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ABSTRACT

The use of solution cavities for underground storage presents differcnt design prob-
ems depending upon the type of material 10 be stored. Euach type of mamerial-—
salid, biquid, or gaseous—has peculiar effects upon the fong-term rheological be-
havior of the rock salt boundary. The slorage of ratural gas or compressed air
invalves cyclic fluctuations of bigh gas pressures with corresponding reduction of
the effective confining pressure on the rock salt surrounding the cavity. This results
in gradual weakening of the rock media. Storage pressures for oil and other Hquid
products remam relatively constant ai nearly hydrostatic levels, but the cavity wall
is wetied. Storage of solids involves neither high pressures nor wet cavity walls, but
due to the lack of confining pressure on the cavity boundary, the rock salt is subject
to accelerated granular creep failure. Cavity design methods are dictated hy the
long-term rheological properties of rock salt and their interaction with the iype of
material to he stored. Field examples illustrate the different design methods.

INTRODUCTION

Underground salt cavities provide a safe and economical
means of storing large volumes of a variety of materials in
sofid, liquid, or gaseous form. The importance of this stor-
uge medium has recently been appreciated bhecause of the
rising seed to store encrpy-related materials such as radioac-
tive waste, crude and refined oif, natural gas, and com-
pressed air. Because the number of salt formatitons suitable for
underground storage s limited, it is important that the de-
sign of sait cavities be efficient i terms of storage volume
created and salt velume affectad by creating the cavities.

Etfective salt cavity design is also very much affected hy
the interaction of the stored matertal with the salt near the
cavity boundary. For example, the kading condition at the
salt boundary is different in 2l three cases of sohd, liguid,
and gaseous storage. In addition, other baundary variations
in temperature, chemistry, and penctration of the swored
materfal into the microscopic sait interstices may signifi-
camtly affecr the stubility of the cavirv, Finally, the design
problem is complicated by the rheclogical nature of salt,
and therefore, the boundary effects of the loading, tempera-
ture, permeability, etc., muost he anaiyzed over the entire
life of the storage facility.

SOLUTION CAVITIES—IBENTIFICATION
OF DESIGN VARTABLES

Solid sterage. Underground salt cavities used for storing
salid materials generallv have a constant pressure of one
armosphiere acting normal (o the cavity boundary, regardless
of cavity depth und storage operation. Because of this small
confining pressure, the rock salt is subject 1o accclerated
granular creep fatlure. This is particularly true in mining
apphications in which room geometry may cauvse high lateral
stresses in the salt immediately above and below the open-
inz. The large shearing stress at the boundary cansed by this
high lateral foading meay cause floor heave and roof col-
lapse, which not anly pose sertous safety hazards, bt alsa
jeopardize the efficiency of the mining operacon.

One of the most important proposed uses of salt cavities
for sohd storage (s the disposai of nuclear waste materials.
Research funded by the Atomic Energy Commission
twenty years ago to develop destgn principles for nuciear
waste disposal i onderground salt cavities marks the transi-
tion from empirical to sciennfic design of salt cavities, and
even today, extensive research is being done :n this arca.
Numerous effects besides lack of confining pressure at the
salt boundary need to be studied if reactor hy-products are to
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be stored safely over the Jong time periods reguired for
nuclear wastes ta decay. These inciude temperatre effecis
induced by the radioactive material, irradiation effects on
the sait, water migration along thermal gradients induced by
the rudiation, and possible chemical reactions if the waste is
liguid and escapes from s storage cannister. Though ail of
these effects have been studied individeally over short time
spans, further study of their simultaneous etfects over very
long time periods is necessary 1f safe radioactive waste dis-
posal is 10 be praericed in the future.

