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ABSTRACT

Although the mechanical hehavior of selr has been tnvesti-
pated for many years. a review of the warld literature indicates
that critersa for the optimum desipn of enginecring “siructures
in Yalt are i preseai relarively limited. The present paper will
dead mainly with basic prublems associuted with the design of
sali caverns for the storage of nataral gas. afthough the results
and conclusions, for the most part, will alsa apply 1 the more
peneral wse of such sturage facilities.

fn 1975 an industry spunsored research project wus indtiated
at The Pennsyivania State University involving the design and
performance of solt caverns for natural gas storage. During the
succeeding seven-yeur study, vesearch has been undertaken rela-
five to the development of u beiter undersivading of how sult
behaves under conditions of stress and temperature equivalent

ta those found arcund a typical pressurized soit cevern and the
application of establisked mechanics principles 1o the develop-
ment of design criteria for such caverns. The project was com-
pleted in 1981 and & detailed monograph on ihe study was pub-
lished in late 1982,

The present paper will inclide o brief outline nf the concept aof
salt cavern storage az i relates to the storage of natural gas and
the current status of coverit desipn procedures. This will be fol-
fowed by a review of a number of laboratory und enelytical stud-
ios carried out by the writers in an gffort to provide basic input

for the development of meaningful salt cavern design tech-

niques, In particuler a number of aspects of these studies not
presently available in the open literature will be considered in
some detail,

INTRODUCTION

For some fifty or mote years rock mechanics engineers
and scientists have been investigatling the mechanical he-
havior of a wide range of geologic materials, such as hard
rocks and coal, utilizing a variety of laboratory, analytical
and field technigues. In recent years such investigations
have expanded into the area of soft rocks (Akai et al.,
1981), and during the lasi ten years detailed studies have
been underway in regard to the behaviar of a specific class
of soft rock, generally referred to as sait. Due to the com-
plex properties of salt, and the unique procedures re-
quired for the design and constraction of structores inthis
material, a specialized avea of rock mechanics, known as
“Salt Mechanics,” has developed {Hardy, 19824A).

Limited basic and applied research in the area of sak
mechanies has been underway for a number of years,
mainly in relation {0 the design and operation of sait and
potash mines. In recent years, however, salt, both bedded
and domal, has been found to provide an excellent me-
dium for the construction of underground facilities for the
storage of 2 variety of materials, including crude oil and

various refined pefroleum products, natural gas, com-
pressed air {cnergy storage) and radioactive and chemical
wastes.

Diize to the accelerated interest in the use of salt as a
medium for underground storage, 2 wide range of re-
search and engineetring studies have beenr underway to op-
timize the design and mining techniques needed for thie
construction of salt caveras, and to develep suitable
means for stability monitoring of such structures, During
the last eight years, salt mechanics research relative to the
design and performance of caverns for the storage of natu-
ral gas has been underway it the Geomechanies Section at
The Pennsylvania State University.

This paper will include z brief outline of the concept of
sait cavern storage as it relates 1o the storage of natural
gas, and the current siatus of cavern design procedures,
This wili befollowed by a review of a number of Iaboratory
and analytical studies carried out by the writers in an ef-
fort ta provide basic input for the development of mean-
ingful salf cavern design techniques. Tn particular, a num-
her of aspects of these studies not presently avatlable in
the open-literature will be considered in some detail.
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SALT CAVERN STORAGE OF NATURAL GAS

Types of Underground Storage

As the demanrd for natural gas increases, the necessity
of storing larger and larger volumes of gas underground
during periads of low demand has increased markedly. At
present three basic types of underground storage are uti-
hized, namely, depleted gas and oil reservoirs, aguifers
and man-made caverns. The use of man-made caverns for
the underground storage of natural gas has increased rap-
idiy in recent years. Such facilities inctude conventionally
mined caverns and tunnels, solution mined caverns and
modified mine workings. At present solution mined salt
caverns are the most widely utilized of the man-made stor-
age facilities.

One important advantage of salt cavern storage is that
since the gas doees not have to flow through porous rock
into the wellbore, as it does in other fypes of enderyground
gas storage {reservoirs and aquifers}, it can be produced
very gquickly (high deliverability) when needed and the
cavern can be refilled rapidly when demand is less. For
such “peak shaving” applications, salt caverns are ideal
since they need not be large to be extremely valuable. They
can, however, be built to store large volames I required
and single caverns with vofumes of 10 %X 10% ft? have been
constructed.

According to a recent American Gas Association survey
{Anon., 1980A}, as of 1980 there were eight salf cavern
facilities in operation in North America utilized specifi-
cally for the storage of natural gas. These facilities involve
a totai of 19 separate storage caverns and some
27,500 MMsef of stored natural gas. A recent industrial
report (Anon., 1980B) indicates that at present seven ad-
ditional caverns are in the planning or construction stage.
Similar storage facilities for natural gas and other fluids
are 11 use in Great Britain, Germany, France and other
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foreign countries (Hardy, 1980). For example, Gaz de
France has plans to construct a total of 45 salt caverns at
two sites {Etrez and Tersanne) for the storage of natural
pas; and one West German firm, Kavernen Bau- uad Be-
triebs—GmbH (KBB), has in recent years constructed
some 16 storage caverns for this purpose.

Salt Cavern Storage Concept

Salt caverns for the storage of pressurized natural gas
are simply large containers created underground using so-
lution mining {leaching) techniques. In use this container
is loaded internally by the pressure of the stored gas and
externally by in-sitg ground stresses. The mechanical sta-
bitity of such a container depends on a number of factors
including the internal pressure, the in-sita stress field, the
geometry of the container and the mechanical properties
of the associated salt. 1t is importani ta note that insuch a
storage facility there is a critical minimum storage pres-
sure as well as a maximum one. This critical minimum
pressure level arises due to the fact that over a specific
range the pressore exeried by the stored gas actually helps
maintain cavern stability by partially batancing the effects
of the in-situ ground stresses; however, below the mini-
mum critical pressure the in-situ stress field may be suffi-
cient to overcome the “strength” of the sarrounding salt
causing cavern closure and/or failure,

Cavern Instabillties

A major concern in salt cavern design is that of strue-
turat stability. In general there are 2 number of possible
types of mechanical instabilities that may occur in solu-
tion mined salt caverns during and after their develop-
ment. As illustrated in Figure 1, these include subsurface
subsidence and subsequent surface subsidence, closure,
local fracture and block flow, deep fracturing and varicus
combinations of these factors. It sheuld be emphasized

Figare 1. Various types of mechanica] instability which may vecur in solution mined caverns. {A-—initially stahle cavern, B—devel-
opment of subsurface subsidence, C--piping subsidence and resuliing surface subsidence, D—cavern closure, E—locaj fracture and

block flow, F~~deep fracture.}




Salt Cavarns for the Storage of Natural Gas

that at present, with the exception of closure, which is the
primary type of salt cavern instability considered to date,
the occarrence of gross instabilities of the type noted are
rare; althoagh small scale instabilities of most types prob-
ably accur frequently.

