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S SUMMARY

Violent failure of the rock surrounding underground excavations

forms a major hazard and obstacle in deep=-level mining.

It was felt that information concerning the position of these
failures in relation to the excavation and the energy released by them
could be obtained from a detailed seismic study. Such information
would form a useful addition to the knowledge and understanding

necessary to devise means of alleviating this problem.

Equipment for an underground seismic network was designed and built.,
This equipment was installed on F Shaft of East Rand Proprietary Mines,
Ltd., at a depth between 8,000 feet and 9,000 feet below surface, where
it was operated continuously over a period of six months., The foci of
all the releases of seismic cnergy in excess of lO’Z ft.~1lbs. (10lo
ergs) which occurred cver 1,000 feet of longwall face were located to
within 20 feet. The foci of the releases of seismic energy greater
than 104 ft.-1lbs. (lOll ergs) which occurred within a projected area of

8 x lO6 square feet were located to within 200 feet.

The foci of 458 bursts were located. Nearly all of these occurred
close to faces which were being worked. The data indicate that the
occurrence of bursts both in position and time is closely related to
the advance of the working faces. The workings were damaged by 7 rock-
bursts during the seismic study. These bursts radiated seismic energy

gueaterr thad 5 x lOl+ ft.-lbs. However. 187 bursts radiating energy in

excess of 5 x lOL+ fte=lbs. were detected seismically. There appear to
be no differences in energy or location between major bursts which

damage the workings and those which do not. It is suggested that the
stability of the hanging and footwall may determine the extent of the

damage caused by a burst.

Tests on specimens of quartzite, taken from the mine, under multi-
axial stresses indicate that a failure criterion for quartzite can be

represented by:
/p LB
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Py N+
where Q = the uniaxial compressive strength
(about 30,000 p.s.i)
q = a factor between 6 and 8 and

p, and p., are the maximum and minimum principal
gl 3 i A
stresses at failure.
Stress measurements made 3,000 feet bel:w the surface on the Wit~
watersrand indicate that the undisturbed vertical rock stress is equal
to the weight of the superincumbent rock and that the horizontal

stress is about one-third of the vcertical stress.

Discing of a s2lid diamond-drilled core in quartzite is shown to

occur at a minimum stress of about 17,500 p.s.i.

Considerable stress concentration was observed between 10 feet and

80 feet ahcad of an advancing longwall face.

A vertical strike section through a longwall stope shows the excav-
ation as a narrow horizontal slit. The magnitudes and directions of the
principal stresses in plane strain around such a slit in an elastic.
body subject to gravity are calculated. The encrgy release caused by
making such an opening, and the strain energy ahcad of the slit, are

calculated.

The failure criterion for quartzite indicates that failure must
occur at the edges of the slit - that is, near the face. Most of the

failure foci were located in this region.

Failures must occur in the rock around deep-level cxcavations as
mining procecds. It is suggested that the most fruitful method of
reducing the incidence of rockbursts is to devise mining techniques
which will ensure the continucus development of the failures in a
series of small events during blasting. Detailed seismic investigation
during blasting may ennble the c¢ffect of different techniques to be

mecasurede.
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1.

A STUDY OF FAILURE IN THE ROCK SURROUNDING
UNDERGROUND EXCAVATIONS

INTRODUCTION

Rock below the surface of the earth is subject to stress. In
some mining procedures, excavations are made underground, and the rock
is disturbed. Displacements of the rock occur which tend to clcse the
excavation., These displacements may damage adjacent werkings and sur-
face structures. ©Stress concentrations arise in the rock surrounding
excavations, and at depth these concentrations may be sufficient to
cause failure of the rock. Such failures are often violent in nature,

and sometimes cause loss of life and damage to the workings.

To devise mining techniques which alleviate these problems, it is
necessary to have some knowledge of the properties and behaviour of the
rock around the excavations. Many persons and organizations have been,
and are, engaged in research which illuminates . these problems. The

directions of this research, and some rcferences, are indicated below:-

l. Practical cbservations made underground in the course of mining
have been recorded and analyzed (Leeman, 1958; Prctorius, 1958).

2. Rock movement and surface subsidence around excavations have been
measured and analyzed (Brown, 1959; Barcza, ven Willich, 1958),

3+ Stress: and strain measurements have been made in boreholes,
drilled from the excavation, to determine the stress changes
-caused by the excavation and the original stress existing in the
rock (Cumpsty, 1954; Hast, 1958; Leeman, 1960; Mohr, 1956;
Pctts, 1955).

Lk, Some of the mechanical properties of rock have been determined in
laboratory tests (Denkhaus, Roux, Grobbelaar, 1958; Jaeger,
1959; Robertson, 1955).

5. The stress distributions and failures around excavations of
various shapes have been analyzed mathematically, and with the
aid of models (Berry, 1960; Berry, Sales, 1960; 1961; Denkhaus,
1958; Hoek, 1961).

/6e ceee
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6. The propagation of sonic and ultra sonic waves in the rock

around an excavation has been studied in attempts to

determine the extent of fracturing and the stresses existing

in the rock (Lutch, Szendrei, 1958; Iutch, 1959; Szendrei,

Lochner, 1958).,

7. Selsmic waves radiating from failures in the rock have been
studied in attempts to relate the rate of seismic activity

to major failures (Kundorf, Rotter, 1961; F.K.O. Memorandum

No. 30, 1959).

This research has confirmed a general picture in which considerable
stress concentrations arise in the solid rock surrounding an excav-
ation. The analysis of rock displacement, and support in the
excavation, seems in many instances sufficiently well understood to
be used in the design of mine workings and techniques. If the stress
concentrations are sufficient, the rock immediately around an excav-
ation is fractured. The positions of the failures produced by an
excavation, and hence the limits of the fracture zone, are not well
established. The region in which failures are likely to occur can,
to some extent, be estimated from the stresses and properties of the
rock, but the data are insufficient to understand these failure

mechanicms, and to suggest means of alleviating the problems created

by violent rock failure.

The rocks of the Witwatersrand System cousist, broadly, of
alternating groups of argillaceods and arenaceous scdiments. The gold-
bearing reefs in the vicinity of Johanaesburg dip southwards at angles
of about 4o° and are mined to depths extending to 11,000 feet below
the surface (Hamilton and Cooke, 1954, pp. 180-190). Most of the
excavations are surrounded by quartzite which is relatively rigid and
the problems arising from rock displacement and surface subsidence
caused by deep excavations have not been acute. However, as the depth
below the surface increases so do the stresses, and the problem of
violent rock failure is serious. On the Witwatersrand these failures
are sometimes felt on the surface as 'fearth tremors', and sometimes

noticed in the underground workings as ‘‘rockbursts''.

Fi e
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In 1939, a network of mechanical seismometcrs was used by the
Bernard Price Institute of Geophysical Research to locate the origins
of the carth tremors on the Witwatersrand, All the origins were found
+0 be close to mining excavations. The average seismic energy radiated
by the 25 largest tremors was found to be between 1017 ergs and 1018

ergs (Gane, Hnles, Oliver, 1946).

The Bernard Price Institute uses a network of surface seismometers
on the Witwatersrand, linked by 40 Mc/s radic transmitters and
receivers to a tape delay unit and high speed photographic recorder at
the Institute, to locate the origin of tremors. This location is
accurate to 2,000 feet, and is used for studies of crustal structure in
which the seismic waves radiating from the tremors are detected at

points remote from their origin,

This location equipment was used on the surface at one mine to
improve the location accuracy to 200 fect. The larger relcases of energy
which occurred in one month on that mine were located and found to be

close to the mine workings (Gane, Seligman, Stephen, 1952).

It was felt that a more accurate study of the position of failures
in relation to the excavation, and of the energy released by them might
lead to a better understanding of the mechanism of rock failure. Such
additional understanding of the actual failures seemed necessary to
evaluate and devise different methods of reducing the hazards of rock=-

bursts in mining.

The accuracy of seismic location is limited by the precision with
which the times of arrival at the seismometers of the seismic waves
radiating from the failure can be determined and by the accuracy with
which the velocities of propagation are known. High frequency atten=-
uation of seismic waves in rock increases the rise-time of the initial
seismic pulse radiating from a failure, reducing the accuracy with
which the times of arrival can be determined. High frequency atten-
uation can be considerably reduced by decreasing the lengths of the
seismic paths between the failure and the seismometers (See Appendix

I SO
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A.l). The velocities of propagation are not everywhere the same, and
reducing the lengths of the seismic paths reduces the uncertainty in

the knowledze of the velocities of propagation. Therefore it was
decided that the accuracy of location could be improved by installing
many seismomcters underground closely around the region in which the
failures were to, be located. So as to obtain other information about
the failures, particularly the energy radiated from them, it was decided
that a graphical record of the output of each seismometer must

ultimately be available so that a full analysis could be made.

To interpret the results of the seismic location it was necessary
to have some knowledge of the properties of the rock and of the stress
distribution around the excavation. The information available was not
sufficient to establish a failure criterion for quartzite. Thercfore
some experiments under different multi-axial stress conditions were per-
formed to establish some of the failure characteristics of the quartzite
around the excavation. Stress measurements were made underground, to
determine the stress in the rock, and further information about the

stresses around an excavation was obtained from diamond drilling.

A theorctical model, based on the mathematical theory of elas-
ticity and the concept of the support of the fractured rock immediately
around the excavation, has been dcveloped to describe the failure and
stability of rock around the excavation. In many respcects this model
is consistent with the experimental results obtainecd. It appears that
the occurrence of rockbursts is closely related to face advance and that
the technique of face advance offers the most promising tool with which
to reduce the hazard of rockbursts. Detailed seismic analysis during
blasting is suggested as a means of measuring the effectiveness of
different mining techniques. It is suggcsted that the behaviour of the
fractured rock around the excavation should be studied in greater
detail, to assess its effect on the damage caused to the workings by a

rockburst.

/PART.'..



PART I THE SEISMIC LOCATION OF FAILURE FOCI

l. 1 Equipment
It was anticipated that the seismometer networkvwould embrace a
region a few thousand feet in dimensions around an excavation. As it
is not possible to predict when a failure will occur, it is necessary
to record the seismometer outputs continuously. It was envisaged that
such continuous recording would have to be of a few months' duration,
s0 as to obtain a comprehensive picture of the development of the

failures.

Some preliminary seismic records were obtaincd from 64 level pre-
developed drive, East Rand Proprietary Mines, Ltd., The output of a
single 7.5 c.p.s. seismomcter was recorded at three differcat sen-
sitivities and slow speed on a Bernard Price Institute field oscillo-
graph. These records indicated that there were up to a hundred
detectable seismic events per day and the ratio between the energy
radiated by the largest and smallest events exceeded 106. A large

proportion of the cnergy was radiated between 10 c.p.s. aud 50 c.pes.

Continuous rccording of the seismomcter outputs on long lengths of
megnetic tape was selected as being most suitable. It is relatively
easy to handle magnetic tape, and to operate a tape recorder, under-
ground. The seismometers could therefore be connected direct to a
multi-channel tape recorder opcrating underground. By using a number
of tapes, it is possible to store the complete records for a few weeks,

so that they can be referred to for any further information.

Direct recording of the seismomcter outputs on to photographic
paper has been suggested as a suitable system for a detailed examination
of the failures which occur during a short period of time at and

immediately after blasting. A magnetic tape delay unit, operating in

/conjunction....
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conjunction with a high-speed photographic recorder, is probably the
most suitalile system with which to obtain seismic records of major

failures soon after they have occurrcd.

Pigure 1.1 is a block diagram of the recording system adopted for

a continuous seismic examination of a region around an excavation.

Small electro-magnetic seismometers suitable for use underground
were obtained commercially. These seismometers are seusitive to
motion along one axis, which may be either vertical or horizontal.

The natural frequency of the vertical seismometers is 14 c.p.s., and
that of the horizontal sc¢isuwomcters is 7 c.p.s. The output and
frequency response of the seismometers were checked. Twa scismometers
were clamped together and mounted on a low frequency suspension, free

to move along the axis of the seismometers. One scismometer was

driven by a low frequency signal generator, and the output of the

other seismomcter was measured on an oscilloscope. The amplitude of
vibration of the seismometers was mecasured with an optical lever.

Within the limits of this calibration, i 10/, the manufacturers'
sensitivity was found to be correct.Figure .2 shows the response of the

seismometers as they were used underground.

A sixteen-channel oscillograph which could record at a paper
speed of 20 inches/second was available. The natural frequency of the
recording galvanometers is 70 c.p.s. aad their®.C. sensitivity is

«5 mm/ micro-amp.

The tape recorder had to fulfil the following requirements:-

a) It must record continuously the outputs of at lcast six
seismometers.

b) It must record a dgmanic range of lO3 corresponding to an
encrgy ratio of 107, for each seismometer.

¢) Times of 1 millisecond must be resolved to obtain the desired
location accuracy.

Jd) s an
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d) Each spool of tape must last 24 hours as it is only possible
to change the tape once per day.

¢) It must operate reliably over long periods of time, in
nearly saturated conditions and temperatures of 100~ F.,
encountered underground.

No suitable tape recorder was available, so one was designed and

built,

The largest convenient length of magnetic tape available was
5000 fect. This is accommodated on a lh-inch diameter spool. Two
eight-channel heads can be interlcaved to record 16 channels on a tape
1 inch wide. If 5000 feet of tape is to last 24 hours, it must be
recorded at less than .7 inches/second. The gap width obtainable on
the recording heads was 0.0003 inches. This speed and gap set the upper
limit' of the frequencies which can be recorded and replayed at about
a kilocycle. The lowest frequency which can be recorded and replayed
is the frequency at which the tape signal becomes equal to the tape

noisec.

Much of the seismic energy is radiated between 10 c.p.s. and 50
C.pes» It was therefore desirable to record these frequencies satis-
factorily. It was also necessary to record frequencies of several
hundred cycles per seccond so that the times of arrival of the seismic
waves at the seismometers could be read to one millisecond. The tape
output during replay can be incrcased by replaying faster than the
recording speed. However, the frequency response of the oscillograph

galvanometers set a limit to this increase in tape replay speed.

Some experiments showed that, using direct recording and D.C.
biasing at .65 inches/sccond and replaying four times as fast, it was
possible to record and transcribe on to photographic paper signais
between 10 c.p.s. and 300 c.p.s. with this bandwidth the dynamic

range at 25 c.p.s. is slightly greater than 30, decreasing to about 10

e
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at 10 c.p.s. To accomplish this, careful attention was paid to
reducing the noise of the replay amplifiers below the tape noise.

