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le INTRODUCTION

The rate of production of any consumable, whether it be raw
materials or a finished product, rarely equals the rate of its ocon-
sunption, Manufacturing industries cannot produce at a rate equalling

the peak consumption rate without over—capitalisation of plant, The
disparity between production end consumption rates necessitates the
creation of a buffer which will enable the manufacturer to produce at an
eoconomical rate and yet provide the oonsumer with an uninterupted supply
at peak demand,

The problems of varying production and consumption rates are exper-
ienced in the energy supply industries., Solid fuels, oil and gas are
all stockpiled at many links in the chain from producer to consumere The
storage of fuel is necessary to accommodate the diurnal and seascnal
variation in demand occasioned by the working hours of industry and
commerce and the domestic habits of householders. Solid fuels and oils
are normally subject to only seasonal variations in demand but gas and
eleotricity suffer from high diurnal variations in demand from both
industrial and domestioc consumerse

In its early days gas was chiefly used as an illuminant and the
demand was low in sudaer and in daylight hours, Towards the ond of
the nineteenth century other uses for gas were developed, making the
demands more evene A sharp return to the former annual cycle has nov
erisen as a result of the tremendous success of gas spacc heating, and it
can be but a few years before the seasonal ratio midwinters midsummer
reaches the proportion 511 (1,2)

The gas industry can meet this challenge in two possible ways$
additional gas production plant for winter use only or by increasing go8
storago facilities. As both of these solutions result in under-employment
of capital, the gas industry haes been investigating over the last twenty
years various gas storage techniques which do not steriliso as much
capital as the conventional low=pressure holder. High-pressure gas stor-
age, when allied to high pressurc distribution times con effect govoral
economics in this field.
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High pressure holders have been used throughout the world for
many years, but construction problems have limited capacity to about

600 mscf and pressures to 100 psi in the cylindrical type, and

1 mmsof capacity and 60 psi in spheres. It seems unlikely that oeither
of these types can compete with the pipe-~type unit as these can be
pressurised to 70 atmosphores or more, holding a large quantity of gas
in a relatively small installation area.

The design of the pipe type unit, wvhether it be a collcction of
vertical pipes or pipes burried horizontally, involves a row of
four or five pipes conmnected to a header which catoers for four or five
similar rowse. Soveral of these headers are comnected to one or more
master headers which in turn are oconnectod to the distribution grid.
The corneoction takes the form of a governing station for discharging and
o pumping station for pressurisation. However, such storage units
represent a large capital investment and maintenance costs are highe

Over the lagt fifteen years more and more attention has been paid
to the development of underground gas storage techniques as a means
of reducing the capital invested in storage facilities. Underground

gas storage may take two general forms; the utilisation of a geological
structure or the utilisation of an artificial subterranean cavity.

Useful goological structures include exhausted oil or natural
gas fields, anticlines, faulted areas in dipping strata, and areas
suwrrounding a salt domes In all casces the storage medium is a porous
and permeable rock capped by an unbroken bed of impormeable rocke Huge
quantities of gas may be stored in such structures; the Herschor Domo, an
antioline near Chicago, has a capacity of 150 x 10” gsof with a plan
area of 6000 acres (3, 4)
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Tho most serious disadvantages of gas storage in natural structures
are the restrioctions of locations and tho oonsiderable amount of

surface works requiredes For a structure to deliver gas in a quantity
sufficient to meet peak demand several wells may be necessary, tho
nunber depending upon the rermeability of the storage rocks The valve

assemblies at the well-heads, together with the gathering lines, pumping
and treatment plant, can occupy large areas of ground.

Artificial underground storage structures are usually confined
to specially designed and prepared chambers; disused mines have seldom

been found to be gas tighte Excavated cavities may be oonstructed in
almost any geological formation, but if situated in permeable or unstable

ground, some type of lining may be necessary.

le2 Excavated underground gas storage units

Underground units designed for high pressure storage may be

catagorised as followst-

i) Mined caverns
ii) Salt cavities
i11) Pressure tunnels

iv) Reinforced or prestressed concrete tanks,

An economic and engineoring appraisal of underground storage systems
is given by Evans (5), who suggests that salt cavity storage may bo up
to ten times cheaper than pressure tunnel storage, the most oxpensive
gysteme Although gas storage in salt cavities would appear to be an
attractive proposition, its use is limited by goological conditions to
the areas around tho North East Coast, the Cheshire basin, Mersey Estuary
and the Humbor Estuary. All the other storage systems, with the exception
of mined caverns in the Thomes Estuary and Southampton Water areas, may
be applied throughout the country.
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The emergence of the North Soa gas and oll fields, togothor with
the cconomics of underground storage, has resulted in renewed interest
in the use of salt cavities for gas storago on tho eastern soaboard,
Although salt cavities have been in use for some yoars now (6), and the
tochnical problems associated with the puroly gas ongineoring aspocts
of the system have been largely resolved, there is a lack of relovant
data concerning operational parameters and long torm stability.

A salt cavity is produced by the well-cstablished method of

solution mining and when salt extraction terminates the ocavity is left full
of brine at hydrostatic pressure to minimise subsidence. Cavity size

and shape may be controlled rcasonably accurately by the introduoction of

a gos or an immiscible liquid (7). A typical salt cavity, oxoavated in
the Pormian middle evaporite group below Teesside, is shown in Fig. 1.

1,3 Salt cavity storage problems

A sphorical gas storage cavity in salt may be designed for either
wet or dry storage. Dry storage cavitics are dosigned to be self support-
ing when empty but empty wot storage cavities are supported by brine at
hydrostatic pressure. In a wet storage cavity, gas pressure is nevor
less than the hydrostatic brine pressure and never cexceceds overburden
pressurees One of the problems encountered in wet storage is the brine
gtorage tanks required for such an operation. Volumes as great as
350,000 cu.fts may have to be catered for, and at brino storage costis
of between £30 and £225/1,000 cu.ft., this can represent a large capital
investment, (5, 6)s Compressed gas may be used to support the cavity
instoad of brine, i,e., cavity pressure never drops below the hydrostatic
pressure of brine, but this technique sterilises large volumes of gase



The gas engincering problems associnted with solt storago cavitios
are eithor woll knowm or quite predictables Howeover, thoro is on
almost comploto lack of data on the mechanical behaviour of salt undor
those conditionses Pressurisation of a storage cavity implios an adiabatic

comprossion of the gas, rosulting in a rise in tomperaturo of tho storod
gas and surrounding salt. Similarly, the adiabatic expansion of the gas

during depressurisation causes temporature decreases in tho storage unit,

A theoretical study of tho stresses imposed by gravitational forces,
internal gas pressurc and thermal loading must be based on many
agsumptionse It is not only the physical parameters of the storage medium
that must he assumed, but also the mathematical model which uses tho
physical paramaeters to predict stress distribution.

Budavari (8) has suggested that the only practical method of
predicting the stress distribution is to conduct a large scale in situ

exporimente The oxperiment must be designed with the following objectives
in mind -

i) To determinc the material paramcters characterising the
in situ behaviour of the rock mass

ii) To provide data for the development or testing of a
mathematical model capable of predicting the behaviour of
o0 gas storage cavity in salt.