Cavern Design

In general the development of & design procedure for a
specific type of structure {(e.g., a salt cavern stotage facil-
ity) involves a number of components. These include
physical property data for the material from which the
proposed structare will be built; detailed information on
the lnads (mechanical and thermal) to which the proposed
structure will be subjected; and analytical methods for
predicting and/or evaluating the performance of the pro-
pased structure.

Design approaches. The basie component of any design
approach is the set of anaiytical tools necessary for calcu-
fation of the various unknown design factors and may in-
volve closed-form solutions, numerical methods (e.g., fi-
nite element method) or a combination of both. In general
the required design tools may be developed using three
different techniques, namely:

L. Laboratory Model Technique—Here the behavior of
scale madels, subjected to equivalent loading condi-
tions, are investigaied and suitable empirical equa-
tions fitted to the laboratory data.

2. Theorerical Techrigue—Using this techaique the
assurmed field situation is first reduced to a mathe-
matically tractable form and then analyzed in terms
of available mechanics techniques.

3. Field Technique—Here suitable data is collected
from an actual fleid structure and suitable empirical
equations fitted to the field data.

In many cases, two or even ali of these techniques may be
required to provide the information necessary to isolate
the critical design factors and to develop a meaningful
design approach. .

Important design factors. Based on fundamental rock
mechanics considerations and a review of the limited ficld
case histories available for operating caverns, a number of
factors appear to be of critical importance in the design of
salt caverns, namely:

1. In-Situ Stress Field
Depth
s¢ress Ratio {(k}

2. Cavern Dimensions
Shape (Geometry)
Size {Volume)

3. Cavern Spacing

4. Storage Pressure Limits
Maximum
Minimum
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5. Injection-Withdrawal Cycle
Pressure Increment
Injection/Withdrawal Rate
6. Temperature
Ambient Sait Temperature {Geothermal Gradi-
ent}
Temperature Changes Due to Injection/With-
drawal
7. Mechanical Properties of Associated Media
Salt
Adjacent Rock

A number of these factors, such as in-situ stress field, tem-
perature and mechanical properties, are dependent on the
proposed cavern site and in general must be determined
by field and/or laboratory studies. Factors such as cavern
dimensions and spacing, storage pressure Hmits and the
forn: of the injection/withdrawal eycle will, for the most
part, be dependent on the eventual application of the stor-
age facility. .

Present status. [t is clear, from the information ob-
tained during recent studies {Hardy, 19828) that 2 variety
of empirical “guidelines” for the design of salt caverns
exist today. However, although a namber of important
design factors have been isolated, comprehensive design
procedures based on mechanics principles are not pres-
ently available. In North America this is primarily due to
the fact that velatively few salt caverns have been devel-
oped for gas storage. Furthermore, since the majority of
these have been ““designed’” on the basis of successful past
experiences, rather than on the basis of an established
design procedure based on fundamental rock mechanies
principies, the necessary numerical datz for such factors
as in-situ stress fietd, mechanical properties, eic., are not
available,

In order te develop the required design procedures,
considerable basic and appiied research has been under-
way during the last ten years. A detailed review of these
activities ate available in a recemt A.G.A. monograph
(Hardy, 1982B) and in the proceedings of the First Con-
ference on the Mechanical Behavior of Salt {Hardy and
Langer, 1984).

PENN STATE SALT CAVERK STUDY

Qutline of Overall Study

Since 1975 the Pipeline Research Committee of the
American Gas Association (A.G.A.) has supported a re-
search project (PR-12-71), in the Geomechanics Section
at The Pennsylvania State University, invoiving the design
and performance of salt caverns for natural gas storage.
Agillusirated in Figure 2, the project has invoived anaiyti-
cal studies to develop suitable methods for analysis of cav-
ern behavior (component 5) and laboratery studies (com-
poaent 3} \n which the basic mechanica! behavior of salt
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Figure 2.
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was investigated in order to evaluate the necessary param-
eters for use in the analytical studies. These major studies
have been supplemented by a detailed review of the associ-
ated literature and the development of extensive personal
contacts with other tesearchersinvolved in the study of the
miechanical behavior of sait and salt cavern design.

Although a review of the Penn State study has been pre-
sented in a number of recent papers (Hardy, 19808,
1982C, 1982D), and a detailed description of the project is
preserrted In an associated project monograph (Hardy,
19828}, a brief outling of the Jaboratory and analytical
components of the study will be included here for com-
pleteness.

Labomtor_y Studies

Past experience has indicated that the rational desx.gn of
an vnderground structure is contingent on a thorough
knowledge of the critical properties of the construction
medium. Salt is one of the more complex of the common
geological materials in respect 10 its response to stress and
is generally considered to be best described as a
viscoelastic-viscoplastic material. As a resnlt, a relatively
large number of mechanical properties are required if a
realistic design of a structure in saff is to be undertaken.

Figure 2 {components 1B, 3 and 4) illustrates the vari-

ous phases of the laboratory study, the ultimate aim of
which was to develop a meaningful physical properties
data base for salt, Ir general, four main }abora.tory studies
were undertaken, namely:

1. General Studies—Uniaxial. studies to exataate the
elastic properties (Young's modulus and Poisson’s
ratin} and strength properties {compreéssive and ten-
sile strength) were carried out (Hardy and Roberts,
1977, Roberts, 1981}). A number of accessory pa-
ramefers, such as specific gravity, acoustic emis-
sion, ultrasonicvelocity, ete., were also investigated.

2. Creep Studies—Creep studies were undertaken in
order to evaluate a number of the viscoelastic-visco-
plastic. parameters for salt (Roherts 1981; Bakhtar,
1979; Hatdy ef al., 1983; Mrugala 19838) A three-
phase program was involved,

3. Yield Strength Studies—Here acaustic emission,
microscopic and other rechniques were investigated
it an attempt to develop an objective means for eval-
uating the vield-point in saff (Richardson, 1978).
Tests were carried out on both smg!e crystal and po-
verystaliine specimens,

4. Residual Stress Retention Studies—Since residual
stresses may be important in the analysis of salf eav-
ern stability, particuiarly in salt domes, experiments
were carried out to evaluate if and how residual
stresses may be stored in salft (Mangolds, 1984,
Hardy and Mangolds, 1980). Studies were con-
ducted on artificial salt and on a number of types of
naturai sait.

asg

A detailed description of the overall laboratory study and
the resulting physical properties data base is avaitable in
the associated project monograph (Hardy, 1982R).

Analytleal Studies

The original intention of the analytical phase of the salt
cavern study was to develop a highly flexible, computer-
based ‘‘cavern-behavior simulator’ that could be pro-
grammed to tnvestigate a wide range of conditions associ-
ated with the storage of natural gas in salf caverns. From
the outset it was clear that such a simglator should involve
the use of a suitable finite element program incorporating
constitute relations based on the mechanical and thermal
properties of salt. At an early stage in the amalytical
studies two finite element programs (BOPACE and
BUM!NES] were obtained and mndlfied for use on the
Penn State computer. As the project’ pmceeded however,
it became increasingly clear that the development of a
practical simulator would ot be immedxately possible
due {o the compfexrty of the pmbiem and the time and
financial restrictions of the progeet Rather than proceed-
ing with the develupment of an overly simplified simuia-
tor, with fimited application to real field sitnations, if was,
therefore, decided to utilize the available finite element
programs to carry out a series of relevant analytical stud-
ies, the results of which-could Iater be used as the basis for
the development of the desired cavern bebavior simulator,

The major studies undertaken in the analytical phase of

the project included a series of three finite element studies
and a study involving the closed-form analysis of two sim-
ple cavern shapes. In review, the major analytlcal Studles
were as follows: o
. Elastic Studies—In the first series the behavior of
three cavern shapes spherical, tapered cylindrical
and teardrop were investigated assuming thet the
salt behaved elastically (Chabannes and Richard-
son, 1979). Although this assumption is somewhat
unrealistic, particularly at high stress levels, the
results did provide useful data on the elastic stress
distributions existing. around the three cavern
shapes and the effects of in-situ stress (related to
cavern depth) and cavern pressure.

