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ABSTRACT
The ongoing program of research at the Department of Mining Engineering of the
University of Newcastle upon Tyne involves certain aspects of the strucrural re-
sponse and stability of gas storage cavities in salt. The investigation may be sepa-
rafed into two main areas of interest, first, the “‘strength™ problem associated with
sevage cavities at shallow and intermediate depths and, second, the *‘flow” prob-
lem at great depth.

Under particular operating conditions il is possible that the angential stress in the
wall-rock of a cavity at shaliow depth may hecome tensile. In order to determine
whether a localized or gross tensile failure might ensue, a major program of in sity
tests were conducted in an instrument cavity 140 m below ground at Meadow Bank
Rock Salt Mine in Cheshire. The results show that, during the rapid withdrawal of
gas from a vavity, the therenal stresses induced in the walls by the rasulting change
of temperature can be of a magnitude sufficient to fracture the salt. Whilst the
experimental cavity showed no serious structural deterioration and continued to
accept load and hold pressure, the experience so gained suggests that consideration
should be given to the possible comsequences of high gas withdrawal rates on the
itegrity of the wall-rocks of an operational cavity.

A major problem in determining a suitable operating pressure range for a deep
storage cavity is the capacity of the salt to flow or “‘creep’” under high deviatoric
siresses which, if snchecked, may result in a progressive closure of the cavity and
an unaccepiabie loss of storage volume. Closure may be minimized by determining
& lower limit for the gas pressure and by operating the cavity accozdingly. A
possible approach to quantifying the base pressure i3 to develop a mathematical
model which adequately describes the elastic und creep respaonse of the rock and to
apply this model in a numerical simulation of the fong-term performance of the
storage cavity under various operational conditions. The model may be based on the
results of laboratory tests on core from the access wells supplemented by whatever
ficld data is available, The qualitative use of creep test results places very speciat
demands on apparatus. A ¢reep testing factlity for salt rocks has been developed at
Newcastle University to meet these requirements.
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INTRODUCTION

In the era before much of Britain was converred to
natural gas from the North Sea, the taditional gas holder
was & familiar sight in cvery town and city. The manufac-
wire of gas by the carbonization of coal was inherently a
slow angd inflexible process, iil-suited Lo meeting the vari-
able demands upon the supply by the customer and bhis daily
and weckly routines. Storage enabled these fluctustions to
be recanctied with & more or less steady output from the gas
producing plant.

Since the introduction of natural gas. the need for storuge
has pot diminished, on the contrary, the scale of the preb-
fem has increased. The O Industry, anxious to obtain
maxhmum returt on its investment, stipuiate that gas should
flow inshere at load factors which are generally much
higher than those of rhe average domestic customer. The
cost of wansmitting gas nattonwide is such that it makes
sound cvonomic sense tu emsare that the flow through
pipelines is maintained at a high and sweady rate.

Shorr-termn {lucteations in Jdemand may be met by vary-
ing the pressure in the supply system (line packing), by the
provision of high pressure storage in steel pressure vessels
or by use of the existing low pressure holders. The more
significant seasonal variations cannot be dealt with by any
of the above means. At the present time fhere are only two
ways of economicully meeting the winter peak demand,
othzr than by the planned interruption of supplies, firstly by
the use of supplementary gases such as L.P.G. or manufac-
tured gas and secondly by the bulk storage of natural gas in
its liguid phase or undergrobnd in & gaseous statel,

Worldwide, gus is stored underground in a variety of
ditferent ways, Depleted oil and gas fields offer an obvious
opportunity for the bulk storage of natural gas, as do aqui-
fers, and alt have been used exmensively for the purpose
particubarly on the American continent. Cavities in rock
salt, have been demonstrated to be highly suitable for stor-
age. Receatly the possihility of employing caverns in hard
rock has been examined. Abuandoned mine workings, al-
though used for low pressure storage, have been treated
with some caution because of the problem of ensuring the
gas tightness of the surroundipg rock, Lined pressure tun-
ncts have found some limned application. Scveral other
methods have been proposed for underground gas storage,
notably, in shafts and large diameter boreholes and in cov-
ered surface pits®,

Other than the frozen ground L.N.G. store at Canvey
Island, the only operarzonal underground fuel gas swrage in
Britain at the present time 18 in brne well cavities in salt.
Several other schemes have reached an advanced siage of
planning but have been abandoned for a variety of reasoms.
Cavity 53 at Seal Sands, east of Billingham, on Teesside

was brought into operation in 1939 by the Northern (as
Beard. The cavity was formed in a rock salt stratum 33 m
thick at a depth of 338 m. With a free volume of 960G m®
and a storage pressure of 3 MPa, the cavity holds
283 000 s.m.? of gas. Orniginally used for town gas, the cav-
ity now stores natural gas®. Recentdy two more cavities
were planned for the Seal Sands site and scheduled to pro-
vide an addiriona]l 363,000 s.m® of storage®. To the best of
outr knowledge these additional caviries are now in opera-
tion. The Northern Gas cavities are urtusual because of their
diurnal operation, In vrder to provide storage for peak shav-
tng and seasonai load belancing, British Gas Corporation is
currently engaged in the development of solution cavities
near Hornseg on the Yorkshire coast. The cavities, each to
provide a net storage capacity of 30 million s.m?, are in
Permian Zechstein salt at a depth of nearly 1800 m®.

There are considerable uncertainties in the prediction of
the structural response of a cavity, particularly for long
periods of time. Thus the mechanieal response of the rock to
loading is complex, und knowledge of weaknesses and in-
homogeneities in the rock formation is limited. In addition
the primitive stress field around the projected strocture is
rarely known with any degree of certainty and must be
assurned in most cases. As a result the prediction of perfor-
munce of a cavity can not be made with the confidence or
precision normal for structeres in man-made materials.

Whilst we must acknowledge these uncertainties, our
predictive capability can be improved in the {ollowing
ways. Firstly, we can enumerate the problems we might
capect (o encounter in g given stricture. Secondly, we can
accurately define and quantify the response to stress of the
materials of that structure. Thirdly, we can develop analyti-
cal and numertical methods with which to model the perfor-
mance of the structure and investigate the role of malerial
properties, geomelry and the stress field in determining its
prohable response,

Gas storage cavities in salt present a particular and
somewhat demanding rock mechanics problem. They are
unlined s¢ the uncertainties cannot be allowed for by con-
servatively designed antificial support. The “‘design as you
go'' philosophy of many mining operations cannot be
appliad to the problem. Salt is a weak rock and its capacity
to flow is almost unparalieled i rock engineering. Its be-
havior is, as yet, imperfectly understood und the techniques
by which we apply our knowledge are still being developed
and improved. Finally the storage cavity problem cannot be
treated simply as a static problem in terms of the geometry
of the opening, the hoposed stress field and the material
properties, since the dynamics of the cavity operation have
an important bearing on its structural performance,

Our maip coacern in this paper is with the techniques by
which we can obtain a better understanding of the response
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of the materials which enclose a storage cavity. In the first
part of the paper we advocate an in siu approach w the
probleny, In the second part of the paper we show a different
problem, the solution for which must be based on a
groundwork of laboratory experimentation.

