Rock Mechanics Instrumentation for Sait Mining

ABSTRACT

Measurements of deformaliions and siresses
the rock salt around underground salt mine open-
ings are made casier by the fact that the salt will
creep under pressure. Several types of instruments
are deseribed which will permil these measuve-
ments to be made; instruments for measunng
deformations are the tupe extensometer in con-
junction with borehole extensometers of both the
rad and wire vareties. For meusuring rock stresses
the msiruments discussed melude the photoelastic
stressmeter and hydrauhc borehole gauges. Rack
boli tension meters are also described. The empha-
sis 15 on low cost and simplicity of operation.
Where possible enough detail is given to enable the
rock mechanics engineer to build much of his own
equipment.

The methods in which the instruments should be
used gre discussed with praciical examples of how
certatn conditions of instability can be detected.
Also discussed are ihe criteria of stability by which
mine design can be opiimized 5o that the best per-
ceniage extraction ratio is obtained.

INTRODUCTION

Despite the fact that theories of plasticity are
always complicated and often unusable, the actual
measurement of ground movements and pressures
in salt mines is a relatively simple matter when
compared with similar measurements in hard rock
mines. This s because the ground movements in-
volved in salt mining are usually large and umiform.
The stability of the underground openings and pil-
lars can be corrclated with observed movements of
roof sagging, roof/floor convergence, pillar dila-
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tions, stresses in pillars and rock bolt leads. T
movements procecd with time, perhaps at a co
stant, diminishing or accelerating rate, dependi
upon the stresses involved. The possibilities of i
vestigaring the cffect on present and future mi
stability of such factors as mining methods, pe
ventage extraction, opening geometry, roof sp:
width, geologic variations, etc., are obvious, as a
also the economic benefits to be gained from suc
a knowledge.

The instromentation required for making ti
measurement is not expensive. Single point ar
raulliple point borehole extensometers, conve
gence rods and dilation pins plus a tape extensor
eter will suffice to measure the movement
Stresses and stress changes can be measured ush
photoclastic stressmeters and hydraulic boreho
gauges. Rock bolt load cells are useful for dete
mining the efficiency and adequacy of rockboltir
support systems.

The following paper describes the use of suc
instrumentation. The aim is to provide enough d
tail that the rock mechanics engineer can buil
many of his own instruments and make the nece
sdry measuremenis.

If the benefits of a rock mechanics program as
to be realized it is essential for the rock mechank
engineer to have the full support and cooperatic
of the mine management. In particular ther
should be a means of drilling the necessary instny
mentation boreholes which is independent of b
production equipment. If this capability is not pre
vided the chances are that the scope of the instn
mentation program will be compromised alon
with its usefulness,
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INSTRUMENTATION TO MEASURE
MOVEMENTS

The tape extensometer.

This instrument is designed to measure in be-
tween two points which may be spaced at from
about 2 feet to BO feet apart. The accuracy is
around 0,005 to £0.010 mches which 15 adeguate
for the kind of movements which will be measured.

The instrument, shown in Figure 1, incorporates
a 50 foot measuring tape, a tensioning spring, dial
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Figure I. Tape exiensometer.

indicator, adjusting scvew and thrust bearing. The
measuring tape has a series of holes spaced at regu-
lar intervals (say 1% inches) in which a peg on the
end of the instrument can engage. The outer end of
the tape and the other end of the instrument both
have hooks which can clip onto eyeholts. The eye-
bolts are threaded and can be screwed into anchor-
ages in the rock. The anchorages can be fabricated
from ordinary rockbolt parts.

The instrument. is read by hooking the peg inlo
one of the tape holes; the adjusting screw is rotated
until an index mark shows that the correct tape
tension has been achieved. The correct tension is
checked by supporting the instroment in the hand
and by swaying it away from and then back to-
wards the comect position in which it is in line
with the two measurcment poinis. When this is
done the spring tension index marks will appear to
move apart and then together again. When the in-
dex marks move aparl and then come back to be
exactly opposite without crossing over each other
no matter how the instrument is positioned then
the reading of the dial guage is the correct reading.
Tape tensions in the region of 15 to 20 lbs. will
take out much of the sagging in the tape.
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The rod extensameler.

This instrument is desipned to measure In be-
tween two points which may be spaced at from
about 6 Lo 15 feet apart. lt consists of a series of
telescoping aluminum or stainless steel tubes which
van be adjusted to different lengths and are held in
position by a pin which can engage any one of a
series of holes iu the telescoping sections. One end
of the rods has a spring loaded plunger the move-
meni of which is sensed by a dial indicator. To
read the instrument it is first adjusted to approxi-
mately the right length. One end of the instrument
is then placed in a fixture anchored to the rock.
‘The other end is carefully snapped into place into
another fixture anchored into the opposite surface
of the roadway. The accuracy of the instrument is
about the same as that of the tape extensometer. It
1s mainly used for roof/floor convergence measure-
ments since in the horizontal position it 1s difficuit
to make accurate measurements. In fact it is a
much more cumbersome and less versatile instru-
ment than the tape extensometer.