This thesis describes tho design, dovelopment and operation of such
an experiment and concludes with a discussion of the results obtainod
from initial tests and gives o preliminary appraisal of long torm cavity
stabilitye.
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CHAPTER 2

Lo S~VELOPMENT OF A MATHEMATICAL MODEL FOR THE DETERMINATION
LY THE STABILITY OF A GAS STORAQGE CAVITY IN SALT

2el Stresses around a storage cavity in salt

The stresses imposed on an operational storage cavity are tho
resultant of three soparate stress fieldst~

1)  Stress components due to coverloads
i1) Stress components due to the internal hydrostatic

pressure on the cavity surface.
111) Thermal stross components due to temporaturc groadients
in the salt nass,

The mechanical loading due to the superincumbent strata imposes
a three~dimensional stress ficld on the cavity. This stress field can

be expressed agi-

Gz, = ~HX :.(I-U)O_x — ('-U)G—j (1)

V V
where (), = vertical components
Gy ) = horizontal components

Oy
M = vertical distance from the surface
¥ = average rock density

v

= YPoisson's ratio

The variation of the stross components in any radial dircction in
the salt mass, induced by an internal gas prossure P on tho surface of
a spherical cavity, is described by tho equations:

= - PR (2)

r =
6. = of = P Rs (3)
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where O ¢ ™ rodial stress
G, G % " tangontial stress components (at the
cavity both 6'G and G:(J are horizontalj
at the equator (b 9 is directed vertically
and (y . horizontally, (Sce Fig. 2)
o
R = cavity radius
r = radial variable

Thoso equations are derived from Lamo's solution of tho spherical

container under uniform internal or external pressure, described by
Timoskenko (9)s It can bo scen from Equations (2, 3) that these
ptross ccmponents reach their maximum values at the surface of the
cavity. The radial stress component is compressive and the tangontial
components are tensile cvorywhore around the cavity.

In the derivation of the equations for the stress components due to
a temporature gradient within the rock, it is assumed that tho strata
is free from thermal stresses bofore the introduction or withdrawal of
the gase The stationary temperaturc distribution around a spherical
cavity, when tho cavity surface is keopt at a constant temporaturo, is

given by (10):-

T =T, R (4)

1 4

where T = temperature ot radial distance from the
cavity centre.
To = cavity surface temperature.
R = cavity radius

If the cavity surface tomperature is raisod, then tho induced thermal

strosses will be due to tho tcmperature difforence T, botweeon tho

cavity surface temperature and tho temperature of a point at a groat
distance from the cavitye Using T instead of Tand T to roplace
To, Equation (4) can be re~written in the form :-
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Tr = AT R (5)

4

Assuning the material to be thermoclastic, the magnitudes

of the three principal strosses at any point in the solid can be
given by -

G= — EXAT

.8..-.8_.3) (6)

| =V

2(/-v)\7r y o

In these equations, derived from the principles of thermoelasiicity
desoribed by Timoskenko (9), T 48 taken to be positive for temporature
increcases and dcnotes the coefficient of linear thermal expansion.

The stresses are compressive for a temperature increaso and tonsile
for a temperature decreasej at a great distance from the cavity the

stressos are zero and reach a maximum at the cavity surfacc.

2elel Application of the elastic model

It is assumed that tho idealised material representing the salt is
homogeneous, isotropic and linearally elastice It is also assumed
thet the parametors charactorising the materials behaviour, namely the
Young's modulus and Poisson'!s ratio are the samo in tension as in
compression. Although this is not usually so for rock materials, the

agsumption is made superfluous duc to the low tensile strength of rock
salte

It can be shown that tho most relevant siresses occur at the
poles and at the equator of the cavity. Therofore, the variation of the
stross components is investigated only along the radial lines through
the poles and tho equator. Applying the principle of supoer position, theo
mathematical expressions for the resultant stress components in tho
vicinity of the pole and equator can be obtained. Sinco the largest

gtresses are sot up at thoe cavity surface, the resultant stross componente
for r = R arc given below aste-
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i) Resultant stress components at the polo

G, =—P

r

G, = Gy =3HY (1=5V)(1+V)+ P - EXAT (o
2(7-5v)(1-v) 2 |-V

(8)

ii) Resultant stress conponents at tho cquator
O, =—PF (10)

Go=3H5(9-16v+5v?)+P-E
2(7-5v)(1-v) % I-V
+P -

§(=14y+i5v*)+ EXAT (12)
2(7-5v)(1-v) % I~V

GQ,=3H

A nunerical evaluation of tho resultant stroess componcnts may be
obtained by substituting known and assumed values into Equations

(8-12) The Young'!s modulus of rock salt, tested in the laboratory

under unia.xial compression, nay be taken as 3 x 106 PeBelo

(20,685 x 10 kN/m The stresses around a storage cavity may bo
obtained from Fige 3 by substituting the values for the physical
parameters and selecting values for depth, internal pressure and
Poisson's ratio. (16),

The sclection of a suitablo criterion of cavity failure must bo
closely limited to the compressive and tensile strengths of rock salte
Laboratery investigatiocns indicate a very low tensile strength of
240 psi, and this is clearly a key factor in cavity stability, The
tensile strength is s0 low that a zero stress condition can be assumed
to precipitate cavity failures This criterion hag the advantage of
eliminating the assumption that the physical parameters in tension are
the same as in compression.
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An indication of tho stability of a storage cavity 1000 feot
below ground is given by Fig. 4. This graph illustrates tho offoctso
of internal pressure and temporature on the stresses around cavity
using the assumed values of 3 x 106 psl for Young!s modulus and
40 x 10"6 for the coefficient of linear thermal expansion. Conditions

applicable for values of Poisson's ratio of 0.3 and 0.5 are plotted,
with a broken line representing an assumed tensile strength of 250 psi
and the solid line zero stress conditions. (16).



ele? Application of tho eclasto-plastic modol

If an internal and external hydrostatic prossurce (Pi and Po
rospectively) ie applied to a spherical oavity located in an infinite

clasto~plastic medium, then plastic deformation will takc placo. Tho

plastic flow originates from the cavity surfacoe and oxtonds into the

solid to a distance denoted by C. Beyond this zone the deformation is
olastic,

It can be shown (11) that the stress componcnts may be writton asi-

When R<v £

The radial stress component is zero at tho cavity surface and
rises to Po at a great distance from tho cavity. The tangontial stross
riges fron somc value at the cavity surface to a maximun at the boundary

between tho plastic and clastic zones, and decreascs to Po at a groat
distance from the cavity.