Liguid storage. Virmualiy all solurion cavities for liguid
storage use the brine-displacement method of filling and
emptying the cavities of the stored liguid, This procedare is
iHustraied schematically in Figure 1. The disptacing brine
is stored either in subsurface caverns, as shown in the Fig-
ure, ar in surface brine ponds. The brine-displacement
method msures that the liquid pressure at some depth D is at
least as great as the weight of 4 brine columm of height ).
The sctual liquid pressure on the cavity wall depends on the
densities of the brine and stored liquid, depth, and the depth
af the brine-liquid interface.

in designing sclution cavities that use brine-displace-
ment, the liguid pressure used is that which would exist if
the cavity were full of brine, since that is the minimum
Hiquid pressure and gives rise to the maximum differential
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Figure I. Brine-Displacement Storage Principie.

stress between lateral carth stress and Hguid pressure. Al
though the liguid pressure at a grven depth will fluctuate as
the cavity is filled or emptied, static rather than cyclic loads
are generaily used in the numericat analysis of liguid-fiiied
cavities because both the eycle frequency and the magnitude
of the resulting stress change are small in most applications.

in addition to the liquid pressure on the cavity wails,
consideration must be given 10 both the chemical und physi-
cal interaction of the liguid with the boundary salt. Chemi-
cal interaction might not only contaminate the stored Haguid,
but also dissolve the boundary salt, which could ¢reate an
unstable cavity geometry. Similarly, pencuation of the
stored ligwid ine the salt interstices would reduce the effec-
tive confining pressure at the boundary which could lead to
accelerated closure and ultimate failure,

The principal controlled variables In the design of Liguid
storage cavities in salt are 13 cavity dimensions, 2) cavity
depth, and in the case of multiple cavities, 3) cavity spac-
ing. and 47 cavity areangement. The most efficient use of
available salt space is made by packing the cavities hexag-
onally,

Gaseous storage. Gus storage in sohstion caviries is a
relatively recent development, bur promises 10 become
maore widely peacticed in the near future. Numerous re-
search effons are currently in progress fo determine the
feasibility of compressed air cacrgy storage {CAES), an
glectric wility application which permits srorage in the form
of compressad air of energy generated during low-demand
perteds and the regeneration of that energy during peak
demand periods. In addition, gas companies are finding
selution cavities and ubandoned mines 1o be valuable large
volume storage containers to help offset seasonal demand
fluctuations.

Conditions at the boundary of salt cavities designed for
gaseous storage are significantly different from those en-
cotntered in either solid or liquid storage. Of major concern
are the long-term effects of the cyelic loading and of gas
penetration on the swructural integrity of the saft, Nebther of
these areas has been explored lo date. Qther important
boundary conditicns are the values of and ranges between
maximum and minimum gas pressures and temperatures. It
is clear that significant laboratory studies of the effects of
these conditions, both dividually and in combination with
others, must be undertaken prior ro widespread use of salt
space for gasecus storage.

SOLUTION CAVITIES-—RHEQLOGICAL
DBESIGN METHOD

A method has been developed for designing underground
storage facilities ie rheological materials such as rock sah.
The three major components of the rheclogical design
method are 1} tn sity stress measurement, 2} rheological
constitutive equations, and 3} a finite element representa-
ton of the rheolagical constiutive equations.
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The theological method is continuously being improved
as new knowledge s acquired through laboratory and field
srudies. Far example, laboratory rest results on salt core
samples might sugpgest @ modification to the constitative
model, which ig then coded into the finite clement program.
The modified program is vsed to analyze the spacific mine
or solution vavity geometry, and time-dependent displace-
ments and stress distributions are calculated. The caleula
tions are next compared with whatever ficld datu cun be
collected, particaiarly from siress measurements and room
closure data around mine openings or cavity closure data
from solution cavities, Significant discrepancies, if any, be-
tween the field data and computer calculations are vsed o
turther modity the constitutive model. The many years that
have gone nto the development and continuous modifica-
tion of the rheological design method have resulted In a
reliable technique upplicable to most types of storage in salt
cavitiss and o design of mine openings in rheological mate-
riais such as salt and potash.
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In situ stress measurement. A rheological sressmeter
is heing developed to measure in sitg srress in tme-depen-
den: materiats such as rock salr. This tnstrement has been
successfully applied to distances ap w 100 feet in the roof
and pitlars of Canadian potash mines, but will nced some
rmodification before il can be used where nnmediaie ground
access 1s nol available, such as in deep test wells around
sofution cavigies in a szlt dome. fn s siress measurements
using this instrument have proved practical in mining appli-
cations because vnly a singhe borehole is required, and mea-
surements are guickly obtained so that many locations can
be covered in a relatively short time period.

