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TKE MEASUREMENT AND ANALYSIS OF EARTH MOTION
RESULTING FROM UNDERGROUND ROCK FAILURE

SUMMARY

Thu seismic method w”s used to investigate the effects
of underground rock failure. This method is particularly
attractive since, in principle, it is possible to locate the
focus of a violent rock failure, to determine the quantity
of energy radiated by the failure, and to determine the
mechanism of the failure. The considerations in the design
of a seismic network are given and the method of interpreting
the data is also described.

The seismic network was installed at the Harmony Gold
Mine in the Orange Free State, and consisted of nine
seismometers linked by means of cable to a 16-channel tape-
recorder. The network operated continuously, and the tape-
recordings were processed on a replay machine at the
Bernaxu Price Institute of Geophysical Research.

The. accuracy with which seismic events could be located
was - 100 feet with 90 percent confidence. During the first
year of recording, 3100 seismic events were located ranging
in magnitude from IC5 ft.-lbs. to 10 ft.-lbs. of radiated
energy.

It was found that there were two distinct groups of
seismic events. 95 percent of the events occurred at an
elevation between the reef plane and a weak band of rock
300 feet above the plane, in which case 85 percent were
above advancing faces and 10 percent above worked-out areas.
The remaining 5 percent occurred in a confined group near
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a dolerite sill at an elevation of about 2400 feet above

the reef plane. The seismic observations were compared with
some earlier strain measurecerts in the Ventilation Shaft.
This comparison showed that the elevation of the seismic
events coincided with the elevation of regions where measured
extensional strains in the rock exceeded the original
compressive strain in the rock. It was concluded that rock
failure was limited to a zone extending to a height of
approximately 300 feet above the excavation and that the
zone extended laterally as the faces advanced, except that
rock failure also occurred in a confined region at the
dolerite sill.

A large proportion of the seismic events and damage due
to rock failure occurred near those faces which were most
highly stressed. Energy must be released when the size of
the mine excavation increases. The energy release per unit
area was compared with damage due to rock failure,
seismicity and the stope labour requirements. All these
factors showed a marked increase as the energy release rate
increased. It was concluded that the rate of energy release
is a significant parameter in predicting the magnitude of
problems arising from rock failure and that these problems
arc easily manageable when the rate of energy release is
less than IOQ ft.-lbs. per fathomp

There was no difference in the behaviour of seismic
events of different size, except that all the events of
magnitude 107 ft.-1bs. and 108 ft.-1bs. occurred at dykes.
Although blasting triggered a large number of events, more
than 50 percent occurred well outside blasting time, and
the rate at which seismic events occurred fluctuated quite

widely, even when the rate of mining was nearly constant.
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The total amount of energy radiated by the seismic
events was four orders of magnitude less than tho calculated
amount of energy released by mining.

Only a small fraction oV the damage was accompanied by
seismic activity, which implies that the damage was due to
falls of rock which had been fractured before the rockfalls
occurred. The only manner in which this type of damage can
be reduced is to reduce the extent of the fracturing, by
reducing the energy release rate, or by improving the type
of support in the slopes.

Current theories ahow that some rock types can fail
violently or non-violently, depending on the manner in which
the rock is loaded. It is shown that these theories may
explain the stable development of the fracture zone;
however, the large quantities of energy that are dissipated
stably can only be dissipated by friction in the fracture
zone; a relatively small fracture zone is required to
dissipate this energy.

Studies of the mechanism of the seismic events showed
that the mechanism was some form of volumetric collapse.
The mechanism of some of the seismic everts could, therefore,
be a sudden growth in the fracture zone, the collapse of
fractured rock near the face or In worked-out areas, or the
sudden failure of a volume of rock slightly removed from
the excavation. The mechanism of the seismic events near
the dolerite sill was not clearly resolved; it could,

however, have teen a shear movement.

/ ATPINDIX 1.
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THE MEASUREMENT AND ANALYSIS OF EARTH MOTION

RESULTING FROM UNDERGROUND ROCK FAILURE

SUMMARY

The seismic method vms used to investigate the effects
of underground rock failure. This method is particularly
attractive since, in principle, it is possible to locate the
focus of a violent rock failure, to determine the quantity
of energy radiated by the failure, and to determine the
mechanism of the failure. The considerations in the design,
of a seismic network are given and the method of interpreting
the data is also described.

The seismic network was installed at the Harmony Gold
Mine in the Orange Free State, and consisted of nine
seismometers linked by means of cable to a 16-channel tape-
recorder. The network operated continuously, and the tape-
recordings were processed on a replay machine at the
Bernard Price Institute of Geophysical Research.

The accuracy with which seismic events could be located
was - 100 feet with 90 percent confidence. During the firet
year of recording, 3100 seismic events were located ranging
in magnitude from 10 ft.—bs. to 10 ft.—4bs. of radiated
energy.

It was fourri that there were two distinct grout of
seismic events. 95 percent of the events occurred at an
elevation bf ween tn reef plane and a weak band of rock
300 feet above the plane, in which case 85 percent were
above advancing faces and 10 pro ant above worked-out areas.
The remaining 5 percent occurred in a confined group near
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a dolerite sill at an elevation of about 2400 feet above

the reef plane. The seismic observations were compared with
some earlier strain measurements in the Ventilation Shaft.
This comparison showed that the elevation of the seismic
events coincided with the elevation of regions where measured
extensional strains in the rock exceeded the original
compressive strain in the rock. It was concluded that rock
failure was limited to a zone extending to a height of
approximately 300 feet above the excavation and that the
zone extended laterally as the faces advanced, except that
rock failure also occurred in a confined region at the
dolerite sill.

A large proportion of the seismic events and damage due
to rock failure occurred near those faces which were most
highly stressed. Energy must be released when the size of
the mine excavation increases. The energy release per unit
area was compared with damage due to rock failure,
seismicity and the stope labour requirements. All these
factors showed a marked increase as the energy release rate
increased. It was concluded that the rate of energy release
is a significant parameter in predicting the magnitude of
problems arising from rock failure and that these problems
are ecasily manageable when the rate of energy release is
less than 100 ft.-lbs. per fathom

There was no difference in the behaviour of seismic
events of different size, except that all the events of
magnitude 107 ft.-1bs. and 10P ft.-lbs. occurred at dykes.
Although blasting tr?-gered a large number of events, more
than 50 percent occurred well outside blasting time, nd
the rate at which seismic events occurred fluctuated quite
widely, even when the rate of mining was nearly constant.

/ The



(Hi)

The total amount o/ energy radiated by the seismic
events was four orders of ruagnltude less than the calculated
amount of energy released by minxng.