The temperature variations normally experi-
enced underground are usually so small that their
effect on the dimensions of the measuring instru-
ments is negligible. This is especially true of bore-
hole devices. Because of this and because the
required precision is not fantastic it is permissible
to use materials such as aluminum (anodized) and
stainless steel. If the measurements are required to
be very precise then materials such as invar may be
used, or corrections be made for temperature
changes, but In most cases the errors inherent in
simply positioning the instruments will he larger
than any temperature effects.

BOREHOLE EXTENSOMETERS

The tape extensometers can be attached o fix-
tures anchored in the walls, roof and floor of the
underground openings. Measurements from these
fixtures may be unduly influenced by local fractur-
ing which allows the immediate skin of the opening
to move in ways not characteristic uf more deep
seated movements. Hence it is necessary to have
measurement points located at depths away from
the surface.

Kod type borchole extensometer pins,

Figure 2 shows a type of borehole extensometer
pin which can be fabricated from easily ubtainable
rockbolt parts. The main parts are rockbolt shells,
exlension rods and couplings to which are added
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Figure 2. Borehole extensometer rod type.

$.A.E. nuts and washers. The only machining re-
quired is to drill and tap a hole in the end of one
rod to accept a stainless steel rod. Also the anchor
at the mouth of the hole uses a 47 stainless steel
balt which has a % iInch diameter hole dnlled
through it and its outer face milled flat.

The rods can be very rapidly installed using only
a socket wrench with extension bar and long nosed
pliers. The entire system lies inside the borehole.
Both factors make the system exiremely useful for
setting close to the working faces.

The readout is by dial indicaror and the reading
is accurate to =0.001 inch, Various lengths of rod
can be used in the same locality. This involves the
drilling of multipie holes. In hard rock this very
often is prohibitive both in termns of time and
money. In soft rock such as rock salt the diffi-
culties of drilling a borehole are considerably less
especially 1f the rock mechanics engineer has his
own drill.

Wire ivpe borchole extensometers.

Obviously, the more instrumentation that can be
packed into one borehole the less time and money
will be spent drilling. Also if one needs to measuve
movements at great depths away from the opening
then the drilling of many long holes involves too
much expense. Muitiple Point Borehole Extensom-
eters are available to permit several measuremerts
to he made in one hole. In such systems, it is gener-
ally more convenient to measure the distance from
the down-hole anchor to the mouth of the hole by
means of a wire instead ot a rod.

Various degrees of sophistication are available.
Perhaps the simplest system is one consisting
merely of borehole anchors and wires. The outer
ends of each wire has a collar fixed to it which can
be gripped and its position meuasured relative 1o a
borehole collar anchor (Potts, 1957, 1964;
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McClain, 1964). A more complicated system would
include an instrument head at the mouth of the
Borchole which holds cach wire in lension hy
means of erither hanging weights, coil springs or
cantilevers. The head would also provide a surface
to which wire movement could be referenced. The
readout could be mechanical using a dial indicator,
depth gage or micrometer. Further sophistication
would include a remote readout of wire move-
ments using electronic sensing devices. (Sellers,
1968).

Borehole anchors.

The main requirements of borehole anchors are
that they be easy to install and that they maintain
a good grip on the walls of the borehole. Mechan-
ical setting is to be preferred over grouting or ce-
menting techniques. Also if the anchor can he set
without having to rotate it, this will make it easier
to keep the various wires untangled. Figure 3
shows three very simple borehole anchors. The first
one is made from a strong steel torsion spring. The
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Figure 5. Simple borehole anchors.

second one has a spring loaded strut which jams
across the heole when the wire is tensioned. The
third type has a spring loaded bail which permits’
movement into the hole but becomes wedged:
firmly in the hole when the measuring wire is ten
sivned. All these anchors are very casily installed’
simply by attaching a wire to them, pushing them"
into the borehole to the required depth using-
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serting rods and then tuggmg on the wires to set
the anchors.

Other anchors can be used especislly in long
holes where higher wire tensions are required to
overcome sagging. For very long holes a groutable
tvpe anchor is generally the best then the exten-
someter can be preassembled ouiside the borehole
using plastic pipe to space the groutable anchors.
All the measuring wires are contained within the
plastic pipe. The entire ussembly can be pushed into
the borchole and then grouted in place. The instru-
ment head is attached later. A groutable borehole
anchor is shown in Figure 4. This figure also shows
a mechanical ancher which is designed to be spaced
by plastic tubing. The mechanical anchor systemn
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Figure 4, Barchole anchors for long borcholes.

like the groutable anchor system can be assembled
ouiside the hole. The assembly iy pushed into the
horehole with the anchours locked in a collapsed
position. When at the right depth the anchors are
each tripped by pulling on the measuring wire. This
releases a [aich and allows the toggle arms to spring
out and bear against the walls of the borehole. This
type of anchor assembly is particularly useful
where the time available to install the instrument is
Hmited.