THE STRUCTURAL PERFORMANCE
OF CAVITIES AT SHALLOW
AND INTERMEDIATE DEPTH

We distinguish somewhat arbitrarily in this paper between
cavities at shallow and intermediate depths and those at
great depth. The single most important factor governing the
likely response of a storage cavemn is the ““diffcrential pros.
sure’’, this being the difference hetween the geostatic stress
and the pressure of the stored product. The pressure of gas
in a dry storage cavern fluctuates as the gas is withdrawn
and replaced. The extremes of these fluctuations and the
rate at which they oceur are of the greatest concern. Hence
our distincrion is bhased solely on the typical manner in
which cavities at shallow and at great depths are operated,

In shallow cavities the primitive stress field is compara-
tively low. Internel pressure of stored gas will reduce the
stress concentrations around a cavity. If the cavity walls are
cooled relative to the surronnding rock mass, as could hap-
pen during gas withdrawal, additional tensile stresses are
indtced in the tengential directions. These could be suffi-
cient to lead o resultant tensile stresses and the possibility
of tensie failure exists.

The effect of these tensile stresses on the cavity surface,
and in particular the thermal components, needs investigat-
ing and qualifying. To this end an experimental program
was devised.

Ohjectives of the experimental program. The results
of an earlier theoretical study® indicated that, under certain

_conditions of low thresheld pressure and reduced tempers-
ture produced during gas withdrawal, there was a posshiliry
of inducing tensile resuifant stresses at the surface of a cav-
iy, Tensile thermal strésses could be critical in developing
this condition. In view of the low tensile strength of halite
and the extreme variability of its laboratory behavior, there
was clearly a need to define the material's response to these
loading conditions more accurately in order o allow a more
precise appreciation of the likelihood of struetural faiture
and hence to define the operational Hmits for a cavity. The
specific issugs that had 10 be resolved were as follows:

1. Could the generally non-linear time-dependent behavior
of rock salt be reasonably approximated al low compres-
sive stresses and in tension by a linear efastic or linear
viscoetastic model?

2. If so, what are the values of the clastic parameters or the
viscoglustic parameters?
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3. Could tensile fathire of rock salt occur in a confined rock
mass by the action of temperature vartations, and if so
under what conditions would # ocour?

The design of an in-situ experiment. In designing an
experintent tq investigate the uncertainties indicated in the
previous section, the first and foremost considerulion was
whether the response of the material 0 thermally induced
stresses coul‘(__i be adequately reproduced ender laboratory
conditions. The following issues prompted the decision 1o
conduct the experimental program in situ,

The inhomogeneitly of the rock salt in question suggested
that large test specimens would be required for the test to be
representative™ of the rock mass. Alternatively, a large
number of tests on smaller specimens would be needed 1o
provide statistically valid duts. In designing fests it would
clearly be advanmgeous to sithutate. as nearly as possible,
the likely stress canﬁguration{bt‘an operational cavity, that
is. a lateratly constrained free surfuce with a small or zero
normal compressive stress and-a high compressive to tensile
compoenent paralie! to the surface. This would most satisfac-
togily be achicved by annular }',_pecime,ns. In ordér 1o obtain
measurable effects, in terms of diametral deformation such
annular specimens would have to be large and necessarily
expensive. Finally the effects of thermal varistion in situ
occur as a distribuled loading, varying in space and time,
which cannot be satisfactorily simuolated by mechanical
toading.

In a specially prepared in situ cavern of sufficient size
only one “specimen’” would be required since the volume
of ground effectively under test could be large enough to
muke small-seale variations in the material insignificant. In
addition, pressure and temperature Joading capsbilities
could be previded without undue difficulty, the geostatic
loading would already he present and the response of a
maderate sized cavity would be large encugh to be mb:}y
measurable (Fig. 1). o

The experiment was mwaagcd 4y 4 mdterla!s fest w;th
H stress mudcllmg,

b&mg difficult to consmuct. A c»lmdru:al g?}ape was evenm-
ally chosen as a compromise. The mature: of the available
site dictated that this shoeld: be horizontal, this direction
being preferred for practical reasons.

Tn determining the optimum diameter for this cavity, the
necessity for this to be large enough 1o allow easy access
together with the desire to influence as large a mass of
ground as possibie were wé'igh'eéi_ aguinst the practical dif-
ficuities of producing a cavity of _'yery large didmeter. After
consultations with various drilling specialists it was decided
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THE INSTRUMENTATION SCHEME

Figure 1. Schematic of the expertmental cavity.

that a diameter of 1.22 meters was the maximum consistent
with the practicalities of production, The working length of
the cavity was chosen to eliminate the effects of the ends on
the cylindrical stress distribution. .

Design of the loading system. In determining the load-
ing capability required for the cavity #t was necessary to
consider the desired effects in wrms of the induced stresses.
The following poinis were bome in mind’,

I. The overall attainable stress range should be as nearly
eguivalent as was practical to that predicted for an opera-
tional cavity,

2. The possible temperature changes in the cxperiment
should be of the same order as those expected in prac-
tice.

3, The capability should exist to impose more severe ten-
sile conditions than those implied by the former two
¢riteria.

4. The necessary external constraints and gravitational
loading were already present.

3. The vahue of the primitive stress field was unknown and
allowance should be made for an etroneous estimate of
its value.

6. The most impoertant zone to be considered was the sur-
face of the cavity, the most imporiant stress being the
surface tungential compaonent.

Tnitialty a runge of values were assigned to the material
properties to predict the probable performance of the cavity.
These calculations indicated that, with a temperature varia-
tion of = [5°C on the surface of the cavity, a range of
stresses from high tensile to high compressive would be
aitainable and since this temperature variation is similar to
that expected 1o a shallow operational cavity and couid he
obtainad without too much difficnlty, i was retained as the
experimental limit”. The maximum pressure to be used was
dictated by safety, practical limitations and considerations
of the required resultant stress field.