Only a small fraction of the damage was accompanied by
seismic activity, which implies that tho damage was due to
falls of rock which had been fractured before the rockfalls
occurred. The only manner in which this type of damage can
be reduced is to reduce the extent of the fracturing, by
reducing the energy release rate, or by improving the type
of support in the stopes.

Current theories show that <fcnme rock types can fail
violently or ncn-violently, upending on the manner in which
the rock is loaded. It is shown that these theories may
explain the stable development of the fracture zone;
however, the large quantities of energy that are dissipated
stably can only be dissipated by friction in the fracture
zone; a relatively small fracture zone is required to
dissipate this energy.

Studies of the mechanism of the seismic events showed
that the mechanism was some form of volumetric collapse.
The mechanism of seme of the seismic events could, therefore,
be a sudden growth in the fracture zone, the collapse of
fractured rock near the face or in wcrked-out areas, or the
sudden failure of a volume of rock slightly removed from
the excavation. The mechanism of the seismic events near
the dolerite sill was not clearly resolved; it could,

however, have been a shear movement.

/ APPLNDIX 1.



CONIENTS

INTRODUCTION

CONSIDERATIONS IN TH7 DESIGN OF THE
SEISMIC NETWORK

Seismometer layout
Recorder design

DATA PROCESSING

The location of seismic events
Energy determination
Mechanism studies
First motion analysis
Spectral analysis
GEOLOGICAL ENVIRONMENT
DISCUSSION AND RESULTS

Magnitude of seismic events
Plan location of events
Elevation af seismic events
Strain measurements
The rate of energy release
Temporal behaviour of seismic events
Tremors and damage
Mechanism of seismic events
Stable energy dissipation
Unstable release of energy
Visual observations
First motion theory
First motion results
Spectral analysis results
SUMMARY OF CONCLUSIONS

APPENDICES
ACKNOWLEDGEMENTS

REFERENCES



Flg.l

10

11
12

13

1H

13
16

17
18

19

20

21

22

FIGJUBC

Delay time hyperbolas

Plan position of seismometers
Elevation of seismometers
Seisi.ic record

Overall frequency response
Locator

Geological section from
surface to excavation

Geological section near
excavation

Distribution of I'haki Shale

Total energy of different
sized events

Flan position of seismic events
Flan position of seismic events
Plan position of "smic events
Plan position of seismic events
Plan position oi seismic events

Vertical distribution of seismic
events

Plan of events at the Harmony Sill

Vertical section through the
Ventilation Shaft

Change in strain in the
Ventilation Shaft with time

Comparison between strain and
seismic measurements

Plan of the four regions selected
for the energy release rate
anal.yeis

Plan of the sei’mlc events that
occurred In the four regions
selected for the energy release
rate analysis



23

24

25

26

27

28

29

30

31

34
35
36
37

30

39

40

Plan of thf centres of damage that
occurred in the four regions
selected for the energy release
rate analysis

Graph of damage vs. --nergy release
rate

Graph of labour requirements vs.
energy release rate

Graph of seisr icity vs. energy
release rate

Graph of tot ;I seismic energy vs.
energy release rate

Diurnal distribution of seismic
events at Harmonj, at Virgiria
and at the Harmony 3ill

Diurnal distribution of different
sized events

Daily distribution of stoping holes
and compressed air

Daily distribution of events at
Harmony, at Virginia md at the
Harmony Sill

The variation with time of the
mining activity and seismic
activity

The variati n with time of the
activity of different sized events

The diurnal distribution of damage
Griffith's Loci
Critical value ; of nc

Plan of the il ”“evri haulage,
2 Shaft

First motion relation patterns

e ; )
for die"! .ati.ms in pgLy, vy 77
e , e, , U

First motion radiation patterns
for dislocations in Ux

First motion radiation patterns
for dislocations in U

Page

62

63

63

63

63

67

68

70

71

73

74
78

91
94

102

107

108

109

T



Fig* 41

42

43

44

45

46

47

48

1A
to 3A

4A
to 13A

14A
15A

16A

17A

18A

19A

20A

( vii)

F'iret motion radiation patterns
for double dislocations in

XX’ eyy’ ezz

Central projection of the first
motions of an event with all
first rot.iorj rarefaction

Central project!'n ?f the first
motions of an event with some
first motions :(L"ressicr

Central projection of the first
motions of an event for which
the ra.nation pattern 3oes not
fit any standard pattern

a) A missilfram of two seismic events

b) Two enotions of the P waves of two
events

Spectra at different seismometers for
an event of magnitude 104 ft.-1bs.
near the excavation

Spectra of different seismometers for
an event of magnitude 10° ft.-lbs.
near the excavation

Spectra of different seismometers for
an event at the H< ony Sill

The change in apparent velocity in
multilayered media.

Graphs of the apparent velocity vs.
the elevation above reef for some
seismome>' rs

T e central projection
The tranrient spectrograph

Spectral analyses of some standard
waveforms

Tue -frequency response of the Hell-
Sears rcdol HSI seismometer

Circuit diagram of the record and
replay amplifiers

Circuit diagram of the device
performing the operation rt (2 dt
'o
Circuit diagram of the digital clock

page

112

115

116

118

122

124

125

126

132

134
138
142

143

145

146

147
148



THE MEASUREMENT AND ANALYSIS OF
EARTH MOTION RESULTING FROM
UNDERGROUND ROCK FAILURE

INTRODUCTION
Rockbursts have been a part of South African gold mining
lor ..ore than a half-century. With the passage of time,

mining methods have been evolved which have alleviated the

severity of rockbursts. However, as mines become deeper,

this problem threatens to become very serious. It has become

obvious that empirical methods will not provide a satisfactory

solution ana intensive research has been launched at a better

understanding of the rockburst mechanism.
In early 1)63, when this study was commenced, the

theories that had been proposed and the more relevant

observations which had been published are as follows. The

concept of a fracture dome was popular amongst most mining

engineers. “~re was no uniformity in this theory; one form

was that the rock in the dome is heavily fractured and is

held up by Voussoir arches, and another was that the dome

is a region in which strata separation occurs, so that the

hangingwall develops into a number of beams (Biccard JePDe) »

There was been considerable discussion the extent of this

fracture zone; some believed that it extends right through

to surface and others that it extends only a few tens of feet

into the hangingwall. Dcnkhauc/') attempted to predict the

shape of the fracture dome by using the theory of elasticity

and a maximum tensile and shear stress as a failure criterion.