A schematic diagram of this mstrument is shown in Fig-
ure 2. The instruiment consists of a cylindrical probe with a
pressurized and a2 non-pressurized section comaining dis-
placement wansducers 1o measwre borehole deformation,
and suppoeting hydravlics and electronics for accurate pres-
sure regalation and displacement recording. Deformation of
the borehole in different directions is measured as a function

NON-PRESSURIZED
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DISPLACEMENT
TRANSODUCERS
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PATTERN

EXPANDED BOREHOLE
BOUNDARY

Figure 2. Schematic of Rheclogical Stressmeter (Patented).
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of pressure and time. These deforinations are then related to
the in st stress state through a finte element simulation of
the borchole zeometry and loading conditions. Ragological
material properties of the salt which are needed for the
compter simubation sre obtained from labormory crecp
[eR1S8, _

Rhcological constitutive equations, Geological mate-
rials are generally much more difficult to analyze in design
problems than are most man-made materials, and rock sali
is no exception. Twe major diffieulties in modeling rock
salt behavior are the non-divcarity of the stress strain curve
and the strong tendency aof rock salt to creep both visceelas-
tically and viscopiasticaily. Usn the olher hand, however,
rock salt possesses some very desirable qualities that tend ©
ease the modeling effor. For example, it behaves isotropi-
cally and usually is very homogeneous geofogically, pur-
ticalarly in domeéd formations.

Thie main varizbles that sffect rock salt behavior are con-
fining pressure, temperalure, octahedral shearing stress, and
time, The effect of confining pressure is clearty indicated in
taxial test resules shown in Figure 3, which also shows the
non-linearity of the stress-strain relationship.

To predict rock salt elastic und creep behavior, the
rheologicval model shown in Figure 4 has been developed.
This maedel has elastic., viscoclastic, and viscopiastic com-
ponents. For elastic apalyses the model reduces to g two-
property model using the bulk modulus K, and shear mod-
ulus {4y, These may be constants or, in non-linear problems,
functions of the mean stress or some other parameter. In
creep analyses the moded behaves viscoelastically whenever
the ocrahedral shearing stress is less than the octakedral
shearing strengih K, of the salt. When the octahedral shear-
ing stress exceeds Ky, the salt flows viscoplastically at a rate
controlled by the viscoplastic flow constant V. Laboratory
stiadies have shown that the octabedral shearing strength of
rock salt is ol constant, but rather depends on such vari-
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Figure 3. Traxial Compression Test Results for Sait Hydro-
staticatly Preloaded o 2066 PSI.

ables as configing presswre, temperature, and cutahedral
shearing strain. The dependence of K, on mean stress atd
octahedral shearing strain is shown n Figore 3.

The model 18 alsa flexible enough for accerate analysis
of materials other than rock salt. The constants or functions
tn the model can be determined o such laboratory tests as
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Figure 4. Rheological Model.
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direct shear, mwiaxial compression, and triaxial creep. The
lests used and the loading conditions applied are chosen to
hest represent the expected {ield conditions.

Rhcologicat finite element simubation. The rheological
constituitve model described would be of little practical use
were i not for advances that have been made in the past
twenty vears in numerical analysis technigques such as the
finite element method. Thus, a finite element represeniation
of the constitutive equations has been developed so that 2
wide range of geometrie, loading, and initial stress condi-
tions can be analyzed routinely in the design of ming apen-
ings or solution cavities. Also, since the flexibility of the
model permits accurale reprasentation of a wide range of
materials znd not just rock salt, clay seams and other bedded
formations above a mine opening, shale and sandstene for-
mations on the flank of a salt dome, and other geological
complications can be included in the analysis,

Besides its use i prediction of strésses and displace-
ments sround underground openings, the computer simula-
tion technique may also be used 1o indirectly estimate the in
sity stress state around the apeniag if other parameters are
knowr. For exampie, it the boundary displacements of a
mine opening are measured and the properties. of the mate-
rials influencing the displacements are investigated in the
tsboratory, the in situ stress state may be varied in a se-
quence of computer anatyses of the mine geometry, The com-
puied and measured displacements can then be compared ©
evaluate the validity of each in sifu stress stafe assumed.
After the difference has been minimized, the best estimate
of the in situ stress can be used to explore other mine de-
signs which may be more economic, safer, andfor more
efficient operationally.

