced stress
So = Og - Old - 5jA
) - normal stress = okf3.
The strains are further separated into elastic,

viscous and plastic parts. In addition, the plastic
-- - -- strains are written such that their mean normal

value is zero, i.e., there is no plastic volume change.

Fig. 1. Horizontal cross-section through an infinite array of This separation is given below:

hexagonallyarrangedcavernsshowingverticalplanesofsym-- eo = eeu + eoj + epg
metry. E = Ee + Er

where,
stress is specified. Restricted radial motion would e.i - u component of elastic reduced strain,
correspond to this outer boundary being a "sym- e u i component of viscous reduced strain, and
metry boundary" for the situation of multiple, closely ep - ij component of plastic reduced strain.
spaced caverns as illustrated in Fig. 1. The total Serata's formulation has two states. These states
overburden load on the cylinder is maintained con- are called the viscoelastic and viscoplastic states.
stant using the assumption of generalized plane The instantaneous value of the octahedral shear
strain. The salt dissolution rate at the inner radius stress, r0 , determines the state as follows:
is specified as a piecewise linear function of time. Let r. - octahedral shear stress = (Su -Sj/)
The program predicts stresses and radial displace- Then if vo < K., or if to = Ko and io < 01, -viscoelas-
ments in the cylinder as functions of time. tic state

This program provides useful predictions of andif> K.,orifz0 = Koandio> 0 , -viscoplastic
cavern closure rates quickly and inexpensively for state.
cases which do not require the complexity considered The governing constitutive equations are differ-
by other more comprehensive programs. ent in each state. These constitutive equations yield

In addition, and of primary importance, this pro- the time rate of change of the strain. It is implicit in
gram has a feature not included in programs this formulation that all components of the elastic,
developed by Serata and others. For the present viscous and plastic strains are continuous in time so
analysis, the dissolutioning rate is applied at each that the strain is simply the integral of the strain rate.
time step (sequential cavern formation). In Serata's Serata uses a spring-dashpot-slip element model
program a full finite element block is the smallest to describe the mechanical behavior of salt. These
dissolutioning step possible (instantaneous cavern models are shown in Fig. 2.
formation). In Serata's published work he has usu- All results reported here are based on an infinite
ally accomplished the entire cavern dissolutioning viscosity for the D 2 element. (Hence, K2 can be arbi-
process, which normally occurs over approximately trary.) The effect of this choice is that the material
one year, in one step. As some of the time constants does not experience viscous volume change.
associated with the material properties are the order The usual methods of continuum mechanics (see
of days, instantaneous cavern formation is a Timoshenko and Goodier, 1951, Prager and Hodge,
questionable assumption. Computed results are re- 1951) can be applied to the above description of the
ported here to help evaluate the appropriateness of material to deduce the following stress-strain
instantaneous cavern formation calculations. equations:

MATERIAL DESCRIPTION Viscoelastic state

This analysis uses the material description 6.0 = S/(2-G)
formulation developed by Serata (1978). The salt is
assumed to be homogeneous and isotropic with elas- e = SW/(2-V2 - et - (CV) e-1-2
tic, viscous, and plastic attributes. For mathematical
simplicity, the strains, EU, are separated into their
deviatoric and mean normal parts as follows: -G(2 -V)B* e- J e6f'"' Su -dt

e- ij component of reduced strain -
e, = -- kk - o3
C - mean normal strain = "k/3. e = 0
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Viscoclaso Shear (r, K ) In the above equations:

%= Gtd, =e,orev

V2

The above formulation was used to develop equa-
Voiumferic Deonmtion tions appropriate for the numerical algorithm.

C - IDEALIZED SYSTEM DESCRIPTION

The system under investigation is symmetric
viscopiasic Shear (, ; K) about the vertical cylinder (cavern) axis. The cyl-

K. inder of material is in a state of generalized plane
To strain. The ratio of the outer radius of the cylinder to

the inner radius is, in general, much greater than one.
V. V4  In order to predict the behavior of this thick-

walled cylinder, the system is divided into NN-K
voumehc oeormason cylinders. There are NN-1 cylinders initially and K

K are removed during dissolutioning. The i" cylinder
is bounded by r, and r.1, and is illustrated in Fig. 3.