He concluded that the height of the fracture dome would be of

the same magnitude as the span of the excavation. Barcza

and von Willich » ~ reported some strata movement measurements

made at Harmony Gold Mine which showed the extent to which

/' movements
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movements occurred in the hangingwall. These measurements

were considered by Denkhaus, Hill and Roux<4) to demonstrate

"an alnost classical development of the fracture dome".

Wi&gill ( » introduced the concept of "macroplnstic flow"

into the fracture dome theory. In this concept the rock

behaves according to some of the soil mechanics laws and, in

addition, exhibits time dependent properties. Rockbursts

were classified broadly into two categories, namely, intra-

dosal and extradosal, i.e., bursts originating inside and

outside the fracture zone respectively. Pretorius” has

given a good description of some factors influencing the

different types of rockburst. Ultrasonic techniques were

used by Putsch and SzendreV '1 to determine the extent of

the fracture zone surrounding stope faces. They were able

to detect fracture planes at a distance of 10 feet into the

rock, and showed that the fracture intensity decreased with

distance into the rock.
In an investigation into Vitwatersrand Earth Tremors,

Gone, Selifiman and 3tephen(8) found that these tremors had

their origins close to mine workings. A more intensive

underground seismic investigation by Cook™” revealed that

the majority of seismic events occur within 100 feet of the

working face and that there were many more seismic events

than manifestations of damage. Between 1963 and 1966, a

che.nge in thought became evident, the emphasis was taken

off the fracture dome and turned to a small fracture zone
around the excavation with the remainder of the rock being

continuous and nearly elastic. Hoek(1C) has demonstrated

that rock behaves elastically up to fracture and that the

modified Griffith theory is an adequate failure criterion
under static load conditions. Ortlepp and Nlcoll*11” and

&yder and O fficerl ~ have shown that the movements in the

rock around an excavation are satisfactorily predicted by

/ elasticity



elasticity theory applied to a continuous rock mass. The

development of electrical analogues baaed on elasticity
theory have given additional impetus to the present

popularity of this theory. Furthermore, publications by

200~ have led to a better understanding of the
basic mechanics of rock failure and rockbursts.

The seismic technique promises to be the most fruitful
observational method of attack on the rockburst problem,
since it allows measurements of rock movements deep within

the rock mass to be made. It has three very attractive

features; it enables the focus of a violent event to be

located, it enables a quantitative determination of the

kinetic energy radiated by the event to be made and it is
theoretically possible to determine the movements that take
Following on the successful seismic

Limited (E.R.P.M.)

place at the focus.
experiment at Bet Rand Proprietary Mines,

it was decided to set up a second one at a different mine.
*he Harmony Gold Mine was selected because it was prone to

rockbursts and earth tremors and the geological environment

differed from that at E.R.P.M. There was also the fear that

Harmony might encounter a severe rockburst problem because

preliminary strength tests showed that the quartzite there

was stronger then at E.R.P.M. It wag thought that rock

failures at Harmony might, therefore, be more violent than

those at E.R.P.M.

The E.R.P.M. seismic network was designed to locate

events occurring near one longwall stope. Harmony is a

comparatively new mine and the worked-out area is much
smaller. The new seismic network was, therefore, able to
cover the entire mine so that the overall rock movement

pattern could bo discerned without losing too much location

accuracy. In addition, t in network was arranged to operate

continuously.

/" CONSIDERATIONS



CONSIDERATIONS IN THE DESIGN OF THE SEISMIC NETWORK.

The moot versatile method of recording, storing end

manipulating date is by means of tape-recorders. For

seismic networks, the tape-recorders must be multi-

channelled to accommodate all the seismometers and time

signals. The time signals take the form of a sequence of

coded pulses which give the time of day at any instant.

For location purposes, the most convenient type of record

is a visual one, consequently the tape-recorders must drive
a photographic oscillograph. It was desirable to do all

aata processing at the Bernard Price Institute in Johannesburg,

therefore it was necessary to onerate a record deck at the

Harmony Mine and a re-play deck in Johannesburg.

Seismometer Layout:

When a failure or explosion occurs in rock, waves travel

out radially from the disturbance. In solid, homogeneous

rock there are two modes of wave propagation, namely,

compressional and shear. The compressional, or P, wave

travels faster than the shear, or 3 wavu. If at a point

"emote from the source, the difference in times of arrival

to P and 3 waves can be measured, then the distance

a the source to the measuring point can be calculated.

of the P and S waves

ior this to be done the velocities

must be known. In practice it is not easy to determine when

the 3 wave arrives because it is usually obscured by the coda

of the P wave, especially when the P-3 interval is short.

Alternatively, if there are two measuring points end the

direction of the source is known, the distance of the source

can be calculated using the difference in times of arrival of

the P waves at the two measuring points. Consider two

me- earing points 3" "nd S2 separated by a distance 2d, the
locus of a source point which produces a constant difference

xn the times of arrival (delay time) at ~ and So, is n

hyperbola.
/ Figure 1 .......
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Figure 1 snowo a family of hyperbolas for different delay
times. The curves are for equal increments in delay time,

where the delay time is in dimensionless form

Delay Time =2 = ?
2d

a = P wave velocity

t = delay time in seconds

The spaaing between the hyperbolas is a measure of the
accuracy with which a source point can be located. Imagine
a source point which can lie anywhere along a radial line
from 0 and making an angle 0 with the line S-jSp. Along the
line 9=0, between and the hyperbolas are normal to
the radial line and are closely spaced, the resolution is
best here: outside S1 and S2 the line is coincident with
the hyperbola for T = 1, and the resolution is zero. The
radial line 1is coincident with the hyperbola T = 0 when
0 = 90° and the resolution is again zero. In general, the
resolution is best at small angles and close to the origin;
the hyperbolas all become asymptotic to radial lines so
that at large distances the resolution tends to zero. From
Figure 1, it can be sven that three measuring points are
required to obtain a unique location in a two-dimensional
space, and that for good resolution, the three measuring
points should lie at the corners of an equilateral triangle
which encloses the source. Similarly in three dimensions,
four measuring points are required to provide a unique
solution, and the optimum configuration of the four points
is at the corners of a tetrahedron which encloses the source.
Additional measuring points surrounding the source will
greatly improve the accuracy of the location. A co-planar
array of measuring points will hove a very poor resolution
and ambiguity In a direction normal to the plane.

In selecting the sites for seismometers on the mine,
the object was to enclose as much of the mine workings os

possible, with tetrahedral arrays of seismometers...........