2ele3 Application of the visco-clastic modol

A spherical cavity is located in an infinite visco-olastic
medium and placed under internal and external hydrostatic pressurcs
Pi and Pos The solution to this problem must doscribo the distribution
of tho stross components around the cavity and ovaluate tho strain rates

around the oponing. Investigations in tho Dopartment of Mining Engine-
eoring, University of Newoastlo upon Tyne (12, 13, 14) have shovn that

the nature of time-dependent creep deformation of rock salt is predom—
inantly permanent. Consequently only the permanent strain compononts
as o result of creep deformation are considercd hore (8):-

(17)

(18)

(19)

B and n are parameters derived from an oxporimental anelysis of tho
creop properties of rock salte The equation is of the genoral forms-

C,. =08 O‘: (20)

22 Comparison and ovaluation of mathematical models ugod in

datining the behaviour of rock salt,

Many roocks arec known to exhibit linear stress-strain relationships,
espccially at low stiress levels, thus satisfying the principal requiro-
nents of elasticity., Furthermoro, othor strata roactions to stross,
0efge Visco—elasticity, elasto-plasticity, can bo rogarded as modificatiuns

to tho elastic solution. Hence the elastic solution can be considored
as o first approximation,
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Although the elastic model discussed in 2,11 has the troemondous
advantage of mathematical simplicity, there are several inhoront drave
backs, some of which are common to all mathematical models. It is
agsumed that the elastic constants have the somo valuo in both compros-
sion and in tension, and that their values, obtained by the laboratory

tosting of rock samples, closely represcnts the in situ value, It is
by no means certain that thesc assumptions are corrcct and only an in situ

matorials test will provide the answere.

Tho thormal stressos oxprossed in Equations (9), (11) and (12)
arc based on a stationary temperaturce distribution around o sphorical
cavity, and do not take into account the stecper temperature gradicnt
encountered near the surfoce during tho early stagos of the introduction
of a temperature differcnces In addition to this, the magnitudes of tho
thermal stresses are agtin dependent upon the values of the in situ
Young!s modules and Poisson's ratio. Although the elastic model will
provide an approximate solution, it can be clearly soen that it is un-

satisfactory for an accurate analysis of the problom,

An evaluation of tho lincar olasto-plastioc model reveals that the
nain problem lies in including the influenco of thermal stresses upon
cavity stability. This inclusion has not been attempted due to tho
nathematical difficulties involved, Although tho thermal strossos aro
cnly set up in the elastic zone, their chief influence would be to
inorease or decrease the radius of tho plastic zono, The ovaluation of
the stresses in the elastic zono suffers from tho game disadvantagos
inherent In thoe elastic model.

The application of tho linear visco—clastic modol suffors fron
similar disadvantages in that the predicted bohaviour of the idoaliscd
matorial described by the model differs significantly from in situ
obgsorvationse In addition, it 1s most probable that tho two paramotors
B and n vill vary with temporaturo.
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Investigations have revealed that the non-lincar visco-olastioc
model best describes the laboratory behaviour of rock salt, but the

mathenatical diffioulties involved in applying it to tho complox

loading system may prove insuperable. It is apparont when deriving
oxpressions for the distribution of stress and strain around o storage
cavity that great dependenco is placed on the values used for tho

material parametors, which can be quite critical especinlly when cone
gidering thermal strosscs.

A more detailed treatmont of mathematical model dovelopmont is givon
by Thompson (16) who discussos both linear and non-lincar visco-olastio
modelse Thompson concludes that the most critical conditions will ococur
during tecmperature decrcascs caused by cavity deopressurisation and points

out that further difficultics cculd arisc in & doop cavity at low internal
Pro88SuUrcsg.

It is quite clear from tho probloms discussed that nono of tho
models give an accuratc mathematical dosoription of the baohaviour of rock
salte If o mathematical modol is to be uscd in tho analysis of thim
problem then data provided by an in situ oxporiment is nceded in order to
modify and expand a suitablo models Furthermoro, tho in situ exporimont
rmst provide information on tho creation and dovelopment of tomporaturc

gradients Induced in rock salt by the application of a tomporaturoc
difforenco,
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CHAPTER 3

THE DESIGN OF AN IN SITU EXPERIMENT FOR MATHEMATICAL
MODEL EVALUATION




CHAPTER 3

3o THE DESIGN OF AN IN SITU EXPERIMENT FOR MATHEMATICAL
MODEL EVALUATION

3ol  Fundanmental dosign considerations

The in situ exporiment must bo capable of oxorting a sot of stress
fields on tho rock salt similar to that oxporienced by tho rock surround-

ing an oporational gas storage cavity. The bohaviour patterns of the rock
undor theso strosses will provido data applicablo to thoe analysis of the
forces at work during gas storago operations, From the discussion in 2.l
it is oloar that the cxporiment should involve an underground opening

in solid rock. This opcning should be capable of accepting an intornal
prossure and be of such a form that a temporaturc difforonce can be applicd
to its surface. Various shapes werc considored for tho oxporimontal
cavity, but the advantages of mathematical simplicity and caso of constr-—

uction limitod tho choleo to the cylindor.

.

An approximate analysis of tho stress distribution around a \
horizontal cylindrical cavity may bo made by assuning linecar olasticity.
If an infinite olastioc modiun containing a cylindrical opening is subjected,
at infinity, to a biaxial stress field then, assuming a condition of
plane strain, the strecss distribution around tho oponing may be given by

(11) :- A

Gl’= - (S h+5v)(""_8_2)" (Sk"'sl/)(""é_@t‘;é)Coszgl)
r2 2 T+ 2

2

pe Y

Go=—(Sk+Sv)(1+R" )+ (Sh=Su)(1+ 3R cos 26 (22)
y !

2 r4

whore GF.JG.B" radinl and tangential stress rospectively

T

= ghoar stross

re
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SA,SV- horizontal and vortical stress respectively
R s cavity radius
Y, 0 = radial and anguler variablos respectively

1f the axial strain is gero, i.e., o condition of ploane strain is
assumed, then the axial stress can be expressed agle

6, =v(G, +G,) (24)

The critical stress volues will occur at the cavity surface and tho
zones of particular interost are the top, bottom and sidos of the cavity.
By making the necessary substitutions in Equations (21), (22) and (24), the
stress distribution at the cavity surface may be written asi-—

At tho sides, © = 0%, 180°

6, =0 (25)
O0p=5,-3S5, (26)
Gz =v(5,-35,) (21)

At_top and bottom B = 90°, 270°
(28)
(29)

(30)
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In the evaluation of the thormal stress ocomponents it is assumod
that the experimental cabity io an opening of circular cross-section in
& cylinder of elastic material, It is also assumed that tho cavity surfoce
is held at a temporature difference T above the temporature of rock mass
at a distance nR from tho cavity, when n is somo number and R the cavity
radiuse For mathematical simplicity the tenporature gradient around tho
cavity is considered to be stationary for the whole of tho time considered.
Finally, it is assumed that the radial stress components are zero at tho
cavity surface and at a distanco nR from tho cavity axise. Tho thornmal stros—

ses nay be given by (15):-

G.=XEAT [-loafnR)=logn (:
Y Z(J'V“ogh 3( ) n-|

G *E AT [I /oc) hR Iosn(l"" n*R*
l(""V)IOSVI hay

0,= X E AT 1—2103 !_1_8) -

2(1-V) losn v
Substituting the appropriate values in these cquations will give the

thernal stress components symmotrically distributed around tho cavity

surface e

6,=0 (34)
p ]

G = X E AT [I1-2n"lo D_] .