(Sacks, 1957, and Appendix A 2 for circuit diagram).

By using two channels of different scnsitivities, it is possible

to record a dynamic range of 103 under these conditions,

A.C. biﬂsih‘ reduces the unrccorded tape noise, but was not used
because of the additional electronic complication. Apart from this,
the above system makes use of most of the dynamic range and frequency
response available on the tape. No system can be better than one
which uses the full dynamic range and frequency response direct. Tape
transport stability at low recording speed is unlikely to be better
than 2%. This is the stability of the centre frequency in a frequency-
modulated system, and limits the dynamic range of such a system to 50.
In addition, the equation of' a frequency-modulated sine wave can be
cxpressed as a serics of Bessel functions (Terman, 1943, p. 578), and
the frcquencies present are Wb, wr2b, ete., where W is the centre
frequency and b is the modulating frequency. Side bands of the order
of the modulation index are important. A larger frequency range is
necessary to accommodate a frequency-modulated signal than is neces-
sary to accommodate an amplitude-modulnted signal, and in each case
the modulated signal occupies a larger frequency range than the
original signal. Frequency modulation with a centre frequency of 700
CePeSe, excursions of i 700 c.pes. and a modulation index between 70
at 10 c.pss. and 1.4 at 500 c.p.s. would give a result comparable with
that obtained with direct recording limited at the high frequency cnd
by the galvanometer response. Amplitude modulation of a high frequency
can be used in conjunction with the direct recording amplificrs to

record frequencies below 10 c.p.s.

T ICevee
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The seismometer output at frequencies above its natural frequency
is proportional to the sdismic particle velocity, This is used to com-
pute the radinted seismic cnergy. The frequency response of some of
the recording amplifiers was arranged to be flat over those frequencies
in which most of the seismic cnergy is radiated. This facilitates
record reading, as it is only necessary to read the amplitude in order
to calculate the radiated energy. Most of the background noise and
electrical pick up in the mine occurs at and below 50 c.p.s. Some of
the recording amplifiers were desicued to emphasize frequencies higher
thsn this, so as to reduce the noise and increase the accuracy with
which the arrivals of the seismic waves at the scismometers could be
determined. The circuit diagram and frequency response curves of the

recording amplificrs are shown in Appendix A2.

Each seismomcter is connected to two amplificrs, the sensitivities
of which differ by 30. The most sensitive amplifier emphasizes the high
irequencics. ISach of these channels forms one trace on the oscillo~
graph record and the limited dynamic range of each trace facilitates

rcading the rcecords.

The whole system is calibrated from time to time by applying a
signal of constant amplitude and varying frequency to thc recorder
input, and measuring the amplitudc of this signnl ofter is has been
transcribed on to photographic paper. Figure 1. % shows the over-all

frequency recsponse of the recording system,

During replay, thc recorded tape is scanned by trigger circuits
(Sece A _pendix A 2 for circuit diagram), beforc it passes the replay
heads. Signals excecding sclccted levels cause this circuit to switch
on the oscillograph and transcribe on to photographic papcr the seismic

signals from that portion of the record.

[Atesse
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At the conclusion of each separate transcription, the photographic
record is exposed to the face of an electric clock coupled to the
replay deck, s. that the time at which any event occurred can be

determined.

Figure l.4 shows the underground recorder, which is enclosed in a
robust waterpr. f box for protection. In the Figure, the 1lid of the
box is open, to give access to the amplifiers. Sixteen input plugs, one
for each channecl, can be seen on the front panel. Four octal plugs can
be seen in the middle of the front panel. Jumpers can be connected
between these to couple the amplifiers together in any fashion. One of
the 16 channels is used to record 50 c.p.s., which is used as a check
on the speed stability of the system. A calibrated 50 c.p.s. signal
can be switched to each amplifier to check its operation. Each
amplifier is built on to a printed circuit and is connected by a single
octal plug 16 ~mplifiers and four spares are mounted on a tray in the

bottom of the box, which may be slid out for servicing.

The deck runs off 220 volts A.C. This is fed to the motors through
a transformer, and to a trickle charger to charge an accumulator used
to supply high tension for the transistorized electronicse. The power
consumption of the whole deck is only 40 watts. However, as it is
designed to run at ambient temperatures up to 120" F., copper tubes,
through which ccoling water may be circulated, are built into the box.
A photo-electric cut-cut is arranged to switch the recorder off when

the tape is finished.

Figure 1.5 shows the tape transport and heads of the replay deck,
which is very similar to the recording deck. The tape moves from left

to right across the deck.

FA snex
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1l is a guide roller, used to align accurately the height of the
tape as it comes off the tape spool., The tape is pressed against this
roller by a spring-loaded felt pad. All the other guides are stationary

stainless-steel pillars.

2 is a drag roller on to which the tape is pinched by the rubber
roller immediately behind it. This drag roller has a torque applied in
a reverse dircction to the transport of the tape by a high-starting
torque induction motor. The drag rollers apply a uniform tension to

the tape throughout the periods of rccording and replaying.

7 is the drive spindle on to which the tape is pinched by a rubber
roller. The drive spindle is attached to a 15 1lb. flywhcel which is

driven by a flat belt from a 750 r.p.m. synchronous induction motor.

Torque is applicd to the take-up rcel by a high-starting torque
induction motor. The torque on the take-up recel is virtually constant,
therefore the stacking tension is higher on the inside of the stacked
spool than on the outside. This assists in uniform stacking of the

tape.

L is a lever which switches off the tape motors and opens the

pinch rollers.

5 is a scanning head which fecds the signals on the tape to a

trigger circuit before they cross the replay hcads.

% is a hcad which is not in contact with the tape and is used
to cancel any triggering which might occur, due to stray pick-up in

the trigger head.
6 are the two cight-channel interleaved replay heads.
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TAPE TRANSPORT AND HEADS OF THE REPLAY DECK

FIGURE 1. 5

is a guide roller
is a drag roller
is a cancellation hch
is a lever which switches off the tape motors and opens the
pinch rollers
is a scanning head
re two cight-channel interleaved replay heads

is the drive spindle
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The drive spindle, the drag roller and heads are all accurately
mounted on a heavy guametal casting so as to ensure stable and
accurate alignment., Iach head is secparately mounted on = base plate
which can be moved by an eccentric, so as to change the position of
the head by small amounts along the lensth of the tape. The distance
between the heads on the record aznd replay decks is adjusted with
these eccentrics so that a signal recorded simultaieously on all the
chaniucls comes off all the chanunels simultancously when transcribed.
In practice, the alignment of the gaps in e¢ach head is not sufficiently
accurate for this to be done, and a small correction has to be applied

when reading the rccords.

Many of the components are made from stainless steel, and most of
those which are not are cadmium-plated. All the rotating components

are mounted on ball-bearings.

The transport system is somewhat elaborate, but this is necessary
to ensure accurate and stable tracking of a wide tape at low recording

specds.

The maximum peak-to-pcnk varintion is 2% in the speed of a tape
recorded on onc¢ deck and playcd back four times as fast on the other
deck. This speced stability is cxpressed as the ratio of maxiumm peak
fluctuation of the instantaneous tape speed to the average speed.

The instantancous speed was measured as the mean speed over an inter-

val of 2.5 milliseconds ‘during, replay.

Figurc 1. 6 shows the replay arrangements.

1 is the replay deck.
2 is the 1l6~channel r.cording oscillograph.

3 is a dual=-trace oscilloscope used to monitor the outputs of
the replay amplifiers.

4 is a three-channel, slow-spced oscillograph, which was sometimes
uged to meke continuous records of portions of magnetic tape

records.

/5 ecoee
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REPLAY ARRANGEMENTS

FIGURE 1.5

is the replay deck

is the 1l6-channel recording oscillog.aph

is a dual-trace oscilloscope

is a three-channel oscillograph for continuous recording

is a fast-wind deck.
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5 is a fast-wind deck, designed to handle long lengths of magnetic
tape. Tape can be wound in eithcer direction on this deck and it takes
three minutes to transfer 5,000 feet of tape from one spool of tape to
the other. The accelerating and braking forces are supplicd eatirely

by electric motors, which are connected to each spool.

l. 2 The Seismic Network on F Shaft East Rand Proprietary Mines, Ltd.

a) The Seismometer Network
Figure 1. 7 is a Plan of the underground workings of East Rand
Proprictary Mines, Ltd., and Figure 1. 8 is an Elevation of the

same mine,

It vas decided that it would be most uécful to investigate a
region cmbracing about a 1,000 feet of longwall face in which rock-

bursts were known to occur frequently.

In consultation with the Management of East Rand Proprictary Mines,
Ltd., it was decided that the top portion of the East longwall of
F Shaft was the most suitable site for this investigation. This

area has a consistent history of rockbursts.

It is known that the rock immediately surrounding a mining excavation
is fractured. The velocitics of propagation of the seismic waves

in this rock are different from those in the solid rock. To avoid

the uncertaintics of the propagation of seismic waves through the

fractured rock, it was hoped that the seismometers could be

installed in the solid rock ahead of the excavation. Originally,

it was planned to instal seismometers in pre-developed drives

ahcad of the excavation. These pre-developed drives are very

susceptible to failure, and no site with pre-developed drives was

available. It was thereforc decided that the seismometcers should

SPeesss
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be installed in the ends of holes diamond-~drilled into the solid
from the excavation. Some of these holes were 200 fect long, and
it was necessary to instal the seismometcr in the back of them in

such a way that it would detect tle smallest rock movements.,

Figure l. 9 shows the mechanism dcveloped to instal the scismometer

in the back of long holes.

1l is a split torpedo, to one half of which the seismometer is
rigidly attached. The two halves of this torpedo are forced apart
by springs. When installed in the hole in the rock, the two halves
push against the sides of the hole. The axis along which the
seismometer is sensitive to motion is parallel to the axis of the
hole in the rock. The frictional force connecting the torpedo and
seismomcter to the sides of the hole is equal to seven times the

weighf of the assembly.

The diamond-drilled holes pass through fractured -ock, and it is
not possible to slide thec torpedo past cracks across the hole whilst
the two halves are forced apart. The torpedo has, thereiore, to be

held together whilst the seismometer is being installed.

2 is a two-inch diamecter tube which contains the torpedo whilst

it is being inserted into the hole.

3 is a piston which fits in the containing tube behind the torpedo.

The containing tube is screwed to 10-~Ffoot lengths of steam pipe

which arc used to push the assembly to the back of the hole.

The seismometer cable passes through the piston, through the con-
taining tube and down the stcam pipe to the collar of the hole. '"O"
rings seal the joints between the piston and the seismometer cable,

and the piston and the containing tube.

/MACHANISM. ...



MECHANISM FOR INSTALLING THE SEISMOMETER IN THE BACK OF ILONG HOLES

FIGURE 1. 9

l. The seismometer and mounting torpedo
2. Containing tube

3+ The ejection piston
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When the assembly has been pushed to the back of the hole, it is
withdrawn a foot or two. Water under pressure is then pumped down
the steam pipe to force the piston and split torpedo out of the
containing tube. As the torpedo emerges from the tube, it springs
apart and attacﬁes the seismometer to the sides of the hole. The
steam pipe and the containing tube are then withdrawn a short
distance so as not to interfere with the seismometer. The steam
pipe remains in the hole to protect the cable against damage due to
failure of portions of the hole. The rest of the cable from the

seismomcter to the recorder is protected by electric conduit piping.

All the seismometers on the F Shaft site were successfully installed

with this technique.

The positions of the seismometers and the details of the region
in which locations were made are shown in the Plan, Figure 1. 11
(page 37), and the Section, looking West, Figure 1.12 (page 38), of

a portion of F. and G. longwalls, East Rand Proprietary Mines, Ltd.

Two horizontal seismometers, 58H and 60H, wcre installed in the
ends of 200~foot holes drilled horizontally ahead of the face from
the footwall drives. 57H is a horizontal seismometer installed in

the end of a hole drilled from 57 rcef drive.

Two vertical scismometers, 58R and 60R, were installed in the ends
of 100-foot holes, drilled vertically into the hanging from reef
drives on 58 and 60 levels respectively. 57R is a vertical seis-
mometer installed in the end of a 150-foot hole drilled vertically

into the hanging from 57 reef drive.

58V is a vertical seismometcr inctalled in the bottom of a 100~
foot hole, drilled vertically into the footwall from 58 footwall
drive. 60V is a vertical seismometer installed in the footwall

from 60 footwall drive.

Aoy s
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The horizontal scismometers 57H and 60H are ap_ roximately at right-
angles to oneanother. It is therefore possible to determine
amplitude of the seismic waves along threce perpendicular axes,

using these two seismomcters and the vertical seismometers.

The Determination of the Velecities of Propagation

The velocities of propagation of seismic waves in the rock around

the excavation were measured as follows:-

Two or threc pounds of cxplosive were detonated in a hole drilled
into the face. The position of this hole was known. The instant
of detonation, and the arrival at the seismometers of the seismic
waves radiating from the cxplosion, were recorded on the magnetic
tape. The lecngths of the seismic paths from the point of detonation

to the seismometers werc determined.,

These lengths, and the time taken for the waves to travel from the
origin of the explosion to the seismometers, were used to compute
the average velocities of propagation over those paths. In the
first attempts to do this, the shot was detonated electrically. The
instant of detonation was measured by the interruption of a current
flowing in a wire wrapped around the explosive. This method was
not successful because the voltage from the el¢ctric exploder
generated an earth current which swamped the amplifiers. Subse-
quently, these calibration shots were successfully detonated with

a conventional fuse. The instant of detonation was measured by
recording the output of a seismometer placed within 10 feet of the
charge. Allowance was made for the travel time between the shot

and this scismometer.

Three calibrations were done with this method at points along the
face between 57 and 60 levels on the East longwall of F Shaft. A
fourth calibration wes done by exploding a charge on the West
longwall of G Shaft.

Pt - PO
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The position of the shot was determined to an accuracy of + 10
feet, and the seismic travel times werc determined to + 1
millisec. Therefore, when the path length excecded 500 feet the
average velocity of propagation over the path.could be determined

to + 5%

In three shots on F Shaft, nine values of the velocity of propag-
ation of P waves from points along the face to the seismometers
with an accuracy better than + 5% were obtained. The 90% confidence
limits, determined from these, using Student's distribution, were

18.1 ftymillisec. and 18.9 ftymillisec.

The average velocities obtained for 22 different paths from these

shots are shown in Table 1. 1.