2. Elastic-Plastic Studies—The behavior of a cavern
withra circular cross-section was investigated assum-
ing that the salt was an elastic-plastic material
{Punwarni, 1982). Such a material behaves efasti-
cally at low stresses and above a critical stress (vield
stress) behaves as a time-independent plastic mate-
rial, The BOPACE finite etement program was uti-
lized for these analyses which provided useful data
on stress distribution and cavern closure as a fune-
tien of such parameters as in-situ stress and cavern
pressure. Since material behavior was considered o
he time-independent, information on such charac-
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teristics as the rate of cavern closure could not be

evahiated.

3. Viscoelastio-Viscoplastic Studies—In the final se-
ries of analytical studies it was assumed that the salt
behaved as a viscoelastic-viscoplastic material {Cha-
bannes, 1983). Such materials, in general, exhibit
elastic, viscoelastic, plastic and viscoplastic behav-
ior, Two seis of studies were carried out in this se-
ries, namely, those based on closed-form and finite
element technigues,

Closed-Form Studies—In these studies the closed-
form stress-sirain-time relations were developed for a
cylindrical and a spherical cavern assuming that salt
behaved as a rigid-viscoplastic material. Using these
relations the rate of cavern closure as well as other fac-
tors were evaluated for these two cavern shapes as 2
function of 2 number of parameters including cavern
pressure and temperature,

Finite Element Studies-—In these studiag the behay-
ior of three cavern shapes-—spherical, tapered cylin-
drical, and teardrop—were investigated using the
BUMINES finite element program. Here the salt was
assumed to be an elastic-viscopiastic material. In par-
ticular, the rate of cavern closure was investigated as a
function of cavern pressure.

A detailed presentation of the overall analytical study is
available in the associated projeet monograph {(Hardy,
19828}, and a brief outline of the finite element studies
have been presented in a number of recent papers (Hardy,
1982C, 1982D).

Discussion

As indicated earlier in this section various phases of the
apalytical and laboratory studies carried out during the
Penn State sait cavern study have been presenied in recent
papers. The latter part of the current paper will consider a
number of other aspects of these studies not presently
available in the open-literatare. These include details of
the closed-form solutions developed for the calculation of
time-dependent closure in cylindrical and spherical cav-
erns, and various considerations retative to the evaluartion
of creep parameters for salt,

CALCULATION OF TIME-DEPENDENT CLOSURE

Introduction

Az outline of the various analytical studies carried owt
duoring the recent Penn State salt cavern project kas been
presented eatlier in this paper. These have included a va-
riety of finite element analyses (elastic, elastic-plastic and
elastic-viscoplastic) and a closed-form analysis assuming
that salt behaves as a rigid-viscoplastic material. Further
details of the latter analysis will be included here,

In general, only a limited number of closed-form solu-
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tions suitable for caleulation of time-dependent salt cav-
ersi closure are available in the literature. A few such
solutions have been obtained for cylindrical caverns as-
suming various linear viscoelastic models (Gairk and
Iohnson, 1964; Berry, 1967). The general appHeability of
linear viscoelasticity fo salt, however, is doubtful due to
the highly non-linear behavior of this material, More re-
cently Krenk (1978) presented non-linear elastic solu-
tions for spherical and cylindrical caverns subjected to
imternal pressure. He derived formuli for stress distribu-
tion, the extent of the non-lisear zone and the volume re-
duction. A method to estimate creep convergence was
also outlined. Klein (1980) presented a closed-form solir-
tion for the steady state stress distribution and closure
rate for a shaft subjected to a non-uniform temperature
distribution due to artificially freezing the ground near
the shaft. He assumed a power law maodel for secondary
creep.

Rigid-Viscoplastic Analyais

During the Penn State salt cavern study one of the writ-
ers {Chabannes, 1983) developed closed-form solutions
for the analysis of creep closure of cylindrical and spheri-
cal caverns Jocated in an infinite medium and subjected
to internal pressure. The solutions ebtained are applica-
ble when it can be reasonably assumed that the in-situ
state of stress prior to the creation of the cavern is ap-
proximately hydrostatic, Details of these closed-form so-
lations will be discussed in this section.

Steady state power law. A commonly used relaticnship
between creep strain rate, siress and temperature in the
steady state region is a form of the power law (Norton,
1929) in which the strain rate increases exponentially
with temperature, namely:

& = A expl{— Q/RTNs,/a.® (1
where

s = effective creep sirain rate,

A = experimentaily determined constant,
Q == activation energy, '

R = universal gas constant,

T = absolute temperature,

a, = von Mises effective stress,

v, = constant used to npormalize stress, and
n = experimentally determined constant.

The von Mises effective stress is equal to the difference
between the axial stress {o} and the confining pressure
{Py) in a triaxial creep test, namely, {c ~ Py}, The effec-
tive strain is simply equal to the axial strain if the as-
sumption of incompressibility, Poisson’s ratio equal to
0.5, is valid,

Analysiv of creep data available for salt from the Ta-
tum sait dome in terms of Equation 1 (Chabannes, 1983)
yielded the parameters lisied in Table 1.

S S R,
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TABLE 1

Values for temperature-dependent secondary creep model
parameiers for salt from the Tatum Salt Dome

Prrameter* Valas
A 8.372 X 10715 in. /in, per sscond
n 4,24
Q 115850 calories/mole
R 1.987 calories/mole/°K
LA ipsi
*5oe Equation 1.

Analysls outline. The closed-form analysis described
by Chabannes {1983) was based on the efastic analogy for
stationary creep. Here a state of stationary creep is de-
fired as one where the space distribution of stress in the
hody remains constant (Halt, 1966), Furthermore, it was

assumed that the total strains and the strain rates were

small, i.e., second-order terms in these quantities as
functions of the displacements and their derivatives can
be neglected. . '

In developing the closed-form selutions 2 number of
simplifying assumptions were necessary in order to make
the problem of stationary creep fractable. These assump-
tions, which pertain to the macro-behavior of the mate-
rial and have in the past been incorporated in a number
of laws of ereep and creep rupiure, are as follows:

1. Elastic deformation is neglected
2. Plastic deformation with strain hardening
3. Viscous flow under constant stress.

Elastic deformation, as determined by Hooke’s law,
usually involves strains of the order of less then 104 for
most materials under the conditions of interest in this
study. Since total strains of the order of 10”7 or larger are
fnvolved, it is possible to neglect elastic deforimations,
since they are small whesn compared with the associated
plastic or creep deformations. This assumption allows
considerable simplification in the development of the
closed-form solutions, '

Plastic deformation (slip) with strain hardening is
given by the plastic strain ¢'P. The plastic strain neglects
velocity effects and is by definition irrecoverable, In prin-
ciple the Bauschinger effect is also neglected.