The configuration for a separate cylinder is defined
by its axial strain, es, which is the same for all separate

Fig. 2. Rheological model for salt proposed by Serata (1978) cylinders, and its radial displacements U, and U,
possessing both viscoelastic and viscoplastic flow behavior. measured from the initial, reference configuration.
(Permission from ASME.) The stresses or, ae and a. acting on a separate

cylinder are assumed to be uniformly distributed on
the normal faces upon which they act. Consequently,

= 6/(3 K,) the stresses acting on the i" cylinder shown in Fig.
3 are 0, 0,., ore and o, The stress-strain equations

F. = 0/D 2 - Cv (K2/D2) - gr~i~ for the it cylinder use average values of stress and
strain.

Stress-strain, as well as radial and vertical force
- (K2/D) - -Ko f J K0X 2 . ar dt equilibrium equations for each cylinder, form the

governing equations when the strains are written in

Viscoplastic state terms of the displacements. This set of equations

ee = Ng/(2 - Gi)

ei = Sd/(2 - V3 ) - evu (G,/Vs) - e-rit-t)Na

kr

- Ga/(2 - V3) - e-c t etNa Sj - dt a.

e= (1 - a K/-1S- - SW(2.V4) r, = 1 rlrc onut + U

6r-axial strainae = o/(3 -Ki)

0/D2 - v(K,10 2Y

-(K 2/D2) -V D2. 2 -1n, a - dtK2) Fig. 3. Generic model element representation.
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along with the boundary conditions form a set of (3 + 27.6
4 - (NN-K)) equations with as many unknowns.
These equations have been programmed such that a 9 g
numerical integration is accomplished. The program UO
was prepared so that other constitutive relations
could be introduced with minimum effort, however, 20.7 - .
the results presented here are restricted to the rela- - '1
tions given previously. The radial thickness of the Or a
innermost element varies with time and may vanish
during dissolutioning. Several elements are typi- I's
cally "dissolved" during cavern formation.

PROGRAM VERIFICATION

Numerical complexities, such as stability, are a P
concern in the current analysis; therefore, an at-
tempt has been made to compare predictions made
by this program with other known results. Three 6-9

such computations were made. The computations
were for (1) an elastic material, (2) an elastic-per-
fectly plastic (EPP) material, and (3) for a computa-
tion made using Scrata's program. In the first two
cases, the present model can be made to approximate 0
theelasticandEPPmaterialsbyadjustingthemate- 1 2 3 4
rial constants. For the elastic solution, the program r/Ri
matches a solution found in standard elasticity text-
books. For the EPP material the exact solution used Fig.4.Comparisonofcomputedresuls(plottedaspoints)with

for comparison is worked for a plane-strain condi- Serata's program predictions (plotted as lines) for radial and
tangential stresses after 1000 days. The brine-filled cavern

tion while the program solves the problem for gener- depthi and spacing, S/DT, were 762 m and 4, respccively. Weak
alized plane-strain. So long as the axial strains from salt properties and the condition of maximum excess lateral
the presentsolution are small compared to the radial stress, or= 17.2 + 3KJW MPa, were assumed.

and tangential strains, the comparative results for
the two problems are quite good. For the comparison tion, and the pressure on the inner radius is rapidly
with Serata's program, the material properties and decreased from the in situ value of 26.0 MPa to 9.0
boundary conditions are in agreement. Each of these MPa and held constant. These conditions correspond
numerical solutions was stable over the computation to a brine-filled cavern at a depth of 762 m with
times considered. maximum excess lateral stress, i.e., or = 17.2 +

The comparisons with Serata's results were based 3KJ/,2 MPa. Figure 4 shows a comparison of the
on the following weak salt properties (see Fig. 2). radial and tangential stress after 1000 days. The
These properties were deduced by Serata as a com- results for radial stress agree rather well. Several
posite of many Gulf Coast salts. They are as follows points for the tangential stress do notagree well with
(permission from ASME): the Serata prediction. However, all points are within

K. - octahedral yield strength = 4.1 MPa approximately 5% of the curve. Figure 5 is a com-
K, - elastic bulk modulus = 13.8 GPa parison of radial closure for the two computations.