In gencral, the velocities over paths which traversed the immediate
footwall tended to be low and those which traversed the more solid
rock ahead of the face tended to be high. However, the velocities
over different paths similarly situated with respect to the
excavation differed by as much as 2 ft/millisec. As the rock
around the excavation is reasonnbly uniform, the velocity depends
largely on the extent to which the rock is fractured. The extent
of the fracturing changes as mining proceeds, and it is not possible
to ascribe precise velocities to all the different paths. There-
fore, a mean value of 18.5 .t./millisec. was uscd as the velocity
of propagation of P waves in the vicinify of the seismometer net-
work. The positions of the paths can be seen during location and
suitable corrcctions to this vclocity because of the position of

the path can be made.

A fourth calibration on G Shaft showed that the 90% confidence
limits for the velocity of propagation of P waves through the solid
rock betwen the two Shafts were 20.1 ft/millisec. and 20.9

ft/millisec.
/The..on
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TABLE 1. 1

VELOCITY CALIBRATIONS

Date: 20/12/60

Position: 5 feet ahead of the face: 15 feet South of 60 Reef Drive

SEISMOMETERS PATH LENGTH TRAVEL TIME VELOCITIES IN FT/

( FEET) (MILLISECS.) MILLISEC.
S57H 850 45 18.9 + .6
58R 660 5 18.8 + .7
58H 670 36 18.6 + .8
60V 200 12 16.7 + 2.0
58V 640 39 16.4 + .6
60R 180 10 18.0 + 2.5
60H 12C 9 13.4 + 2.4

Date: 18/1/61

Position: 5 feet ahead of face: 40 feet South of 57 Reef Drive.

SEISMOMETERS PATH LENGTH TRAVEL TIME VELOCITIES IN FT/

(FEET) (MILLISECS) . MILLISEC.
S7H 330 18 18.4 + 1.5
5S8R 210 11 19.1 + 2.4
58H 150 7 21.b4 + 2.9
60V 690 37 18.6 + .7
58V 250 16 15.7 + 1.5
60R 730 Lo 18.3 + .7
60H 690 38 18.2 + .7




Date: 8/3/61

Position: 5 feet ahead of face: 25 feet South of 59 Recf Drive.

SEISMOMETERS PATH LENGTH TRAVEL TIME VELOCITIES IN FT/

(FEET) (MILLISECS.) MILLISEC.

S57H 560 31 18.1 + .9

58R 340 A7 20.0 + 1.6
58V 310 16 19.4 + 1.7
60V 250 13 19.3 + 2.0
58H 330 19 17.4 + 1.4
60R 300 14 21.5 + 2.2
57R 710 35 20.2 + .6
60H 230 11 20.9 + 2.5
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The shots did not gencrate a noticeable S wave, so that it was
not possible to measure the velocity of propagation of S waves
direct. However, the Poisson's ratio, S for quartzite is
about 0.15, and this was used to calculate the velocity of

propagation of S waves.

C.=Cf1l -2 = 13 ft/millisec.,
(Timoshenko 1934 eqiie 259 p.398)

where (¢

p= 20,5 ft/millisec.

Location

Assume that seismic waves propagate with uniform velocity in

straight lincs from the focus to the seismometers.

Let a system of rectangular co-ordinates, x, y, z, define any
voint in the rock. Seismomcters are situated at points x, Y, 2,
9 k] |

where n = 1, 2....m and m = total number of seismometers.

If a failure occurs at a point, x,y,z, then the length of the

seismic path between the focus and seismometer 1 is:-

/(x %)% (- )2 + (2 gl (1)

If the time of arrival of both the P and the S waves can be

determined for each seismomcter, the distance, ry is:-

=
=
n
=

(2).

|-
!
|-

Q
n

(]
g

where (tlS - th) is the difference in the times of arrival of

the S and P waves respcctively, and CS and CP are the velocities of

propagation of S and P waves.
When m = 3, three equations of thc type of (2) are obtained.
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Using equation 1, these may be written in terms of x, y, z, and
solved to determine two possible positions of the focus.
symmetrical about the plane of the three seismometers. A fourth
seismometer outside the plane of the other three is necessary to

resolve this ambiguity.

If the times of arrival of the P waves only can be determined, the
following analysis can be used. The time taken for the P waves to

travel from the focus to scismometer 1 is:-

T (3)

'he difference between the times of arrival at seismometers 1
and o is

LIPS e i (&)

when m = 4, three equations of the t pc of 4 are obtained. These
equations may be written in terms of x, y, 2z, using equations 3 and

1l to find the focus.

Again, one of the scvismomcters must lie outside the plane of the

other three.

The co-ordinates of any focus can be computed using the above
equations. Such computation is laborious, and for this reason a

mechanical device wns developed to locate the foci.

The locator consists of a spatial scale model of the seismometer
network., The seismic paths betw.en the focus and the seismometers
are represcnted in position and length by strings emerging from the
positions of the seismometers. The locator, therefore, represents
graphically the seismic paths. The times of arrival of the

scismic waves at the seismometcers are converted to distances. These
distances are set up on the locator to obtain a three-dimensional

graphical solution to the above equations.

/Figure....
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Figure 1. 10 shows the locator for the F Shaft seismomefer network.
The positions of the seismometcers correspond to the ends of the
tubes extending downwards from the base-boarde The perspex

shcet represents a portion of the stope extending back from the
face towards the shaft. String can be pulled out from each tube,
to represent a seismic path. This string runs over some pulleys
and is kecpt under tension by the weights hanging against the wall.
The length of string pulled out from cach tube is measuredby the
movement of a paper clip attached to the string across a graduated

scale on the wall, each division of which is cquivalent to 20 fect.

When the times of both the P and the S arrivals can be determined,
the seismic path lengths can be calculated. These lengths can be
set up for each seismometer on the paper clips of the locator. The
strings can be pulled out by this distance and arranged to meet in

a point, the focus.

The paper clips will then all line up on the datum from which the

path lengths were measured.

If the times of arrival of only the P waves can be determined,

only the differences in the seismic path lengths can be calculated;:
to locate a focus these differences are set up on the paper clips
of the locator. The ends of all the strings are joined to a
common point which is moved about until the paper clips line up.
This point is the focus, and the extensions of the strings arc, to
scale, the total seismic path lengths. The paper clips line up

in what corresponds to the 'time of origin' position. The co-
ordinates of the focus are measured from each wall and the floor

with a graduated scale.

The graphical locator has many advantages:-

/THE.. .
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FIGURE 1. 10
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(i) It is rapid touse.

(ii) The position and length of the seismic path, and the
angle at which it approaches the seismometer can be seen.

(iii) Any correction to the assumcd velocity, because of the
position of the seismic path, can readily be made.

(iv) The locator automatically precludes paths from passing
through the excavation.

(v) It is casy to see when and where an error hns been made in
determining a time of arrival,

(vi) The scatter in the best line-up of the paper clips enables
the accuracy of each location to be estimated.

To check the accuracy of location, the co-ordinates of the foci of
the three velocity calibration shots were found, using the locator
and the mean velocity of 18.5 ft/milliscc. The co-ordinates
determined in this way wcre comyared with the known co-ordinates of
the shots. The 90% confidence limits of location, using Student's
distribution, were found from thec differences between these two

scts of co-ordinates to be + 16 feek.

Results obtained from the Seismic Network on F Shaft

1. 3 The

a)

General

The installation of the¢ equipment on F Shaft was started in August,
1960, and by November sufficient seismometcrs had been installed

to enable locations to be made. Originally it had been planned to
sample only a few days each week. However, it soon became apparent
that it could not be assumed that the seismometers and cables
would remain undamaged for long periods, and that many failures
other than those reported by the mine occurred. So as to obtain a
comprehensive picture of the development of the failures, and to
make full use of thc ecquipment whilst it remained operative, it

was decided to record continuously every day, and to transcribe

all these rccords.

/Continuousesees
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Continuous recording and transcription was started on 13th January,
1961, and was continued until 30th June, 1961. The duration of
this period was 4,060 hours, during 2,280 of which recordings were
made. On some days it was not possible to change the recording
tapes, nnd other records were lost because of damaged seismometer
cables, power failures and faulty magnetic tape.

The Location of Failure Foci and the Seismic Energy Radiated from
the Failures.

The seismometer network was planned to locate only the foci of
those failures which occurred within the nctwork. The lengths of
the seismic paths from the failures to the seismometers in this
region are less than 1,000 fect. Over paths of this length, the
separation in the times of arrival of thé P and S waves is less
than their period, 2nd it is not possible to distinguish the S
arrival clecarly. The location in this region has, therefore, to be
done on the basis of the times of arrival at the seismometers of

the P waves only.,

The accuracy with which the time of arrival of the initial seismic
pulse can be determincd is set by the rise-time and the ampli-
fication. ~ With high frequency emphasis and an amplification of

5 x ZLOL+ cn the sensitive channels, it was possible to read the

times of arrival of the P waves to cne millisecond.

The failures from which the seismic waves radiate occur across
areas from a few square fect to hundreds of square feet. The
precise location of ¢ach focus depends upon the points from which
the first wave to recach each seismometer radiated. Presumably the
failure progresses at a speed at or less than the P velocity. In
this case, the first pulse to arrive at cach seismometer originates

at the start of the failure. If the first pulse is smaller than

/subsequentes.s
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subsequent waves, it may be too attcnuated to be detected at the
seismometer. In this event, the first pulse to arrive at close
and distant seismometers might not have originated at the same

point.

A continuous recorder and seismic network designed to locate all
the foci within a large region is necessarily limited in
frequency responses and resolution. It is therefore not suitable

for a detailed analysis of the progression of a failure. The

failure foci located by this nctwork are therefore points close to,

and are probably the start of, each failure.

It was found that failure foci on the West side pf G Shaft could
be located with reduced accuracy. The length of the seismic
paths for failures in this region was zbout 2,000 feet., Although
the period of the S waves and the intcrval between the P and S
arrivals werc both about 50 milliseconds, it was possible to
determine the P - S interval to within 5 milliseconds. The
locations in this region are, thercfore, accurate to only about

200 feet.

Bursts'', or sudden rcleases of seismic energy, were selected from
each magnetic tape record for transcription on to photographic
paper. The trigger circuit was set to select all those cvents
within the seismometer network radiating seismic energy in excess
of lO3 1ft.-1bs. . This appcared to be roughly the seismic
cnergy radiated by a pound of dynamite. It was the smallest
burst which could be detected above the background ncise on
sufficient seismometcrs for location. With this sensitivity,
nearly all the shots which occurred during blasting of the face

were transcribed. This was done for only ten days, so as to

Jobtain. e
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obtain a picture of 2ll the events during blasting. The remaining
records were transcribed with a lower trigger sensitivity during

blasting, so as to sclect only the larger bursts during that time.

With this triggering arrangement, about twenty bursts were trans-
cribed each day, of which an average of seven occurred within the
location region. Continuous transcription of portions of the
magnetic tapes indicated that some qu minor bursts radiating cnergy

less then 107 it.=lbs. occur each day.

The location of each transcribed burst was found and the co-
ordinates of those foci falling within the location region were
determined. The position in plan of each focus is plotted as the
centre of a circle in Figure 1l.1ll. The elevations of those foci
within thc seismometer nctwork are plotted as the centres of the
circles in Figure l.12. The diameters of the circles represent to
an approximatcely logarithmic scale, as shown in the rcference of
Figure 1l.12, the seismic energy radiated between 15 c.p.s. and

I BOSe Diis.

Seismic energy radiated between 15 c.p.s. aind 300 c.p.s. was
recorded on the oscillograph records. Most of the energy in the

larger bursts was radiated at about 20 c.p.s.

The amplitudes of the seismic waves detected by the scismometers
varied inversely as the distance from the focus to the scisuometers,
indicating that the seismic waves radiated from a limited region

not exceeding a few hundred feet around the focus.

Assuming that the seismic encrgy crossing a sphere of radius
r, with the focus as its centre, is m.inly a series of sine waves,

then thc radiated energy is:-

/PLAN.oln
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E=2ndCT» ¥
where:=

density of the rock

i

velocity of propagation of the scismic waves

H O <
1

i

duration

<P

= peak particle velocity
(This equation is derived from Macelwnne and Schon, 1936, Equation

7.9%, p.177).

Bursts radiating different cnergies were grouped as follows:-

3

1. (Very Small)Z 5 x 107 26 = Abi Average 107 ft.-lbs. (lOlo ergs)

2. (8mall) (5 x 10° to Sl 104) ft.~lbs. Average 104 ft.-lbs.
11
(107" ergs)

%, (Medium) (5 x 104 to 5 x 105) ft.~lbs. Average 1o5 ft.~1bs
12
(107" ergs)

4, (Large)'5 x 107 to 5 x 107) ft.-lbs. Avcrage 3 x 1o6 fte—~1lbs.
(3% 102 ergs)

5. (Very Large)(5 x 107 s 6T 108) ft.-lbs. Averaoge 108 ft.-1bs.
(1015 ergs)

6. (Very, Very large):5 x 108 to 5 x 107

109 ft.~1bE, (1o16 ergs)

‘ft.-1lbs. Average

The average encrgy in each group is nearer the lower limit because
burst frequency increases as the cnergy decreases (Sece Table 1.3,

page 49).

The largest bursts werc felt as '"tremors', and were recorded on the
. seismograph at Pretoria, 60 km. away, with a ground amplitude betwen

lO-umm. and lO_3 mm.

During the course of the investigation, it was suggested that there
might be some seismic warning of an impending rockburst. The
background noise in the mine was predominantly low frequency, and
it was decided to examine scismic radiation above a kilocycle. A

seismometer was modified to make its suspension stiffer and damp it
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with oil. As high frequencies cannot be reccorded on the tape, the
output of this seismometer was rectified and the rocctified envelope
was recorded on the tape. The records obtained in this way

showed that thire was 2 great deal of seismic radiation at high
frequencies. This radiation came in distinct bursts, of which there
were about 104 per day. Often these bursts were separated by less
than 2 sccond, and formed an almost continuous period of activity,
lasting for several seconds. Sometimes high frequencies were
raaiated about a second before a major burst. This was not always
tie case, and many large bursts occurred without prior high
frequency radiation. High frequency radiation was also detected
dvrring periods free from major bursts. There appeared to be no
obvious correlation between high frequency radiation and major

bursts.