Viscous flow under constant uniaxial stress (o} is char-
acteristic of the secondary (steady state) stage of creep,
and it is by nature irrecoverable, The creep rate ¢¢ during
this stage proves to be strongly deperident on the stress
and also on the prevailing temperature. The stress depen-
dence of ¢° may be presented in the form of a power law,
namely:

& = & {o/o )" {2)

where &, is the creep rate for which ¢ = o,, 9, is an arbi-
trarily chosen constant stress level to normalize stress in

9%

the eqnation, and n is the stress exponent. For brevity,
Equation 2 will be termed Norton's law (Norton, 1929},
Other functions such as the hyperbolic sine have been
used by some workers, but the power law was retained in
the current study for several reasons, First, it is in reason-
able agreement with expetrimental results obtained for
salt in the stress range of interest. Second, it is simple in
use and offers good limiting possibilities for n = 1 and
n= o, .

In general the term ¢, in Equation 2 will be a functio
of temperature. In the current studies this temperature
dependence was assumed to be of the form

é. = Aexp(—Q/RT} {3}
where

4. == creep rate at an absolute temperature T for stress
level o = o,

A = g constant,

Q = activation energy, and

R = universal gas constant,

Substitating Equation 3 into Equation 2 gives
& = A exp(—CQ/RT)(a/0 " {4)

The combination of assemptions 1, 2 and 3, noted ear-
Ler in this section, gives rise to a “theory of total defor-
mation” (Odgvist, 1966) which is particularly suitable for
describing the bebavior of salt, In practice, however, it is
difficult to separate elastic and plastic deformations of
sait. Furthermore, since a fransient creep response is also
present, in this analysis, the “theory of total deforma-
tion” requires some modification. In this modified the-
ory, the instantaneous elastic strain ('), instantaneous
plastic strain (¢'?) and the transient (primary) creep
strain (e%?) are lumped together to give

€0 @z gl 4 P - 0P {8)
and the total strain is given by
€ = & 4 g, {6)

As a further simplification, the contribution from ¢ to
the total strain is neglected in developing the closed-form
solations presented later in this section. The closed-form
solutions developed will, therefore, provide only lower
bounds on deformation. In general, a materizl which is
based on the assumption just outlined and ather assump-
tions noted earlier conld be briefly described as a non-
linear rigid-viscoplastic material,

in the case of a three-dimensional state of stress, the
generatized form of Norton's law, which is based on the
following five assumptions:

1. the maizsrial is incompressible
2. the creep rate is independent of a superimposed hy-
drostatic pressure



g2

3. the existence of a flow potential {or coaxiality of the

stress and strain rate tensors)

the material is isotropic and

5. Nerton's law holds in the special case of uniaxial
stress,

e

will be as follows:

s = dclo, /o) Vi of/ .. ¥

Based on the so-called “elastic analog” (Odgvist,
1966) for problems of stationary creep, Equation 7 to-
gether with the equations of equilibrinm and the bound-
ary conditions associated with the specific problem are
sufficient to determine the required solution.

Solutions for cylindrical and spherival caverns. The de-
tailed development of the closed-form selutions for the
cylindrical and spherical caverns ate presented in detail
elsewhere (Chabannes, 1983); therefore, only the results
of particelar interest to the current study are incladed
here.

Cylindrical cavern. A solution-mined cylindrical cay-
ern in salt used for the storage of pressurized natural gas
may be approximated by a thick-walled cylinder with an
internal pressure (P} equal to the gas pressure and an ex-
ternal pressure (Pp) equal to the in-situ hydrostatic stress
field. This is a problem involving a non-homogeneous,
three-dimensional stress disteibution. Figure 3 illustrates
the associated geometry and loading conditions.

Based on the theory developed by Chabannes (1983),
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the distribution of effective stress in a thick-walled cylin-
det located in an infinite medium is given by

. = N3 ata (B, — Py
& nrl/n
and the associated radial displacement rate is given by

V3 \PH / 2a2(p, — P) \p .
=) (P e o

(8)

Spherical cavern. A solution-mined spherical cavern in
salt used for the storage of pressurized natural gas may be
approximated by a thick-walled sphere with internal
pressure (P,) equal to the gas pressure and external pres-
sure {Pg) equal to the in-situ hydrostatic sivess field. This,
as in the case of a cylindrical cavern, is a problem solving
a mon-homogeneous, three-dimensional stress distribu-
tion. Figare 4 illustrates the associated geometry and
loading conditions,

Based on the theory developed by Chabannes (1983)
the distribution of effective stress in a thick-walled sphere
located in an infinite medium is given by the following;

3P, — PPa

i~ 1o

and the associated radial displacement rate is given by

& [ 3(Py — Padm s
W“"T%”E@m”‘“ an

2a

N

0

B pe e me an e e e

-
{
&

2b

Figure 3.  Geometry and loading conditiens for a thick-walied cyi-
inder subjected to internal and external pressure,
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Discassion. Closed-form selutions for evaluating the
stationary siress and displacement-rate fields for cylin-
drical and spherical caverns subjected to internal pres-
sure have been developed in this section. These solutions
have been derived on the assumption that the caverns are
located in an infinite media and that the in-situ far-field
stress is hydrostatic.

In developing the closed-form solutions a large number
of simptifying assumptions had to be made in order to
meke the solutions tractable. The applicabilify of the
closed-form solutions is therefore limited. The primary
shortcomings of these soluations include

1. The effects of transient creep on closere response
cannot be studied

2. The evaluation of arbitrary cavern shapes cannot be
undertaken

3. The influence of gravity loading cannot be treated
for caverns having large dimensions

4, The influence of cavern spacing cannot be stodied
since the principal of superposition s not valid for
non-hnear problems

5. The effects of cyclic variations in cavern pressure
cansnot be investigated since the closed-form solu-
tions are based on a total deformation theory. A
method, such as the finite clement technique,
which is based on an incremental deformation the-
ory, is required to provide more realistic predictions
of behavior under these conditions,

In order to address the types of problems for which the
closed-form solutions are not applicable, numerical tech-
niques such as the finite element method must be uti-
lized.

Appiication of Closed-Form Solations

General. When 2 solution mined cavern is created in
salt, a stress field is induced arousnd the cavern which
results in elastic and inelastic displacements as well as a
time-dependent redistribution of stresses around the
opening. A redistribution of stresses will occur every time
there is a change in the internal pressure within the cav-
ern. The extent of the time-dependent redistribution of
stress, from the initial instamianeods stress distribution,
wiil be dependent on a number of factors, namely:

1. the constitulive relation used to characterize the in-
stantaneous response of the salt

2. the constitutive relation used to characterize the
time-dependent response of the salt

3. the cavern shape and

4. the time period between changes in the internal
pressure in the cavern as weil as the rate of change
of the internal pressure,

As discussed earlier a material that oheys a power law
creep refation will always approach an asymptotic state of
SLTESS.
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The distribution of stresses arcund an underground
opening is an important means of evaluating stability.
However, when dealing with a highly creep sensitive ma-
terial such as salt, which can undergo very large strains
without failing in 2 brittle manner, a more useful mea-
sure of stability is the iotal volume closure at a given time,
ot the volume closure rate experienced under a given set
of conditions.