Measuning wire.

Statnless Steel Wire with a diameter of around
0.040 to (LO50 inches is suitable for use as 2 meas-
uring wire. The hreaking strength of the wire is in
the region of 400 Ibs. and the modulus is high
being around 29 X 10° psi. It will resist corrosion
and maintain a smooth exterior. It is lighi enough
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that it does not sag excessively. The wire is easily
obtainable; sbout ihe only problem ix that it is sold
in coils of about 2 fcet diameter. The wire is very
lively and unless restrained it will tend to spiral and
may coil around neighbouring wires. In a wire type
extensometer it is exiremely important that the
wires do not become entangled. When installing the
borehale anchors great care should be taken to
keep the wires separated. One excellent technigue
15 to pass the wire through a wire straightener as it
comes off the coil. As more and more anchors are
installed in the hole the wires can be cut off at
different lengths for easy identification and taped
together in an orderly and carefully preserved se-
quence. If each borehole anchor incorporates a
plate in which there are several holes, these holes
can be used to separaic the wires.

If cach wire is always read at a constant tension
then there will be no correction for wire stretch. If
the tension in the wire is allowed to vary, then a
correction for wire stretch is required. The correc-
tion depends on the type of wire, the spring con-
stant. of the tensioning spring, the length of the
wire, the inclination of the wire to the vertical and
the anchor spacing which will alfect the amount of
wire sag in non-vertical holes. As an example the
wire stretch correction factor for a stainless steel
wire 0.041 inch diameter and a spring constant of
18 Ibs. per inch would be (1 + 0.005L) for a verti-
cal orientation and (1 + 0.00751L) for a horizontal
orientation. L is the length of the wire in feet.
Thus for very long wires the correction factor can
be quite large. Although wire stretch acts 1o de-
crease the semsitivity it also increases the range of
the extensometer which Is verv often a desirable
feature in long holes.

Instrument heads.

The simple system of borchole extensometers,
which uses borehole anchors and measuring wires
only, requires a portable instrument head with
which each wire can be gripped, in tum, and sub-
jected to a constant tension. The instrament head
can be located in a fixture which is permanently
anchored in the mouth of thy borchole. The ten-
sion is applied to the wire by some adjustable
screw mechanism and the correct tension is indi-
cated by an index mark. When the correct tension
is reached a dial indicator is used to measure the
position of the wirc collar relative to the mouth of
the borehole. The tape extensometer previously de-
scribed can be used for the application. All that is
required s 2 light aluminum stirrup which will
serew into the borehole collar anchor. The stirrup
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is about 2 feet long and has an evebolt at 1ts outer
end to which the rape extensometer can be at-
tached.

Figure 5 shows one possible configuration for an
extensometer head which applies a constant ten-
sion to the measuring wires by means of lead
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Figure 5. Typical 8 point weigh t extensoraeter,

weights. The entire assembly must be fixed firmly
in the mouth of the borchole. The position of the
weights can be measured using a dial indicator. The
main disadvantage of this system is its bulk which
mzkes it vulnerable to damage by blasting, moving
vehicles and mine personnel. A much less bulky
method for tensioning the wires is by springs. Fig-
ure 6 shows a coil spring type extensometer for
tensioning as many as eight wires. The wires pass
through and are fixed to spring loaded plungers.
The movement of the plungers relative to the body
of the instrument is measured by a dial indicator.
The instrument head is clamped into the mouth of
the borehole by a mechanically actuated collar
anchot. A screw-on cap protects the instrument
head from dust and moisture. The entire head can
be recessed inlo a reamed-out section at the mouth
of the horehole.

For remote readout capability the movements of
the wires can be sensed electronicallv and the sig-
nals fed via an electric cable 1o 2 readout box.
Figure 7 shows one type of electronic extensom-
eter manufactured by Terrametrics. The wires are
tensicned by means of eight strain-gaged canti-
levers. This particular instrument can measure can-
tilever deflections of 0.00005 inches. This
sensitivity plus the low inertia and friction in the
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Figure 7. Strain gauged canbilever type MPEX,

instrumenl head makes the instrument particularly
useful for high accuracy work {Benson, 1969).

Convergence pins.

A useful meassurement is that of roef/{loor con-
vergence (Wieschmann, 1968). This can be done
using the equipment described earlier, i.e., a tape
or rod extensometer in conjunction with rod type
borehole extensometer pins. In fact this method
should be used because it can be used at points
very close to the working faces. Thus very little of
the total roof/floor conversence will be missed.
Occasionally, however, in isolated or abandoned
arcas of the mine, or in areas with high room
heights, it may be more convenieni Lo Us€
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convergence pins. These can be made most conven-
iently from aluminum tubes which can be pur-
chased in sizes which telescope together. Two such
tubes are used, one tube is anchored in the roof
and the other in the floor. Again it is best to
anchor the tubes mechanically at points away from
the surface of the opening Figure 8 shows a Lypi-
cal convergence pin system. To each tube is
clamped a collar. As the roof converges to the
floor, the collars move closer to one another and
the movement is measured using either a depth
gauge or dial indicator. Naturally the rods are vul-
nerable to damage and cannot be installed close to
the working faces.
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Figure 8, Convergence measurement rods.