A Discussion of the Burst Location

The bursts plotted in Figures 1.1l and 1l.12 show that most of the
burst foci are close to the working faces - that is, the two long-
walls and the remnant. All but a few of the foci on the East side
of the F ghaft follow the contour of the face very closely. Those
bursts removed from the face tend to be small, and those towards
the Shaft tend to fall more in the hanging. The foci on the West
side of G Shaft fall in a broad band close to the face. This
scatter is probably due to the less accurate location in this

region.

All the rockbursts noticed by the mincrs on East Rand Proprictary
Mines, Ltd. are reported and classified. The positions and
severity of the reported rockbursts are assessed from the damage
observed in the stopes. Table l.2 gives a list of those rock-

bursts which were reportcd whilst the seismic nctwork was operating.

/TABLE. ...



A B R L Gl

ROCKBURST CLASSIFICATION i SEISMIC CLASSIFICATION

2 e o B ST t,.‘ N __-__,_?.ﬁ,_.._ e e i ‘ ” Ly ,._._ e - . e _T-,. i xticn

' SECTION #EWORKING PLACE | DATE AND TIME CLASSIFICATION .| IDENTIFICATION SIZE | LOCATION
g ' OF BURST ; %} No. OF BURST. !

1. Angelo .61 W/LAM : 26/1/61 | Medium to Slight | 58 Large , L 60/61
? [ 09.25 % Extra Dosal. i 3% 16 fh.~1hs. %
; f ' i i ..
2. Angelo | e0/61L /LM 20/2/61 | Medium to Slight i 49 | Medium. L 58/59

| 1 10.25 | Intra Dosal. | 0% £t.-lbs. f

! ! ! i |

. 3. Angelo - 60/61W/TW 23/2/61 | Medium to Slight 67 © Medium .60
; i 02.40 \ Intra Dosal. | 10° ft.-lbs. ?

| : ? ‘ 5 {

i 4o Angelo . West Remnant 28/2/61 | Medium to Slight j 92 & 93 | Very large ' West Remnant

: ? { 08.00 { Extra Dosal. ! ¢ 2= 108 ft.-lbs.,

! ! ; 1 ‘ i

{ 5. Driefontein . 59 E/L/W | 28/3/61 Medium to Slight 50 | Vegy, very large | 58/59

: i ; Between Shifts | Intra Dosal. ! i 107 £5.-~1bs.

i ; ’ 4 ! ‘

! 6. Angelo 61 Wi : 19-20/4/61 Slight ! 81 . Large , P62

; f : Between Shifts Intra Dosal, : | 3 x 10" fte-lbs.

; 7. Driefontein ; 58 E/L/W i 26/5/61 i Severe f 113 i Very, very large 57/ 58
: 22,50 ' Extra Dosal. + 109 £4.-1bs.

Note:t This table refers to seven rockbursts which occurred whilst the seismic network was operating.
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It can be seen that the positions determined from the damage
agree with those determined seismically. All the reported rock=-
bursts radiated seismic energy in excess of 5 x lOL+ fte~lbs., but

there is no relation between the seismic energy and the severity

determined from the damage.

A total of 187 bursts radiating seismic energy in excess of

5 % lOL+ ft.-1lbs. were located by the network. In the same regiocn,
over the same period of time, only seven rockbursts were reported
by the miners. Therefore only a small proportion of those
failures radiating a large amount of seismic energy cause
noticeable damage to the workings. It appears that only the
larger bursts can cause noticeable damage, but that many of the
larger bursts pass unobserved. There appears to be no difference

in location between those larger bursts which are noticed as

rockbursts and those which are not,.

Mr. A.J. White, of East Rand Proprietary Mines, Ltd., has noticed
that a face where a rockburst has occurred may appear to be no
different from a face which has been blasted. It appears that
failures of similar magnitude cause varying degress of damage to a
stope. It is suggested that the degree of damage is determined by
the stability of the rock in the immediate hanging and footwalls.
In this respect, two very, very large bursts which occurred within
the secismometer network on 28th March and 26th May are of interest.

2 ft.-lbs. and

Both of these bursts radiated seismic energy of 10
were similarly situated. However, the damage caused by them to

the stope was vastly different, as is shown by their classification

in Table 1.2 (page 41).

The burst in May was followed after 36 minutes by a very large
burst, removed from the face but near a fault in the worked-out

area above the F East longwall. It was probably caused by a

/redistribution....
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redistribution of the stress on the fault after the first burst.
Large bursts are often followed by other bursts which may occur

several hours after the first onc.

Two very large bursts occurred in February, on opposite sides of
the remnant above G West longwall. This remnant was being mined
at the time. The bursts were separated by an interval of four
seconds. They were followed during the succeeding few hours by a
series of smaller bursts. The incident was classificd by the mine

as a single rockburst.

The same mining operations take place at the same time each day.
For this reason, it was felt that it might be useful to plot some
of the data against the time of the day. All these plots are based
on the inforuation obtained from the seismic network between 13th
January and 30th Junc, 1961. It should be noted that the scismic
network was operative for only 56% of this period. In Figure 1.13,
the diurnal distribution of the number of medium and larger bursts
located by the network is plotted. Figure l.14 is a similar plot,
including the small bursts. The diurnal distribution of the seismic
cnergy radiated by the located bursts is plotted on a logarithmic
scale in Figure 1l.15. All these plots show a similar distribution.
There is a very marked increase in the occurrence of bursts
between 3 p.m. and 6 p.m., during which time blasting of the faces
covered by the network takcs places These plots also show an
increase between 1 pem. and 2 p.m., when blasting of the reclam-
ation arcas some thousands of feet away starts. Another increase
seems to occur at 10 p.m., when night shift cleaniﬁg of the

blasted stopes starts. These lost two increases seem to

indicate that relatively small disturbances can trigger bursts.

/HOURLY....
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The location of the burst foci close to working faces and the
diurnal distribution of the bursts show that the occurrence of

the bursts is closely related to face advance.

Figure 1.16 shows the distribution of the total seismic energy
radiated by the different sizes of bursts, located by the seismic

nctworke.

Table 1.3 gives the total numbers of bursts of differcnc sizes
located by the seismic network, from which it appears that the
burst frequency increases as the energy decreases. The result
for the smallest bursts, Group 1, is not anomalous, bccause only
thos¢ very small bursts occurring close to the seismomcters could

be detected.

Figure 1.17 and Figure 1.18 show six records obtained with the
seismic nctwork., These rccords illustrate most of the interesting

characteristics of the burst reccords.

FEach galvanometer trace of the top record, April No., 101, of
Figure 1.17 is identified by a number. The output of each
seismomcter was transcribed on to two galvanometer traces of
diffe;cnt scnsitivities. The galvanometer traces, scismometers
ond sensitivitics are shown in Table 1.4, The intcrval between
each of the heavy timing lines is 230 milliseconds. These timing
lines were drawn across the paper at the same time as the gaivan-

ometer traces were drawn.

The three records in Figure 1,17 are of bursts within the seis-
mometer network, and close to the scismometcrs on 58 level. The
most scnsitive channel con.ccted to cach seismometer shows that
the initial pulse has a small amplitude compared with the peak

amplitude shown on the other channel, which is 30 times less

/sensitivecese
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VERY SMALL & SMALLER < 103FT-LBS.
SMALL 10%FT-LBS.

MEDIUM 10° FT-LBS.
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TABLE g%

THE NUMBER OF BURSTS OF DIFFERENT SIZES LOCATED SEISMICALLY
BETWEEN 13TH JANUARY and 30TH JUNE, 1961

AVERAGE W13

SIZE ENERGY IN Ft.-LBS. NUMBER OF BURSTS
1. Very small and 3

smaller 10 106
2l Small 104 278
5, Hsdian 107 121
b, Lerge 3 x 10° 36
o 8 Very large 108 8
6. Very, very large 107 2

Group 1 bursts were so small that only those occurring
close to the seismometers were located
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TABLE 1.4

GALVANOMETER TRACES, SEISMOMETERS AND THEIR SENSITIVITIES

TRACE SEISMOMETER SENSITIVITY (Max = 1)
5 | 57H * 1
450
2 60H p
3
3 60H 3
L5
4 57R ) |
3
5 60R 1
15
6 60R 1
450
7 58H 1
15
8 58H 3
450
9 60V 1
10
10 60V 5§
150
11 58V 1
15
12 58V 1
50
13 58R 1
15
14 58R 1
450
15 S57H 1

16 50 c.p.s. time trace

* Channel 1 was connected to the high frequency seismometer and
rectifier for records May 99; 105; 113.
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sensitive. The initial pulse is probably radiated at the start
of the failure, and the maximum energy is probably only radiated

when the failure has developed fully.

Burst No. 113 in May cut the secismometer cable to Channel 15. The
effect of this is scen in the waveform of that channel. In this
burst, Channel 1 was connccted to the high frequency seismometer

and some high frequency noise can be seen preceding the burst.

In Figure 1.18, Burst No. 99, in May, occurred on 59 level G West
longwall, On the less sensitive channels the S arrival can be
secn. Burst No. 63, in May, occurred on F East longwall, 59 level,
following a blast which can be seen preceding it by less than a
second. This blast was one of several on 59 level face. The low
frequency of the blast record is due to overloading of the
amplificers by the high frequency compressional pulse cf the blast.
Burst No. 105, in May, shows typical high frequency radiation on
Channel 1, preceding a burst. The high sensitivity channels are

also overloaded.

An analysis of the distribution of cnergy amongst the different
phases for major bursts at some distance from the network is shown
on Table 1.5. This indicates that shear forms a major part of the

failure in each burst.

1.4 Summary

The seismic network was installed on F Shaft of East Rand
Proprictary Mines, Ltd., at a depth between 8,000 feet and 9,000
foet below surface, where it was operated continuously over a period
of six months. The foci of all the bursts rcleasing seismic energy
B excess of 10° ft.-lbs. which occurred between 56 level and 62

level on F East longwall were located to within 20 feet. The foci

fofssen
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TABLE 1.5

PHASE DISTRIBUTION OF ENERGY

DIRECTION OF RELATIVE PHASE ENERGY

ENERGY BURST FROM
FT.-LBS. SELSMOMETERS P. 8.V. S.5
.oz.?
Sx 106 South o2 <29 39
3 X 106 South East -06 o?l 023
10° East),y g .01 69 .30
' 8 JWest
10 East)Remant .01 e 40
107 West .05 76 .19
lO8 South East 01 .69 o0
10

10 East Ok .67 «29
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of the bursts releasing sSeismic energy in excess of 10 ft.-lbs.
which occurred between 54 and 62 levels West of G Shaft were located

to within 200 fect.

The.foci of 458 bursts were located, and the data indicate that
in both position and time the occurrence of bursts is closely related
to the advance of the working faces - that is, nearly all the bursts
occur close to those faces and fall during blasting time. Of 187
bursts radicting seismic encrgy in excess of 5 x lOL+ ft.-1lbs., only
7 caused observed damage to the workings. There appear to be no
differences in cnergy or location between those 7 bursté and the

others. The extent of the observcd damage does not secm to be

related to the seismic energy rclease.

Major bursts often start a scries of bursts and relatively small

disturbances such as distant blasting seem to trigger bursts.

Most of the seismic energy radiated from a burst is in the form

of shear waves.
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PART 1T SOME MECHANICAL PROPERTIES OF

QUARTZITE AND ROCK STRESS

2.1 The Failure of Quartzite

a)

A Failure Criterion for Quartzite

The Council for Scientific and Industrial Research has done com=-
prchensive compression tests on cylindrical specimens 1 inch long
by 1 inch diameter of rock taken from mines on the Witwatersrand
(Denkhaus, Roux, Grobbelaar, 1958) (Grobbelaaf, 1958). The

rcsults form a basis for the comparison of the strength of
dirferent rocks, but the information obtaincd from them is in=-
sufficient to establish a failure critcrion. Robertson (1955)
cstablished an empirical failure criterion for silicate rocks
defined by the equality of the maximum shear stress and the mean
stress. Certain anomalies c¢xist in such a dcfinition; for
example, under uniaxial compression the maximum shear stress always
excecds the mcan stress. Most of Robertson's tests were done on
hollow cylinders, the outsides of which were subject to hydro-
gtatic pressure. This results in a non-uniform stress distribution
in the specimen, and failuré must first start on the inside surface
of the hollow cylinder. In these circumstances it is difficult to
detcrmine the stresses when the whole specimen fails. The results
which fit the Hobertson criterion best are those obtained from

hollow cylinders.

Some further knowledge of the stresses which produce failure in
quartzite, particularly at the stresses likely to be engsuntered
around a mining excavation - that is, less than 50,000 p.s.i. =
secvmed necessary. It was decided that it would be best to inves-
tigate failure under conditions of unif, rm stress distribution.

This facilitates interpretation of the results and reduces the

Jeffectsesse
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effects of heterogeneities in the sample, which are accentuated
in a non-uniform stress system where failure starts in a small

region of the specimen,

In most multi-axial tests on rock specimens, an axial load is
applied to the specimen in a testing machine and confining pressure
is applied to its lateral surfaces hydraulically through an imper-
vious jacket. In some cases latcral stresses have been applied to
the specimens by surrounding them with mctal jackets, or by com-
pressing them laterally between additional jacks. These last two
methods suffcr from the disadvantage that frictional forces arise

between the sides of the specimen and the jackets or jack platens.

Some thought was given to other means of applying multi-axial
stresses to rock specimens, and it secmed that lateral stresses
of several thousand pounds per square inch could be applied to
specimens by winding them with piano wire under tension. The
maximum lateral stress which can be applied to a cylindrical

specimen by winding it with a single layer of wire is:=

Pmax < 7!Pult J
2D
Pult = ultimate tensile strength of the wire
J = diameter of the wire

diameter of the specimen

This stress cannot be attained in practice. The diameter of the
wire must be small in relation to the diameter of the specimen’so
that the stress distribution on the surface of the specimen can
be regarded as uniform. In order that the stress on the wire
should not be relieved by creep after winding, the wire should not

be stressed to its ultimate tensile strength. The wire should be

/wounde e s




58.

wound with a pitch slightly greater than its diameter, so that it
cannot exert any axial forces. The lateral stress applied to a
cylinder by a wire winding under these conditions, when it fails

due to axial compression is:-

11 J°

yw/
Pz =%54.D )

(pw + pl\ﬂ

where:
Py = axial stress in the rock at failure

winding stress in the wire

o]
n

Jw = diameter of the wire

u = winding pitch

D = diameter of the rock cylinder
VW = Poisson ratio for rock

Yw = Young's modulus of the wire

Y = Young's modulus of the rock

The simple technique of winding rock specimens with wire seemed to offer
all the advantages of a hydraulic rig for applying small lateral

stress. In addition, it provided scope for easily obtaining more

complicated stress systems. For example, it is possible tg wind

oniy a portion of the axial length of the specimen, or with a suit-

able jig the winding can be arranged to lap only part of the circum-

ference of the specimen. Cross sections, other than circular, can

be used to obtain non-uniform latecral stress distribution.