Design of the instrumentation. In the initial design of
this experiment it was assumed that the cylindrical test cav-
ity would react in the same way as an idealized infinitely
long cylinder and that an assumption of plane strain would
be valid, Although suitable as & design simphfication, it
seemed probable that neither a plane strain nor a plane stress
assumption is strictly applicable in view of the constraing
operating. Because of this uncertainty it was decided that
deformation in the axial direction should be measured.
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In order 1o delermine the depths into the rock mass at
which deformation should be measured, it was necessary o
evaluate their tikelv radial distribution. Whilst the deforma-
tion due to internal pressure can be readily ascertained, in
order to predict the thermally induced displacements an in-
dication of the temperature distribution was required, An
analytical relationship derived by Carslaw and Jeeger from
numerical results was used in the preliminary study®.

This study indicated that the most significant part of the
deformation field would lie within 1.% meters while the
stress distributions showed that at a radius of 3.7 meters the
swress etfect of the combined loading would be small. These
considerations plus the extreme difficulty of drilling exces-
sively lung boreholes from 2 confined working space and
the desirabibity of not distorting the stress field around the
cavity by inordinately large diameter boreholes were in.
strumental in determining the final layvout of the deforma-
tioh measuring system”.

The deformation relative 1o the surface even under the
maximum internal pressure of 1.38 MPa were expected to
be as small as 2.5 x 107 mm. It was clearly necessary 1a
sclect sensilive vet robust measuring instruments. Linear
Vuriable Differential Transformers (L.V.D.T.'s) of the
I2.€. 1ype with a range of + 12.7 mm and a voltage sen-
sitivity of approximately 0.16 Vultsimin were chosen for
the purpose.

DESCRIPTION OF THE IN-SITU EXPERIMENT

The experimental sife. A sile was mude available for
this experitmental cavity by Imperial Chemical Industries
Lid., Mond: Division, ar their Meadow Bank Rock ‘Salt
Mme 2t Winsford in Cheshire. The salected location was at
the end of a blind readway driven in the Hundred Foot Salt
of the lower Keuper Saliferous Beds, 140-meters below the

Figure 2. External view of the experimental cavity sﬁowing the
pressure-retaming plag, manhole and pipework.
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surface. A T-shaped access room was opened out at a level
of 4.5 meiers above the tloor of the mine, approached by a
bin 17 ramp.

Twe expertmenial cavilics were produced, one for test-
ing, the other as a standby in case of premature failure of the
first. The 1.22 meter diameter holes were drilled by an
auger boring machine following a 130 nun pilot hele. The
cavity which was sobsequently uséd was bared with a varia-
tion of 16 mm of the diameter and a maximum eccentricity
of 13 mm. The cavity was a total length of 10.6 meters,
7.3 meters of this length being reguired for the test chamber
and 0.9 meters for a pressure retaining plug situated
2.4 meters from the' mnuth‘ {Fig. 2).

The loading systnrenzr Pressdares of up to 1.38 MPa were
used in the experiment, these being contained by an 0.9 me-
ter thick concrete plug keyed into the cavity walls. The plug
was a Concrete annu}u«c embedded-into the salt to a depth.of
0.46 meters with a 45° taper 1o efféct 4 seal against the salt
face. A steel-lined manbole of 0.6 meters diameter pro-
vided access 1o the cavity. ami was \eaied durmg pres'sure
tests by 2 25 mm thick door.’ RS

Alr pressure was provided hv a rec:proc atmg cOmpressor
capable of delivering 1.4 MPa at a delivery rate of 3.54
standard m*/minute (Fig. 3). Air from the compressor was
cooled by ar after cooler to 8°C ubove ambient and dried o
a dew point of ~40°C ia a dessicant drier, hefore being
stored in an 0.3 m? air receiver. Control of cavity pressure
wus achieved by a reducing valve in the 75 mm -air main
between the receiver and the cavity. Depressurization was
regulated by a blow-off valve in the air main. Cavity pres-
sure .was monitored by a pair of smrain- ganged pressure
transducers.

The temperature system. Sarface rock iempx.ratuna
were varied by circulating hot or cold ethylene glycol solu-
tion through a 75 mm diameter copper pipe heat exphanger
coil set close o the cavity surface. Convection” effects
within the cavzly were reciuced by two axial fow fans sef at

Figure 3. Air compressor (right} and glycol solution heater/
chiller wmit (eft).
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either end. The ghycol solution was heated by a 3 kW im-
mersion heater and cooled by a chiller unil,

Temperature coniro} was achieved by a motorized mix-
ing valve hetween the het and cold glycol supplies. The
contro} temperature was based on the average output of 9
Platinum Resistance Thermometers cemented to differemt
areas of the cavity surface.

THE INSTRUMENTATION

The measurcment of deformations. The detormarion
of the cavity surface und that within the surrounding rock
was measured at three measunng stations along the length
of the cavity, one central (B} und ose at either side. The end
stations were situated at a distance of three times the cavity
radins from the plug {C) and from the blind end (A). At
each station measuremenls were made in three radial direc-
tions, vertical {V), 1207 clockwise (R} and 120° anti-
clockwise (L}

The deformation profile in the walls of the cavity was
determined wsing insirumented boreholes 3.05 meters in
length. Four anchors were set in cach borchole at radial
distances of (.84, 1.22, [.83 and 3.66 meters from ihe
cavity centerfine. The anchors which were designed for the
experiment comprised a 3,175 mm thick split ring tightened
against the borehole walls by & stainkess stee] cone bolied
info a housing as shown in Figure 4. Their small area of
cantact with the rock enabled the points of measurement to
be accurately determined. At the borehole mouths, z cluster
of four L.V.B.T's were mounted in a stainless stee] cage
mcorporating adjustment screws. The cage was secured by
a curved cover plate cemented to the cavity surface, In order
10 avoid pressurizatan of the boreholes, the cover piates
were of a sufficient size to ensure a reasonable seal. The
ransducer cores were connecked by spring-tensioned
6.4 mm diameter Invar rods o the anchors, the rods For the
more distant anchors passing thraugh the nearer ones,

Diametrsl deformation of the cavity was determined
using nine exteasometers airanged along the same line as
the boreholes ag shown in Figure §. These eatensomelers
comprised 9.5 mm diameter Tnvar rods supported by
P.T.F.E. bushes ia an aluminum alloy tubular casing, The
spring-loaded instrument was held by force between the
appropiiate borehole cover plate and a stainless steel mount-
ing pad on the rock surface. The rod movement was sensed
by un L.V.D.T. mounted inside the rbular casing of the
extersometer.

Instruments of the same design were used to monibo
axial straip in the cavity wall rock. These measurements
were made in two 1.22 meter bays between the radiai sta-
tions. The six axial extensometers were mounted between
stainless steel pegs cementsd into the cavity surface.