INSTRUMENTS TO MEASURE
ROCK STRESS CHANGES

Rock salt in situ will creep under the influence
of internal stresses. Generally the shear strength of
a rock salt is low and it can sustain only very low
shearing stresses without flowing. Over Jlong
periods of time, during which the salt beds remain
undisturbed by tectonic forces, the internal stresses
in the salt will tend towards a hydrostatic condi-
ton in which the lateral stresses are equal to the
vertical stresses and all stresses are equal to the
superincumbent foad {Serata, 1967}

The phenomenon of creep also presents a con-
venient means of measuring in situ siresses in the
salt. Not only can rock stress changes be measured
but absolute stress levels too. There are two main
types of gauge which ought to be considered; these
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are hydradtic borehole gauges and photeelastic
stressmeters.

Hydraulic borehaole gauges.

One design of a borehole gauge is simply to pack
ofl a section of a borehole, fill it with oil and
cannect the packed off section by a length of high
pressure steel tubing to a pressure gauge situated at
the mouth of the borehole {Baar, 1566). The bore-
hole will tend to close under the influence of the
stresses in the rock around it. As the borehole
closes the oil pressure builds up in the packed off
section and the pressure is recorded at the mouth
of the borehole by a pressure gauge. Eventually the
oil pressure reaches equilibrium with the stresses in
the rock.

There is some dlfﬁculty in getting a pressure
tight seal and it is more convenient to confine the
fluid within a2 membrane. .

Cylindrical pressure cell,

A type of hydraulic pressure cell can be made
along the lines of the cylindrical pressure cell devel-
nped by the U.8.B.M. for the measurement of the
In situ modulus of rigidity (Panck et al, 1964). The
cell consists of & copper tube which is brazed at irs
two cnds to an inner steel core. The space between
the copper sheath and the steel core is connected
to a high pressure steel tube. The cell is stid into a
borehole and the copper sheath can be expanded
by pumping fluid into the cell. The borchole
should preferably be a diamond drill hole so that
the walls of the borchole are smooth and the hole
size should be only slightly greater than the diam-
eter of the cell. If the hole diameter is not oversize
the gauge can be inflated to pressures of up to
5000 psi. The cell can be mstdlled in boreholes at
considerahle depth. For ease of installation the
borehole should be drilled oversize for all but the
last two feet. The cell should be installed immedi-
ately after drilling so that the hole will not close
and prevent ifs insertion.

The main disadvantage of this type of gauge is
that it reacts equally to stresses acting in all direc-
tions perpendicular to the borehole axis. This wiil
give rise to complications when the stresses acting
in the rock salt in a plane perpendicular to the
borehole are unequal. In such cases the measured
fluid pressures will lie somewhere in belween the
highest and lowest rock stresses.

Borehole flatjacks.

A borehole flatjack can be made quite easily by
flattening a piece of solt copper tube (Skilton,
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1868}, The onds of the copper pipe are sealed using
a silver solder whose melting point is around
1400°F. One end has a high pressure stecl iube and
@ short filling tube leading through the seal. The
gauge should be annhealed after fabrication by
heating it to 1100°F for 8 hours. The annhealing
ensures that the copper membrane will be uble Lo
expand a long way withourt splitting. The gauge can
be filled with il or ¢lycerine and should be tested
in a clamp to pressures of 4000 psi. The high pres-
sure steel tube can be either 14 inch or 1/8 inch
diameter. The large tubing has rhe virtue of being
rigid enough so that the gauge can be pushed into
the borehole using the tube. The smaller tubing
requires the use of « setiing rod for installing (he
flatjack, but it has grear flexibility and can be
coiled into a pigtail for ecase of handling. Alse the
smaller tube contains a smaller volume of hvdraulic
oil which makes the entive svslem stiffer.

The flaljack can be installed in two ways. Either
it can he grouted in place in the borehole ov it can
be encapsulated and then inflated to Bt the bore-
hole.

Grouting the flatjack in the borehole places less
rigid requirements on borehole diameter. The proe-
ess ol grouting underground is time consuming and
also time is lost waiting for the grout to cure be-
fore the cell can be pressurized. An alternative
method is to encapsulate the Hatjack in 2 evlinder
of Lumnite mortar using 2 mould. The monld
should be made from a tube the same diameter as
the borehole but the mould is split into two halves,
and the saw split is made 1/8th inch wide so that
when the mould s put together the nterior is not
circular but {lattened slightly. The flatjack is ori-
ented inside the mould so rhat its plane coincides
with the plane of the shit separating the two halves
of the mould. The width of the flatjack should be
about 18 to 1/4 Inch less than the hole diameter.
When the mortar encapsulation is hardened the
mortar in the area near the edges of the flatjack is
ground off to give the necessary borehole clear-
ance. The encapsulated flatjacks are then lightly
taped to prevent them splitting apart.