All the specimens were cut from cores drilled from the solid rock
ahead of the excavation between 8, 000 feet and 10, 000feet, below
surface. Specimens of two different types of quartzite were tested.
The first type was a pebbly quartzite, with a grain size of about

a twentieth of an inch, from the central section of East Rand
Proprietary Mines, Ltd - an extensively mined area, prone to rock-
bursts. The second type was a very fine grained shaly quartzite,
from the South-East section of East Rand Praprietary Mines, Ltd. -
an area not yet extensively mined and which appears to be relatively

free from rockbursts.

/Initi&lly. ave
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Initially, several specimens of the pebbly quartzite about 1 inch
in diamcter and between 1 inch and 2 inches long, were broken by
uniaxial compression between hard steel plates. Most of these
specimens failed in the middle, leaving two cones based on the
ends of the specimens. This seemcd to indicate that frictional
forces between the ends of the specimen and the steel plates were
strengthening the portions which remained intact at the ends. To
study these end effects, some further specimens were compressed
between + inch thick aluminium plates. These plates were anncaled
so as to deform plastically over = range of stresses which
extended below and above the stress at which the specimens failed.
The cxtent of the latcral flow of the aluminium could be determined
from the depth of the depression left by the specimen. It was
found that when the lateral flow cxcecded the Poisson expansion of
the specimen the rock tended to fail (at a lower axial stress) in
tension nlong many surfaces running right through the specimen
nearly parallel to its axis. When the lateral flow was comparable
with the Poisson expansion, the specimen failed along planes
inclined at about 250 to the axis of the specimen. These planes
often formed wedges some of which pointed towards, and others away
from, the cuatre.. The sequence of the failures could be deter-
mined from the depth of the indentations in the aluminium plate.
lhe first portion to fail leaves the shallowest indentation in the
plate. It appearcd that the first failures took place across shear
planes inclincd at about 250 to the axis of the specimen. These
failurcs often formed wedges which split the specimen along

planes at small angles to the axis. The shcar planes were covered
with a white powder of ground quartzite, whilst the tension planes
were clean. No significant differences were observed in the
strength or mole of failure between specimens 5/8 inch and l}/4

inch in diameter and 2 to 3 times the diameter in length.

/Thel.il
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The tests between aluminium plates seemed to indicate that end
effects may be significant. The Young's modulus and Poisson's
ratio of steel are each nearly twice those of quartzite. There-
fore, if a specimen of quartzite is compresscd between pieces of
steel of the same cross~section as the quartzite, the Poisson's
expansion of the steel and quartzite would be almost identical,
and any end effects on the quartzite would be eliminated.

Hardened stecl end-pieces cmploying this principle were made for
compressing th? specimens, and a simple bulk compressometer was
clamped to them so as to measure the movement between the ends of
the specimen., The compressometer consisted of a simple 20 : 1 mech-
anical lever with blade hinges. The magnified compression at the
end of the lecver was measured with a microscope and graduated eye-
piece. The compressometer was sufficiently robust to withstand

failure of the specimen.

The quartzite cores were machined in a lathe with a toolpost
grinder and silicon carbide wheel to form standard specimens 7/8
inch diameter by three inches long. The over-all tolcrance of the
machined specimens was better than * .0005 inches. These specimens
were loaded between steel end-pieces, compressed between two

sheets of blottingpaper, in a 50-ton Amsler compression tester.
Some of thc specimens were wound in a lathe with 30 gauge ( .0124
inch diameter) piano wire with a pitch of 0139 inch. During
winding, the piano wire was tensioned by suspending a weight from

St

The results obtained with the specimens of pebbly and shaly quart-

zite are prescnted in Tables 2.1 and 2.2.
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DL BT RS R

Strength of Pebbly Quartzite

. S i C
Py p3 No. of Specimens
PesS.i. pes.i.
Mean Standard Deviation Mean
29,000 2,500 (0]
51,000 1,900 3,000
-1,570 100 0 2

In the rcgion of compression these results are reasonably well

reprcsented by:

Py = 29,000 + 7.3 p PeSeis

2

P B2 o2

Strength of Shaly Quartzite

Py p3 No. of Specimens
PeSei. PeS.is
_Mean Standard Deviation Mean
36,200 5,000 0 Vi
42,600 2,700 1,100 5
55,000 2,500 3,200 %

These rcsults are reasonably well represented by:

Py = 36,200 + 6p, p.s.i.

3

Note: The rate of loading was about 3,000 p.s.i. per minute,
and all the tests were done at room temperature.

JDuring.see
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During his visit to South Africa, Professor J.C. Jaeger kindly
suggested testing some specimens in his triaxial hydraulic rig,

so that the results obtained with piano wire could be compared with
those from the rig. Identical specimens were cut in contiguous
pairs from the same core of shaly quartzite. One member of each
pair was tested with piano wire and the other was tested under
similar load in the hydraulic rig. The hydraulic rig has a
spherical seat at one end, whilst the piano wire tests were done
without a s herical seat. The r.sults are shown in Table 2.3, and

those with lateral constraint seem comparable.

Hysteresis curves obtained from the bulk compresscmeter are shown

in Figure 2.1 and Figure 2.2+ For comparison, curves for steel

are included with those for shaly quartzite in Figure 2.1l. Young's
modulus for shaly quartzite obtained from Figure 2.1 is 1.3 x lO7
pes«i. A lateral stress of 3,000 p.s.i. was applied to the specimen
of pebbly quartzite (Figure 2.2) with a wire winding. The secant
Young's modulus from the first hysteresis loop for this specimen

is 1.1 x 107 pes.i. The dynamic Young's modulus of solid quartzite
in situ can be found using the velocity of propagation of zom-

pressional waves.

This modulus is:

cP2 d (1 +v) (1-2v)

Y =
(1 - )
Where: CP = velocity of propagation of compressional waves
d = density
\VJV = Poisson's ratio

(This equation is derived from Timoshenko, 1934 equation 258 p. 398)
For CP = 20.5 ft./millisecond, d = 1695 1lbs,/Cu.ft. and ¥ = 0,15

Y = 1045 X 107 paSoio
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TABLE 2.3

PIANO WIRE TESTS ON SHALY QUARTZITE

Py Py
DeBiwie DeSela
29,000 0
35,600 0
47,500 1250
39,500 1200
59,000 3300
43,3200 —

Failure

Multiple shear and longtitudinal tensile
Multiple shear into platen

Single shear from edpe of specimen
Multiple shear into platen

Dingonal shear across specimen

Wire came loose

HYDRAULIC RIG TESTS ON SHALY QUARTZITS

Py Ps

PeBeie DeBeds
35,000 0
Lk , 300 0
43,200 1000
41,000 1000
54,000 3000
53,300 3000

Failure

Shear into platen
Shear into platen
Double shear to edge of platen
Shear into platen
Shear into platen

Shear into platen
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The results in Tables 2.1 and 2.2 and 2.3 are rcasonably well
represcnted by

P1=Q+QP3

where:
= uniaxial compressive strength of the rock.
q = a constant between 6 and 8 for quartzite
Py and p3 are the maximum and minimum principal

stresses.

The strong dependence of py on p3 is inconsistent with most failure

criteria. Robertson's (1955) results for silicate rocks can be

represented by Py = 7P,y which has the same slope but which is in-

3
consistent at low stresses. The rcsults fit a particular case of
the Mohr failure criterion, namely the Navier-Coulomb concept of
internnl friction, quite well. Brace (1960) has éhown that the
Coulomb law fits the Griffith theory, modified by McClintock and
Walsh to include fri-~*‘'on between the crack surface in the region
of compression. The value of q is consistent with the
coefficient of friction between the surfaces being in the region

of unity. ©OSome incomplete measurements of the coefficient of
friction between quartzite surfaces at stresses of several thousand
pounds per square inch heve indicated that this is a likely figure

for the coefficient of friction.

The concept of friction between the crack surfaces is consistent
with the encrgy loss shown in the hysteresis curves. These close
at zero stress, indicating that they are not due to a permanent
compaction of the specimen. If movement occurs in one direction
across the crack surfaces during compression, and in the opposite
direction during unloading, frictional forces arise in the rock
which oppose the strain, and curves of this nature would be
obtained. The displacement of the curves after each cycle is

probably due to the growth of the cracks'during the previous cycle.

i 1 PO
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b) Fractures in Quartzite

The primary failures in most of the specimens of shaly and pebbly
quartzite consisted of shear across onc or more planes inclined

at angles of about 25O to the axis of the specimen. These shear
planes often formed wedges which split the specimen in tension,
leaving characteristically clcan tension failure planes. The

shear planes in the pebbly quartzite tended to follow the bedding,
but specimens cut at diffcerent angles to the bedding indicated

that this tendency was usually slight and did not have a significant
e¢ffect on the uniaxial strength. To fur her investigate this
effect, cylindrical specimens of pebbly quartzite with their axes
parallel to the bedding were prepared. These werce broken across a
diameter by compressing them diametrically between steel plates.

The bedding was inclined at different angles to the direction of the
load, but no marked tendency for the failures to follow the bedding,
nor any significant change in strength were detected. The failure
surfaces were covered with thin flakes of quartzite similar to

those found on disc failure surfaces produced by diamond drilling

(See 2.3b, page 93).

In these tests, the maximum and minimum principal stresses occur
on the diameter along which the load is applied. The minimum
principal stress is tensile and perpendicular to the direction of
the applied loads If the applied load per unit length of the
specimen is L, then the minimum stress is:=- BIV%TD, and the
maximum stress at a distance 43 from the end of the diameter is:

2L + a -a + 1
1D 2

a = 8

i

where: D = diameter of the specimen

.Z/D

and a

(These equations are derived from Timoshenko, 1934, page 104)
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High compressive stress concentrations and 2 small tensile stress
exist towards the ends of the diameter along which the load is
applied. According to the failure criterion in Tables 2,1 and
2.2, this is sufficient to produce shear failure with very small
normal stresses in this region. The direction and propagation of
the failure are complicated by the highly non-uniform stress
field., It is possible that the flaky appearance of the failure
surfaces is characteristic of shear failure in the absence of a

normal compressive stress.

The specimens of shaly quartzite were all cut from the same core
which was drilled on strike. Some of these specimens had fine

veins running across them, which did not seem to affect the strength
in any way. In general, the results obtained from the pebbly
quartzite were more consistent than those obtained from the shaly

quartzite.

Some of the pebbly quartzite specimens were held under a constant
stress (to 1 part in 103), very close to their uniaxial strength.
Failure occurred in these specimens one to twenty minutes after
the application of the load. To investigate this phenomenon
further, constantin electrical resistance strain gauges were
cecmented to the surfaces of some specimens. These cnabled strains
of 10”2 to be measured (see Appendix A3). These specimens were
compressed axially. At stresses greater than about two-thirds of
the ultimate uniaxial stress, the elastic strain in the specimen
was followed by a decreasing exponential creep strain of about
10_5, with a time constant of z2bout a minute. If the stress was
increased to very near the strength of the specimen, the creep
strain increased and failure occurred. The surfaces of some
specimens were finely finished, and it appcared that at the start

of creep behaviour fine cracks developed and could be seen spreading

/betweens, ..
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between fhe grains of quartz. At high stresses, the whole surface
of the specimen turned a milky white with a multitude of inter-
granular cracks. An attempt was made to detect seismic radiation
from these cracks. A crystal pick-up was connected to the
specimen, and to a tape recorder and an oscilloscope with a pass
band from 50 c.p.s. to 20 Kc.p.s. No radiation was detected, but
if there is any it is likely to be at a much higher frequency. If
the intergranular cracks develcp in discrete steps, it appears
that cach step must usually be of the order of a thousandth of a
foot. Assuming that the steps propagate at a velocity of the
order of the velocity of seismic propagation, then each step takes
place in less than a micro-second and frequencies of the order of

megacycles might be expected.

Cylindrical specimens of shaly and pebbly quartzite were partially
wound with piano wire. The winding started from cach end, applying
a stress of 3,000 p.s.i., and left a gap in the middle. A series

of compression tests was made, the gap being reduced progressively.

The strength of the partially wrapped pebbly specimens began to
exceced the uninxial strength appreciably when the length of the
unwrapped gav was reduced to the diameter of the specimen. When

the gap length was reduced to half the diameter, the average axial
stress at failure was 40,000 p;s.i. Noticeable cracks occurred in
the gap at loads necar the uniaxial strength. As the stress
increased, flakes spalled from the gap. The specimens failed
violently and most of the material in the gap disintegrated into fine
white powder, lcaving a rough cone standing on cach of the wrapped
portions of the specimen (Specimens 4 and 5 of Figure 2.5, page

22}«
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QUARTZITE SPECIMENS

FIGURE 2.5

Shaly quartzite with different gap lengths

Ends of two specimens of pebbly quartzite
with gap lengths equal to half their
diameter.

6)

7 )

Specimen of shaly quartzite which failed
along two shear planes.

A longitudinal tensile failure in shaly
quartzite.
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The behaviour of the shaly quartzite was less consistent. Signifi-
cant strengthening of the specimens did not seem to start until

the gap length was reduced to half the diameter. Cracks began to
appear in the gap soon after the load exceeded the uniaxial
strength. Sometimes flakes spalled from the gap, but a crack

often spread from the gap diagonally through one of the wound

portions of the specimen. Even when the material in the gap

spallcd this was the ultimate mode of failure.

Hysteresis curves for partially constrained pebbly and shaly
quartzite are shown in Figure 2.3 and Figure 2.4. Figure 2.5
shows some of the specimens after failure, with a foot rule to
indicate scale. Specimens 1, 2 and 3 are of shaly quartzite with
different gap lengths, showing clearly the spalling which occurred
in the gap. Specimens 4 and 5 are the ends of two specimens of
pebbly quartzite with gap lengths equal to half their diameters.
The portions protruding above the wire winding gre covered in a
powder of ground éuartzite. Specimen 6 is a specimen of shaly
quartzite which failed along two shear planes. The white powder of
ground quartzite can be seen on the shear surfaces. Specimen 7
shows a longitudinal tensile failure in shaly. quartzite which
followed the shear failure at the top end of thc¢ specimen. The

relatively clean tensile failure can be seen.