© 2(0-v) Loan n"-—s (35)

&

- E AT [..... ] (36)
2-(’-\/)‘03”[ N2 -] j 3



It may be shown (9) that if o thick-walled hollow cylindor of
clastic matorial has an immor radius of R and an outer radius of 60, thon

an internal prossure P will set up the following stresses at a radial
distance ¥ from the axigi—-

(37)

(38)

(39)

The maximum stress components occur at the cavity surfaco whore
their values arc given by -

C, = —FP (40)

Gé = + P (41)

GZ =0 (42)

Tho expressions for the resultant stress components mgy be obtained
by applying the principle of superpositions Tho stross componcents at the
sides and top of the cavity surfoce moy be oxpresscd osi-

At thoe sides 0 - 0°

O, =—"F (43)

2(’-—\’)'09”
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The elastic mathematical model can bo used, togothor with engineoring

considerations, in the design of an experimental cavity. Although the

basic design suggests a horizontal cylindrical chamber, data provided by an

approximate mathematiocal model is nceded to dosign o deformation and
tenperature measurcment systom.

3¢2 Design of o deformation measurement scheme in the experimental
cavity
\/3. 2el Longitudinal deformation

A1l of the mathomatical models discussed in 2.1 assume a condition
of plane sirain when applied to the exporimental cavity. To vorify that

no strain takes placoe in the axial dircction it is nocessary to mecasurc

axial deformation. A review of the techniques available would indicate that

this may best be done by means of deformation transducers, proforably with
e gauge longth of several foct.
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Tho siting of those transducers must be such that any axial
strain within the cavity will bo detcoted. Therofore tho monsurcmonts
must bo made at several points along tho length of the cavity and at
goveral points around tho circumforence.s Thoe transducors must be capabloe
of measuring small amounts of axianl strain; therofore, the longer the

transducer, up to & practical limit, the less is the nocd for acouracy. 4

four foot long transducer capable of accurately moasuring to Sl x 10""!I in.

can dotict strains as small as 2 x 10'6, and this strain detootion accuracy

would be adequate for the purposes of this oxperiment.

30262 Diametral deformation

It can be shown (9), (11) that the radial displacement of tho cavity
surface, Ur , due to o temperature decrease A T and an internal pressure P

may be given by -

Uy = (+VIPR+ (+VXEATR(L - lggh) (s

E 2 ’os n
If the following values are assumod 3—
F = 1x 106 psi K= 37T x 10-6 in/in /°C
v = 044 T w =15°C
P = 200 psi n= 10
R = 2 1%

This set of values ropresents the maximum stress attainable according

to the thecry of elasticity without involving the experiment in troublesome
technical difficultiess The resulting radial displaccment would bes-

Ur = 8.875 X 10-3 in.
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Although the maximum theoretical diametriocal displacement should bo
less than 2 x 10""2 in., 1t would scem advisable to employ transducors with
a meximm extension of 045 ine. to take into account ony unprodictod doforme
ations The measurements should bo made with the groatest degrce of
accuracy that is consistont with managoable technical problems.

The siting and angular positioning of tho diamctral deformation trans-
ducers must be chosen with tho greatest of carce The angular positioning
of the transducers must bo such that tho movements in any dircection perpen-—
dicular to the cavity axis can be dotected or calculatede Tho most officicnt
moethod of attaining this objective is an array of three transducors at any
one measurement station, with one transducer alignod vertically and the othor
two cach displaced by 120°,

To ovoid the influence of stress concentrations at the ends of the
cavity, the moasurement stations must be sitcd at loast 1% times the cavity
diameter from the ends of the cavity. Thorofore the location of tho moasurc-
mont stations is depondent upon cavity diemetor. Aftor much thought it was
decided that a cavity diameter of four feet would provide a good compromise
between the minimum working oarea necessary for those investigations and tho
tochnical difficulties of boring large diamecter chamborss It was consequently

decided that a pressure chamber 24 foet long and four foet in diamotor would
be ideale This would allow tho installation of throo mcasuremont stations,
soparated from cach other and the cavity onds by six foot or 1% times the
covity diameter,

3e2e3 Mcasuremont of deformation in the rock mags surrounding tho cavit

An extension of tho moasurements proposed in the preceding section
nay bo mede by the installation of doformation transducers in borecholes
rodiating from the cavity surfaces It can bo proved, using elastic theory,
that the deformation should be symmetrical about tho cavity axis, and it
should therofore be sufficiont to moasurc these deformations in ono direction
only. However, a greater degroe of confidence in the results of theso
measurcments would be assured if tho borcholes were aligned in a pattorn
similar to that of tho diametral deformation transducers. The additional
advaniage of a comprehensive picturce of doformation in one plono would

be gained if the borsholes wore placod in tho same dircctions as the
dianetral transducers,
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The radial strain in tho rock mass duc to tho imposod oxperimontal
conditions will be at o maximum at tho cavity surfaco and diminish to zoro

at somo distance into tho rock masse An analysis of the rock movenonts
using the oelastio model indicates that a point twolve feot from tho cavity
axis would oxporience no displacemente On tho basis of this analysis it

was decided to employ ten foot long instrumont boreholes, making displaccment
measurenents botween tho cavity surface and four points along the borchole.
These points would be nine inches, two foet, four fect and ten feet from tho
cavity surface, This measurcment scheme allows all radial and diamotrical
deformation measurements to be rolated to & stablo point ten feot into solid

rock.

3e2e4 summary of deformation measurements

Tho preceding threc scctions decribe theo deformation mcasurcmonis mado
in the in situ oxperimont. The longitudinal transducers, measuring axiol
strain, (if any), are located in two arrays, ono oach botwooen the radinl
doformation stations,s Each array includes three transducors, ono along the
roof of the cavity and the othor two displaced by 120°. The radial deformation
is moasured at threo stations, the deformation at cach station being monitored
by three diametiral transducers and twelve boreholc transducers. Thus the

completc scheme is (-

Noe of Moasuring Transducors

Stations at ocach Total
Statione.
Longitudinal measurcments 2 3 6
Diametrical nmoasurcmonts 3 3 9
Radial measurcments 3 12 36

Grand Total 5l

A diagramatical roproscntation of this moasuremont schemo may bo
seen in Fig. 5 and Fig, 6,
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3e3s Moasurcment of thermal gradionts

Section 2,1 indicates that a knowledge of tho temperature gradiont
is roequircd to celculato the thermal stresses in tho rock mass, This
tomperature distribution is symmotrical about tho cavity axis duo to tho
geomatry of the cavity. Therefore it was nocessary to moasuro tomporaturec
at the cavity surface and for a radial distanco into the rock mass, It was
though advisable to measuro this radial tomporature distribution by utilising
the transducer boreholese This was done by equipping tho transducer
ingtrumontaticn with temperature sensing devices and thermally isolating the
borchole mouth from the temporature differcnce applied to tho cavity surfacoce
Such a schemc would provide data on nine radial temperaturoc distributions,
cach distribution boing dofined by tomporature at five points; surfaco, nine
inches, two feet, four feect and ton feot into the rocke

Howover,this scheme would not provide data on the stoop tcmporature
gradient found ncar the rock surface. Therefore it wes nocessary to introduce
a second scheme for investigating the cavity skin tomporaturcs Tho most
serious problen to be overcomo was tho insertion of tcmperature probos
to indicato a rock temporaturc uninfluenced by the physical presenco of tho
probc itsolfs This in ossonco was the old problem of tho obsorver affocting

tho result of an oxporiment.