For simplictty, in the following discussions it is as-
sumed that

1. For closed-form solutions a stationary state of stress
exists around the cavern.

2. A hydrostatic state of stress exists sufficiently far
away from the cavern. '

3. The internal gas pressurg in the cavern remains
constant. This is equivaient to allowing the cavern
pressure to bleed-off at the well head as the cavern
experiences closure.,

4. The temperature in the salt is assumed {o be con-
stant. This will not be the case during periods of in-
jection or withdrawal of gas from the cavern.

5. Cavern closure prior to reaching a stationary state
of stress is neglected in the closed-form solutions.

{r: this section use wil} ba made of the closed-form rela-
tions developed for cylindrical and spherical caverns to
investigate the mechanical behavior of such caverns
under & variety of conditions. In particalar, two aspects
of cavern behavior, namely, volume closure and the final
stationary distribution of effective stress, will be
considered.

Influence of power law parameiers. In this section it
wili be assumed that the creep strain rate is given by set-
ting o, = 1 in Equation 1 (presented eartier), resulting in
the following expression:

& = A exp{—Q/RT)u? (1
where

&% = effective creep strain rate,
A, n = experimentally determined parameters,
{) = activation energy,
R = universal gas constant,
T == absolute temperature and
a, = von Mises effective stress.

The radial closure rate for cylindrical and spherical
caverns may be readily obtained from Equations S and 11
by setfing r = a and substituting for ¢, in terms of Equa-
tion 3, giving, respectively,

3 \o+i
e )

X (M)n a am

no,
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e A (-2
(wa}s - 2 exp ( )

% (3(39”“?’))" a. (14)

Now i may be easily shown that the percentage volume
closure after a time t for a cylindrical and spherical cav-
ern are as follows:

(AV/V), = [_EP_QS‘EJ_ t (15)
a
and
(AV/Y), = [33'0(;‘”“)&] t. (16)

Finally, substifnting in Equations 15 and 16 for {(w,}, and
(w,), from Equations 13 and 14, the following equations
are obtained:

- 9 )( V3 )”H
(AV/V), = ~200A exp( 2=
x (HB Y an
and
{AV/Y), = —150A exp<—~ MQ___)
) RT
x (%3“’;; sl )n " (18)
4
where

A, Q, n = parameiets associated with the creep law
' used in the current study,

T = absolute femperature of the cavern struc-
ture (salt) in degrees Keivin,

Py = in-situ hydrostatic stress field in psi
{equivalent to approximately 1.0 psi/foot
of depthj},

P; = internal cavern pressure in psi,

t == total duration of time for which the clo-
sure estimate is requited in seconds, and
R and g, = constants (normally equal to 1.0).

The expressions for the final stationary distribution of
effective stress for cylindrical and spherical caverns,
given earher, are respectively:

V3 atn(p, — Py

{02); = 5 (19)
3P, =~ Pja¥r .
{ae)s - 2]11'3"" ‘,20)

Using the preceding equations # was possible to study
the influence of the various power iaw parameters (i.e.,
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A, Q, and n} on both the cavern closure and the final sta-
tionary distribution of effective stress closure and to study
the influence of temperature and cavern shape on cavern
closure.

Influence of Leading Conrstant {A). Tt is noted in Equa-
tians 1] and 14 that the constant A simply acts as a muli-
plier for the cavern displacement rate for both the cylin-
drical and spherical cavetns. A two-fold inerease in A will
therefore result in a two-fold increase in the displacement
rate and thus in the volume closure rate. Considering
Equations 19 and 20, it is noted that there is no influence
of A on the final stationary stress distributiont around ei-
ther cavern shape.

Influence of the Activation Fnergy Q). The activation
energy Q for a given salt type will generally be the param-
eter that is based on the least amount of data. This is pri-
marily because most laboratory creep tests are run at
room temperature with only a few being performed at
evaluated temperatures. The activation energy plays an
important role in the assessment of cavern closure, since
it is used fo either extrapolate or interpolate laboratory
creep data at room temperature to the operating temper-
atures of the cavern under consideration.

An indication of the sensitivity of cavern closure to var-
iations in the value of activation energy is shown in Figare
5. As would be expected, the volume closure is relatively
sensitive to variations in this factor, since it is included in
the exponential term of the creep refation (zee Equation
12). As noted from Equations 19 and 20 the activation
energy, however, has no influence on the final stationary
stress distribution around a cavern,

Influence of Stress Expanent {n). A survey of the litera-
ture indicates that the value of the creep parameter n for
salt may typically range from 2.7 to 5.5 (Hedley, 1967;
Obert, 19%64; Thompson and Ripperger, 1964; Heard,
1972). In this current study values of n ranging from 1 to
6 have been considered. It is possible that the value of n
for a specific sait couid be ontside this range; however,
the results of the present study are considered sufficient
to bring out the influence of this factor.

Figure & shows the influence of n on the maximum fi-
nal stationary effective stress at the surface of both a cy-
lindrical and a spherical cavern. It is noted that as n in-
creases, the final value of the maximum effective stress
acting at the cavern surface decreases. Furthermore, 2
spherical cavern will have a lower value of maximom ef-
fective stress than a evlindrical cavern for a given value of
n. This is to be expected because of the greater thres-di-
menstonal “arching’ existing around a spherical cavern
{Alyer, 1965).

Figure 7 shaws the inflisence of 11 on the distribution of
the effective stress for a cylindrical and spherical cavern.
In this figute, n = 1 corresponds to the digiribution for
an incompressible elastic material. It is interesting to
note that the higher the value of n the lower the maxi-
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mum effective siress at the cavern surface. However,
away from the cavern the effective stress appears o in-
crease with increasing values of n. In other words, the
higher the value of n the more load is transferred farther
out from the cavern, Figure 7 also shows that for a given
value of n the effective stress is not only lower for a spheri-
cal cavern at the cavern surface buf it drops off with dis-
tance much faster and to a lower level at a given point
than for a cylindrical cavern. Therefore, not only is the
effective stress lower but the zone of salt which experi-
ences a significant amount of creep is smatler for a
spherical cavern. It should be noted, however, that even
though the effective stress decreases as n increases, this

does not necessarily indicate that the associated volume
closure will be less.

Figure 8 shows the influence of n on the volume closure
of a cytindrical and spherical cavern using values for the
leading coefficient A and activation energy Q given ear-
Her in Table 1 for domal salt from the Tatum Salt Dome.
It is evident that an increase in the stress exponent n will
result in an increase in volume closure, assuming the val-
aes for the other material power law parameters remain
constant.