2. 2 Information about Rock Stresses obtained from Diamond Drilling

Whilst drilling the holes for installing the seismometers, a log of
diamond drilling progress and core recovery was kept. A study of the
data obtained from this has revealed some details of the stresses and

failures ahead of an advancing face.
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The results obtained from the long horizontal holes drilled on
strike ahead of the face from the footwall drives on 58 level and 60

level are shown graphically in Figures.2.6, 2.7 and 2.8.

When drilling through intensely fractured rock, pieces of rock fall
into the hole and it is necessary to rcam often to keep the hole open.
In very highly stressed rock, the hole deforms and it is again
necessary to ream frequently to keep the hole open. These two
conditions can be distinguished from oneanother. In fractured rock,
the hole usually closes when drilling is not in progress and the drill
rods are removed. The proportion of core recovered during the initial
drilling of fractured'rock, which is not under high stress, is high.,
In rock subject to high stress, closure takes place all the time, and
frequently jams the drilling crown and core barrel while drilling is
in progress. Core recovery in highly stressed rock is poor. In rock
subject to very high stress, the core breaks off in thin discs which
usually break up in the core barrel. As the stress decrcases the

discs become thicker, and complete discs are recovered.

A rockburst occurred in 58/59 level stopes of F East longwall
after the drilling was completed. After the rockburst, it was
necessary to ream the hole on 58 level open from 60 feet behind the
face. At the face position, the drill struck and drilled through 7
feet of solid rock before intersecting the original hole again. This
indicates a major displacement caused by the rockburst. Hole defor-
mation caused by high stress was rapid for 20 feet ahead of the face,
and it was necessary to ream almost continuously. Further than 20
feet ahead of the face, the stresses were so high and hole closure was
so extensive that the core barrel and crown jammed severely and it was
impossible to continue drilling. A second hole was started after the
rockburst had damaged the first hole, removed a few feet from, but

parallel to, the first hole. Very high stresses were again encountered

/ahuad. LRI
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ahead of face position and it was necessary to abandon the hole 17
feet ahead of the face. A third hole was drilled from 58 footwall
drive in a direction North of strike, so as to increase the distance
between the stope and the hole. High stresses were again encountered
ahead of the face position, but it was possible to drill through the

high stressed region.

After the rockburst in 58/59 stopes, the hole on 60 level had to be

reamed from 10 feet to 80 feet ahead of the face.

Little difficulty was enc untercd in drilling the vertical holes

into the hanging from the reef drives behind the face.

A high proportion of core was rccovered, and typically it was
broken into lengths of a few inches by fractures at a small angle to

the axis of the hole.

From the above it appears that the rock immediately around a stope
is fractured and that ahead of the last fracture and between 10 feet
and 80 feet ahecad of the face the region of highest stress is

encountered.

Absolute Stress in the Rock

a) Stress Measurements usinz Stress Relief and Restoration

The absolute rock stress on the Witwatersrand does not appear to
have been measured, though the Council for Scientific and Industrial
Research has madé measurements of the diametrical deformation of
holes drilled into the rock ahead of an advancing face (Leeman,
1960). It was felt that a knowledge of the undisturbed rock
stresses, particularly at depth, formed an important part of under-

standing the behaviour of the rock around an excavation.

/None.-..



79

None of the properties of quartzite appears to change with stress
in such a way as to enable indirect measurements of stress to be
made. It seems, thercfore, that any stress measurement has to be
based on the deformation of the quartzite produced by the stress.
In general, twc methods of measuring rock stress, based on defor-
mation, have been devised. One method is based on stress relief

and the other method on stress restoration.

In the stress relief method, a hole is drilled into the rock under
stress, and a suitable deformation sensing cell is placed in the
hole. The stresses in the rock surrounding the deformation cell
are relicved by cutting an opening around the rock surrounding the
cell, The deformation measured by the cell is then related to the
stress change produced by stress relief, and hence to the original

stress in the rock.

In the stress restoration method, the pcsitions of points cn the
surface of an excavation are measured and an opening is made
between these points. A jack is installed in this opening, and
the stress is restored until the points regain their original
positicns. The rcstoration stress is then rclated to the rock

stress.

At depths of the order of 10,000 feet, the quartzite around an
opening fails, and it is difficult to relate stresses in the
failed rock to stresses in the solid rock removed from the
opening. For this reason, stress recstoration measurements in the
wall of the excavation were not considered suitable at these
depths. Small hoies have been drilled into the solid rock from
an excavation, and deformation cells have been installed in these.

The stresses around these cells have been relieved by overdrilling

/’them....
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them with a larger annular opening. Stress measurement by this
technique has proved difficult at depth because the quartzite
arcund the small hole fails, making it difficult to relate
deformation to stress. Failure of the rock around the cell,
particularly during overdrilling, causes spurious movements of

some types of deformation cell.

The following technique to measure high stresses in rock removed

from an c¢xcavation was Jdevised:

A hole can be drilled from the excavation into solid rock. When
fractured rock is subject to compressive stresses, it behaves, in

many respects, like a solid material. It seemed that a pre-stressed

deformation cell installed in a hole so as to apply a compressive
stress to the inside of the hole would measure deformation related
to the bulk of the rock around the hole even if the rock immediately
surrounding the hole failed. The stress in the rock around such a
cell can be relieved by drilling a concentric annulus around the
cell, The original stress in the rock could be established without
making any assumptions about the properties of the rock or the centre-
cell by restoring the stress across the annular opening. To do this,
jacks could be installed in the annulus and stressed until the
original deformation measured by the centre-cell was restored. The
stress generated by the annular jacks could be closely related to

the original stress existing in the rock.

The cells were based on conventional hydraulic flat jacks used for
stress restoration measurements, and are shown in Figure 2.9. The
centre-cell, 1, is a flat jack,1# inch wide by 3 inches long, made
from 16-gauge copper tube. Two steel pieces of almost semi-
circular crosseedﬁbn are used to fit this to a 1% inch-diameter

borchole. The cell is most sensitive to deformation perpendicular

/t0epes
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CENTRE-CELL (1) AND ANNULAR JACKS (2)

FIGURE 2.9



to its flat surfaces. The annular jacks, 2, consist of four
quadrants to fit an annulus of 4 inches internal diameter and
4,650 inches external dismetcr. The dimensions of the annulus
were chosen so that the jacks were reasonably removed from ihe
high stress concentrations cnaused by the 1% inch centre-cell hole,
but the annulus was sufficiently small not to present a major

drilling difficulty.

A site in a main haulage 8,000 feet below surface anl! removed from
stoping by several thousand feet was selected for the stress
measurcments. Holes for installing the stress cells were drilled
horizontally into the solid rock, at right-angles to the axis of

the haulage. The rock to a depth of threc or four fcet was
fractured, beyond which it became solid. The procedure was to

drill the 4.650 inch hole to the depth at which the stress measure-
ment was to be made. The core was broken off at the back of this
hole. =« concentric 1% inch-diameter hole was drilled in the

bottom of the 4.650 inch hole. The centre~cell waes installed in the
1% inch hole and oriented to detect either vertical or horizontal
deformation. The hydraulic pressure~pipe from the centre-cell was
lcd through a 4.650 inch-diameter crown and core barrel, then
through the drilling rods and out through the water swivel of the
drill. A pressﬁre gauge, tap and hyrdaulic pump were connected to
this pipe. The centre~cell was pre~stressed and allowed to settle
with the drilling water supply flowing. Overdrilling of the centref
cell with the 4.650 inch crown was started and drilling depth and

centre-cell pressure were recorded throughout overdrilling.

The first centre-cells were 6 inches long. Trouble was experienced
when overdrilling these because the core disced, broke off and

jammed in the core barrel, before overdrilling could be completed.
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This made it impossible to instal the annular cells. The changes
in centre-cell pressure during overdrilling are shown in Figure
2.10 When the centre-cell, pre-stressed to 2,000 p,s.i., was
oriented toc detect horizontal deformation, the core broke across a
vertical diameter soon after overdrilling started. Curve 4 was
obtained by overarilling a horizontal centre-cell pre-stressed to
1,000 p.s.is None of the cores obtained from overdrilling
vertically-oriented centre~cells was broken other than by disc-
failure. This secmed to indicate that the horizontal stress must
be much less than the vertical stress, and that a pre-stress of
2,000 p.s.i. in the centre-cell was sufficient to cause tensile
failure a2t the tcp and bottom of the hole. To confirm this, a
centre-cell was installed so as to exert a vertical force., This
cell was stressed to 15,000 p.s.i. auad released several times, after
which the stress was completely relicved and the cell was over-
drilled with the 4.650 annulus. The core was disced, but was
otherwise free from failures or crackse The 1% inch centre hole was
extended, and the same centrc-cell installed so as to exert a
horizontal force., The cell was stressed to 3,000 pe.s.i., and
released several times, nfter which the stress was completely
relieved and the cell was overdrilled with the 4.650 inch crown.
The core was again disced, but in each disc a crack appeared across
a vertical diameter. Three cores are shown in Figure 2.11 The core
n the left was recovered from overdrilling the vertical centre-
cell which had been stressed to 15,000 p.s.i, The discs of this
core remained joined to oneanother. The¢ right-hand core, from
overdrilling the horizontally-oriented cell with a pre-stress of
2,000 p.seis shows the diamctrical failures. The core in the Eentre
was obtained from overdrilling the horizontal centre-cell which hal

been pre-stressed to 3,000 p.s.i. and then released. This core is
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shown in detail in Figure 2J2 where the arrcw indicates the line
of tensile cracks at the top of the core. These cracks have been

shown up by a penetrating dye.

The small decrease in centre-cell pressure in Curve 4 of Figure
2. 10 and the incipient tensile failures at the top and bottom of the
1% inch hole indicate that the ratio between the vertical and

horizontal stresses is in the region of 3 : 1.

To reduce the probability of the cores breaking before complete
overdrilling cf the centre-cell, the length of the centre-cell

was reduced to 3 inches. It was felt that the shorter cells might
introduce errors due to end effects. Hast (1958) has noted the

stress measured by a centre-cell while the concentric annulus is
Irilled towards, and then passes, the centre-cell., His results
indicate that the stress at the end of the borehole does not

increase, but that the stress in the centre-cell starts decreasing
when the annulus comes within a distance of the centre~cell equal

to the annular radius; and that the centre-cell stress stops
decreasing when the ananulus has passed the centre of the centre-cell
by a similar distance. It seems that there should be some stress con-
centration at the end of a hole, but these results indicate that it

is small, and it was felt that in initial experiments it could be
neglected. The changes in centre-cell pressure during overdrilling vert-
ically-oriented 3-inch centre-cells arc plotted in Figure 2.13.
Complete overdrilling of these cells proved to be possible, but the
core always broke off on a disc failure when the 4.650 inch crown

was withdrawn, and it was not possible to restore the centre-cell

pressure with the annular quadrants, in the back of the hole.
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ANNULAR QUARTZITE CORE, SHOWING DIAMETRICAL TENSILE CRACKS

FIGURE 2.12
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The only important factor in restoring the stress in the annular
quartzite core surrounding the centre-cell is the restoration
stress on the outside surface of the quartzite. This is not
affeccted if the restoration is done after the annular core and
centre~cell have been withdrawn from the hole in the rock. A
4,650 inch hole was bored in an 8 inch square steel block, 4 inches
thick. The centre cell, annular quartzite core and annular jack
quadrants were fitted into this. One pair of quadrants was oriented
so that their chords were parallel to the flat surfaces of the centre-
cell. These are called the vertical quadrants. The other pair was
oriented so that their chords were perpendicular to the flat
surfaces of the centre-cell. These are called the horizontal
quadrants. To investigate the behaviour of this system, a series
of tests with different centre-cell pre-stress pressures was made.
The results of these tests are shown in Figure 2.1 In Curves

A, B, C, D, E, H, G, the pressure in the vertical quadrants was
changed, while the horizontal quadrants were maintained at a con-
stant pressure, which is indicated next to each of these curves.

In each of thes: curves, the centre-cell pressure and vertical
quadrant pressure are plotted. To assess the c¢ffect of the hori-
zontal quadrants, the pressure in these quadrants was changed
whilst the pressure in the verticnl guadrants was kept constant.
The centre-cell pressure and the horizontal quadrant pressure are
plotted in Curves F and J. The constant vertical quadrant

pressure is indicated next to each curve. The slope of the

curves in Figure 2.14 is not constant. The slope changes more
rapidly with annular cell pressure than it does with centre-cell
pressure, The compressibility of the centre-cell system was

found to be the same at different pressures. Therefore, the

change in slope seems to be due to some non-linearity in the
annular quartzite core. The surface of a core was covered with

a photo-elastic material and it was found that at high stresses
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tensile cracks developed in the annular quartzite core when the ratio
between the pressures in the two pairs of annular jacks excecded
about 2% : 1. This non-elastic behaviour in the quartzite may

account for the non-linearity of the system.

Figure 2.13 shows that the average change in vertical centre-cell
pressure produced by overdrilling was 500 p.s.i. In Figure 2.15
are plotted the vertical quadrant pressure and horizontal quadrant
pressure rcquirced t  restore lhe centre-cell pressure in the
annular quartzite core from 1,470 p.s.i. to 1,970 p.s.i. Also
plotted is a line with a ratio between the vertical and horizontal
pressures of 3 : 1. This intersccts the rcstoration curve at
13,000 p.s.i. vertical quadrant pressure. This indicates that the
vertical rock stress is approximately 13,000 p.s.i. at the points

where the stress measurcments were made.

The vertical rock stress due to the gravitational load at the
¢levation where the stress measurements were made is cqual to
9,450 pes.i. According to Savin's (1951) results, the stress con-
centration around an opening of the crossesection of the haulage at
the points wherc these stress mecasurements were made is in the
region of l.5. If the vertical rock stress is due to the
gravitational load, considering the stress concentration at the
points where the stress measurements were made, the vertical

rock stress is equal to 9,450 x 1.5 - that is, 14,000 p.s.i. The
measured vertical rock stress of 13,000 p.s.i. agrees reasonably well
with this. There is a strong indication that the horizontal

stress is one~third of the vertical rock stress.
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b) Rock Stress and the Formation of Discs during Diamond Drilling

Discing of diamond-drilled core in highly stressed hard rock is a
commonly observed phenomenon. Hast (1958) has obscrved the
formation ¢f discs when drilling a concentric annular channel
around a hole in hard rock where the stresses are between 15,000
pss.i. and 20,000 p.s.i. He considers that disc formation is due

to shear across the back of the hole.