This problem was overcome by constructing a probe in rock salt oand
mounting tho temporature scnsors within those probess Tho two skin
temporature measurcmont stations were locatod midway between tho radial

deformation moasuremont stations, tho angular alignment taking tho usual

pattorn with one probe insortod vertiocally and tho othor two displacod by
120% A diegram of the temporaturo mocasuroment schcme is shown in Fige 5

and Fige 6.

3e4 Experimental plant
A dotailed description of tho comprossed air and heat transfor oquip-

nent used to impose the desired conditions of pressuro and tomperaturc on
tho rock mass may be found in Chapter 7. This chaptor also doscribes other
ancilliary ocquipmont uscd in this experimont.
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Tq = Air temperature measurement
Tqa Tr =Rock temperature measurement
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W AL
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Anchor No. 3 \Tr ——rf-
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FIG.6 DETAILS OF INSTRUMENTATION SCHEME
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CHAPTER 4

de DESIGN AND CONSTRUCTION OF THE UNDERGROUND INSTALLATION

del Site desigom and construoction

4elel Bagsio considerations of access room desigm

The proposed experiment involved the pressurising of a horizontal
cylindical cavity excavated in the rock salt mass 450 feet belov ground
at the lleadowbank Rock Salt ifine. Although such a cavity could be designed
with a high factor of safety, there oxisted a remote possibility that the

pressure retaining plug or the surrounding salt mass could failes In such
an eventuality, the design and layout of the experimental area must be
of such a form as to minimige or eliminate risk of damage to mine personnel

and equipment.

A cost analysis of site construction revealed that much of the total
cost could be attributed to access room construction and transportation of
the hydraulic auger used to oxcavate the experimental cavitye The excavation
of a second cavity on the same site would introduce relatively little extra
cost and at the same time provide the experiment with a stand-by cavitye
This second cavity could be used in the event of an unexpected failure of

the first and could also be used to extend the scope of the experiment.

The final design of the site layout proposed a T-shaped access room
excavated in a remote part of the mine. To facilitate ease of handling of
the large construction equipment, the T-shaped room was driven at an angle
of approximately 45° to the main roadiraye The two horizontal large diameter
holes would be bored with cne on each arm of the T in such a location that
the debris from a plug failure would impaot on the opposite rock face, A
plan of the final access room design is shovm in Fige Te
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dele2 Access room construction

The initlal plan tras to construct the access room at a location
known as 'B' Tunnel, quite close to all the shafts, but remote from any
ourrent mining operations. Unfortunately, when the access room off *Bf
Tunnel was almost completed, a seepage of brine was encountereds This
occurrence wvas viewed with the utmost gravity by the mine managementi in
1969 an unchartered borehole, connecting the salt beds to the brine at the
wet rock-head, wvas intercepted by the mine workings and could have resulted
in the loss of the mine, Consequently the site at *B' Tunnel was abandoned
and the seepage of brine sealed by grouting. |

A new site for the ancess room was established on the north-trest
corner of Moulton Noe. 2 Panele The new site was not in such a convenient

position as the original choice, but satisfied the requirements of remote-
ness and service facilities, This site vas located in mine vorldngs wvhich
folloved the base of the salt bede Consequently it was necessary to con-
struct a ramp enabling the access room to be mined at a height of tuelve
to fifteen feet above the base of the salt, thus allowing the instrument
boreholes, radiating from the cavity, to be located entirely within rock

galte

The ramp was construocted so that a flat area at the top of the rise
could be used to site the compressor and heater/chiller equipment. The
access room, the ramp top and one half of the ramp were laid with saltcrete
to provide good access and a firm level foundation for the transportation
and installation of heavy equipment. The new gite was eventually supplied

with compressed air (80 ~ 90 psi), electroity and suitable ventilation,
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4.2 The cavity pilot holes

de2¢1 The dovmhole

The Jason Auger used to bore out the cavities has a working contreline
three feet above ground level, and consequently tho pilot hole ocentrelines
should be ideally at the same height., However, before the pilot holes could
be drilled it was necessary to check that there was a sufficient depth of
salt beneath the access room floor, An insufficient depth of salt could
be dealt with by either packing up the auger to the desired height or
laying an extra bed of saltcrete on the access room floors

The dovmhole was bored by a Boyles BBS10 Swvivelhead drill approximately
on the access room centreline and nine feet from the working feces The
base of the salt bed was intersected 13" 45" below floor level, the under-
lying rock being a red=brovm marl,

4e2e2 The pilot holes

The two cavity pilot holes were located 31 feet apart and drilled
perpendicular to the working face three feet above floor levels A diesel
driven Boyles BBS110 Svivelhead drill fitted vrith compressed air flush
vvas used for this worke The drill string was made up of two oand five feet
lengths of NW (25 OeDs ) drill rod fitted vith stabilisers every five to
ten feete The cutting tool was a two foot long ocore barrel producing

5" diameter cores out of a six inch diameter hole.

It vas extremely important that the pilot holes be drilled as accure
ately as possible as they determined the final position and alignment
of the two horizontal cavities, Consequently it was decided to drill

through a bearing frame to ensure maximum drill string stabilitye The
bearing frame was bolted to the ground and was so constructed that the

levels of each corner could be adjusted, allowinz the frame to be accurately
menceuvred into a horizontal position. Lateral alignment was defind by
centrelines laid down by I.Cel. surveyors,
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then drilling oommenced, a wooden steady vms bolted to tho front
of the bearing frame to allow the core barrel to be accurately sumped
ine The steady, constructed in tiwo halves to allow easy assembly around
the core barrel, was removed after the first foot of the hole had been
drilleds As the work proceeded stabilisers were fitted to the drill
string every five to ten feete The stabilisers vere made up of short
oylinders of steel comnected to a central boss by means of vanes, and
the boss clomped to the drill rodse.

As completion of the holes was neared, the work became rathor tedious
as ‘every two feet the drill string had to be removed from the hole to
extract the cores Core extraction was achieved using a hemicylindrical
scoop attached to extension rods. The core was broken off the solid by
& wedge welded to the scoop bottom, and when broken off, the core dropped
into the scoop and was pulled out of the hole. Withdrawing the rods every
ti:0 feet was made slightly easier by the design of the bearing framee. The
upper half of tha frame could be unbolted on one side and siung clear of
the hole by means of hinges fitted at the other side. This meant that
drill rods could be removed in ten foot lengths instead of unscreiing each
individual five foot lengthe

The holes vere identified as the right or left hand hole vhen facing
the drilled cavities. Ich pieseof recovered core ias marked with a letter
L or R (left or right hand hole) followed by & number corresponding to the
order in which the pieces of core were removede To aid further identifica-
tion each piece of core s marked vith a distance mark and a letter F
to denote the end of the core nearest the rock face of the access roome In

many cases, especially in Hole R, cores were broken either during drilling
Or COre recoverys

The access room iras ventilated using an auxiliary fan, Diesel fumes
from the drill vere fed into the fan ducting by an arrangement of tubes and
flexible pipes converted from an industrial vacuum clecaner.
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The final depth of Hole R was 42¢' 1" from which 41 2" of
core was recoverede Hole L was drilled to a dopth of 42! 5" and all of

the core recovered,

de3 An engincering appraisal of the pilot holes and recovered coro

4e3e1l Pilot hole pressure toesting

Although tho last few feot of the front face of the acocess room
hod been excavated by only light blasting, it was still possible that this
had induced some fracturing of the rock mass. Coro recovery had indicated
that there was no sign of severe fracturing, bu% further proof was nocded
before excavation of the two cavities could commence.