RHEOLOGICAL METHOD—APPLICATIONS

Storage of solid matter. The most important use of salt
cavities for future solid siorage is tikely to be the disposal of
nuclesr waste materials, Reactor by-products pose very
serious contamination threats many thousands of years after
they are created, and hence, a very stable environment that
offers sufficient shielding must be provided if nuclear fis-
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sion is to becomne a prominent energy source. Because of the
self-healing nature of confined rock salt, cavities and mines
i salt have been considered for about twenty years us pos-
sible disposal sites, and many research studies are still in
progress.

Despite this research affort, there are as yet no such
facilities in operation. The rheological method has been
used, however, to design underground salt and potash mines
in which the opening is confined only by the pressure of the
atmosphere. This condition would also prevail at a radicac-
tive disposal site. Three different design methods based on
rheological principles have been developed for application
in a wide range of geological conditions. These three
methods, which collectively are called the Stress Comro}
Technique, are the swess relief, parallel room, and time
controt metheds, The ground condition for which each is
best suited is described in Table 1.

The sess relief method is used in uniform ground where
no separation séams are present-in the immediate roof or
floor. The principle of this method is to improve room
stability' by widening the room rather than . reducing its
width. Az shown i Figare 6, this reduces the lateral
stresses in the immediate roof and floor and redirects the high
Interal stresses into regions {urther removed from the open-
ing where their adverse effects arc substantially reduced. it
is important, however, that the ground subjected to these
increased lateral siresses is competeni. This methad has
been used successfully at the Rocanville mine of the Potash
Corporation of Saskatchewan, where rooms have been
widened over the years from 67 o BS feet, and at Diamond
Crystal Szit Company's salt mine in the Jefferson izland sajt
dome, where rooms have been widened from 80 1o 160 feet
with similtaneotis improvement in ground safety, opera-
tional efficiency, and estraction ratia,

The principle of the parallel room method is shown in
Figure 7. A second room is excavated close and paralie] to
a failing first room. This second room is protected by a
secondary stress envelope that develops around the twe
rooms. The process can be repeated for additional parallet
rocms until a limit determined by the properties and stratig:
raphy of the overburden formations is reached. The paratie}

TABLE 1
Three Methods of the Stress Control Technique
Recommended
Method Ground Conditien Uses

Stress relief

Parallel rovmn  weak ground due 10 pon-uaiformity and stratification of the
ground media; natural roof fall in 0.5 to 10 months

Time contral  highly stratified, weak ground media dve to numerols
separation seams; natural roaf fall in 0.5 {0 10 weeks

relarively uniform ground media without dominant
separation seams: natural roof fali in 0.5 to 18 years

general vnder-
ground mining
mining in weak,
sedimsnrary
formations
mining i
quickly failing
ground

:
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Figure 6. Swess-Relief Method.

The two outer rooms are created first, sufficiently far 2part

SECOMNDARY STRESS to aliow individual primary stress envelopes to form arcund
EMVELORE - each, which causes overtoading and strain-hardening of the
STRESS ground between the two. A third room is created some time
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Figure 7. Paratlel-Room Method.,

room method has been used successfully in other Sas-

katchewan potash mines stch us the APM Operators Allan

mine and Cominco's Van Scoy minc, which both have

mare overburden discountinuities than the Rocunville mine. _
The time contro.i -mett‘md fisffem frgm t’nel tirsI t'wc PROTECTED ROOM EAILING YIELD

methods in that a specific time sequence 1S used B excavat- PILLAR

ing a group of purallel rooms, Figurz B shows the principle

of the time cuntro] method applied to a three-room system. Figure 8. Time Control Method.
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afterward in this strain-hardened ground. The two piliars
between the three rooms fail as soun as the center raom is
created, transforming the three primary sitess covelopes
into a siagle secondary stress envelope which stabilizes the
center room and tmproves the stability of the two outer
rooms. Successful appiicarions of the time control methad
have been made in the APM Operators Allan mine and the
Powash Corporation of Saskatchewan’s Saskacon mine.
The time control method is patented in the United States
and Canada.