PLAN OF HARMONY ON A GRID OF 5000 FEET,
SHOWING THE POSITIONS OF SEISMOMETERS

1 TO 9 AND THE BOUNDARY OF THE VIRGINIA
PORTION.
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A VERTICAL SECTION THROUGH HARMONY SHOWING THE POSITIONS OF
SEISMOMETERS 1 TO 9, THE SURFACE AND THE REEF PLANE.
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Figure 2 and Figure 3 show the plan position and elevation
of the selected seismometer sites. Seismometers 1, 2, 3,
4, 5 and 6 were oil situated in haulages below the reef plane,
7 and 8 were in intermediate pump-stations half-way up shafts,
anc 9 was on siurfnce. Seismometers 1, 2, 3, 7; 3, 4, 6, 8;
and 2, 3, 5, 9 form three overlapping tetrahedral arrays.
All the seismometers were rigidly fixed in the ends of
diamond-drill holes 100 feet long, to reduce noise from
activity in the haulages and to minimize wave scattering
effects from the haulages. Thu surface seismometer was fixed
in sandstone 100 feet below surface. All the seismometers
were vertical except 1, 4 and 5, which detect only horizontal
motion. This array also covered a portion of the neighbour-
ing Virginia Mine. All the seismometers were linked to the
tape-recorder by means of twin conductor screened cable.
All the cable was carried in standard electrical conduit for
protection against theft and mechanical damage. The conduit
provided extra screening which was an advantage since all
the cables were in close proximity with high voltage power
cables. The tape-recorder was situated underground at the
17 level station, 3 shaft, so that it would not be necessary
to bring a large number of cables up the shaft to surface.
It was necessary to use existing telephone wire in the
shafts to link thy surface seismometer and the seismometers
in the pump stations to the t"p”-recorder. This resulted in
a large amount of cross-tall; from telephone bell bringing,
and a small amount of cross-talk between seismometers 8 and
9 which used the same telephone cable. The cross-talk from
the bells was of no consequence since it rarely occurred at
the same time as a seismic event. Altogether 100,000 feet
of cable was used to join the seismometers to the recorder.
The seismometers were Hall-Sears, Model HS—+ wi.h a
natural frequency of 4.5 c/s. They have a sensitivity of

/0.5 volts
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0.5 volts per inch per second with a 1000 ohm load. The
frequency response of the secismometers is shown in

Appendix 4.
Recorder Design:

The sensitivity requirements of the recording system
are two-fold.

a) The first motions of the seismic events must be sharp
and clear for good accuracy and for first motion studies.
This implies that the recorder must have a good high
frequency response and high sensitivity.

b) For energy determination and mechanism studies by means
of spectral analysis, the widest possible bandwidth arai
low distortion are required. The most serious form of
distortion is saturation distortion, therefore this
requirement implies a low sensitivity. Another form of
distortion which sometimes occurs in seismic amplifier!

when the signal level becomes high, is blocking.

The seismic expe? “jnent ai E.R.P.X. revealed that ;he
magnitudes of the seismic events that could be satisfactorily
located ranged from 10x ft.-lbs. to 10q ft.-1bs., and tnat
most energy was carried in the 20 c/s to ICO c/s frequency
range. The range in thu energy of the events to be expected
is 10”~. Since the energy is proportioral to the square of
the particle velocity and since seismometers are sensitive
to particle velocity, the range in output from the
seis. ometer will be 10" or 60 db. It was also found that
the first motion of a 10~ ft.-1b. event at a distance of a
few thousand feet from the seismometer caused an output of
10 nV from the seismometer. The lower limit to the bandwidth
was set by the seismometer which had a cut-off just below
4.5 c/s. The upper limit was set by attenuation of seismic

waves in rock; over a distance of 4000 feet, the

/ attenuation



attenuation of a 1000 c¢/s wave is 20 ao more than that of
a low frequency wave, there was clearly no point in
attempting to record waves of nigher frequency.
finally, the recorder was situated underground and it
was convenient to give it attention only once a day and
therefore the tape had to play for 24 hours. The re-play
machine had to run at a higher speed than the record machine
so that the tapes could be played back in a normal working
day. A re-play speed four times higher than the record speed
was selected; this had the advantage that the output from
the re-play heads was four times higher; however, #ne signal
frequency was also four times high r, and this posed
difficulties in transcribing to a visual record. The longest
1.5 mil tape available was 5000 ft. long, so the; the record
speed had to be 0.6 ins. per sec.
The specifications of the recording system were:

a) Record speed 0.6 ins/sec.

b) Re-play speed 2.4 ins/sec.

c) At least 10 channels

d) Dynamic range of 60 db.

e) Sensitive to 10 uV signal input.

f) Frequency response from 4 to 1000 c/s.

g) Blocking must rot occur in the amplifiers.

h) Compromise between high sensitivity and

cut-off distortion.

No standard tape-recorders were available with these
specifications and the c;st of modifying standard machines
was found to be prohibitive. Consequently machines h d to
be designed and built. The basic features of this design
were kept similar to those of the recorder at T.R.P.M., so
that t-pes recorded at E.R.P.M. could be processed on the
new equipment if necessary. The tope transport system was

identictl with the E.R.P.M. system, except for a change in
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the tape tensioning arrangement. The record-replay heads
were also identical with the E.R.P.M. recorder; they were
E.N.I. 16-trcck heads for a one inch tape.The record-
replay characteristic of theue heads was 20 db downat 4 c/s
and 1000 c¢/s record frequency, when the tape speed was 0.6
in/sec. on record and 2.4 in/sec. on replay. Since the
desired bandwidth was 4 c¢/s to 1000 c¢/s, it was netpossible
to make usa of modulation techniques because an even larger
bandwidth would have been necessary.

In general, sophisticated techniques ore required to
obtain a signal to noise ratio of 40 db. at low tape speeds,
therefore a dynamic range of 60 db could be attained by using
two channels, one with a gajn 30 a* loss than the other, and
each having a signal to noise ratio of at least 30 db. The
E.R.P.K. recorder used B.C. Biasing which resulted in a
signal to noise ratio of 30 db. A.C. biasing could have
provided an improvement in the signal to noise ratio and a
slight improvement in the linearity at the expense of more
complex electronic circuiting and a poorer high frequency
response. v.C. Biasing is more critical to adjustments while
D.C. biasing is more prone to low frequency noise caused by
dust particles on the U pe. D.C. biasing was selected for
the Harmony recorder since it provided the adequate signal
to noise ratio of 30 ub and a total harmonic distortion of
less than 5 percent.

There were 16 tracks available, nine were allocated to
high sensitivity channels for each seismometer, six to low
sensitivity channels for selected seismometers, and one to
time signals.