It was decided that the best way to investigate tho possibility
of fracturing was to subjoect the two pilot holes to a pressureo test using
the equipment shown in Fige 8. The boreholes wore divided into two foot
lengths and each length was isolated in turn by means of the two pressurised

scaling rings. The section of borehole under test was then subjected to
approximately 80 - 90 psi (585 1:N/m2) and held there for a few minutes to

dotermine that it was air tight. The procecdure was repeated at othor
gsections to give a completo pressure tost of the two borsholese The back
of the hole was vented to atmosphere to prevent the rapid ejcotion of the
equipment in the event of a loak,

It was found that the entire lengths of the two pilot borcholes were
complotely airtight at pressures up to 80 = 90 psi,

4e3¢2 Survey of the two pilot holes

The holes were surveyed by mcans of a dowvmhole target, tapoe measuro
and o mining type theodolite and targets The downhole target, shown in
Fige 9y was designed specially for this survey, and consists of a shaft
supported at cach end by a trolley. 4n illuminated perspex target and
reflcctor was mounted at the front end of the shaft and the dry battery
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supply to the target illuminator was strapped onto tho middle of tho shaft.

The target was traversed along tho hole by means of rigid oxtension rods
connectod to a bracket on tho underside of the target shaft.

This instrument had a bullst~ocye typo target graduated in quarters

of an inch., Each holo was surveyed by pushing the target to tho back of tho
hole and sighting the theodolite oross-hairs onto the centre of tho targots
The angle and elevation of the thoodolite was noted and the targoet vithdrawn
a certain distance from tho back of the hole. Without moving the theo.olite
the target was sited again and the apparent horizontal and vertical move-
ment recordeds It was possible to estimato this movement to an accuracy of
:1/32 inche Using this technique, and mcasuring angles and distances bot-
woeeen the survey stations at the mouth of ocach hole, it was possiblo to
build up an accurate plot of hole inclination and alignment.

Tho elevations of Holes L and R may be seen in Fige. 10ad Fig. 11,
respectivelye The first hole to be drilled was Hole R and it can bo
seen that this dropped a total of 6.9 in. at the back of the pilot holc,
This inaccuracy was due to two factorst-
i) Both the bearing frame and the Boyles drill were anchorcd to the
floor by means of expansion bolts. But cither weakness of the saltcrete
floor (caused by an insufficient curing poriod being allowed boforo commence-
ment of drilling operations), or the use of expansion bolts of too small a
diameter, created difficulties in bolting tho ocquipment to the access room
floore If the gradual and porsistent loosening of the foundation bolis
went unnoticed, a small amount of drill string movoment took placo,
possibly introducing errors in borchole inclination,

i1) When the bearing frame had boen acocurately aligned prior to
drilling, it was found difficult to maintain it in a lovel position whilst
it was boing tightcened dovm onto the expansion boltse With time and
patience it was possible to offect a compromise botwoen setting up timeo
and the degrece of accuraocy achieved.
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Hole L, using larger diamctor foundation bolts, oxporioncod
none of the problems encountercd in drilling Hole Re The centroline
of Hole L began three foct above floor level but dropped a total of
2¢4 in, at the back of tho hole. The alignmont of the two holes can bo
seen in Fig. 12. It can bo secn that Holo R was driven at an anglo of
18* 03" to the access room ocontroline; Holo L was parallel to the accoss
room centreline, but 3/16 in, closor to it than intended.

Cavity L and Cavity R, formed by over boring these holes, wero

bored to depths of 36 and 35 feet respootively. Consoquently the backs
of Cavities L and R woere 2 in. and 6 in. respoctivoly bolow tho intonded
threo feet high centroline.

4e3e3 FPhysical proporties of tho recovored core

The core recovered from the two pilot holes was subjected to a

gserics of tests to ascertain the physical propertios of the rock mass

surrounding the experimontal cavities.

i) Comprossive strength

Twonty spccimens of diamoter 5% in. and height 103 ine were
tosted in uniaxial compressions The results of thesc tests indicated
that thore was no definito pattern of strength or weakness along the length

of the cavities; the strength of the salt appeared to be dopendont cn the
proscence or absence of the randomly distributed marl content of the spoc-

{imense



TABLE 1
kN/m2
Mean compressive strength 28,779
Standard deviation 475
"1525%)
Minimum compressive strength 21,236
Maximum compressive strength 37,163

1i) Tensile strength

Forty-one specimens, 2 11/16 ine long by 53- in. in diamoeter
were cut from the two cores and subjected to the Brazilian disc test
to ascertain a representative value for the tensile strength of the
rock mass surrounding the cavitiess Once again, there was no definite
pattern of rock strength along the lengths of the cavities., When
considering the results of this test, it should be borne in mind that
the tensile sirength given by the Brazilian disc method, an indirect
test, is slightly higher than the tensile strength indicated by a direct
tensile test,

TABLE 2
S
Mean tensile strength 240,0
Standard deviation 354
Minimum tensile strength 169,3

Maximum tensile strength 32642




111) Shear strength

When a cavity is pressurised the rock mass surrounding the
plug is subjected to shear stresses. Consequently it became ncooessary
to establish the shear strength of rock salt, the value of which could
be used in plug design calculations, Five samples, all taken from the
first eleven feet of the two cores were cut into specimens 5% in. long by
2 15/16 in. in diameter and put under load in a triaxial cell with the
following resultsi-—

JABLE 3
e __ st
Confining Pressure Axial pressure at fallure

Specimen No,

27

Rl 200 54,615
L7A 400 56,263
L6 600 02,745
R8 800 75,155
RS fail

These results, shown graphically in Fig. 13, indicate a
shear strength of approximately 450 peseis

iv) Modulus of elasticity

Fifteen specimens, 5% ine in diameter by 10% in. long, vere twice
preloaded to 1000 pes.is and then subjected to three loading and unloading
cycles in uniarxial compression, Ton specimens wore instrumented by mecans
of dial gauges and the remaining five with olectrical rosistance strain
gaugese The mean values of the socant modulus for each cycle, taken from
the most linear section of the loading cycle, 400 to 900 pes.i., are given
belov i



Mean decent nodulug X10 psi

1ot cyocle end oyclo 3rd oycle

24336 24356
3,640 3,690

Dial gauged speciments
Strain gaugod specimens

It can be secn from the results of thoso tests that the strain gauged

specimens gave a higher value than the dial gauged specimens. This was
probably due to the steel platens bonding during the tests and tho
resulting deformation being recorded along with the deformation of the

speccimens The results obtained from the dial gauged spcoimens can be
regarded as being more realistic than those obtained from the dial gauged

specimens,

v) Poisson's ratio

The five spccimens used to determine the modulus of olasticlity with
gtrain gauges were fitted with circumforential strain gaugese Tho valucs

of circumfercential deformation were recorded during the elastic moduli
tosts, and from theose results values of Poisson's ratio were calculated.