Influence of Temperature ¢T). The temperature in the
salt surrounding a gas storage cavern is primarily a func-
tion of the naturaf geothermal gradient plus any induced
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changes in temperature due fo the injection or with-
drawal of gas from the cavern. Based on a specified form
of the power law {Tatum Salt Dome data}, Figure 9 shows
the influence of temaperature on the volume closure of a
cylindrical and spherical cavern assuming a conastant
temperature existy throughout the salt. This figure ilus-
trates that temperature has a very significant influence on
cavern vofume clasure and that for a given femperature a
spherical cavern has saperior closure characteristics.

A temperature of 160°F would not be unusual for the
salt surrounding a cavern located at 6000 feet below the
surface. This fact clearly poinis out the advantage of lo-
cating gas storage caverns at as shatlow a depth as possible
to avnid excessive amounts of volume closure caused by a
high in-situ salt temperature and the associated acceler-

ated creep strains, Furthermore, the importance in design
calculations of using a creep law based on data appropri-
ate to the range of temperatures anticipated is clearly
shown.

Influence of cavern shape. In order to evaiuate the in-
fluence of cavern shape on the distrihution of effective
stress, data presepted earlier in Figure 7 were repiotted.
Figure 190 shows the influence of cavern shape on the dis-
tribution of effective stress for stress exponents of 2, 4 and
b, respectively. As pointed out earlier, for a specific value
of & 0ot only is the peak effective stress Iower for the
spherical cavern but the effective stress also drops off
faster and to a lower value with increasing distance from
the cavern,

Based on the creep data from the Tatum Dome (Table

e e R et g e 8 I i % ot 24 1% e sy e e
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Figure 7. Influence of the stress exponent (n} on the final stationary distribution of effective stress for
cylindrical and spherical caverns. {Based on closed-form solutions. )

1} and the closed-form solutions (Equations 17 and 18),
Figure 11 ililustrates the influence of cavern shape on vol-
ume closure. The figure clearly illustrates the superior clo-
sure characteristics of a spherical cavern as compared to 2
cylindrical one.

Figure 12 illustrates the variation of cavern closure with
time for the ¢ylindrical and spherical closed-Torm solu-
tions. The data presenied is based on a cavetn depth of
3000 feet, internal pressure of 1000 psi, in-situ tempera-
tore of 110°F and creep characteristics of the salf as listed
earlier in Table 1. It is important to note that the closed-
form data presented in Figure 12 differ from that pre-
sented ezrlier in this section. Firstly, they are associated
with a temperature of 110°F rather than 120°F. Secondly,
the caverns are not assumed to be located in an infinite
medium but rather are considered as a thick-walled cylin-
der and a thick-walled sphere. In both cases the ratic of

outer radius to inner radius (b/a) were selected to corres-
pond to those of the equivalent finite element model, as
noted in the top lefthand corner of Figure 12, Further de-
tails in regard to the calculation of closed-form response
under the above conditions are presented etsewhere {Cha-
bannes, 1983).

Figure 12 also includes data for a tapered cylindrical
cavern {TCC) and 2 spherical cavern (SC) computed using
the finite element method. Further details in regard to the
finite element techniques employed and a detailed de-
scription of the models used for these cavern shapes are
given elsewhere (Chabannes, 1983; Hardy, 1982B). Fig-
ure 12 ¢learly indicates that the closed-form solutions pro-
vide a lower bound to the resuits obtained by the finite
element method when the cavern shape and boundary
conditions are similar. This is to be expected, since the
closed-form solutions do not account for the transient

i P bt
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structural response that occurs during the time period
when the stresses are relaxing from the initial elastic dis-
tribution to the final stationary distribution.

Piscussion

Closed-form solutions, based on the assumption that
salt hehaves as a rigid-viscoplastic material, were devel-
oped for the analysis of the creep closute of cylindrical and
spherical caverns subjected to internal gas pressure and
an in-situ hydrostatic state of stress. Theése soludons may
be used to evaluate the long-term closure characteristics
of an underground cavern once a stationary state of stress
has been reached. In the current study the closed-form
solutions were used to mvestigate the influence of various
factots on cavern closure and the stress state around the
cavern, including the following:

the material properties (I.e., creep law parameters}
cavern shape

temperature

the difference between the internal gas pressure and
the in-situ hydrostatic stress (Py — ).

i B

The primary limitation of the closed-form solutions
described in this papet ix the fact that they do not account
for the instantaneous and transient structural response of
the salt, The cavern closure doe to these responses can be
significant, as was shown by the resalts of the finite ele-
ment analyses presented in Figure 12. Nevertheless, such
solutions, regardless of their innate limitations, do pro-
vide extremely vseful data, and efforts should be contin-
ued toward the development of more realistic closed-form
solutions. :
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LABORATORY DETERMINATION OF CREEP
PARAMETERS

Introduction

An outline of the various laboratory studies carried out
during the recent Penn State salt cavern project has been
presented earlier in this paper. Although a wide range of
studies including those related to creep, vield strength,
nitimate compressive and teasile strength, elastic moduli

and acoustic emission have been carried out, the major
effort has been associated with investigation of creep.

In recent years there have been many different creep
laws formulated to predict the time-dependent response
of sali. Even when using the same law, a wide range of
values for the associated parameters have been deter-
mined for salt from different ficld sites. For exampie, Ta-
ble 2 gives an indication of the range of values for such
parameters for salt from different sites, and Figure 13 il-

L e L Ly e L e e £
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lustrates the extreme sansitivity of the cavern volume cio-
sure to variations in these parameters.

In the fall of 1981 the First Conference on the Mechan-
ical Behavior of Salt was heid at The Pennsylvania Staie
University {Hardy and Langer, 1984). The objective of
the conference was to bring together the expettise of vari-
ous workers involved in the laboratory and field investiga-
tion of the mechanical behavior of salt and in the applica-
tion of the results of such investigations to basic and
applied problems in the general area of salt mechanics. A
large proportion of the conference program was devoted

feontinued}

to the topic of laboratory testing of salt, including a re-
view of current testing methods and the development of
models for describing the mechanical behavior of salt.
Time wis also provided for the discussion of various as-
pects of storage cavern design and stability monitoring,
On the basis of the presented papers and the associated
discussions it was clear that considerable additional re-
search will be necessary before a thorough understanding
of the creep behavior of salt is achieved.

The following sections will include a brief ouibine of the
creep studies carried out as part of the Penn State salt
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cavern project as well as & number of additional studies
presently underway.

Outline of Creep Studies

In general, jaboratory studies associated with the creep
behavior of salt have involved a three-phase program,
namely:

Phase I--This phase invelved the evaluation of vatious
methods of specimen preparation and strain instrumen-
tation, modification of existing testing facilities and the

completion of a series of short-term creep and acoustic
emission studies on specimens of artificial salt, These
studies were completed in 1977 and a detailed description”
of this phase is presented in a recent M35, thesis (Ro-
berts, 1981). :

Phase II—The second phase of the creep study in-
volved the development, construction, and calibration of :
creep testing facilities specifically designed for carrying.
out long-term creep experiments on salt. This included
apparatus for conducting both uniaxiai and triaxiel creep -
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tests over periods of time up to three months or more.
Following completion of the facilities a series of uniaxial
creep tests were carried out on specimens of artificial sailt
and a sumber of types of natural salt. These studies were
completed in early 1979 and & recent M.5, thesis
{Bakhitar, 1979) presents a detatled description of this
phase of the study.