The measurement of rock temperature, The tempera-
ture field in the sabl surrounding the cavity was monitored

Figure 4. Borencle deformation measering system showing a
single anchor and a chuster of transducers,

To= Air temgergture megsurement
L-Ta Tr=Rock iemperature measurement
Anchor Mg i

3 _BB'm Tr Borehote Y

Borehoie L Borehole R

e

Cigretral deformation measuraments

T
L~ T R )
Anchar kg 2 1 gt Stctions A 84C
r
1.83m \
i surface by 7 i
L Te N7
Anchor No.3 B« A N
o
t.22m i
_-To )f
Anchor No.& i Thermistor_probe
g.84m Transducer
assembly

DETAILS OF INSTRUMENTATION SCHEME

Figure 5. The cavity instrumentation showing the positioning of
the borcheote anchors and the extensemeters and the rock tempera-
BIre Measuring arrangements.
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using miniate precision thermistors. A total of 43 sensors
were employed in the deformution measurement boreholes,
one hald against the mek surface at euch of the anchors and
one mounted on gach of the borehole cover plaes, An addi-
riogal 42 sensors were emploved to provide detatled infoe-
mation on the temperature pradicm pear the caviry surfuce.
These were ncorporated in prepared salf cores of 305 mm
length which were cemented into short 31 mun dismeter
horeholes using & mixiure of 2poxy resin and powdered sall.
These burchoies, & in numier, were aligned paratle! to the
deformation monitoring boreholes at poims nndway be-
rween the stations, '

In order wallow correction for the thermal expansion or
coptraction of the companents of the deformation measuring
system, a further 54 sensors. were mounted on the horehote
anchors and the extensomeners.

Photographic recording. In order 1o detect surfave frac-
turing. proviéions wore made 1o photograph sclected areas
of the cavity wall. This was achicved using a-peirof remote
contiplled cameras mounted 5025 to rolute. about the caviry
axis and automatically position: themsebves npposile the 12
spaces between the. hdat exch hanger pipes: Euch revelution
was started either maneatly o dumn,amail‘ ’m AR eie{.mc
Tner {F}H i3 u e L .

[aternad view of the cavity showing the hest-ex-
changer pipes, the diamews] exiensomelers and one of the re-
mote-controlied cameras,

Figure 6.

heating or cooling was too small to give meaningful resulis

THE DATA LOGGING ‘WS’I 'u

The final izstrumentarion wghemrz
L.V.D.T. s and 138 thermistors which were 1
tored during a test. A data logger with fucilis
grammed sequential monitoring of up 10 {00 mlzag yand. 20
resistance measurements at speeds of up to 10 channels P
second wus eniploved for this purpose. All data werg re
corded on paper tupe awaiting computer analysis. A chdrt
recorder was used to provide an instant check on critibiﬁ
kems such as movement of the pressure retaining plug_.
cavity pressure and surface temperature.

Brief summary of the test program. Over un 18 monthf‘
period from the commissioning of the cavity in May 1973, a
totzl of 39 tests were performed. The duration of those tests:
ranged trom ahout 3 hours up 10 about 400 hours. The tests
Fall into two éategorics, pressure tests and imposed tempera~§
ture tests, the latter at above and bet}osa ambiend rock tem-
persiure. - .

The pressure tests wh:ch Were LalTlﬁd ont at bmh am—__
bient and clevated temperatures, were conducted to investi-
gate the effects of mechanical loading on the cavity. They
ulso allowed the in situ Shear Modulus to be determinad,
Pressunz was applied to the cavity at a rate judged to be low
enough w avoud adiabaric heating. In practice, the pressuLis
zatiop rates rapged from less than 7kPa/minute wp 1o
35kPa/minute. Tn most of the tests, after reaching the
scheduled maximum pressure, the cavity was immeadiately
depressurized at & controlled rate. In four tests the
maximum pressure was held steady for between 16 and
200 hours. These extended tests were conducted to mvesti»
gute the titme-dependent response of the salt '

Temperature tests were peforimed by hedting or cmim,g
the cavily surface at g predetermined rate. Difficulties wer
encountered when the cavity temperature was changed. too
rapidiy. For practicai reasons the temperature distributich
around the cavity became asymmetric. Tn additio
penetraiton of the temperature field resullmg from ;rap;d

The rate of change of cavity surface lemperatuze ia §
ful tests ranged from approximately 0.2 w 2°C/hour :

Analysis of data. With the large amount of dafd-w Be
handled in any test, in excess of 20,000 daw items being
comenon, computer based data handling and analysis was
essential. A suite of Fortran IV pwgrams were written
specifically for the prejoct®.

It is beyond the scope of this paper 10 describe the reduc~
tion of dute in anything but a grossly simplified manner.
Briefly, the plane strain solution for the radial deformarion
of & hallow cyvlinder with infinite outer radius und under
internal pressure is given by:

L by @
U= E T g

v
A
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Where q is the internal pressure, a is the internad radius, B is
the Elastic Modules and v is Poisson’s Ratio.
Therefore, the Shear Modulus can he obtained by re-
rressing the radial deformation of the cavity against g/r.
The radial displacement caused by un imposed tempera-
wre field is given by'®:

i+ o0
1= e« — | Trdr
i - 1"[

Where = is the Coefficient of Linear Expansion and T is the
temperature, whichis a function of radial distance r.
Temperature induced deformations were plotted against

[
the integral — | Tt dr. which has been denoted by I{7) in

the figures. The integral was evalvated using the radial
remperature distribution given by the thermistors, Cleatly,
L : . X \ 1+

the regression line of Uf against I{r} has the slupc-:T—_—-E— o
Provided that « is known, then the Poisson’s Ratic may be
determined.

Experimental resuits. All the short-term pressure tests
showed good agreement with the elastic response, with a
marked hinearity between radial deformation and pressure

and with an absence of permanemnt set or separation of the
loading and unioading curves. A typical result is shown in
Figure 7.

In all the pressure tests the results from the borehole
anchors were less consistent than those from the diametsal
extensometers. The main reason for this was that, at in-
creasing radial distance from the cavity, the maguitude of
the measured deformations approached the Hmit of resolu-
tion of the instrumentation,

Three long-tenm tests with mtemal pressure of approxi-
mately 1.38 MPa showed a departure from linear edasticity.
Figure 8 is typical and shows a distinet permanent set. A
fourth long-term test ar approximately (.69 MPa did not
exhibit permanent set.