2nd cyolo 3rd cycle

it =fauplt:

Mcan value of Poisson!s ratio m 06237

Values obtained during tho first cycles wore unaccoptably high due to
the non-lincar behaviour of the matorial during consolidation. Consequently,

values for only the second and third cycles wero rocorded,
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vi) summary of physical properties

Mcan compressive strength
Mean tensile strength
Estimated shear strength

4,174 (+15.5%)
240,0 (f14.75%)
450

Moan secant modulus in range
400=900 psi

Mean value of Poissont®s ratio

6

3,69x10
0,237

4.4 Excavation of the cavities

4edel Introduction

The contract for this work was awarded to Tuboc Headings Ltde., a
subsidary of Cementation Company Ltd. It was agreed that this company
would excavate two cevities four feot in diamcter by thirtiy fivo feot
long using a Jason Auger. The cavitics were to be bored to an accuracy of
Z1" on diameter and to have a finish consistant with that achieved by
machine tools on rock.

The drill string was to consist of a cuttor hcad and a sorics scrolls
to remove the excavated rockes As this oompany did not have a suitable
cutter head, it was agrecd that they would design and construct onc at
their workshops. Subscquent ovents proved that the company had neithor
the expertise or tho ncoessary experience in thig field to design an
officient cutting heads Consequently the cutter head was designed and
made by the Department, & front view of which ig showm in Fig. 14. Tho
cutter head probe vas dosigned to slide along the pilot hole and remain

ptationary whilst the pick-bearing arms rotated under power from tho auger.
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The maximum size of hole normally bored by Tube Headings Ltd. was threo

foot six inches {n diameter, so it was necessary to mrovide somo form of
gtabilisation for this size of soroll working in a four foot diamoter holo.

The company decided to prefabricate one length of scroll four foot in
diemoter to be used just behind tho cutter hoad, and to fit the remaining
longths of soroll with outrigger-type stabilisorse These stabilisors

consisted of a mushroom head attached to the apex of a short triangular
plate which was in turn bolted to tho periphery of the soroll overy 120°,

A sketch of these stabiligers is shown in Fig. 16a.

dede2 Excavation of Cavity R

The Jason Auger was transported to the top of No. 4 shaft, and
dismantled to allow passage down the shaft. Tho augor was carried by
low loader to the experiment site and ro-assembled in tho accoss rocm

by means of lifting gear coupled to rock bolts sot in the roof and oldes
of the room. A photograph of the auger at work is shown in Fig. 15

An inspection of the sitc on the day after boring commenced revoaled
the following pointaote

i) The thrust washer between the cutter hoad and first longth of scroll
was missing. It was pointed out to the machine operators that if
work continued without the thrust washor, the squarc-section sockot
on the scroll would bear against a radius on the cutter hoad oand a

burst sockot would resulte.

ii) One pick, close to the probe, was missing and should have becn

replaced,

iii) The augor had not bocen correctly set upe Although the front of the
auger was at tho correct height, the rcar was four inches bolow the

three foot high controlino lino marked on the back wall of tho access
IO0m,



iv) Tho stabilisers attached to tho undorsizod scrolls appoarad to bo of
o poor dosigne It was thought that tho mushroom hoads would bocomo
choked with cuttings and cause the soroll to bind in the holo.

v) A poor rate of advanoco was being achioved due to tho low torque
produced by the hydraulic motor drive., Tho delris size vas vory
small, (mostly powder, indicating inefficient cutting), but any
incrcase in thrust caused the machine to stall.

vi) The four foot diameter soroll was binding in the cavity and rubbing

on projections in the guiding structure. It was arranged for tho
scroll to be ground down to its corroct sizo and the projections on
tho guide to be removed,

At the completion of Cavity R tho site was revisited to survey the
cavity and check upon thoe efficiency of the drilling operations. It
transpired that Tube Headings had neither fitted the thrust washer or
modified the design of the stabilisers, and these omissions had led to
damago of both the cavity and the drilling equipment.,

The leading flight of scroll had its square section sockot burst out=-
wards duc to the abscnco of tho thrust washere This moant that the forward
thrust of the machine would be taken by a % in, diamctor pin designed
to hold the cutter head in place during drill string withdrawale Tho pin,

not being dosigned to transmit the forward thrust, had bent almost doublo
and allowed the scroll sockot to bear against a radius which burst it

outwardse

The mushroom type of stabiliser proved to be unworkable, Tho stobile
isers tended to trap tho debris being scrollod out of the holo, betweon the
mushroom head and the cavity walle This caused the drill string to jam
solid and produce two distinct types of damoge to the secrolls. The
first type of damage involved individual stablisers being wrcnched out
of tho scroll vanes, A more serious type of damage occurrcd whon several

stabilisers on a length of socroll jammed; this rosulted in the scroll being
hold fast whilst the contral shaft continued to turn, causing tho vanes
of the scroll to unwind from the shaft,
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Tube Headings Ltde. lost so much time and drilling equipmont through
these problems that they decided to remove the stabilisors completely.

This removal took place after approximately twenty-five feet of cavity
had been bored; however, this led to even greater difficulties.

The removal of the gtabilisers allowed the scrolls to whip up and
dovm within the cavity, causing damage to the cavity bottome This resulted
in the finished cavity being almost elliptical in parts. This double rad-
ius may be seen in Fige 17 which shows a four feet diameter disc in the
supposedly four feet diameter cavity. The upper radius of two feet was
created by the cutter head boring out the cavity; the lower radius, of

one foot nine inches, was the damago resulting from the unstabilised socroll.
Table 6 gives the results of a survey of the completed Cavity R.

Tube Headings Ltde put forward the suggestion that the damage to
the cavity vas caused by a steeply dipping pilot hole. Reference to
Table 6 indicates that this was not so; the worst damage occurred at a
point twenty-four feet from the back of the cavity, not at tho mouth of
the hole as would be oxpected for a steeply dipping hole. The point
of worst damage approximatoly coincides with the centre of a complete
drill string: thirty-five feet up the hole with eight to ten feot between
the mouth and the machine, This would seem to indicate that theo damage
was indeed caused by an unstabilised drill string.