Blocking of «he amplifiers wrs circumvented by not using
capacitors rs coupling el'-r.onts between the amplifier stages.
Since a good low frequency response wee required, the

amplifier stages were d:.rect coupled. The input and output

/ signal
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signal levels on the record and ruplny sides were identical,
so th.:t the record rnd replay amplifiers were mode identical,
except for equalization in the -eplay amplifiers. The first
two stages were differential amplifiers which have good
linearity and good stability. The final stages were a common
emitter stage cnu a driver stage for driving the 3 ohm heads,
in the case of the recorder, and 15 ohm galvanometers, in the
case of the replay deck. A circuit diagram is shown in
Appendix 4.

On installing the recorder in the mine, two difficulties
arose. The first difficulty, which was anticipated, was that
50 c¢/s pickup from The mine power supply necessitated the
first stage of the amplifier being placed at the seismometer.
The second difficulty was the appearance of a slowly varying
D.C. voltage on the cable from the seismometers to the
recorders. The source of this voltage was never identified;
however, it appeared to be rul --ted to underground electric
locomotives. This voltage upset th< operation of the direct
coupled amplifier stages, and coupling transformers had to
be introduced at each end of the cable.

The oscillograph used was a Hall-Suars 24-channel
galvanometer type, the natural frequency of the galvanometers
was 500 c/a. The record was produced on 10-inch wide photo-
graphic p'tpel’. The maximum paper speed was 15 ins/sec.

It was necessary to know the time at which seismic events
occur so that they could be correlated with mining activity,
rockburs ,s and earth tremors. A digital clock was designed
for this purpose. The clock produced a sequence of ten
binary coded pulses repeated three times a second. The
first pulse was a marker pulse and was slightly bigger than
the others, the remaining nine pulses divided the day into
2q parts, i.e., approximately 2.8 minutes. The clock

therefore gave the time to the nearest 1.4 minutes.

/ FIGURE 4 ............
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In figure 4, the second truce from the bottom ie the time

trace and the code indicates that the time ia 11.03 a.m.

The spacing between the pulses woe 25 milliseconds, so that

the clock also served as a frequency reference in order to

check that the speed of the record deck, the replay deck and

the oscillograph remained constant. The time code also served

as a position reference along the length of the tope; for

example, if it was desired to re-examine a seismic event for

further processing, it was on easy matter to find the event

by looking for the time at which it occurred.
The heada on the record deck were aligned relative to

the heads on the replay dock such that when a pulse was

simultaneously appliod to all channels on the record deck,

the stagger between signals on a time base was less than one

millisecond on the photographic record. Bach channel of the

entire recording system was calibrated for amplitude and

frequency response and sense of first motion. Standard signals

from a low impedance signal generator were applied in parallel

with each seismometer in the mine, so that the entire system

was calibrated. To calibrate for sense of first motion,

positive pulses were applied to the positive terminals of

the seismometers and the direction of motion of the

oscillograph trace was observed. Figure 5 shows the overall

frequency response of the system, including the frequency

response of the scismometers. The bandwidth was narro”r

than intended; however, it was adequate for energy

determin. tions and spectral analysis, since most of the

energy is cairied in the 20 to 100 c/s range,

/" FIGURE 5.
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An elaborate trigger system was built into the replay
system. The purpose of the trigger was to set the oscillo-
graph in motion whenever an event occurred, so that the event
could be recorded automatically. It was intended that the
trigger should select only events that could be located,
therefore a trigger was produced only when there was a signal
present on four or more channels and on condition that these
signals occurred within 1/8 second of each other. (1/8 second
was the replay travel time of a P wave between the most widely
spaced seismometers). The trigger operated satisfactorily in
selecting seismic events recorded on the magnetic tape;
however, it was rejected because numerous false triggers
resulted at bl sting time in the .nine and from transients
probably caused by the stopping and starting of electric
locomotives underground. Monitoring by ear was found to be
superior; seismic events were readily distinguishable from
other signals and with a little experience it was possible
to estimate the magnitude of the event.

It was also found that playing the tape bock in 6 hours
or 4 times recording spued, resulted in a build-up of
unplayed tapes. The replay speed was changed to 8 times the
recording speed for monitoring purposes, and when a seismic

event occurred, the speed was switched back to 4 times for

making the photographic record.

/' DATA PROCESSING............
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DATA PROCESSING

Th.s location, of Events

The method of locating soismic events has been described
by Cook(9). The method makes use of a device known as the
"locator", Figure 6. The locator is an analogue computer
and is a spatial scale model of the seismometers in the mine.
The tips of the vertical rods represent to scale the positions
of the seismometers. Strings pass up each rod and run ov»r
pulleys so that they heng down in front of a scale on the
wall. The scale is calibrated in feet and each division
repreaercs 200 feet. A string can be pulled out from each
seismometer position and the length that is pulled out can
be measured by the motion of an indicator attached to the

string, as it moves over the scale on the wall.
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To carry out a location for a seismic event, the
differences in times of arrival (delay times) of P waves at
each seismometer ere determined from the photographic record.
in distances

These delay times are converted into differences
of the seismic event from the seismometers, by multiplying
the delay times by the P wave voiocity. The indicators are

then adjusted to correspond to the differences in distances

for each seismometer. The :us of the event can then be

lounri by joining all the strings together end manipulating
the common point such that all the indicators form n

horizontal straight line. The position of the coamon ooint

represents the position of the focus and the position whore

all the indicators line up represents the time of origin of

the seismic event to a suitable scale. The location so

obtained is celled the first location.

In practice the veloci vf the P waves varies along
different paths on account of the non-uniformity of the
geological strata and on account of the fractured rock close
to the excavation. Ideally thu velocity of propagation should
be determined for each path to a seismometer, i.e., for each
se smically ctive area in the mine. The P wave velocity was

determined for three regions in the mine corresponding to each

of the three tetrahedral seismometer arrays. Two 20 1b.

explosive charges were fired in each shaft pillar and a 100 1b.

charge was fired in a stope centrally situated in the mine.
A seismometer was placed close to the charge and connected
to the tape-recorder so that the time of origin could be

determined. The Table below shews the velocities obtained.

/ Table.