Liguid storage. Soluiion cavities have been wsed sue-
cessfully for storage of crude oif and pewrochemical prod-
ucts, as well as for brine preduction. The economic fmpor-
tance of storage space in salt has neccssitated more efficient
design to maximize wial storage volume for both current
and future needs. This §s not ooly because salt space is 2
Hinited natural resowrce, but also because some of the avail-
able space is not conveniently located in terms of the dis-
tance and means of ransporting the stored material to and
from the sterage facility,

Arn example of the application of the theological methed
tr meximize storage capacity in a salt dome is anmalysis
currently in progress for the Louisiana Offshore Oil Port
(LOOP). Seventy million barrels or more of crude oil are 1o
be stored in the Clovelly Salt D_ome'._'(l.-.euisiana} in 14
cavities of 5 million barrels cach, witly the potential of in-
creasing that total volume by solutioning additional cawt&en.
ar a later date.

Preliminary computer analyses cxpiﬁr_’mg # wide range of
parameters have been supplemented by laborafory lest data
of core samples taken from a borehole from the surface to
the depth of 2,750 feet. Properties of rock formations on the
flanks of the dome were estimated -from published studies
ot similar muterials in the Louisiana Gulf Coast arex
However, relizble in situ stress measurement lechniques
have aot heen deéveloped for application in deep wells
drilled from: the surface. Therefore, a wide range of possible
initial stress states arc being investigated as part of the
parametric studies. .

Figure ¥ shows the gmcrahzed geology of the Clovelly

Dome and a proposed 19-cavity hexagonal layout is shownin
Figure 16, together with the finite element idealization used
for this analysis, The salt dome is nearly circular in cross-
section with a radius of about 1,600 feet & the 1,500-foor
depth, The center-to-center separation distance wiil be ap-
proximaiely 370 feet. Final cavity diameter has not yetheen
determined, but will probahly be between 19 feet and
250 feet. The top of the cavities will be ai approximaely
1.500-foot depth, leaving a 300-foot sait thickness above
the cavities, and 300 feet of salt will also separate the out-
errnost cavities from the salt dome boundarics.

Parametric studies of the effects of different values of in
situ siress state, cavity dizmeter, octahedral shearing
strength of sale, and material properties of the flank rock
have indicated that the in situ stress state in the salt is the
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dominant parametsr controtling cavity losure and boundary
strain. It kas been shown theoretically that the lateral stress
Si. i a stadle salt formation is related to the vertica] stress S
and the vetzhedral shearing strength K; of the salt by the
relationship: : :

S, — (H DK, =5, <85, + (372K,

Most'of rhé t.empmez anulyses completed dbeve have
used the most cosservative assurmption of maximum in sitg
lateral styess, aithough other cases ranging from hydrostatic
1o maximum wete also analyzed. Results indicate that vol-
ume losses of 20% 1o 30% in the first 30 ygars of operation
may occur if the-in situ lateral stress is maximum, bot over-
all volume losses should not exceed about 5% if the lateral
stress is not algmftcaml} gm.mr thdl‘i iht. overburdeﬂ pres-
sure,