Ir the above ambient temperature tests, the inelastic re-
sponse of the cavity was more apparent af higher imposed
temperatures. For example, for an imposed temperature of
+2°C (Fig. 9), anchors at all radii showed a predominanty
elastic response as seen in Figure 10, for an imposed empera-
ture of + 5°C the three anchors furthest from ihe cavity displayed
etastic behavior but the neur surface anchor and the corres-
ponding extensometer exhibited non-linearity of the loading
curves, a separation of the loading and unloading curves and
a2 permunient set, The more severe tests at +10°C and
+15°C showed the cffects of inclastic deformation fo a
much greater extent. '
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The below ambient temperature tests are, perhaps, the
mos! interesting in terms of the gas storage problems. When
tempersture changes of ~5°C were imposed on the cavity,
the response was largely clastic. The tensile stress levels
associated with an imposed —10° and ~14°C temperature
change resulted in a response which can be attributed to the
development of microfractures in the near surface rock.
This tocalized microfracturing appears to have resulted in
dilatancy or “bulking’” of the salt in this zone. In a sub-
sequent test, the repeated application of a temperature of
+10°C induced high compressive stresses in the near sur-
face salt which seemed 1o diminish the effect of the previous
tensile history {(Fig. 11},

The resvlis which are of the most general interest arc the
in site measured values for the elastic constants of Cheshire
rock salt, The Poisson’s Ratio was found to vary with
stress, the most distinet differences being between the com-
pressive and tensile siress states. The mean value in the
compressive region was 0.21 % 0.11 and in the tensile
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region was 0.05 = 0.16. Thesc values have been basedon a
taboratory determined Coefficient of Linear Expansion of
2.6 % 107%°C ', The Shear Modulus was determined from
the pressure tests at 15.2 GPa + 20%, giving 2 value for the
Elastic Modulus in compression af 36,5 GPa + 30%.

This Elastic Modulus is higher than most laboratory de-
termined values, This variation may, in part, be due 1o the
differant behavior of the rock in the in situ environment
but, more probably, it is caused by the generally higher
stress conditions used in the laboratory tests, and the con-
sequent unavoidable incorporation of primary creep deforma-
tion in the elastic movement.

THE STRUCTURAL PERFORMANCE
OF DEEF STORAGE CAVITIES

Deep cavities in salt offer greater potential for. gas stor
age than those at shallow depth since the ‘massive over-
burden permits much higher maximum storage pressures. In
practice, this maximugm pressure is determined by the
strength of the well casing and cementation, In most storage
operations this pressure ix batween 50% and 0% of the
geostatic stress at the cavity depth. For preliminary design
purposes the vertical geostatic stress may be taken as
22.6 kPa per meter depth. The maximum allowable storage
pressure therefore ranges from 11 to 16 kPa per meter
below the surface.

The useful storage capacity of a cavity is a function of
the free volume of the opening, the difference between the
maxizpum and minimum storage pressure-and the compres-
sibility of the gas under cavernr conditions: Since the
maximum allowable pressure is largely predetermined by
the well casing and the operator of the cavity has 1o control
over the gas compressibility, the only scope for optimizing
the usefal storage capacity of a particular installation is to
set the minimum gas pressure gs low as possible,

Whilst the internal pressure in shallow cavities may oc-
casionally be reduced o near atmospheric without iil-effect,
for cavities situated below sbout 750 meters consideration
must be given to the effect of depressurization on the wall-
rocks. The source of primary concern is the flow or creep
response of the salt, although other issues such as surface
spalling, creep rupture and damage to the overlying sirata
should be carefully evaluated.

Creep closure of 8 cavity, Most rocks when stressed to
near their uitimate strength in compression continue 1o de-
form with time after the application of load. In-the evap-
oritic rocks, especially those containing halite or sylvine,
time-dependent deformation is pronounced even at com-
paratively low stress levels. At high stress levels this flow
or creep becomes a dominant feature of the mechanical
behavior of salt rocks. The creep of sall is a response to
applied shear siress. Under a hydroSiatic state of stress, that
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i%, one in which no shear stress is engendered in the mate-
rial, na significaat creep can occur, although the application
of stress will cause a change in volume.

When the internal pressure in a storage cavity is reduced.
the shear stresses in the walls rise accordingly. This in-
crease in-the shear or deviaforic swesses in the rock mass
causes the material to flow inward into the cavity, The rate
of inward Aow will be at a maximom during and im-
mediately following the reduction in pressure and thereafter
will decay somewhat with time. The exact manner in which
the creep deformation rates decay is 2 matter of great con-
cern and, indeed, of controversy.

¥f the-fall in’ gas pressure in a deep storage cavity is too
severe then resulting inward- flow of the walls of the
cavity. may-be uhaceeptably large. Because we are dealing
with-a zszwdepeﬂdeﬂ; ¢hardcteristic- it is evident that the
critica) factor: govermning the closure:is pot simply the mag-
ninide of the teductio ressure- bt also-the peried of
time-over which { fon’is aiabiiained. - Most cavitics
pro\« zdwg seamnai m‘ao will beat mmtmum fas pmaum

of yea::s* ma‘y msﬁ}t EHE- s’ermﬁs .1035 of swrai.}e capacity:
Rnptnre, '-cr:eap ruphme and spallmg, In the earlier

stréssas ;iirl':lhﬁ%téaﬂf-'mckﬁbf a -:a-v'ny:-, “The oceurrence of
tensile ‘stresses in muterials which are inherently weak in
tension. must inevitably be a souree of concern. In the case
of a'dcep'szeraga cavity, the possibility of tensile stresses
being devéloped: at-4-point in the normal storage pressure

cycle-will dépend:targely on-the primitive stress field of the.

salt formution and the:shape of the opening. IF. for example;
the. lateral Tock: stress: around a particular cavity greatly ex-
cecds the vertical siress; as-might be the case in a tectoni-

fhe walls. of that cavity..

strong.contraindications; that an approxi-
mately hydmswnc condition of stress exists in a deep salt
formation-pricr to-the excavation of a cavity. Under such a
condition-the wall-rocks of cavities: operated with the: not-
mally at:{fepted maximum pressarc will be in a'stute of com-
pression.

The strength af sait unéer short duranon compressional
loading hag been systematically investigated using the Kar-
man or triaxial cell*1, Tir an unconfined test, salt exhibvits
brittle {racture: after fairty small nzlastic deformation. Al
low confiping pressures the material may eadure consid-
erable inelastic deformation bat witimately fails glong mul-
tiple intersecting **slip planes” or by a general fragmentation,
Under conditions of high confining pressure the salt siay be
distorted indefinitely with 0o apparent loss of integrity.

“dome; ‘then zones of tension cauld weli be'

e lcm« flow limis of salt lead us to assume,
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The Mobr Envelope of Failure can only be wsefully
applied to the riaxial response at zero or low confining
pressures, that is, for those conditions under which rupture
of the specimen can be reasonably defined. At high confin-
ing pressure the envelope must be somewhat arbitrarily con-
siructed for points of equal inclastic strain. Despite this
ditficulty, the Mohr Envelope for salt from most localities
shows a broadly similar pattern, namely, a fairly high initial
angle of internal friction which progressively decreasas with
increasing confining pressure. At high confining pressurcs
the angle of internal friction may be low, and, in some
cases, even Zere, .