The oncapsulated cells are installed in boreholes
which are drilled oversize for all but the last two
feet. When the cell has been slid into place inside
the borehole it s milated using a hand pump. A
valve biock is nsed at the outer end of the pressure
tubing which provides a permanent connection he-
iween a pressure gange and ihe flagjack and a tem-
porary connection to the pump. The temporary
pump connection is closed off after the flatjack hay
been pressurized.

Rock Mechanics instrumentation for Salt Mining

In hard elastc 'rocl;s the pump up procedure can
be used to provide a means of calibrating the
hydraulic borehole ce !i 50 that observed fluid pres-
sure changes can be related to rock stress changes
{Sellers- to be published). Fluid pressures will not
change unless the rock stress changes. The sensitiv-
ity ol the hydraulic system depends to a large ex-
tend upen the stiffness of the system. The sutfer
the system the larger will be the cbserved {luid
pressure changes for a given rock stress change. In
order to make the system as stiff as possible it is
necessary to minimize the fluid volumes used in
the system and to ensure that the conlines of the
fluid are rigid. An ordinary Bourdon Tube type
pressure gauge is a rolatively ‘soft’ instrument in
that i requires a relatively large volume change to
actuate it. The pressure gauge can be made stilfer
by substituting a photoclastic gauge for the
Bourdon Tube type gauge. Figure 9 shows a typical
encapsulated borehole flatjack and a photoelastic
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Figure 4 Hydmolic borehole gauge,

pressure gauge. The photoelastic pressure gauge has
other advantages, one being that it is guite rugged
and because of its shape can be pushed into the
borehole out of harms way. {A pigtail on the 1/8th
inch diameter pressure tubing will facilitate this
procedure.} The photoelastic pressure pauge can
have a range of ubout 3500 psi wirth an accuracy of
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around 40 psi. [t is quite simply read by means of a
small handviewer and cap lamp.

The borehole fatjack is quite insensitive to rock
stress changes acting in a direction pavaliel to the
plane of the flatjack. For this reason the [atjack
reacts only to the rock stress changes in the direc-
tion perpendicular to the plane of the flatjack. For
complete miormation on biaxial stresses, in the
plane perpendicular to the borehole axis, it is nec-
gssary to encapsulate and install two flatjacks in
the same borehole, one hehind the other. Thus, for
instance, one flatjack could be oriented to measure
the vertical stresses in a pillar while another could
he oviented to measure the lateral confinement
stresses.

In 2 material such as rock salt the question of
gauge »siiffness is not Lloo important because
stresses in the salt cause any borehole Lo close. A
flatjack grouted inside such a borehole would expe-
rience an increasing pressure which would cause an
increase of fluid pressure inside the hydraulic sys-
tem. Bventually the [Muid pressure will build up to
a level at which it is in equilibrium with the rock
stresses. The stiffer the guuge the sooner the state
of equilibrium is reached but the actual Auid pres-
sure ar equilibrium will not be affected by the stiff-
THISS.

Usually the borchole flatjack is pressurized to
some pressure slightly greater than the estimated
rock stress. The pressuve will at tirst fall off as the
grout encapsulation beds more firmly into the rock
saft. Then as the salt continues to creep towards
the hole the pressure in the fatjack will increase
unti! equilibrium s reached, at which point creep-
ing ceases and the {Tuid pressure remains constant.

From the theory of inclusions it can be shown
that the stress inside an inclusion is close to 1.5
times the stress acling in the suwrounding host
material providing that the effective modulus of
the inclusion is at least twice that of the swrround-
ing material {Coutinho, 1949). The etfect of creep-
ing in a material is to lower its effective modulus,
(Berry & Fairhurst, 1966) such that even inclusions
with a lower effective modulus than the short term
loazding modulus of the host material will behave in
a rigid fashion after the host material has under-
gone significant amounts of creeping. From this it
can be stated that the fluid pressure observed in a
borehole flutjack will eventually stabilize to a value
approximately 1 1/2 times that of the stress acting
in the rock in a direction perpendicular to the
plane of the flajack, providing that the octahedral
shear strength of the rock is low.
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The photoelastic stressmeter.

The photoelastic stressmeter {Roberts et al,
19685) hus been used quite successfully in rocks and
concrete for the measurement of stress changes,
The stressmeter system is shown in Figure 10. The

Figure 10. Photoclastic stressmeter,

glass transducer is grouted into a borehole using an
epoxy cement. A polarized light source is arranged
to shine through the glass transducer. Stresses in
the glass give rise to interference fringes which can
be viewed from the mouth of the borehole using a
simnpie handviewer. At depths greater than 8 feet a
telescope can be used. A reflex camera and color
film ¢an be used to obtain a photographic record.
The stressmeter has been emplnyccﬁ by the anthor
to depths of 23 feet. The depth is limired only by
the ability o see the gauge.