TABLE 6

2_survoy of the complated cavities

Distance from
the back of
the cavity in

foot Length of cavity = 36! O" Length of cavity = 35' O"

Diameter (= 1/16 inch)

Vertical Horizontal Vertical Horizontal

CAVITY L CAVITY R

0 47% 47% 47%
2 ATE 4732 482
4 472 473 483
6 475 475 48%
8 48% 48 483
10 48% 48% 485
12 48 48% 49
14 48% 47% 493
16 48 48
18 48 48
20 47 474
22 4T 472
24\ AT% 4734
26 47% 4T%
28 48 472
30 48 2T
32 48 48
34 48% 48%
36 48 48
Nominal diamoter specified = 48" X g
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Consultations with Tube Headings Ltd. revoaled that thoy oould
put forward no suggostiona for design improvements vhich would cnsure the
accurate excavation of tho second cavity. Consquontly it was suggested
to them that they should, using their undersizo scrolls, bore through
their standard 3! 6" diamotor borehole liners which could be fitted with
centralising spacoerse This arrangement, shown in Fig. 16b, has tho
advantago of not only supporting and stabilising tho scrolls, but also
proteocts the surface of the cavity from damage.

dede3 Excavation of Cavity L

Cavity L was excavated using the method of drill string stabile-
isation shown in Fig. 16b:. Vhen the completed cavity was inspocted the

accuracy and general condition was found to be quite goods The tolerance
of = 1 inch on the diameter vas not exceeded, and in the pressure chamber

section of the cavity, the maximum deviation from 48" was 4", Tho surface
of the cavity was scored in a holical pattern, but not soverelyi the worst
damage in the pressure chambor socction was score marks 4" deep every

one to two inches extending from a point nine feet to a point twelve

foet from tho back of the cavity. Tho dotalled results of the survey are
included in Table 6,

It was decided, from the results of those surveys, to utilise
Cavity L as the primary experimental cavity, and maintain Cavity R as a

I'GC88YX Ve,

4¢5 Tho pressure retaining plugs
4¢5.1 Genoral design congiderations

Tho pressure retaining plug must be capable of containing a
pressure of 200 psi without excessive lcakage. It was decided that a
semi-conical roinforeed conorote plug would prove to be the most effectivo
design, giving both strength and thoe ability for tho self-scaling of leoakse
A drawing of the plug showings its location and dimensiong is given in
Fige 18, Tho plug position and dimensions wero arrived at by oonsidering
tho physical properties of concrote and rock salte
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Thero arc five possiblo modos of falluro of tho concroto plug

and surrounding salt mass, and using tho following assumod data, an ost-

imate of the factor of safety of tho plug design may be caloulated.

Assumed datag-

Rock Salt
(psi)
Compressive strength 3000
Tensilc strength 150
Shear strongth 350

i) Shear failure of tho concrote plug. (A = A

Surface arca of failure planc = 27Ira
Load on plug at 200 psi « TTrP
Shoar stross on failuro plane = rP
22
« 2 x 200
2 x 3
" 6617 psi
Factor of safoty w 360/66e7 = 544

Conorote(131433)

~ (psi)”
3000

300
360

In viow of the serious damago to the experiment that would result
from a plug failure, this factor of safety is apparcently quite low,
Howover, as the ooncrete is urdor a state of triaxial compression tho

actual shear strength of the concrete under these conditions is likely
to be much higher than that quoted in the table of assumed datae Con-

sequently, the safoty factor of 5.4 can be regarded as a conservative

cotimate.

i) Shear failure of the rook salt. (B - B)

The worst case is apsumed, that where tho compressed air has access

to the whole of the inside face of the plugi-
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Surfaco area of failurec plane = 2TJVRl

Load on plug nt 200 pei = TIRP
Shear stress on fallure planec = R P
21
= ;;}.!E X 200
2 X 905
= 30,9 psi
Factor of safoty = 350/36.9 = 9.5

iii) Tensile failure on cone—shaped failurc surface. (C - c)

Surface area of the trimcated cono = 2 TT(R + 1/2 ton 0)1/000 G
If tho tensile stress on tho cone = 't

Then s
Tensile load perpondicular to the conical surface

= 277 Gt (R+1/2 ton 8) 1 sin O
cos O

s TTR°P = 271Gt (R + 1/ton ©) 1 ton O

e Ot = PR®

2(R+1/2 ton ©) 1 ton ©

2

= 200 x 3. —
2 (3.5 + 4075 ton ojo 905 ton &

I'or O _ 450
Ot = 15,65 poi

Factor of safoty = 150/15.65 = 9,6

iv) Shear failure on tho cono shaped failure surface (C - C)

Surface area of tho failuro plane = 277 (E + 1/2. ton 0)1/cos ©
Shear forco on the fallure plane = PTTR2 cog O
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o
..o C Cop 8
( /2.ton 0’ 17009
= PR2 coB c o'

21 R+ 1/2. ton O

& 200x.2x00920

2 X 945 (365 + 4475 yon ©

When Q@ = 45°

L = 4,075 pai

Faotor of safety = 350/4.075 = 86

v) Compressive failure of the rock salt

Axial bearing pressure = TTH2 P
TR - R%)

2
w 200 °
G

® 00 poi

However assuming a state of hydrostatic stress in tho surrounding

galt mass, this axial compressive stress will act in opposition to tho
horizontal component of the over burden stress, 450 psi, tho rosultant
'being 150 psi.

It can bo seen that tho minimum factor of safoty for tho fivo
cases considered has a value of 5.4 Those calculations have not taken
into account tho creep phenomena of rock salt, but it was folt that at

these low stress levels, the offcots would be non-constant.
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4¢5¢2 Tho plug reinforeing caro

The plug reinforcing oage performs tho double function of reinforecing
the conocrete and providing a solid support for tho passage of tho compres-
sed air pipe, the heater/chillor pipes, man-way and the cable glands through
the pluge A side view of tho ocage prior to installation is shown in Fig.
19, whilst Fige 43 gives an indication of the external location of the
compressed air and heator/chiller pipework.

Since such high pressures are applicd to tho interior of the cavity

it was nocessary to use glands to pass instrument and power cables through
the plug. A drawing of tho gland is shown in Fig. 20, whilst Fig. 21 shows
& photograph of part of the assembly procedurece

The reinforcing cage has a two foot diamoter tunnel through the
centre to allow access to the cavity, the imner end of which is fitted
with an air-tight door. This door is hung from double hingos and can be
screved down tight onto a rubber soaling ringe.

The plug was oconstructed by excavating an annulus of the required
shape and dimonsions by means of compressed air pickse. The reinforecing
cage was, with difficulty, manoocuvred into position manually using 1ifting
tackle attached to an anchor installed in thoe romaining fow feot of pilot
hole at the back of the cavity. Concrete was thon pumped into the annulus
through the wedge-shaped excavation shown in Fige 22 and vibrated to expod-

ite compaction,

de5e3 Grouting of the plug and surrounding rock mass

Prior to the plug installation, oight cqually spaced grout injoction
holes wero drilled on a 0'=6" diamoter oircle through to the annulus from
the access roome The holes wore fitted with four feet long stand pipes
sot approximately throo foet into tho rocke On completion of tho con-
croting of the plug, tho grout holos wero drilled through to connocot
with both the back and front facos of the pluge Four wocks aftor the
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plug concroto had boen placed, grout was injectoed, working from the
bottom stand pipe upwardse Tho grout mix consisted of 112 lbs of
portland cement to five gallons of saturated Lirino and injocoted at a

pressure not greatcr than 200 psi.

4¢6 The radial boreholes

Tho diascussion of the proposed instrumentation scheme in Chaptor
Threc described the radial deformation moasurcments which would be aochieved
by anchors, push rods and transducers installed in radially orientated
borcholess The instrumentation scheme proposod throe measuring stations
equally spaced along the cavity, cach station conasisti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>