Phase III—The final phase of the study was initiated
early in 1979, It involved inmitiaily some redesign of the
apparatus developed eariter in Phase I1 and the reloca-
tion of the overall creep testing facility. This was followed

feontinued)

by the development of facilities for carrying out tests at
efevated temperatures and the improvement of strain,
load and temperature monitoring facilities. Subse-
gquently, an extensive series of calibration studies were
compieted and creep tests under uniaxial and triaxial
stress were carried out on a range of types of natural sait
at room and elevated temperatures. Further defails of
these studies are presented in a recent Ph.D. thesis (Mro-
gala, 1984B),

During the Phase i1 creep studies a considerable num-
ber of very detailed creep fests were cartied out on a vari-
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ety of types of natural salt. These tests were conducted in
order to optimize experimental techniques and associ-
ated data processing techniques and fo generate various
creep parameters for use in later analytical studies. A
block diagram of the deformation, strain and load moni-
toring facilities utilized during the Phase 111 uniaxial
studies is shown in Figure 14, Similar facilities were de-
veloped for triaxial creep tests.

Eight major groups of creep tests were undertaken, in-
cleding incremental and load-unload tests, long-term
fests under room and elevated temperature conditions
and a series of shart-term comparative tests on six differ-
ent types of sale. Data from these tests were fitted to a

temperature-dependent secondary creep model (Eguna-
tiorr 1) or to various forms of the peneralized Burgers
model. This model, shown in Figure 15, has the following
mathematical form:

A 1
T R K=
X [1 ~ exp(~B/N)] + I (19

Nn-&- 1
where

; = overall observed axial strain due to 2 stress incre-
ment Agy,
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t = fime,
0; = new total stress,
n = the pumber of Kelvin-Voigt units in the model,

and the other factors are the various Burgers mode! pa-
rameters.

Figure 16 illastrates the axial creep strain versus time
data for the first 58 days of a long-term (148 day) creep
test on a specimen of type S12 salt (specimen 5i2L-01)
tested at # uniaxial stress of 1450 psi and a temperature
of 117°F. The solid curve is an n = 3 Burgers model fit to
the data.

Detailed results of the various creep tests have been
presented elsewhere (Hardy, 1982B); however, a brief
outline of short-term comparative test series conducted
on six different types of salt are presented in the next sec-
tion,

Sixth International Symposium on Sait, 1983— Vol |

Short-Term: Comparative Tests

An unfortunate misconception amongst many re-
searchers not directly involved in the evaluation of salt
properties is that salt from various focations exhibits sim-
ilar mechanica! properties. The data presented earlier in
Table 2 indicate that this is certainly not the case. To in-
vestigate this sitnation further a study was carried out fo
provide room temperature creep data for a wide range of
diffevent types of salt. During the study a series of short-
term creep tests were carried out on small specimens of
six different types of natural saft under uniaxial stress
and room temperature conditions. Al tests were of the
incremental-type and involved two stress levels, cach of
which were maintained for a period of approximately
seven days. Axial strain data was monitored using
LVDT's,

Tahle 3 includes details on the origin, grain size and
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feet, and an in-situe temperature of 110°F. {Based on creep parameters for Tatum salt shown in Table 1. TCC (FEM) and SC {FEM}
denote data for tapered cylindrical and spherical caverns computed using the finite elemenl method).
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TABLE 2

Range of vahzes for parameters in temperature-dependent secondary creep model

Creep Model Paramelers®

Salt
Type A Q a Location Reference
1 372 % w1 12000 4,90 §.E. New Mevico Herrmann ot ab., 1980
(2006 1t level)
2 9.98 % 1917 12000 4,90 3.E. New Mexico Herrmann et al., 1980
) (2600 ft tevel)
3 327 = 12600 5.00 Asse Anticline, Herrmang et al., 1980
_ West (Germany
4 8372 X 10713 11550 4.29 Tatum Salt Dome, {See Table 1}
Mississippi

*Farameters it temperature-dependent sacondary creep model assuming o, = 1 psi. {(See Equation 1 for further details,)

70 "

60

@ ~ INDICATE SALT TYPE
{SEE TEXT FOR DETAILS )

40 }-

CAVERN CLOSURE (4V/V x 100) - %

20 F

) 10040 2000

3000 4000 og 8000

DIFFERENTIAL STRESS {P,—~P;) —psi

Figure 13,  [Influence of constitutive retation on volume closure versus differentiad stress for a cylindrical
eavern afler 200 days at a femperature of 120°F. (Based on closed-form solution given carlier in Equation

17 and parameters listed in Table 2.}
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Figure 14. Rlock diagram of the monitoring system utilized in the phase [11 uniaxiaf creep studies,

baik specific gravity of the six salt types tested in the
study. Figure 17 shows the creep sirain versus time curves
obtained during the short-term comparative tests. These
carves represent Burgers modet fils to the experimental
data. and with the exception of three cases. the curves
shown are based on an n = J model.

The experimental data for the six different types of salt
were analyzed in terms of the generalized Burgers model
a,nd the pdrdmeters (E's and N's) computed for mudels'

found 10 be unsa{lsfs.ctory, h(m ever, in most cases an ac-
ceptable fit was obtained for cither ann = 2arp = 3
model. The model parameters assoctated with the latier
fits are presented in Table 4, and in those cases where an
acceptable fit was obtained for bothn = 2 and n = 3
models, the paramefers associated with both models are
included and the most suitable indicated.

Based on a comparison of the data, there appears to be
a considerable difference in the behavior of the six salt
types investigated. Although a more detailed seres of

tests would be necessary in order to establish these differ-
ences in a quantitative manner, it is readily apparent {at
least in terms of the test conditions utilized} that the
creep characteristies of salt are highly site specific.

Current Research

‘The laboratory phase of the original American Gas As-
sociation sponsored salt cavern project was completed in
1981. A number of related laboratory studies, however,
have continued and a brief outline of these are included
here,

Mechanical Model Optimization. During the recent
creep stadies on salt, data for the most part was analyzed
using equations based on various forms of the generalized
Burgers mechanical model. In these cases the most suit-
able Burgers madel and the associated model parameters
were determined using a statistical program developed
earlier {Hardy and Wang, 1065). More recently it was re-
alized that in order to optimize the form of the Burgers
model, or other appropriate model, a more objective data

P |
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LOCAL WIRING | | LD pe—] JUNCTION
TERMINALS | BOX
ELECTRONICS HOUSING ON
LOADING FRAME RACK
w moumso N
= LOADING FRAME)
g DUAL~ CHANNEL J¢ :
v TEST SPECIMEN STRIP CHART ;
{WITH SR-4 RECORDER E
4 STRAIN GAGES) ]
2
g SC of |
-4 DUAL —~CHANNEL LVOT
JI ISTRIP CHART MONITORING
™ RECORDER PANEL
T » -
S Tr DIGITAL
SR DATA
( ? /—LOAD CELL e ggg%s;‘rtou
o sc J
TS—— JUNCTION BOX



Satt Caverns for the Storega of Natural Gas

408

I

MAXWEL L
UNIT

. 1

T

N,

KELVIN=-VOIGT
UNITS

Figure 15.  Generalived Burgers model.

analysis approach would be beneficial and that where
possible, transverse as well as agial creep strain data
should be utilfized. On the basis of this need, studies were
initiated early in 1981 to investigale suitabie methods for
Burgers model optimization, Preliminary studies in this
regard were completed fate in 1981 {Mrugala, 1984).