This behavior may be interpreted in ferms of a brittle to
ductile transition, In the wnconfined, state cracks can readily
be formed and can propagate und coalesce to rupture the
material. Under high confinement the nopmal stress acting
on inciptent fractuzes inhibits their propagation whilst the
large shear stress induces rupid creep deformation. In this
condition the stress borne by the material ceases 1o be an
indication of its strength but is more one of s viscosity and
state of strain hardening. It is cummently believed that the
creep response, at least under high confining pressure, is
determined by either the deviatoric or the octabedral shear
stress in the material. This could adegnately explain the
very low angle of internal friction exhibited by salt under
high confinement.

At the presant time only qualitative suppositions can be
expressed on the manner in which these short-term strength
characteristics might influence the structural integrity of a
deep storage cavity. The condition of the wall-rocks remote
from the surface approximates to that of the high confine.
ment triaxial test. It seems probable that salt in this position
can suffer massive deformation without fracture. It is more
difficult to predict the behavior of salt near the cavity sur-
face. A “skin’’ of material around the opening will have
been penerated by brine during cavity washing. This must
enhance the ductility of the salt in this region!®. Evidence
from the Mohr Envelope would suggest that, provided the
internal gas pressure is consistently greater than the confin-
ing pressure at the brivtle to ductile transition in saly, then
cresp is more likely to occur than short-term rapture.

Creep rupture under a maltiaxial state of srrass presents s
very taxing prohlem. Tests on essentially brittle rocks
suggest that for an increase in confinement from zero to
69 NP the time to failure for a fixed shear stress increases
by many orders of magnitude'. Sakt under high confine-
ment has a cuapacity te “*heal” any discontinuities which
may be praduced during deformation, particularly if small
amounts of moisture are present. This s evidenced by the
manner in which powdered salt can be consolidared by the
application of confining pressure.

Hvidently the critical aress around a deep storage cavity,
in terms of possible creep rupture, are those arzas which
endure the maximum strain under the minimum confing-
ment. This suggesis the rock tmimediately adjacent lo the

surfuce cavity. It has been proposed that excessive tensife
stratn might induce fracture in this zone!®, The consequence
that was envisagad wus 3 genera) spalling of the surface.

Damage to overlying strata by stress redistribution.
As was previously noted the creep response of salt under the
conditions which pertain around a deep storage cavity
shows a markedly non-linear dependence on stress deviaror,
This non-linearity may be incorporated in 4 creep model ing
aumber of different ways using empirical creep
equations'™'7, step-wise non-linear rheological modets!® or
rheological models with stress-dependent parameters™®,

Non-linear models have one thing in common, they pre-
dict siress redistribution around a cavity. Initially the peak
tangential und peak deviatoric siresses are situated close ©
the cavity surface. The salt in this area responds to the high
deviatoric siress by very rapid creep. This causes the peak
tangential stress to move away from the cavity surface. The
volume of rock infleenced by the creation of the opening
becomes progressively larger until eventually a ‘‘steady-
state’” condition is achieved. In this condition the stress
distribution remains constant with time but the cavity may
continue (o close. Whilst the dynamic effects of stress redis-
tribution can valy be guantitatively investigated using nu-
merical stress analysis technigues®®, the steady-state condi-
tion around openings of simple geometry can be predicted
analytically?!,

The main consequence of stress redistribution is that
shear stresses may be imposcd on rock formations which He
some distances above or below the cavity. In establishing
the operating conditions for a cavity these stresses should be
evalugred and the possibility of rupture of the formations
assessed.

The determination of cavity base pressure, From the
preceding sections it is apparent that the minimum allow-
able gas pressurc in any deep storage cavity must be deter-
mined by carefully weighing the need to maximize usable
storage volume against the possible consequences of creep
closure and damage to the cavity walls and surrounding rock
formations.

Scme goidance in this task is available from the operz-
tional experience gained by others. Numerous storage
cavities are in use throughout the world. Most of these
successfully perform the duty for which they were intended.,
A small number have shown problems, most of which can
be associated with excessive depressurization. Unform-
nately, the freely available data on base pressures are, at the
present time, insufficient wo draw firm conclusions as to
what is acceptable and what is unaccepiable. Inevitably the
factors which influence the performance of a cavity, such as
size, shape, depth, the geological structure of the furmation
and the mechanical chazacteristics of the wall-rocks, will
vary from one location to another. It therefore proves advis-
able o examtine the particular circumstances of a proposed
storage cavily in detail

One possible approach to quantifying the base pressure ks
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o sirzulate the response of the cavity vsing finite element
techniques employing a digial compurer. MNumerical
methods are sufficiently well developed to mode! a reason-
able approximation to cavity geometry, siratified rock and
gravitational loading vsing elasto-plastic apd simple non-
linear creep descriptions,

The major difficulty associated with the finite element
method in rock engineering is the provision of material
properties which adequately describe the response of the
rock in situ. This is particulaly frue for salt rocks which
show such conspicuces time-dependent deformation. For
the problem in hand, (he fundemental material properties
must be defined from laboratory resty on samples of cope
tuken from the access wells. The desirability of checking
the predicted response against in situ data from “*pumiping

ut”’ tests on the cavity or closure measuremants in shafts or
mine workings which penetrate the furmation is-evident.

The design of a laboratory test program. {1 is our fum
convigtion that the response of a deep storage cavity should
be simulated using a non-linear time-dependent description
of the creep bebavior of salt rocks. Whilst elusto-plastic
analyses provide a useful qualitative indication of the effects
of stress redistribution around a cavity, the somewhat arbi-
trary manner i which the yield point miust be defined pro-
vides & major source of uncertainty. Time is the essential
factar in the behavior of salt rocks and rate’of closure is the
essenal. ta::tcr in prﬂdk:{mg useful cavity ke

The onty effective laboratory test for detemlmmb creep
response over extended periods of time is the long-term
creep test. Alternatives o the creep test may provide useful
shon term information on the inelastic behavior of salt, but
rinat: be-extrapolated in-a satisfactory manner, Creep
testmg is nuessdrﬂy a (:m&mrsummg and-tedious proce-
dure. Tn general, the longer the tests are. the better will e
the prcdlc.tmnb of the creep model.

iy-order w use creep test data in & quanmatwe manner a
number of fundamental’ questmn:. arise.. The" main issues
that have influgsced the design. Df the test pmgram at New-
castle are’ discussed below.