Pressurlzcd gas storrage. The hrsz .applmanoa of the
rheological design methott for analysis of caverns for stor-
ing pressurized gas was doiie 1 the car]y 19708 for the
Transcontinental - Ptpelme Cnrpomtmn (Transca). At that
fime Transco's two storage cavitigs;, which extended be-
wween the depths of about 5,700 fesf and &,600 f,{__:;_:_? in the
Emminence Salt Dome {Mississippd, had suffered large
upexpected volume fosses of about 0% in the first year of
operation. Subsequent computer aﬂéiys’is of the behavior of
the caviries. indicated that viscoplastic- deformations during
solutioning znd particularly during the first gas pra:asure
pnicading ¢ycke were the cause of the large closure. In
addition to the large volume loss, a sonat’survey indicated
that the floar of the gas cavities had apparently risen about
120 feet (see Figuré 11). It was suspected that much of the
boundary salt had failed and fallen from the walls to the
cavity floor, This was believed to have occurred because of
245 penetration inte the intergranular spaces in the salf,
which reduces the effective confining pressure at the bound-
ary. To create addirional storage space; IWO.NEW. cavities
were later solmtioned, and one of the two origmai-'cawtte\
has since been solutioned upwards:

The storage caverns for the world's ﬁrst i_' sca}e
compressed air energy storage (CAESY: piamj - Humni
West Germany were also analyzed usmg the rheoidglc:al
method. This plant swres off-peak esergy by compressing
air in two underground solution cavities. The compressed
air is later hested znd cxpanded through tarbines to diive 2
geperator o supply electric power dﬂriﬁé{g'péak-'demand
pericds. The two caverns were designed 10 be about
50 meters in diameter and are sepamted by about 210 me-
ters of salt. Velime losses due 1o inward flow of the salt
were computed to be about 3% in the first 30 years of opera-
tion.

There is much interest today in CAES in the United
Siates where numerous research projects are already in
progress, The success of the Huntorf plant will be closely
monitored. {n particular, eonpredicted boundary behavior
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could help to identify ureas of fuluse research in the labora-
tory testing of rock salt, These ureas might include the
respunse to daily cyclic loads snd the penetration of the
compressed air into the salt interstices, which could reduge
the intergranular bonding strength of the salt near the boun-
dary substantially.

DISCUSSION
Dr, Valreboer.

Question. 1s deterioration caused by the cyclic loading of gase-
045 matter in the salt cavilies?

Answer. Yes, you are Aghl in thar the detertoration is caused
by the cyclic loading of gaseons matier in salt cavities. However,
there are three tmportant things © be appreciated ip gas storage,
First, compressed gas penetrates into the surrounding sakt media of
which extent is much greater than thar of any form of Liquids.
Secondly, the gus penetras ino the strained mediy of caviy
boundary resuiting in reducton of effective stress, which in wm
becomes the direct catse of bounduey failure. Finally, there was o
substantial amaunt of viscoplastiv tlew of {he salt itself contribut-
ing 10 the cavity closere.

Pr. Th. H, Wassmann,

Question. Caa you cie the reasons for the closure?

Answer. There are [wo reasans for the closure: 1) Viscoplastic
flow and ussaciated volume expansion, and 2y Gronular deteriora-
iton of the boundary sait media resulting m volume expaniion.
There was Do measurable surface subsidence over the cavities,

To my best recollection, the emperature gradieat is normal,
which miesns that there 15 an approximately 20°F increase per
1,000 feet of depth increuse.

Dr. K. Wahi,

Question. Do the 1ltusations all come from the same mine?
What specifically is meant by creep swength?

Answer. No, ail the pictures come from many different mines.
However, for the purpose of the intended comparison, there is no
importance or where they are from. All the protected rooms are
stabilized beautifully with no roof boits as shown, repardless of
how badly they were fauiling before the application of the Time-
Cortrof method,

The crecp strength is meant 10 be more specifically octahedral
shearing stength. The streagth will be determined from long-term
triuxial crecp tests by separating viscoclasticity, viscoplasticity,
elastivity, and volume expansion from the wotaf creep deformation.
For mare detailed informution, plesse refer o my previous publi-
cations, particularly o our paper bv Serata, Sukurai, and Adachi,
“Theory of Aggregate Mock Behavior Based on Absolute
Three-Dimensional Testing {ATT) of Rock Salt™ | proceedings of
the Teath Symposivm on Rock Mechanics, University of Texas,
Avstin, April 1968,
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