K2 - viscoelastic bulk modulus = arbitrary (see D 2) The two curves in Fig. 5 are similar but Serata's
G, - elastic shear modulus= 6.9 GPa predicted closure is consistently higher than the cur-
G2 - viscoelastic shear modulus = 2.1 GPa rent prediction.
G3 - viscoplastic shear modulus = 3.4 GPa The above comparisons for three cases establish
V2 - viscoelastic shear viscosity =11.7 GPa-day that the one-dimensional program is valid for esti-
V3 - viscoplastic shear viscosity = 6.9 GPa-day mating cavern behavior in the early stages of design.
V4 - plastic shear viscosity = 9.7 GPa-day When a preliminary design has been completed, it is
D2 - viscoelastic bulk modulus = infinite prudent to verify the design using a two-dimen-
The outer-to-inner radius ratio is four and the sional, axisymmetricmodel. Asthis one-dimensional

overburden stress is 17.2 MPa. The outer radius is program is inexpensive to use, it is of considerable
fixed, corresponding to a multiple cavern configura- value in making parameter studies.
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Fig. 5. Comparison of computed results with Scrata's program predictions for inner radius closure. The brine-filled cavern depth
and spacing, S/D, were 762 m and 4, respectively. Weak salt properties and the condition of maximum excess lateral stress,
o= 17.2 + 3K0 /2 MPa, were assumed.

Fixed outer Stress, Sequential Cavern Formation
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Fig. 6. Predicted radial closure vs. time for a brine-filled cavern at a depth of 1219 im, which was sequentially formed to a final
radius of 15.2 m, for fixed outer radial stresses of 27.6 MPa, 31.9 MPa, and 34.2 Me corresponding to 0. 1/2 and 3/4 times the
excess lateral stress, respectively. The radial displacement was plotted at the material point which corresponds tothe final cavern
radius at the end of the one year cavern dissolutioning period.
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Fixed Outer Stress, Sequential Cavern Formation
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Fig. 7. Predicted radial closure vs. time for a brine-filled cavern at a depth of 1219 m which was instantaneously formed with an
initial radius of 15.2 mo for fixed outer radial stresses of 27.6 MPa, 31.9 MPs, and 34.2 MPa corresponding to 0, 1/2 and 3/4 times
the excess lateral stress, respectively.

COMPARISON OF SEQUENTIAL AND pressure, i.e., a single, isolated cavern.
INSTANTANEOUS CAVERN FORMATION For sequential cavern formation, Fig. 6 gives the

radial displacement of the material point corre-
The properties of weak salt yield time constants sponding to the final cavern radius at the end of the

which are of the order of days. The time required for one year cavern dissolutioning period versus time.
typical solution mining of a salt cavern is one year. In Figure 7 presents "similar" results for the case of
general, analyses of instantaneously formed caverns instantaneous cavern formation.
predict 50-60% of the total closure occurs during the In practical circumstances, the measurement of
first year. These observations suggest that differences cavern radius (volume) as a function of time is done
may exist between predictions based on sequential and only after completion of the dissolutioning process.
instantaneous cavern formation. In order to investi- Therefore, the quantity which is measured should
gate this conjecture, the extreme case of instan- correspond to the sequential results (see Fig. 6) for
taneous cavern formation is compared with the times greater than approximately one year. It is not
corresponding sequential case. The material proper- clear that it is possible to approximate this curve
ties for weak saltgiven earlier are used in thecomputa- from the results for instantaneous cavernformation.
tions. All cases considered were for a 1,219 m depth It seems likely that if there were an "equivalent"
(27.6 MPa overburden) with a 14.3 MPa internal pres- time to commence radial displacement measure-
sure (11.8 kPa/m, corresponding to saturated brine). ments in the instantaneous cavern formation case,
The excess lateral stress, assumed before cavern then this time would be less than the actual (sequen-
formation, is either 0, 1/2, or 3/4 of 3KJ/'W. This tial) formation time. In this event the sequential
lateral stress, in other words, is specified as a frac- formation case could be bounded using the instan-
tion the value required to initiate in situ plastic flow. taneous cavity formation results. Figure 8 is a test of
This illustrative example is for a constant external this hvpothesis for the highest external pressure



Sat-Cavern ClosureDuringandAfterFormaton 473

1.8

Inst ant anesous

1 .5-

Sequential
1.2 (Orign Shifted

E ,,,'by 1 yr)

00 0.9 - 'Insttantaneus,
U (Origin Shifted

by I yr)