Seismometer 3 Shaft Blast 2 Shaft Blast Stope Blast

a ft/sec. a ft/sec. a ft/sec.
1
18.700
2
18.700 19.000
3 18,900 18,400 19.000
4
5 18,300 17,400
19,000 18,800
7 19,800
8 19,250 19,700
9 18,000

The low value obtained for seismometer 5 in the case
of the stope blast arose because this seismometer was close
to the blast and the P wave therefore traversed a high
proportion of fractured rock. The 20 1b. charge was found
to be rather small; in the case of +he 2 shaft blast the

tirst motion at seismometers 3 and 5 was not perfectly clear

and these me suremeuts are subject to some doubt. Seismometers

1 to 6 determi le tne plan position of an event close to the

reef plane. Remarkably consistent results were obtained on

the locator when a value of 19,000 ft/sec. was used for all

these seismometers, and this value was consequently adopted

«a the p wave velocity in the vicinity of the reef.

Seismometers 7, 8 and 9 determine the elevation of seismic

events close to the reef plrne. The velocity to these

seismometers differed by a few percent from 19,000 ft/sec.,
so that the first location is slightly in error. A second
location can be obtained as follows: Since the approximate

time of origin of the seismic event has been determined from

the first location, the travel time to each seismometer is

known. Thu differences in distance to each seismometer can

be obtained more accurately by multiplying each travel time



by the corresponding calibrated velocity. These corrected

differences in distance are then applied to the locator to
yield the second location and a better approximation to the
time of origin, so that o third location con be obtained.

In Practice there is no advantage in obtaining a third
location since the velocities ore not sufficiently well known
and because there is frequently difficulty in determining the

time of irnv 1 of the P wave at each seismometer. approx-

imately 30 percent of the first motions start in on indecisive
raannur, with the result that in 10 percent of the cases very
little improvement is attained when making a second location.
The location obtained is in effect a least squares solution

to the focus of the event. This comes about in the following

way. Because the system is linear, the least squares solution

to the time of origin is the arithmetic average of the

positions of the indicators on the locator and since it is

/ery easy to estimate when the indicators form the best

horizontal straight line, the solution is effectively a least

A fter the second location the co-ordinates of

100 feet w.th

squares one.
the focus were found to be accurate to within -
90 confidence. For the majority of the seismic events, only

the wirst location was obtained. The seismometers were

distributed over a region 11,000 ft. wide, so that this

accuracy corresponds to an overall measuring accuracy of - Ijt.
Since the seismometer distribution and the velocity

distribution is asymmetrical with respect to the reef plane,

an error in the velocity calibration would result in biased

locations, A method has been devised which enables the

vertical position (elevation) of a seismic event to be

determined independently of the velocity calibration. The

method is described in Appendix 1, and some examples are

shown; there is good agreement between this method and the

elevations determined by the velocity calibrations.

/ Energy ....



For the spharical radiation of sel inic nergy, the

total enurgy radiated is,

B* w4 cr v It . (1)
.here V = inatant&neoua pcrticle velocity at c distance
r from the focus
=a or 0

C

& —P wave velocity
9 = S wave velocity
P

= density of medium

All the terms on the right-hand side of (1) are kmown, fhe
density of quartzite is 167 Ibs/ft5, and r is obtained from
the locator. The average P wave velocity is 19,000 ft,/sec.

and the b wave velocity can be calculated from

* 0.641 a (2)

where v - Poisson's Ratio

= 0.15 for quartzite.

A seismometer only gives the component of the particle
velocity along the axis of the seismome er, so that the
angle of incidence of the waves at tho seismometer has to be
etermined from the locator. The angle of polarization of
the 3 wave is not known; however, theenergy is determined
from vertical and horizontal seismometers, so thrt the mean
value is not seriously in error.

An electronic device was designed to perform the
operation V¥ dt where t = 1/2 sec. A circuit diagram is
shown in Appendix 4. The diodes operate non-linearly and
bceck-to-bock so that all odd harmonics cancel, the output
is then proportional to the square of the signal. The

squaring is very good over the range of sigs als applied to
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th. output of the device corresponds to the envelope of the

energy flux. Eight devices were constructed and connected

outputs Oi the replay deck corresponding to seismometer;

1 to 8. The surface seismometer was not used for energy
determinations since the amplitude of vibration near a free
surface is greater than in the solid rock far from a free

surfacs. The outputs of the eight squaring devices wore

applied to the remaining 8 channels of the 24-channel

oscillograph. The whole system was calibrated by applying

sign-Is of known amplitude t the seismometer terminals and

measuring the outputs of each squaring device on the photo-

graphic record,

Jigure 4 shows two events of magnitude 104 ft.-lbs. and

x 104 ft.-1bs. that occurred within 21/2 seconds of one

another. The traces marked F are those of the energy flux

and those marked V ore the particle velocity; those in
pairs are the low sensitivity and the high sensitivity

channels of £ seismometer. Most of the energy is carried

in the S wave.
The energy was carefully determined for about 50 seismic

events covering the full magnitude range. These events were

then regarded as standards and oil other events were compared

with these to estimate the magnitude, which was then estimated

to the nearest order of magnitude. A simple rule of thumb

became op; :rvnt; the magnitude was ten times greater if the

duration of the wave train was about twice os long. It was

found that the energy determined by the different seismometers

differed by os much as o factor of 5 for most events. This

variation was anticipated since it was not expocced that the

radiation would bo spherical. The mean of the eight values,

however, gave a good quantitative estint ce of the energy

released seismicolly.
/ Mechanism....



Mechanise studies,.

There ore two complementary techniques which have been
used with some success in studying earthquake mechanisms,

namely, First Motion Analysis and Spectral Analysis.

First Motion®anoiygis. This technique is based on the
tact that the sense of motion at a distant point is related
to the motion at the focus of a seismic source. Theoretically
it is possible to determine the complete initial motion and
therefore the mechanism at the focus, by determining the first
motion at a large number of points around the focus. The
theory of first motion has been given authoritatively by
i1th9PofC and (filbertin which they deal with all possible
mechanisms. The main conclusions of this theory are given

the section immediately preceding the section on first
motion results.

.he method of first motions is to determine whether the
first motion at each seismometer is either compression or
rarefaction and then to fit the first motions of a large
number of seismometers to one of the first motion patterns
produced by different mechanisms. Only P wave first motions

could be examined in this study, since the S wave first motion

was obscured by the coda of the P wave.

A central projection is use'* to represent the three-
dimensional distribution of seismometers on pap”r, This
projection is obtained as follows: the plane of the paper

(projection plane) is horizontal and at unit distance above

the focus of the seismic event. The normal line from the

focus to the plane intersects the plane at 0. A straight line

from the focus to the seismometer is drawn to intersect the

plane in P, this line makes an angle 0 with the normal fri j

the focus to the plane. P is the projection of the

seismometer and 0 is the projection of the focus on the plane.