The advantages of the stressmeter are numerous.
The gauge is accurate to around 30 psi; it is a
biaxial gauge and records the total stress field in
the plane perpendicular to the borehole axis; it is
inexpensive, durable and rugged; there is nothing at
the mouth of the horchole which can he damaged
orher than two electric wires which can be pushed
back into the borehole out of harms way; the read-
out procedure uses a simple handviewer and 6 volt
battery. Furthermore, when the stressmeter is used
in rocks with a modulus less than 3 X 10% psi, the
sensitivity of the gauge does not depend on the
modulus of the rock. This statement is true also for
rocks which exhibit creeping. In fact, m rocks
which exhibit creep the stressmeter will measure
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the absolute stress level and it will do this simply
by placing it inside a borehole in the rock and
allowing the horchole to close down on the gauge
(Hawkes, 1968},

Standard gauges have a 1 1/4 inch diamerer lor
use in bhorcholes of around 1 8/8 inch diameter.
For ease of installation the borehole should be
drilled oversize for all bur the last 18 inches, The
stressmeter should be cemenied in place as this will
accelerate the time required for the salt to creep
onto the gauge and ser up the fringe patterns.

Stressmetcr sensitivities depend on the length of
the gauge. For a standard length of 1 1/2 inches
the meter sensitivity in flowing rock salt would be
close to 300 psi per fringe and the range would be
1500 psi. For added range to 4500 psi the gauge
length would need to he 1/2 inch in which case the
sensitivity would be around 800 psi per fringe and
the accuracy would be about 50 psi.

ROCKBOLT L.OAD CELLS

Rock mechanics instrumentation also has a part
to play iIn measuring the effectiveness of rock holt
support systems. In soft rocks it is important to
know what is the maximum anchorage capacity
with each kind of rock anchor. Also it should be
delermined whether the rock bolt loads, under nor-
mal canditions, remain constant, diminish or
increase. Maximum anchorage capacity can be con-
ducted using a pull test which would eliminate un-
suitable types of anchors. The remamning anchors
which are acceptable on a short term hasis should
then be evaluated on the basis of their ability to
hold their loads over long periods. For this purpose
the bolts should be installed along with rock boelt
load cells which can monitor the loads in the bolts
from the time of their installation and thereafter.
It is important that the rock bolt load cell be rigid
so that any anchor slippage will result in the same
loss of bolt tension that would occur in a bolt
without a rock bolt load cell. Figure 11 shows two
kinds of rack boli load cells with electyonic and
photoelastic readouts. All load cells should have a
cup and dome washer to apply loads evenly to the
cells even though the bolt may not be perpendicu-
lar to the bearing surface.

The electronic type of ruck bolt load cell is the
most sensitive. One type, made by Terrametrics,
uses a strain gauged steel cvlinder, has an accuracy
of 100 lbs. This design will also permit a large
degree of eccentric loading without appreciable
loss of accuracy. The photoelastic type of rock
bolt load cell made by Heorstmann uses a thick wall
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Figure 11, Rockbolt Joad cells,

steel cylinder which is luaded acress a diameter.
The deformation of the cvlinder under loads is
measured using a photoelastic glass transducer.
This type of load cell is quite inexpensive, it has an
accuracy of about +250 lbs. It also has an advan-
tage in that the readout device is a simple polariz
ing handviewer. Rock bolt lead cells with
mechanical readouts are also available. One typé
made by Interfels of Austria uses strong cu
springs between an abutment plate and a yok
plate. Changing bolt loads cause small deflections
of the cup springs und the movement of the yok
plate relative to the abutment plate it measures
using a dial indicator. Another very simple device
the rock bolt load pad made by Goodvear; this
consists of a circular rubber disc vulcanized b
tween two circular steel plates. Changing loads i
the bolt causes varying compression of the rubb
pad, the circumference of which is measured by~
special steel measuring tape. The accuracy of th
latter type of load cell is around #1 zon. Note th
the mechanical readout load cells require co
siderable deflections in order for a reading to be:
made. The fact should be taken into account when:
estimating the behavior of bolts without such load:
cells.

INSTRUMENT APPLICATIONS

If the instrumentaiion program is to be succe
ful the goals should be clearly defined. In the f
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instance the aim should be to imvestigate com-
pletely all the stress changes and delormations at
enough locations that there can be a full under-
standing of the occurring phenomena, This will re-
quire a comprehensive array of instruments
including multiple point borchole extensometers,
borehale flagacks, stressmeters, single puoint bore-
hole extensometers, convergence rods and tape ex-
tensometer measurements. Using the information
so obtained it will then be possible to design the
instrumentation system so that the important
movements and stress changes are monitored using
the minimum of instrumentation suitably located.
Roof stability.