Tiest iempera!ure. The creep of mck salt. is a tempera-
ture dependent process. It is therefore important that the
lests should be conducted af the down-hole rock tempera:
ture, An issthermal rock condition is assumed § in the present
study.

Relative humndlty of the atmosphere. The creep re-
spomse of laboratory test specimens varies considerably with
changes in the relative hemidity of the atmosphere. This
poses the very difficult problem of whiat atmospheric hurnid-
ity produces a specimen moisture content equaj to that of the
sal in situ. Our approach to the problem has been firstly to
qualitatively investigate the influence of moisture on the
creep response and secondly to review published dats on the
moisture coowent and permeability of deeply buried salt
formations.

Our conclusions are that at above 73% R.H. at 60°C the
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influence of humidity on the creep behavior is dramatic and
is accompanied by solution of the surface of the test spaci-
mens. The figure of 75% R.H. corresponds with the partial
vapor pressure of saturated brine and is almost independent
of emperatire in the range under consideration®?. Tests at
spproimaiely 42% and 13% R.H. have shuwn that the
influence of humidity un the creep response in this range is
still apparent but no solution tukes place. The mfluence at
low humidity is largely confined te the inital stages of the
creep cugvelds
A number of studies have been made elsewhere on the
permeability of rack saft??* Under conditions of high con-
finement .the geseral conclusion is that salt is effectively
Hnpermeable. From this we surmise that, provided the sult
around a-cavity-is-fairly’ homogeneous, the penetration of
brng during. seiﬁtwa-»mmmg will be msrm.ted e a zone of
disturbed salt:n _ T
It-is met possible 1o asmbs.rhz w :,ztu moisture content of
the salt formation from:corss, by virme of the manner in

which the wells were ;Ini}ed that is, using a bl"lilﬁ fhsh.

Althoughticis difficatiw ‘generatize; the moisture content of
a deeply: Puiried, thick horizon of salt is probably very low.
Inciusions: of connate brine are unhkels; ta he mﬂuu:u.ed hy.
msderate Temperatires during testing. - o :
‘After careful consideration of ail these iaciurs we wni
clinded that the moisture introduced during drilling, transport
and sworage of the core should be removed by. *precondi-
tioning’” in a low humidity environment and that testing
should be conducted under low humidity conditions.
Influence of the mean pormal stress, The published
evidence for the inffuence of mean normal stress on the

. creep response was regarded ax insutficiently conclusive for

the: puigase of design. It was therefore inchided as z
parameter in the test program. Uniaxial and tiaxial tests
were scheduled, the lader at fwo levels of confining pres-
sure, Uniaxial testing has recently been ahandoned,
“Influence af deviateric siress—non-tinearity. The pre-
cise descriprion of the non-linear effect of deviatoric stress.
on the creep respone of salt assumes great importance for it

largely determines the patiern of stress redistribution around-

& cavity. We chose to {est at six levels of deviawr typn,ai of
the comditions in the cavity wall-rock.

Material variability—-nomber of tests. }f core is. taken
from a vertical borehole through bedded salt the varying
petralogy of the material will produce considerablke scatter
in the measured mechanical properties. The sumber of tests
that ¢an reasonably be performed must be a compromise
hetween the number of rigs, the duration of each creep test,
and the rofal time of the test program. We concluded that a
batfery of uniaxial and trigxial rigs would be required en-
abling multiple simuftancous tests to be performed.

Instrumentation. Althoogh desirable, stress controt of a
large number of test rigs was ruled out because of the stag-
gering ¢ost of a servoe-controfled system. We opred for the
maore usual load-controlied creep test and have to be conteny
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with the smprecisions of engineering stress and strain. The
effects are only significant at bigh levels of deviatoric
stresy,

Volumetric behavior and “platen-cffects” are consid-
ered important. We have shown that high-yield strain
gauges carefully zpplizd o diy salt will perform satisfactor
ity and can provide useful wnformation on these two issues.
The test apparatus has been designed accordingly.

Conventional resistance surain gauges are, however, of
litile use in monitoring the karge strains experienced by salt
at high deviatoric stresses and in such cireumstances cufeu-
lation of strains from displacement measurements proves
advisable, ldeally. w avoid end-effects, displacement mea-
suremnents should be made over a gauge-length siraddling
the censerline of ihe specimen. Difficulties of specimen
jacketing and the high cost of wstzumentiog a ““hujk-
testing”” tacility preciuded such sophistication. in order w
provide conformity, platen w pluten displacement mes-
suretnent has been adopted in both uniaxial and triaxizl
testing,

The unpleasant temperature of the test atmosphere, the
large number of tosts coupled with the use of muitiple strain
gauges and transducers and the extended time span of the
project prompted the adoption of a remote monitoring and
logging system,

Other cansiderations. The creep response of a material
is incompletely defined by lests at u single load. The effects
of strain history are paramount in salt rocks. Whilst ac-
knowledging the major theoretical and experimental proh-
lems associated with ““history effects’” we decuded to in-
clude a number of step-load Tests in the program. The un-
loading behavior of salt is important net ouly in prediciing
the response of a cavity to cyclically varving pressures, but
alse in testing the appropriateness of a particular rheological
model, We concladed that unloading behavior should be
studied in some detall.

The development of a creep testing facilfty, In order to
provide a suitable testing environment, a firm of heating and
ventilation engineers were commisstoned to design and con-
struct an insulated air-conditioned chamber. This chamber,
which is approximately S % 1.5 m and 2.1 m high,
houses 1 TkW forced-air heater. Air is ducted W this heater
from n external chemical debumidifier and pre-chiller unin
The temperature and humidity are thermistor controlled.
The air is maintained at the down-hole rock temperature,
which for the problem ender consideration i 37°C, and &t
less than 5% Relative Humidity, The chamber, which is
metal clad, vapor-sealed and equipped with a heuavy sliding
doar, has been construcied inside an insulated room which
contaitis the pressure contro! and monitoring equipment.

Development of uniaxial creep rigs. The main criteria
in the development of the unlaxial rigs were that thev shouid
enable constant and easily determined loads ta be applied to
the specimens, should be sutficienty robust for their duty

and should be of o comstruction that could be readily
mass-produced” at reasonuble anit cost in our depanment
workshops, We opted for Ure very simple yert effective de-
sign shown o Figure 12, The reaction o the holtow hydrun-
hic ram s provided by the machined tubulay body of the £ig.
The hoilow ram enables axiul defonanon w ne dewrmined
by & single measprement aiong the specimen venterbne,

Development of teinxial creep cetls, After a nnmber of
prelinunary rests on several existing designs of axiad cell
we concluded that the Ingh frictionad resusint and assoctaed
stighk-alip” of the hydraulic packings would be unaceept-
eble for the guaentitative study in hand, We fwretore eme
barkad on the seimewhal awesone wsk of designing and
manufacturmg trisaad colis o meet the parrcuiar require-
ments of the wal privgram.