In these studies it was decided to consider the observed
spectmen behavior in terms of the associated shear (dis-
tortion} and dilaration (volume change) components.
Figure 18 illustrates the most general form of the distor-
tion and dilatation models otilized in the preliminary
studies. If should be noted, however, that for the analysis
of a specific set of creep data, various components of
these models may be- deleted.

During the analysis a suitable leasi-squares code
known as NLIN2, based on an algorithm developed by
Marquardt {1964), was used to fit the observed labora-

tory values of axial and transverse creep strain fo equa-
tions developed on the basis of the distortion and dilation
models shown in Figure 18, The computer program uti-
fized in these studies was such that a relatively complex
overall mode! counid be assumed (e.g., the model shown in
Figure 18}; however, the analysis could be accomplished
in a step-wise fashion utilizing only & limited nuniber of
the available model components. For one thing, the ini-
tial analysis coald be carried out on the basis of 2 singie
elastic element (e.g., 2G;), The value computed lor this
parameter would then be used as an initial estimate for
this parameter in the next step which would involve a
more complex model, Using this procedute the model
complexity (.., the number of parameters) used may be
increased to the point that the fit of the model o the data
does not improve, indicating that the modef has become
unnecessarily complicated,
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curve is an n = 3 Burgers modet {it to the data.)

TABLE 3

Dezails of the origin, grain size and bulk specific gravity for the salt types studied during the
short-term comparative tests

Genig Size—in. Mean
Salt ...... - B“Ik smifi{:
Tspe Origin Rargze Average Gravity Comments
82 Bedded deposit 0.5-1.0 0.4 2.13 Clay impurities
8% Dome 0.1-0.5 0.2 2.13 Very white
High purity
S8 Unknown 0.1-0.3 4.1 2,13 Dark color
580 Dome 0.1-0.2 0.2 2.14 —
51t Bedded deposiz 0.2-0.0 0.4 2.13 Grey to whike
bnpurity lavers
SE3 Dome 1.5-2.8 2.4 217 Large colorless grains

Very pure

The results of the preliminary mechanical mode} opti-
mization studies carried ot during the latter part of 1981
clearly indicated that such optimization can grearly assist
the researcher in scleeting the most suitable maodel for
analysis of laboratory creep data. In particular, these
studies have indicated that more complex mechanical
maodels do not necessarily learl to more precise values of

the associated model parameters. Further studies in this
ares ave ptanned for the future.
Eyrfects of Cyelic Loading. A research study is presently

underway to investigate the creep behavior of salt sub-

jected to a variety of cyciic struss conditions. Sall caverns
utifized for the storage of natural gas are suhjected lo
pressures that varv over a wide range during a tvpical
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TABLE 4

Burgers model (n == 2 & 3) parameters for specimens of six different types of natursl sali based on data obrained duving
shori-ierm comparative tests under conditions of uniaxial compressive stress and room {emperaiure

Specimen  Inc.  Aqf o n E, N, E, N, 4 N, £, N,
Number No*  psi ot —  10°psi 1% peisec  10%psi 10%psisec  10%psi 10%psisec  109pst 167 psisec
§2-07 1 981 83 2 L.65 N1 25.25 0.41 1933.4 —
1t 2.69 0.15 2,77 1.80 413 341 2094
2 1057 2040 3 0,62 .06 368 0.74 2590 1.2 41
5541 i 857 957 2 0.8 0.08 (.48 10.07 2.37 8732 e —
3 .60 .05 0.59 1.20 .67 KX} 0.37 G968
2 983 1940 3 @37 0.03 .41 1.63 060 110.0 .64 544
ER-OL 1 W0da W06 24 1.39 0,30 1.46 9.98 .06 £19.1 - —
3 343 1.68 1.05 G.68 2.87 t02.4 .06 850
2 UB 1986 3§ Q.51 0.2 0.19 1.60 5.96 2026 A2 T4
SHO-0% i 945 945 3 152 0.12 0.68 2.6 8,51 173 6,13 1729
2 o964 1909 3§ 1.33 0.54 .49 9.71 9.i5 373 1.63 Tab
511401 i 4951 931 3 2.03 (.36 4.73 13.27 2.12 H2.5 013 1960
2 Wz 2024 2 319 1,75 1.17 .44 $19.90 48,8 101 1388
§13-01 1 853 Q53 2 1493 0.42 3.27 203,15 1.24 43806 — — :
3t 3.9 0.27 5.80 18.58 4.719 162.2 1.25 3932 :
2 1105 2086 2 056 0.15 0.5 10.21 291 6400 — - ]
*Load increment number.
TParamerers are those associated with Eqeation 19
¥Most soitable Burgerts modet.
§Data vatidity suspeet due to poor guality Burgers mudef fit.
DISTORTION DILATATION
MODEL MODEL
26
28‘ 3 Ki
38s
2n
28
262 ol 212 3Kz o 38
282 284 3B 38

&

Figure 18, General form of the distortion and dilatation modely
used in prefiminary studies, (G, K, and £ terms represent the me-
chanical model parameters, and B terms represent the equivalent
farms of the model parameters used in the associated slaristical
analysis.)
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injection-withdrawal cvecle. As a result, a theory is re-
quired to describe the mechanical behavior of salt sub-
jected 1o similar conditions, No suitable theoty at present
exists, and until the necessary laboratory studies are con-
ducted and the required theory developed, realistic anal-
ysis of cyclic cavern behavior will not be possible,
Effects of Specimen Size. In general it has beeu ob-
served that under the same stress conditions larger test
specimens exhibit a lower creep rate than smaller ones.
At present the form of the associated "'size effect” rela-
ttonship is unknown, and caution must be exercised in
comparing creep data obiained from different sized test
specimens. Preliminary studies, utiizing acoustic emis-
sion techniques, are underway to investigate the role of
dilatation and the effect of confinement on “sive effect.”

Discassion

As noted earlier in this section a variety of creep studies
were undertaken during the recent sait cavern design
project. Simiar studies Have also been underway at a
nurzber of major research organizations throughoeut the
world, Salt is a complex time-dependent material and &t
is apparent that considerable research remains to be done
before 1ts behavior is well understood. At present a num-
ber of specialized studies are continuing at Penn State,
including those associated with cyclic ioading, specimen
“size-effect” and model optimization,

GENERAL COMMENTS

The purpose of the preceding paper has been to briefly
outlitte the recent salt cavern design project and to dis-
cuss a number of aspects of the associated faboratory and
analytical studies not presently available in the open liter-
ature. 1{ is important to note that in recent years exten-
sive research on the mechanical properties of salt and the
design of structures in this material has been underway
relative to the underground storage of nuclear wastes.
Unfortunately, although some of the resuits obtained
from these studies are directly appiicable to the design of
salt caverns for the storage of liquids and gases, many of
the problems associated with such storage are somewhat
unique and still remain unsolved.
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