The distance OP is given by

OP = tan O

The projection is best suited to an array of seismometers

in one half-space only. In the seismometer layout at Harmony,

,0rlL oCiamorati'ters lie in the half-space above the foci of the
In the case of the seismometers in the: lower

0~ 90° +6

seismic events.
half-space, 0 is slightly greater than 90°, i.e.,

where 6 Is small. These seismometers have been plotted in the

central projection as though 0 = 90° -6 and the projected
point has been marked -ve to indicate that tte seismometer
lies in the lower half-space.

The main reason for choosing this projection is that a
plane passing through the focus projects as a straight line.
The direction of thv line corresponds to the strike direction
of the plane, and the distance of the line from 0 gives the

angle of dip of the plane. In the radiation pattern for shear

movements, regions of compression and rarefaction are divided

by two planes which pass through the focus and intersect at

right angles. If 0* and 0% are the angles of dip of the tuo

planes, then the angl' 9 between the two straight lines which

form the projections of the two planes is given by
Cos 9 = tan 0® tan 02 (3)

This relationship is derived in Appendix 2. Now Cos 0 < 1,
therefore at least one of tan Ol and tan 0? is less than one.
This implies that at least one projection line must pass 0 at
a distance less than unit distance. This condition is of
importance in establishing or rejecting the shear mechanism

as a mechanism for seismic events in mines. The shear
mechanism has been found to be the most common type of

carthquake mechanism.

/ Spectral ...
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SUBctral anUymm. This technique,da used to determine

the extent of rupture end la In Its Infancy; it has only
been used successfully m a f,. cases for earthquakes

fSSSzEsnahem and J C k s o s ) In these cases the analysis .as

done by means of surface ,aves. The theory for body .ayes

has been examined by Hlrasc.a and Stauder'") for some ideal

geometrical configurations and no practical solutions have

beun reported.

Thia method is bosed on the fact that a seismic source

occupies , finite space and the changes at the source take

place in finite time. Hirasnwa and Stuuderm7) have shown

that "the finiteness of the source affects only the Fourier
spectra of P and S waves, and has no effect ecither on the
distribution of compression-rarefaction of the P wave, or on

the polarization angle of the 3 wave". In other words, the

source finiteness affects the wave-shape of the P and 3 waves,
whiuo the tirst motion pattern is determined by the type of

shear or tensile rupture). In the case of

the

mechanism (e.g.,
a unilaterally propagating rectangular rupture surface,

effect of the source finitenoss on the spectra of the P and

3 waves is expressed by

exp.-illj(X f Y) 3in cX Sin &Y
wX uuY

where w = angular frequency of the Fourier component

X and Y represent the geometry of the source in
relation to the seismometer in terms of the velocity
of propagation of the rupture and the velocities of

the P and 3 waves.

The main feature is that there are particular frequencies

w=T " * =Y Gt *hich the spectra have zero amplitude

and a phase change by n radians, where mand n are integers.

/ The method



- 28 -

Tho method of epeotrol anolyal, therefore reduces to

detentining the Fourier trsnsforo of the P end s eoves end

exenining the spuoti-uo for minima in omplltude end changes

°f 7 A~ PhO8e -Mch wm Ofble X and y to be oalculnted.

X and Vm turn give the dimensions of the rectangular rupture

and its velocity of propagation in relation to the seismometer.

Vh ve to bo ,eternised at a number of seismometers in

order to determine the absolute dlmenstns of the source. In

addition, the fault plane has to be determined by means of

first motions.
A transient spectrograph with the trade name "rtssilyzer"

Wes used to determine the amplitude component of the Fourier

transform of the waves; the spectrograph does not give the

Phase component of the Fourier transform. This device has

two modes of operation, (a) it produces a three-dimensional

graph or "wissilgram" in which time la the abscissa, frequency

the ordinate and the intensity of the graph represents
it produces a "section” or graph of amplitude

The

amplitude, (b)
versus frequency at any particular instant in time.

"Missilyzer" and some spectra of standard waves are shown

in Appendix 3. Only P waves con be analyzed in t’is study

since the coda of the P waves interfere with the S waves.

"he grfe 1 virtue of this method is that the minima, or

in amplitude occur repeatedly and in the case of an
so that

ZCros,

ideal source, at regular intervals of frequency Aa,

a number of values Aw can be obtained. Note that in the

case of the ideal rectangular rupture there are two families

oi minima yielding Aix and Awy, which have to be distinguished.

A further great virtue of this method is that the positions of

the zeros or minima in the amplitude spectrum of a P wave are

unaffected by the medium through which the P wave has passed

or by the recording equipment, provided that harmonic

distortion does not occur. Linarr attenuation, dispersion

/ end



and scattering of the wove, can only change relative

amplitudes and phases of the spectral components, anu can

have n, effect on components that are missing from the spectrum.

“"rious difficulties arise in this method with deviations

from the ideal rectangular unilateral mptur propagating at

conot.nt velocity. If the velocity of pro; ction varies

slightly, the Fourier spectrum becomes continuous with

indistinct minima in the places of the zeros, if an abrupt

change occurs in the velocity, the spectrum is completely

altered. If the rupture has finite thickness, e.g., a

propagating failure of a volume of rock, a third family of
minima is introduced into the spectrum. Hirrsawa and
£i2uder(1Z/ have shown that when the ideal rupture propagates

bilaterally, zeros no longer appoar in the spectrum except in

the case of perfectly symmetrical propagation. Consequently
spectral analysis can be of value only when the geometry of

the seismic source is very simple.

/" GEVLCGICHL ENVIRUm.,.NT



GEOLOGICAL ENVIRONMENT

seisr.ic network covers thu entire Harmony Gold Mine

and Portion of the neighbouring Virginia Gold Mine. At

these wines, the Witwatersrcnd system rocks, Upper Division,

a shallow basin dipping at approximately 7° to the West,
ihc B”sal Reef is mined and is approximately 5000 feet below
surface. Figures 7 and 8 show, rospectlvelyyageneralized

vertical section from surface to reef, and a section giving

greater detail in the vicinity of the reef. There are three

features to which frequent reference is nude; th:y are the

Harmony Sill, the Upper Shale Marker and the Khaki Shale.
The H rmony Sill is intrusive dolerite interspersed with

quartz veins. Its contacts with the qunrtzite art liable

to bo weak. The Upper Shale Marker ir a band o* wetk rock.

The Khaki Shale varies widely throughout the mine.