When drilling the 25/8 inch diameter holes for installing the
seismometers through the most highly stressed rock, core recovery
was poor, but amongst the fragmenis were picces which appeared to
be portions of discs about l/8 inch thick. In less highly stressed
rock, rcgular discs from3/8 inch toJVHanch thick were recovered.
The disc failures tend to be curved, with the centre of curvature

towards the collar of the hole,

During the stress measurements, regular discs were formed whenever
the 4 inch annulus was drilled over the 1% inch hole. A six.inch
annulus drilled over a 1% inch hole at the same site also produced
a core of regular discs. At thc same depth the thickness of the
discs from the 6 inch and 4 inch cores was 1% inches and 1 inch
respectively, indicating some geometrical similitude. As the holes
became deeper and the stress concentration due to the haulage was
reduced, the disc thickness increased from 1 inch at a depth of 5
feet to 1% inches at a depth of 10 feet. Neither the 1% inch core
nor the solid 4 inch core broke into discs, indicating that the
precsence of the centre hole rcsults in disc formation at stresses
lower than those necessary to produce discs in solid core. The
discs can be fitted closely to oneanother, so that the failure can
hardly be detected on the surface of the centre hole, but there is
usually a distinct gap on the outside. Wwhen the 4 inch annulus

was drilled over the 1% inch hole, several discs firmly joined to
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oneanother were often recovered. In such cases the failure on thé
outside of the core could be secen as a distinct gap, but could
often only be traced all the way around the inside with the aid

of a penetrating dyc. A force of about fifty pounds was

necessary to separate such discs, and the disc surfaces were

covered with thin flakes of quartzite which could be prized loosc.

It secemcd that a measurc ©f the stress at which discing occurs in
guartzite would be interesting. It is almost impossible to obtain
an unfractured, homogeneous block of quartzite bigger than a few
inchese. ‘Therefore, 15 inches of 4 inch core were drilled from a
hole at depth in solid quartzite. A 17 inch diameter hole was
drilled 12 inches along the axis of the 4 inch core, and 1 inch of
1 inch dinmcter core was left at the back of this hole. The 4 inch
corc was tested with a penetrating dye, and found to be free from
cracks. A piecce 4 inches long was cut from thic core, with the
end of the 1% inch hole in the middle, A 41/4 inch diamcter hole
was bored in an 8 inch square steel block, 4 inchcs thick. This
block was split parallel to two of its sides through the axis of
the hole. The picce of 4 inch core, wrapped in a layer of blotting-
paper, was carcfully fitted to the steel block with two piecces of
soft aluminium 1/8 inch thick. The whole assembly was compressed
between two sheets of plywood. At a load of 280,000 pounds, the

1 inch core broke off with a distinct snap. The cross section of
the 4 inch core was 16 square inches, giving an average stress of
17,500 p.s.i. over the horizontal diameter when the core broke.

The steel block and 4 inch quartzite core are shown in Figure 2.16,
and the 1 inch core which broke from the centre of the 4 inch core
is shown in Figure 2.17. The end of the 1 inch core which failed
is surrounded by a fin. The failure was slightly curved, and was

covered with characteristic thin flakes of quartzite. Presumably

/theooca
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THE SPLIT STEEL BLOCK AND 4 INCH QUARTZITE

CORE_WITH THE END OF THE 14 INCH HOLE IN
THE CENTRE

FIGURE 2.16



9.

THE 1 INCH DIAMETER QUARTZITE CORE, SHOWING THE

END WHICH BROKE FROM THE BOTTOM OF THE HOLE IN THE
4 INCH CORE

FIGURE 2.17
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the fin breaks off when the discs are produced by diamond drilling
and this leaves the gap on the outside of the core and accentuates
the curvature of the disc failure. The cbscrvations indicate that
the disc length decreases as the stress increases. When the disc
length is equal to, or greater than, the disc diameter, the stress
must be close to the lower limit of the stresses necessary to cause
discing. In the above experiment, the length of the cocre was equal
to its diameter, and the stress of 17,500 pe.s.i. must closely
represent the minimum stress which will proauceAdiscs in a solid

quartzite core.

When diamond drilling in rock which is subject to stress, the
maximum compressivelstress concentration takes place at the outside
corner of the bottom of the annular cut. The compressive principal
stress trajectories at the bottom of the hole curve into the core.
The minimum principal stress trajectories nre perpendicular to these,
and tensile stresses, which arc a maximum at the centre, must arise
across the bottom of the hole. When a core discs, the disc surfaces
are covered with thin flakes of quartzite and appear very similar to
the failure surfaces produced by diametrical cumpression of cylindrical
samples of quartzite. These diametricnl failures occur on a surface
subject to a tensile stress (See 2+1b, page 67). The absence of

any ground quartzite powder on the disc surfaces certainly indicates
that they are not due to shear on a surface subject to a compressive
normal stress. When discing occurs, corrcsponding failures do

not propagate outwards into the solid rock from the bottom of

the annular cut, even though the maximum stress concentration

occurs in this region. Thus, the disc failures are seen tc be
related to tensile forces across the bottom of the hole.

At the site of the stress measurements, the vertical rock

stress was in the region of 13,000 pss.i. A sample of

quartzite from this site showed that discing of a solid core

/OCcuI’rcd. oo



98-

ocecurred at a minimum stress of 17,500 p.s.i. Solid core did not
disc at this sitc, but a 6 inch diameter core drilled concen-
trically over a 1% inch diameter hole disced regularly. Savin
(1951) shows that the maximum change in stress at a radius of 3
inches from a 1% inch diameter hole is less than 10% of the
undisturbed stress. If disc failures start from the bottom of the
annular cut, it scems unlikely that this 10% change in the stress
would be sufficient to overcome the difference between the rock
stress of 13,000 p.s.i. and the minimum stress necessary to
produce discs of 17,500 p.s.i. However, if disc failures are
largely dependent on tensile stresses, and start from the centre of
the core, then even a very small hole in the centre can cause a
stress concentration in this region sufficient to produce disc
failures. The stress field at the bottom of the annular cut is
complicated, and becomes more so as soon as failure starts. It is
difficult to explain the curvature of the disc failures in detail,
but if they start in the centre of the core a little ahead of the
bottom of the annulus, they are almost certain to end in the
region of high stress concentration at the bottom of the annular

cut.
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PART 3 CONCLUSION

3.1 The Theoretical Model

Over short periocds of time, quartzite behaves almost elastically. Some
idea of the initial displacements and stresscs arising from underground
excavations in quartzite can, therefore, be gained by analyzing them in

terms of elastic theory.

In general, the stresses argund an opening in an elastic medium, subject
to hydrostatic stress.p at infinity, can be found by superposing on the
undisturbed hydrostatic stress the stresses around a similar opening, to
the surface of which a normal stress =p is applied. Such a solution by
superposition can be obtained for aﬁy opening, provided that the sum of
the undisturbed and superposed stresses over the contour of the opening
is zero. Consider a horizontal slit far below the surface of an elastic
body subject to gravity. Assume that the undisturbed principal stresses
in the body are vertical and horizontal, and that the vertical stress at
the elevation of the slit is P. If the width of the slit can be neg-
lected in comparison with the other dimensions, then the stresses over the
surface of the slit will vanish if the solution for the stresses around a
slit with internal pressure - P is superposed on the undisturbed gravit-
ational field. ©Stresses from the superposed load will remain at the free
surface of the body. If the surface is sufficiently removed from the
slit, they will be small and can be cancelled by applying a distributed
load to the surface equal in magnitude but opposite in sign to the
residual stresses. Such a load has a negligible effect on the stresses .
around the slit, but depresses downwards that portion of the body

beneath the load

A vertical strike section through a longwall stope on East Rand
Proprietary Mines, Ltd., shows a narrow horizontal slit of about 2,000

feet span and 3 feet wide, 8,000 feet to 10,000 feet below the surface.

The stresses in plane strain around such a slit in an elastic body

subject to gravity can be found by superposition.

Muskelishvili, making use of the Stress, or Airy, function and the

transformation

B van
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i
z = w(f? ) = R(é? +-?§-)
has cbtained a solution to the stresses around a slit of length 4R to
the inside of which a pressure, P, is applied. Using the notation of

Muskelishvili, the equations defining the stresses in curvilinear co-

ordinates are:-

o P(/32 - PP RS 4 1)
T o il A 2 2
(P -2~ Cos 20+ 1)
o p(/)L}..]_) (1+2/§ Wq—h,oa Cos 2©)
OB = =P +

(/nl+ - %/92 Cos 26 + 1)2

» 2Pﬁ2(/)2 - 1) gin 20
T Sl i
%

- 2/:2 Cos 20 +1)2

(Muskelishvili, 1951, page 340).

Note:/O and © are not the usual polar co-ordinates but curvilinear
co~ordinates defined by’é? -~ /Gelia which gives

i |
(p2+l CosO’+/:3L- 1 iSine)

('73_ Vz )

e A e
%

from the transformation z = R Q; + ?é-)

This transformation corresponds to the transformation to c¢lliptic

co-ordinates: -
' .
Z=x+iy=cCosh§ = ¢ Cosh (:2 + i)
pl
= cle¥ + —%7)
e

e

This solution with - P = the undisturbed vertical gravitational
stress, has been superposed on the undisturbed stress field to obtain
the result in Figure %.1l. The undisturbed vertical stress has been
assumed equal to dgh where: d = density of the rock and h = depth
belecw the surface, The undisturbed horizontal stress has been assumed
equal to gh - that is, the stress generated by an equal column of water

or .37 of the vertical stress.

/Theo---
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Figure 3.1
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The rock is cut by faults and dykes. The fissures in the rock are
often fillcd with water, and it seems unlikely that the water pressure
can be in excess of the gravitational head. Little latcral strain is
necessary to generate a stress in the rock equal to the water head, and
it seems likely that this is the horizontal stress in the rock. This
agrecs with a ratio of 3 to 1 between the vertical and horizontal rock

stresses established by stress measurement ( see 2.3a, page 73).

The distributed load over the surface has been neglected, as it

amounts to less than 2% of the stress P.

If the quartzite did not fail, the principal stresses in Figure
3.1 would represent a reasonable two-dimensional approximation to the
stresses around a stope. However, it is established that the rock
immediately around a stope is fractured, but this dces not affect the

stresses a little removed from the fractured rock.

Applying the failure criterion for quartzite to the stresses in
Figure 3.1, and using Savin's (1951) results for the stresses around
rectangular openings to find the stresses ahead of the free face, it
appears that the quartzite must fail in a small region around the stope
face, This region extends zhead of the face for a distance comparable
with the width of the stope and about 50 feet into the hanging and

footwalls. It ends about 50 feet behind the face.

Jaeger (1959) has shown that fractured rock sustains certain
stresses without slippinge. When the rock around a stope fails, the
stresses change but the fractured rock still affords support to the
sclid rock further from the stope. Equilibrium is attained when the
stresses in the fractured rock are less than those necessary to cause
slipping, and the stresses in the solid rock are within the limits of
the failure criterion. The maximum values of the equilibrium stresses
in the solid rock immedintely ahcad of the fractured rock depend upon

the support afforded to it by the fractured rock.
/FaCG.l..
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Face advance removes the fractured rock, and hence the support of
the solid rock. This lowers the maximum equilibrium stresses in the
solid rock nearest the face. Three possible conditions arise from

race advance:=-

1. The maximum equilibrium stresses may be lowered, but may
still remain above the actual stresses. In this case, no

new fractures rc¢sult.

2. The maximum equilibrium stresses may be reduced to values
less than the actual stresses. In this case, new fractures
occur during face advance. These¢ reduce the actual stresses,

fracture solid rock, and cquilibrium is restored.

3, The maximum equilibrium stresses may be reduced to values
slightly greater than the actual stresses. In this case,
any further disturbances, or time dependency of the failure

mechanism, can cause new failures.

The above discussion assumes that the rock around the stope is
isotropic. In fact, it is cut by discontinuities in the form of

bedding planes, dykes and sills,

Figure 3.1 shows that the vertical compressive stress in the
hanging is less than the undisturbed vertical stress, and that
relatively small disturbances could cause separation of the hanging

along bedding planes.

The dykes are stronger and more rigid than the quartzite.
Therefore, stress concentrations arise in the dykes when the quart-
zite surrounding them deforms. A large proportion of the strain
energy from such stress concentrations is released when the dyke

fractures whilst stoping through it.

Fhoven
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A strong sill in the vicinity of a stope interrupts the continuous
and uniform development of the fractures. ©Stress concentration occurs
in such a sill as mining proceeds, and the sill may fail at intervals,

releasing large amounts of strain encrgye.

Muskelishvili's equations defining the displacements around a slit
are:-
PR (14K) p° Cos 28 + 1 - K = 2/
o i s,
& 2 f g
//} ~ 2 Cos 26 + 1

PRp (1 - K) Sin 2Q

2 px

'U'e =

/ﬁL* . 2/02 Coss B4 1

where, for plane strain:
3 - A&

K = ————
1+ W

V¥» = Peisson's ratio, g~ = Modulus of rigidity, and I%b, Uy
are the displacedénts along the /O and @ directions defined

previously.

These displacements are shown in Figure 3.2, where they are drawn
relative to the plane through the centre of the stope which is itself

depressed.

Using the displacement equations, it is possible to determine the
total energy released by making a slit in an elastie solid subject to
gravity. Let the material be maintained in an undisturbed state by
a uniform pressure P applied to the surface of the slit, where P =
the vertical stress due to gravity at the elcvation of the slit. If the
pressure P is reduced, the surfaces of the slit will converge,

releasing energy.

/Substitutingesse
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1 UNIT EQUALS THE SPAN OF THE SLIT.
MOVEMENTS ARE MAGNIFIED BY 2m/p. WHERE:
M =MODULUS OF RIGIDITY.
p =VERTICAL STRESS AT THE ELEVATION OF
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QUADRANT CAUSED BY AN HORIZONTAL SLIT IN AN ELASTIC
BODY SUBJECT TO GRAVETY,
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Substituting /Q =1 and K = 2.4 in the displacement equations,

the normal movement of the surface of the slit is:-~

P R 3.4 Cos 20 - 3.4
W = e .

:
Je-acos 26

X =2 RCos @

i

dx = - 2R Sin@ a8

and the edges of the slit are at + 2 R.