The question of roof stability revolves around
the magniludes of the side thrusts acting in the
rock above the openings. Instability can arise from
the side thrusts being either too large or too small,

If the lateral stresses above the opening are small
then roof stability will be improved by keeping
roof spans small. Where lateral stresses are low in
one direction then the most stable configuration of
a room and pillar mining layout will have long
rooms separated by rib pillars with the long axis of
the rooms oriented parallel to the direction of the
minimum lateral stress. Crosscuts from one room
to the next should be kept to minimum widths
consistent with requirements for maneuvering the
underground machinery. With this configuration of
rooms and pillars the maximum available lateral
stress is used to provide a clamping action in the
rock beams over the mining rooms. Where lateral
stresses arc low the ever present danger is that of a
reof fall where the unclamped roof simply drops
out from beneath a weak bedding plane or joint
plane. Often the edges of such a fall are also
bounded by inherent planes of weakness,

Theoretically a pattern of 3/4 inch rockbolts on
4 foot centers should be sblé to suspend a rock
beam of about 10 feet thick without any plastic
yielding of the bolis. In practice the thickness of
rock beam which can be suspended by such a okt
pattern is much less than this and will probably not
be any greater than 4 ft. thick. This i because n
the majority of roof bolting systems the instala.
tion procedures are erratic. Tensions on newly in-
stalled bolts may vary widely, Where bolts have
been insufficiently torgued the anchorage may. be
poor. Failure of the anchorage after installation
may cause some or all of the bolts to become
loose, Failure of the rock around the rock bolr
plate is also common especially where msufficient
care is taken In positioning the rock bolt hole in an
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arez of solid rock. All these factors mean that any
tendency for the roof 1o fall from a plane of weak-
ness intersected by the rockbelts, is resisted by
only a portion of the belts and it is possible that
the bolts may be brought to failure net in unison
but in saccession.

In situations such as these the most significant
improvements inthe efficiency of the rockbolting
system will be achieved by a rigorous enforcement
of correct. installation procedures. Efforis should
be made to ensure that the best type of anchor is
being used and that the anchorage does not detert-
orate with time. Borehisle extensometers at the
center of the roof spans: will: detect -amdd monitor
the openmg of cracks in the roof. Important road
junctions should be mstmmemed in this way. Wide
roof spans over important und{:rgmund installa-
tions will require roof bolting using Iung, hlgh
strength rock bolts. Here careful- i
procedures, the use of rock bolt I6ad cells and muI-
tiple point horehole extensometem should be- man—
datory. D

wact. The con traction in the’ reck beaﬂ'{h spannmg
the roof can be sericus The' shortening in length
can - reduce lateral ‘stresses; whicl ay” already be
danger ously low, so:{hidt their clamping or stabiliz-
ing effect on the roof Heanis'is lost: The author has
ohstrved cyclie viriatiéns in the amount‘of” roof
sagging such that the roof sags measored in the
coldest months ‘were greiter than those medsured
m the warmest months. Roof aaggmg occurred at

rare dunng"the months of ]ul} and «Xugust 'I'he
roof reaches ils. hig’m_st position during the month
ol Qctober, In the same mine, which had very low
lateral ‘stresses in one directiun, there had been a
few major roof falls in unfavorably oriented road-
ways, that is oriented at right angles to the direc-
tion of the low lateral stresses. Al of the roof faiis
occurred during the winter months.

In deep salt mines the main problem of roof
stability will be that of high lateral thrusts causing
the immediate roof to buckle downwards. Similar
stresses in the floor will give rise to floor heaving.
The lateral stresses giving rise to these phenomena
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can be measured using borehole flatjacks and
stressmeters in the roof and floor. Multiple Point
Borehole Extensometers and Single Point Borehole
Extensomcicrs will help to locate the thickness and
numbers of the deforming beds. They will aiso
measure the magnitude of the defvrmations and
monitor the extent to which rock bolling can pre-
vent or retard ihe rool buckling. {Floor heaving
might also be reduced by f{loor boltmg) A condi-
tion of instability in a roof can be inferred from
accelerating deformarions as measured by exten-
someters. Accelerations may require at least & tem-
porary abandonment of the ares or require the
instatlation of additional supporr in the form of
rock bolts or posts,

Fillar stablity.