0.6

0.3

0 1.0 2.0 3.0 4.0 5.0 6.0

Time. yr
Fig. 8. Comparisonofcavern radialclosurevs. time between sequential and instantaneouscavernformationforthehighestexternal
pressure (radial compression) case given in Figs. 6 and 7.

case given in Figs. 6 and 7. The three curves appear- than the sequential cavern formation prediction.
ing in Fig. 8 are (1) radial displacement for sequen- Figure 10 is a plot of the mean radial strain at the
tial cavern formation following dissolutioning, (2) cavern wall during leaching for the sequential
the instantaneous cavern formation displacement as cavern formation ease in Fig. 9. Comparison of Figs.
it appear-s in Fig. 6, and (3) the displacement given 9 and 10 shows that the cavern wall experiences
in Fig. 6 following a dissolutioning period of one year. radial strains during leaching which are comparable
The curves obtained from the instantaneous forma- with cavern wall radial strains after leaching.
tion case are seen, in this case, to bound the sequen- Fossum (1977) has investigated similar problems
tial formation case as hypothesized. Unfortunately, using a finite element computer program. His mate-
the bounds are widely separated. rial stress-strain law formulation and problem con-

The radial strain history is of interest as it may be figuration make direct comparison impossible. How-
related to cavern wall failure by creep rupture ever, his conclusions do not contradict the results
during and after cavern dissolutioning or leaching presented here.
(see Nair and Singh, 1974). It is, therefore, impor-
tant to compare the radial strain histories for the CONCLUSIONS
instantaneous and sequential cavern formations.
Figure 9 shows this comparison for the cases corre- A digital computer program has been developed to
sponding to the highest external pressure condition predict the mechanical behavior of salt dome storage
given in Figs. 6 and 7. The strain for the sequential caverns. This program is based on a one-dimensional
case was plotted at the material point which corre- (radial) approximation to the cavern. The following
sponds to the final cavern radius at the end of the one conclusions may be drawn from this work.
year cavern dissolutioning period. The instantaneous 1. This program has been used to compare closure
cavern formation prediction of radial strain is seen to and radial strain at the material point which, after
be considerably greater during the first several years leaching, is on the cavity wall. Cases of instan-
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Fig. 9. Comparison of mean radial strain vs. time between sequential (final radius of 15.2 m) ad insantneou (initial radius of
15.2 m) cavern formation for a brine-filled cavern at a depth of 1219 mn and a fixed outer radial stress of 34.2 MPa. The strain for
the sequential cas was plotted at the materiel point which corresponds to the final cavern radius at the end of the one year cavern
dissolutioning period.

taneous and sequential cavity formation for common 2. When compared with available two-dimen-
configurations have been compared. Although the sional (radial and axial) computer programs, this
long time (5 years) results are similar, the important one-dimensional program executes very quickly and
practical comparison is for the behavior immediately is thus inexpensive to use.
following leaching and these results are quite differ- 3. Comparison of this program's predictions with
ent. The results of this comparion are: closed-form theoretical solutions and with predic-

(a) It is not possible to make an accurate determi- tions of Serata's program show that this program
nation of closure following leaching using an instan-- can be used for many preliminary design purposes.
taneous cavern formation computation. A procedure However, final design should be based on the best
is hypothesized in this work which uses the instan- two-dimensional program available.
taneous cavity formation results to bound the post
leaching sequential cavern formation closure. The
procedure accomplishes the bounding for all cases NOMENCLATURE
considered here, but the bounds are widely sepa-
rated (see Fig. 8). ed component of reduced strain

(b) Comparison of the radial strain for instan- E6 component of strain
taneous and sequential cavern formation shows that Sij component of reduced stress
the histories are not similar except at long times. A as ij component of stress
criterion for cavern wall failure which is sensitive to F mean normal strain, e"/3
radial strain history will require that the sequential a mean normal stress, ok/
cavern formation results be used, since both instan- eeij J component of elastic reduced strain
tasneos strain rates and/or time integrations of eig component of viscous reduced strain
strain histories are probably significant. ena i component of plastic reduced strain
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Fixed Outer Stress, Sequential Cavern Formation
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Fig. 10. Variation in mean radial strain at the cavern boundary vs. cavern radius during sequential cavern formation to a radius
of 15.2 in for a fixed outer radial stress of 34.2 Ma.
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