The energy released when P is reduced to zero isi-

2

E=4 %f/b P dx
%

7ﬂﬂg

= 2P2 Rz 3-4 Cos 29 - 3.1'*’ Sln@ do
/J' 0 \/2-—2005 29
PZRZ

% 5.28

This is the energy released by makinz a slit in an elastic body
subject to gravity. The energy release per unit increase in the span
of the slit is:-

ar PR

= 16,56
aR I~

In Figure 3.3, the total envrgy release and the rate of energy
release, for one foot of slit, computed from the above equations, are

plotted. /
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when the displacement is such that the slit has converged in the
middle, the rate of energy release declines, and thereafter approaches
assymptotically, with further increase in span, a value twice the value

abl convergence.,

The strain cnergy ahead of a slit has been computed from the stress

distribution, using:=-

o
i 2 e W 2 2 ;
BB e 3 F e Py & (py” + 1y + 2PyP,) - VPpyp5)
& 2 )
Where S.E. = strain energy per unit volume in plane strain.
Y. = Young's modulus
V& = Poisson's ratio

Modulus of rigidity

k-

p2 are the principal stresses.
(This equation is derived from Timoshenko, 1934, Equation 80, page 136).

The strain energy ~head of the slit shown in Figure 3.1 is plotted in

Figure 3.4.

The thecretical model described above is based on two dimensional elastic
theory neglecting certain factors. More complete elastic models which
consider all the factors in three dimensions can be obtained at the
expense of considcrable mathematical complication (Berry, 1960; Berry,
Sales, 1960 and 1961), or with the aid of photo-elastic models (Hoek,
1961). Elastic models, however elaborate, only approximate the
behaviour of the rock, particularly if failure takes place. For this

reason it was felt that further elaboration would prove unrewarding.

It is felt that bearing in mind the approximations and changes in
the stress caused by failure, the model provides a useful indication of
the type of stress distribution and the magnitudes of the stresses

around a longwall stope.
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The theoretical energy relecase in making such an cxcavation is
based on an unfractured elastic model. This is the most rigid con-
dition with minimum displacement and maximum strain energy. In
rractice, the energy release will be greater then the model indicatcs.
The value of this calculation is that it indicates that a large amount
of energy must be released in making such an excavation., The effect
of the failure of a small region of solid rock ahead of the excavation
is to extend the excavation, thereby releasing large amounts of energy

and causing a downward motion of the ground surface.

A Comparison between the Theory and the Experimental Results

Most of the failure foci were located by the seismic network in the
region immediately around the face, and most of the failures occurred
at blasting time, that is, during face advance. This is in accord with

the theorctical model.

The results from the diamond drilling indicate that the rock is
fractured up to 10 feet ahead of the face, and that the highest stress
concentration occurs between 10 feet and 80 feet ahead of the face.
The theoretical stress concentration in this region is between 4 and
2, makins the stress between 40,000 p.s.i. and 20,000 p.s.i. Discs
were recovered whilst drilling through the less highly stressed parts
of this region,confirming that the stresses were in excess of 17,500

PeSei. (See 2.3b, page93 ).

Theory predicts that the total energy release during the period

of seismic recording in the location region should have been about

. ft.-lbs. (3 x lO18 ergs). However, the seismic energy detected

9 16

3x 10l

by the location equipment was only 6 x 107 ft.-lbs. (6 x 107 ergs).

All the radiated energy rust ultimately come from loss of gravitational
potential of the rock surrounding the excavation. The largest burst

9

radiated 107 ft.-lbs. at frequencics between 15 c.p.s. and 160 C.p.S.,

/from..-.
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from what appeared to be a relatively small volume of rock. Figure 3.4
indicates that the strain cnergy per cubic foot, about 15 feet ahead of
the face, is 2 x 104 ft.=lbs. Thercfore, the energy in the largest
bursts is equal to the strain energy in 5 x 104 cu,ft. of rock, that
is, a repgion with dimensions between 10 feet and 100 feet. However,
the rock mass involved in the loss of gravitational potential is
thousands of fecet in extent, and disturbances travelling at seismic
velocities take about half-n-second to propagate from the stope to
surface. Therefore it is quite likely that only a small proportion of
the total enerpy is radinted at frequencies betwecn 15 c.p.s. 2nd 160
C.pes., and that the energy at these frequencies comes from the strain
energy in the rock which fails. Other seismic records of tremors,
obtaincd from surface seismometers of the Bernard Price Institute, indi-
cate that the energy radiated below 15 c.p.s. may be tea times as
great as that radiated above 15 c.p.s. Energy must also be dissipated
in friction acress the fractures in the rock surrcunding a stope. The

discrepancy between the theoretical and measured energy release is,

therefore, not as great as it at first seecms.

Tests cn the strength of partially constrained spcecimens of
quartzite showed that the strength of such specimens was markedly in
excess of the uniaxial strength of the quartzite. Before ultimate
failure of such specimens, extensive failure and spalling of the
quartzite in the gnp occurred. It scems that this is probably similar
to the behaviour of the rock ahead of a stope face, and that the
increase in strength may be due to the support of the fractured rock,

as the thecry suggests.

Questions arising from the Results

The seismic results were obtained in a regicn with a high incidence
of rockbursts. The equipment has recently been installed in another

part of the mine which has a low rockburst incidence. This part of the

/mineo-oo



112.

mine is less extensively developed and the quartzite is much more
shaly. It is hoped that the results cbtained ia the new site will
throw some light on the difference between regions of high and low

incidence.

It is suggested that other 24-hour seismic networks be built and
installed on other mines with markedly different geology and rock=-
burst incidence, tc further investigate this problem. Such equipment
seems tc be necessary so that data from different times and places can

be compared quantitatively.

A seismic network covering thousands of feet, and a continuous
2h~hour recorder are necessarily limited in resolution and frequency
response. or this reason it wns not possible to obtain data con-

cerning the rock displacement or the propagation of each failure.

Measurements of the movement of the rock around a stope have been
made. The question arises whether these nre discrete movements, each
following a failure, or whether continuous flow occurs as well. A
continuous recorder, which will be able tc resolve movements of a
hundredth-cf-an-inch and times _.f scveral seccnds, is being built.

This is to be installed so as to measure the axial strain in a vertical
borehole 150 feect longz, in the rock ahead of the face, in the region of
the seismic network. It will be possible to correlate the seismic

records with these strain measurements, tou resolve this question.

In corder to detect smaller displacements occurring over periocds of
a second, the cutput of a2 2 c.p.s. seismometer is going to be interg: .. d

and recorded by amplitude mcdulaticn on the seismic tape recorder.

The seismic data indicate that most of these failures oécur during
blasting. Seismic prospecting equipment has been obtained with which
it will be possible tou make detailed studies %f the failures which
occur during and immediately after blasting. Details of the pro-

pagation of the failures might be goined by examining high frequency

Y. o SR S
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seismic radiation from the failures. Low frequency seismic records
should yield informaticn about rock movements following blasting or a
failure. It may be possible to integrate such records, to determine
what displ-cement of the rock occurs. Simultanecus records of stress
changes in the rock ahecad of the face will enable the relationship

between stress and failure to be established.

At depth, failures must occur in the rock around a stope as mining
proceeds. Most of these failures occur durin: blasting, when the
stopes are free of people. Only failures releasing energy in excess
of 5 x qu ft.-1lbs. appear to cause noticeab.e damage to the workings.
It is suggested that the most fruitful approach to the rockburst problem
is to establish n mining technique which ensures the regular devel-
opmenf of the failures in a series of small releases which occur during
blasting. The most efficient way of gencrating these failures is to
make use of the stress concentrations in the rock by adjusting the rate
of face advance per blast, the blasting technique and the interval

between blasts. It is hoped that the detailed seismic studies will

ennble the effect of different tcchniques tc be established.

L

O0f 187 bursts radinting energy in excess of 5 x 10° ft, =lbs., only
7 caused noticenble damage to the workings. There appear to be no
differences in location or energy between bursts which are noticed and
those which are not. In this respect, two major Lursts which occurred
in the seismometer network are interesting. Both of these bursts
radiated about lO9 ft.-1lbs., were on the face and slightly in the
footwall. The rockburst classificati-n of the {irst burst was medium
to slight intra-dorsal, and the classification of the second burst
was severe extra-dorsal. It seems that this difference can be
attributed only to the condition of the fractured rock immediately

around the face. In this respect, it may be significant that the

/first....



114,
first burst caused the lcast damage.

It is well knowﬁ that the hanging immedintely above a pack often
remains in place after a rockburst, whilst the hanging between packs
comes down. It is suggcested that the stability of the hanging, foot-
wall and support may have a major effect in determining the dnmage
caused by a failure in a stope. No information about the stresses in
the fractured rock, and how they change when a failure occurs, is
available. Such information, and additional data concerning the
properties of the joints, is necessary before the stability of the

hanging and footwall can be analyzed.

Friction between surfaces of rock is obviously important in
assessing the behaviour of fractured rock. It scems that friction
between crack surfaces may be of equal importance in determining the
strength (Brace, 1960) and attenuation of stress waves (Knopoff and
MacDonald, 1958) in solid rock. Simple apparatus in which it is
possible to measure friction and creep between rock surfaces, over a
wide range of stresses and other conditions, has been devised. To
date, only a few preliminary tests have been made, but they have

indicated that the equipment will work.
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APPENDICES

A.1 Seismic Wave Attenuation

Vibrations in sclids are damped by internal energy losses. Birch (1942)
has reduced mecasurements of this loss to a dimensionless quantity, l/Q.

1/

If d E is the energy loss per cycle, and E the total encrgy, then ™ Q

=dE/ 21E. A solution for damped elsatic waves spreading from a

focus is:-

- . = ‘ &
A -Xr e211'1f(t g2

wheres

f = frecuency

v = velocity
1tﬁ/Qv

u = displacenment

r = radius from the focus

The solution to this equation for different frequencies and velocities
equal to the velocities of compressional and shear waves in quartzite
are shown in Figure A.l and Figure A.2. A conservative estimate of

Q =80 (Birch, 1942) has been used for both compressional and shear

waves, though it is probable that Q is less for shear waves.
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A. 2 Replay Amplifiers

Recording Amplifierse

Trigger Circuits
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REPLAY AMPLIFIERS

COMPONENTS LIST

Connections
lo HoTo e -~ 6 VOltS
2o Earth

e Galvanomecter

Components
R1. 470 cohms

R2. 120 ohms
R3. 1.5k ohms
R&4. 3.3k ohms
R5. 33k, ohms
R6. 5.6k ohms
R7. 4.7k ohms
R8 1k ohms
R9. 5k ohms potentiometer
R10. 33k ohms
R11. 5.6k ohms
Rl2. 4.7k ohms
R13. 1 k. ohms
Rl4, 18k ohms
R15. 3.3k ohms
R16. 4.7k ohms
R17. 1k cohms

Cl. 100 mF

ca. 25 mF
C3. 100 mF
Ch. 25 uF
c5. 25 uF
C6. 100 oF
67 .5 mF
c8. 100 uF
c9. .5 uf
T, 06 45

12, A

5. 00 71

T4, oCc 71
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RECORDING AMPLIFIERS

COMPONENTS LIST

Connections
HoTt - 6v
Earth

and/Input
8

L"-
3
5.

R1.
R2.
R3.
Rk,
RS.
R6.
R7.
R8.
R9.
R10,
R11.
R12.
R13.
R1k4.,

RL9s

R16.
R17.
R18.
R19.
R20.
R21.
R22

R23.
R2k,

Output to recording head
D.C. bias tu recording head

Test lead

Components
1.5k ohms
680 ohms
170 ohms
82 ohms
33k ohms
5.6k chms
150 k chms
4,7k ohms
1k ohms
330 ohms (Ochms for H.¥, amplifier)
33k ohms
5.6k ohms
4,7k ohms
1k ohms

353k ohms

3%k. ohms

5.6k ohms

4,7k ohms

1k ohms

10k ohms

5.6k ohms

560 ohms

470 ohms

1.5 ohms potentiometer
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Cl.
C2.
C3.
Ch,
C5.
C6.
C7.
c8.
C9.
C10.
cll.

Cla.

T1.
T2,
T3.
Th,

RECORDING AMPLIFIERS

Ordinary Amplifiers

250 mF
50 oF
5 wF
50 mF
250 mF
5 mF
250 mF
50 mF
250 mF
5 mF
50 mF

250 mF

oC 71
0C 73
oCc 71

oG 71

H.F. Amplifiers

1l mF
2 mf
25 mF

o1 mF

2 mF
25 mF
ol mF

2 mF

25 mF

123.



124

RESPONSE °/
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RECORDING AMPLIFIERS.

Figure A.5
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Rl.
R2.
R3.
Rh.
R5.
R6.
R7.
R8.
R9.
R10.

R1l1.

Cl.

C2.

Tle
T2.
T3.
Tk,

T5.

Dl.

D2.

TRIGGER CIRCUIT

COMPONENTS LIST

Components
L .7k ohms

22k chms

1k chms

200 ohms potentiometer
5.6k ohms

1k ohms

100k ohms

5.6k ohms

56k ohms

360k ohms

10k ohms

1 mF

5 mF

oc 71
¢c 71
oc 71
oc 71

oC 72

OA 5

OA 5
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A. 3 Strain Gauges

Assuming temperature stability and stability of the bond between the
strain gauge and the specimen, the accuracy obtainable with a strain

gauge is determined by its output signal.,

The output from a strain gauge is proportional to the voltage across

the gauge, but the el._ctrical power which a gauge can dissipate is
limited. For a ;siven power dissipation %/—E- times the output

voltage can be obtained from a strain gauge by using an alternating
instead of a direct current supply for the gauge. This process can be
carried further to obtain increases greater than 5 times in the Jutput
voltage by supplying the gauge with short duration positive and negative
pulses separated by relatively long intervals. The interval between

the pulses must be much less than the interval over which the strain

measurement is significant.

A mechanical chopper providing ten pulses per second from a battery
supply was used. This was connected to a strain gauge bridge and

the output was amplified in a low noise silicon transistor D.C. pre-
amplifier. The output from the pre-amplifier was fed to an oscilloscope.
Using a chopped signal had the further advantage of aveiding trouble due

to drift of the D.C. amplifier.
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NOTA
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TION

S0
==

R

Velocity of Propagation

1

= Diameter

= Energy

= Horizontal Component
= Wire Diwacter

= Constant

= Load

= Compressional; Pressure
= Compressive Strength
= Variable
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= Duration

= Vertical Component

= Young's Modulus

Lamé's Constants
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