The yiaxial creep cell, shawn in Figure 13, consists of
five basic components, the cylindrical cell hody, a hallow
hydrauiic ram threaded into the cvlinder, o plunger which
rransmits thrisst w0 the platen, s collar hwasing the main

Figure 12, Intermal view of the beated west chanber showing the
aniaxial ereep sigs 28 W) and the tattery of miaxial cells helow),
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oil-seal and a semovable base-assembly. The coll & unsual
m that the reaclion o ihe axial load is cartied by the cell
body . This chiminates the need for @ heavy Hesecrion frame.

The cylindrical cell body is threaded w accep the By-
dranlic ram. The ram is 330kN capacity and s spring.
loaded. The plunger, which is case-hardened, i threaded
into the ram. A conical recess on its Tower surface aceepis a
boss on the upper pluten pruviding for positive centering of
the test specimen.

The bearing-surfuce of the celt coliar on the sliding
plusger is deliberately rostricted to avoid metz! to metal
binding at this poimt, Plunger alignmant 1s ensured by com-
bined guidance of the ram and collar,

Considerable uttention has been paid 1o the selection of a
packing for the mam oil-seal, This seal is of the P.T.F.E.
composite-type which offers fow frictional restraint aven at
high confining pressures. The seals have been usefally
applied in fatigue testing machines for metals wsting.

The removahle base-assembly seals into the body of the
cell with an “(F-ring und is retalped by sixtecn capscrews,
The assembly is hollow and incorporates an axial load

dynamometer which is 1solated from the confing il The
cvitidrical load-sensing element has a fuil-bridge of four
fatersd and four agial strain pauges.

‘The celi bas provisions for up o fouricen specimen stvain
gouges. A sing of trret-lugs around e lower platen is
connected via ducts in the cap of the dvnamomeler o an
internal wirng terminal posrd. The ducls are tapered and
arg seated-off with pylon phlugs. Dysamometer and strain
oauye witing s termtinated of a [9-pin socket which 1§ re-
censed nto the lower surface of the base-assemibly,

Axial deformation is monitored by a sinyle Linear Vari
able Displacement Transforner which is clamped to the
ram and sewses the movement of the cell plunger. Correc-
tions have fo he made for the sirain of the body of the rig if
the Elasiic Modulus is w be determined.,

The celf has o maximum working pressure of 40 MPa,
The mexinsum axial load is deiermined by the dynamomeser
and s 200kMN. The sensitivity of the dynamometer 1s ap-
proximately 3.9 wWV/AN/Volu The specimens, which are
6 mun in diamoter and 152 mim jong, are enclosed in a
nitrile rubber macket,

Figore 4. External view of the chamber showing the pressure contruls, hydraulic accumelators
and logging system.
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Pressure contral and monitoring. A batiery of ten tzi-
axial and eleven uniaxial rigs are in use inside the heated
chamber. The rigs, which are rack-mounted for easy han-
dling, are shows in Figure 14,

Pressure is applied to the ram and confining pressure
circuits using a portable electric pump. The hydrankic cir-
cuits are shown in Figure 15, The pressure is maintained by
thirty-one aitrogen-filled hydraulic accumulators. The pres-
sures have to be corrected from time (o time using a hand
pumg.

The bus-bar arrangement of the pipework enables the
specimens to be ‘cycled’’ simultancously o determine the
elastic properties of the core. Most rigs are piped in pairs so
that duplicate creep tests can be performed for each condi-
tion of stress. These arrangemenis also enuble muitiple tests
to be conducted under, as near as possible, identical de-
vigtoric stresses.

All test parameters are recorded using a 300-channel data
logger equipped with & paper-tape punch and remote
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monitor. The tapes are processed and plotted using the Uni-
versity’s 1.B. M. 36(0/370 computer.

Typical resolts from laboratory testing. Figure 16
shows the results from a series of triaxial creep tests, We
feel that they adequately demonstrate the bencfits of the
“hulk-testing'’ applied to the creep of rock salt. The ten
tests shown here were performed simultanecusly. The con-
fining pressure was 18 MPa and the swess difference
21 MPa for cach test. By connecting the hydraulic circuits
providing axial load and those providing confining pressure
we have ensured that the conditions of testing were, as ncar
as possible, identical.

Earlier in this paper we noted the problems associated
with testing core from a vertical borehole through a bedded
salt deposit. The size of test specimen (s ingvitably dictated
by the diameter of the core. It is our experience that, when
viewed on this scale, salt is often quile inhomogeneous.
Thus the results of no one test can be taken as typical of the
particulai conditions of festing, For the job in hand there
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can be mo aliermative but to repeat fests until significant
material trends emerge from the results,

GENERAL CONCLUSIONS

The main conclusion of the earlier work deseribed here is
that Jow temperaturas produced by the rapid withdrawal of
gas from a brine well cavity at shallow or intermediate depth
may produce tensile resubtant siresses in the near surface
rock. The magnitude of these stresses may be greater than
the uniuxial rensile strength of salt and may produce
Jocalized microfracturing of the cavity walls. Our tests indi-
cated that the repeated application of compressive siress to
the salt by pressure louding or above ambient imposed
temperaiures may close up previously formed microfrac-
tares. ‘Therc is some evidence to suggest that a form of
“‘stress-healing”’ may take place in the wall-rocks.

In considering the implication of these results to the per-
farmance of a storage cavity we are anxious to distinguish
between a localized weakening of the wali-rocks and gross
fuifure of the salt. We have no evidence of progressive gross

faiture of the salt when subjected to repeated cyeles of ten-
sile loading over a number of years nor can we say whether
the damage to the salt accummplates or whether a stress-
healing mechanism nullifies its effect. However, we
suggest that in ¢stablishing the maximum withdrawal rates
for a particufar storage cavity the possibility of damaging
the cavity walls should be carefully examined.

In the iatter part of this paper we have outlined the dif-
ficult problem of determining an operational base pressure
for cavities at depth. We have discussed the possibility of
mpture of the wall-rocks, the infleence of stress redistribu-
tion and the important issue of creep closure. We have
described one possible approach to quantifying the base
pressure. Finally we have described the design of & test
program 10 determine the fundamental material properties of
rock salt and we have indicated how this has been im-
plemented at Newcastle University.

The writers wish to state that the statemnents, theories and
nmethodologics expressed in this paper are those of the statf,
past and present, of the Department of Mining Engineering
and as such do not necessarily coincide with those of the
spensors of the research.
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