Pillar seahility will dcpend on the magnitude of
the shearing stresses in the pillar, relative to the
shearing strength of the rock mass. In its natural
state the rock salt will most probably be subjected
to almost hydrostatic conditions, because any dif-
ferential stresses, giving rise to shear stresses, will
have been rvemoved by plastic flowing over long
pericds of time. When a pillar s formed under-
ground the lateral stresses in the pillar are removed
leaving only the vertical stresses (assuming a flat
lving salt bed). The high shearing forces so pro-
duced cause a rapid diminuation of pillar height
accompanied by a general lowering or subsidence
of the rock above the pillar. The shortening of the
pillar height occurs simultaneonsly with the dila-
tion of the pillar. This sideways extrusion of the
pillar is resisted by internal friction or the salt’s
viscosity. The resistance gives rise Lo the growth of
horizontal stresses in the pillar. These ‘confining’
stresses inerease towards the cenier of the pillar,
they reduce the shearing stresses and slow down
the rate of pillar convergence. Eventually a state of
equilibrium 1s reached at which the pillar converges
at a uniform rate. This uniform rate will depend to
a great extent upon the gize of the pillar, The larger
the pillar the less the final rate of convergence will
be. In a small pillar there will be little conlinement
so that the funal rate of convergence will remain
large.

Where pillar sizes are uniform the creeping of
the galt in the pillars will result in 2 uniform lower-
mg of the rock strata above the sult beds being
mined. But if there are large pillars and small piilars
the smaller pillars will try to converge at a laster
rate than the larger pillars. This will result in the
aradual transference of the superincumbent load to
the larger piflars. The vertical loads in the smaller
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piltars will diminish and so will the shear stresses
and convergence rutes until once again the enthe
zone is subsiding at a uniform rate. In this situa-
tton, however, there will be large distressed zones
existing in the strata, above and below the smaller
pillars. These distressed zones ihen serve as a sink
into which groundwater or gases will flow, Such
accumulation of water and gas close to the under
ground openiag would he a serious hazard. Again i
the build up of stresses in the larger pillars occurs
at a faster rate than can be dissipated by faster
rates of pillar convergence then there would be ¢
danger of very high pillar stresses and the sali
failing in a brittle fashion in the form of a rock
burst.

On the basis of the preceding analysis it s possi
ble to see that the best mine design would be one
which allows & uniform or gradually changing ratc
of pillar shortening throughout the mine, plus ¢
uniform disivibution of pillar loading. Sudder
changes in pillar size and percemtage extractior
ratiocs should be avoided. The boundaries of the
mine openings should not terminate abruptly bus
should be phased out in the form of a gradual re
duction in the percentage extracilon ratio. Mair
access roadways should not be protected by harrics
pillars on cither side but by additional roof bolting
pillar bolting and extra maintenance as required.

Percentage extraction ratios should be so choser
that the rate of pillar closure is acceptable ia ferms
of the length of :ime that the openings ure requirec
to be used. Pillar sizes should be designed to be a
lurge as possible so that for 4 given extraction ratic
the convergence vate will be a minimum, The maxi
mum pillar size will be limited bv the maximum
stable width of the openings which will have to be
wide in order that the required extraction ratio car
he obramed.

From the foregoing it should be apparent that
pillar stability is not fully determined by measuse
ments of pillar convergence of pillar dilation alone
but also reqguires a measurement of pillar loading.
Mine wide measurements will show anomalously
stressed areas which may reguire the partial mining
of certain barrier pillars or boundary pitlars, or the
creation of additional support in some areas per
haps by the use of larger pillars near some geologl
cal disturbance or by filling some abandonec
roadwavs with waste fine salt products.

Borehole flatjacks or stressmeters in or near the
center of a pillar will measure pillar stresses in hoth
vertical and horizontal directions. A stable cond
ition will be shown by constant stress levels while
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unstable conditions will be revealed by either rising
or falling stress levels, which can be interpreted in
the light of measurements of pillar convergence
and dilation in the surrounding area.

Brine well cavities.

Another application of instrumentation which is
of interest to the salt mining industry is the meas-
urement of ground movements above brine well
cavities. Figure 12 shows the use of multiple point
borehole extensometers for the measurement of
subsidence above a brine cuvity. As the cavity
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Figore 12, Tnstrumentation of o hne cavily,

grows in size, the ground above it will subside and
the zone of subsidence will enlarge. The extent of
the zone of subsidence can be measured on the
MPBX's and the approach of the subsidence zone
to the surface can be monitored and if necessary
the pumping discontinued at some time in order
not to disturb the surface. Also shown in the figure
is a Terrametric’s Shear Strip which is a device for
derecting the position of any underground fractur-
ing occastoned by tension or shear failures. [t con-
sists of two parallel printed circuit conduclors
bonded to a frangible strip. The two conductors
are connected at intervals by resistors in parallel. A
break m the circuit alters its electrical characteris-
tics. This device can be grouted into the well bore
along side the well casing,

CONCLUSIONS

Simple instrumentation techniques exist for
monitoring the stability of underground salt mines.
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H properly used these lechniques will enable the
exiraction ratio to be maximized without compro-
mising safety. They can also be used to diagnose
existing problems of mstability and monitor the
effectivencss of any corrective measures taken.

These benefits can only be realized in propor-
tion to the thoughtfulness and completeness with
which the npecessary instrument stations are located
and the care with which the measuring instruments
are insizlled and the measurements made, proc-
essed and interpreted.
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