Figure 9 shows the distribution in plan, the area with

the coarse hatching represents the Khaki Shale. The shale

is sometimes three feet thick and varies in its separation
from the Basal reef. iVhere it has been eroded away, a
definite bedding plane exists. The stoping width is dictated
by the conditions in thr hangingwall. When the Khaki Shale
is three or more feet from the reef, it is possible to
maintain the ntoping width at about 42 inches; however, when
the shale is closer, the hangingwall is more difficult to

control so that the stoping width becomes approximately

60 inches.

/ FIGURES 7 and 0



FIGURE 7 \' GENERALISED OECLOGICAL SECTION ON
HARMONY PROM STIRPACE TO THE REEF
PLANE.



FIGURE 8 I-ART OF A iENERALISED GEOLOGICAL
SECTION SHOWING DETAILS NFAR THE
REEF PLANE.



FIGURE 9 PLAN SHOWING THE DISTRIBUTION OF THE
KHAKI SHALE AND THE INTERSECTION OF THE
SILL IN VIRGINIA WITH THE REEF.
THE KHAKI SHALE IS REPRESENTED BY THE

COARSE HATCHING.



11= °fter' 0CC" In .topes, in vhich caa(tj au

the rook up to the top contact of the Khaki Shale falls down.

The exposed rock above the Khaki Shale aleays appears sound

and has .idol, spaced fracture planes, nockbursts occur

infrequently and usually result in damage .rich takes a fee

days to clear.

The rock in the foot.all is quartzite for a great depth.

In the Virginia area, figure 9, there is a shollo, dipping

sill which in- srsects the reef. This sill appears to be a

tongue from a larger and deeper sill, the position of which

is not well known. The only footwall damage that Is ever

observed occurs at this sill.
When ruining takes plc.ee in stopes with a aiJb’ un,
the hanging.all is relatively easy to oontr, 1 and rockfalls

are infrequent. On the other hand, in remns-a, i.angingwalU

difficult and rockfalls and rockt, -8 occur

control 1is

frequently in spite of incrucsod support.

/ DISCUSSION nND RESULTS.



uitilUtiSION AND RESULTG

Magnitude of “yiemic

otisnic network commenced continuous recording on
tha mth August. 1964. 1In ths first year of recording,

3100 seisalc events .ere located. These ranged In nagnltud,

from 10 ft.-1bs. to 108 ft.-1bs. More than half of the

could be located, «hlle a

.nd -11 of

events of magnitude 103 ft.-1be.

high proportion of magnitude 104 ft.-lbe.

gnit

this year, only on three days .ere no records obtained, and

damage .ere reported. It Is

ft.-1bs. and

on these days no tremors or

thought, therefore, that an events of lo'

more have been recorded and located. The Table belov shoes

tne number of events of dlf.erent sizes located during the

first year oi recording.

Magnitude ft.-1bs. 105 104 105 106 107 108

Number of Lvents 1768 897 29? 119 11 2

Figure 10 shows the total energy radiated by different

sized events during the year. The total for events of

magnitude 10~ ft.-1bs. is somewhat higher than shown in

Figure 10, since only about half of these events were

located.

/" FIGURE 10

i10 Ik.-rbe. and greater were located.

During



Magnitude of events ft- lbs

FIGURE lu THE DISTRIBUTION OF THE TOTAL ENERGY
RADIATED BY SEISMIC EVENIS OF DIFFERENT
SIZES OVER A PERIOD OF ONE YEAR
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Se,amIC ”TOntS ™rely occurred in .cringe aurrcunded
by extensive aoiid reef, but occurred moat frequently above

active faces in remnant areas. When an island or peninsula

abutment reached a width of 500 feet, there .ere definite

oigns of an increase in seismic activity, and the seismicity

rapidly as the abutment became narrower. These

effects can be seen in Figures 11 to 15, each of which shows

the events occurring in a six-week period. The figures,

drawn on a grid of 2000 feet, are arranged sequentially, and

show two face positions, representing the beginning and end

of a three-month period. The seismic events plotted in each

figure occurred either during the first or sec. nd half of

each period. Only the events that occurred during the first
live months of the year are shown, since the pattern for the

remaining pert of the year was very similar.

/ SCALEI FIGURES 11-15



SCALE SHOWING MAGNITUDES OF THE SEISMIC
EVENTS PLOTTED IN FIGURES 11 TU 15



FIOURE 11 PL/N POSITION OF SEISMIC EVENTS
11th Anous' TO 50th SEPTEMBER, 1964



FIGURE

HAN FOQ .'ION OF SEISMIC EVENIS
1st OCIOBER +o 15th NOVEMBER, 1964

mi



FIGURE 13 PLAN POSITION OF SEISMIC EVENTS
16th NOVEMBER to 31st DECEMBER, 1964



FIGURE 14 PLAN POSITION OF SEISMIC EVENTS

let JANUARY tc 14th FEBRUARY, 1965



FIGURE IS FLAN POSITION OF SEISMIC EVENTS
15th FEBRUARY to 31f* MAR(H 196*
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A great number of events hove occurred In the remnant

1" E3. in the region 72. even though the ground .as very

irregular, due to numerous small faults, none of .nieh had

° thr°® 0t nPre thM 10 very fe. events occurred.

11 to 15, the change In seismicity

This

hy comparing figures
ns the remnant In D3 is mined a.ay can be seen.

should be compared .1th DI, .here the events became more
frequent and Increased In magnitude as mining progressed.
The events that occurred In D2 and other .orked-out areas

.ere probably associated .Ithrecompreaslcn. stone.alls and

other forms of .aete filling .ere sometimes used, and these

could be expected to undergo movement .hen the load on them
becemti high.
in producing the largest

and 108

Dykes played a major role

events. All the events of magnitude 107 ft.-1bs.

ft.-Ibs- wore located within 200 feet of a dyke; most were

located right on a dyke Twenty five percent of the events

of magnitude 106 ft.-1bs. were located within 200 feet of a

dyke and ten percent of the total were, within the limits

of error, on a dyke. A number of small dykes have not been

charted, so that this association could be even closer.

was partially mined cut in 1962,

in 1964.

The dyke in B4, figure 11,

and was still the source of some seismic events

On comparing Figure 9 with Figures 11 to 15, there is
no obvious difference in seismic activity between the

regions where the Khaki Shale is present and where it is

absent.



Slgvatlon of Selamlr Events

The vertical distribution of a representative sample of

events i, shown in Figure 16. AIll the events used for drawing

this histogram wore located twice, using the corrected
velocities. There ore two distinct sets of events, one group
between 2,400 and 2,800 feet above the reef plane ana the
other between 0 and 300 feet above the reef plane. There is
a major geological discontinultj associated with each of
the,, groups, The Harmony Fill lies in the upper group, and
the lower group lie between the reef and the Upper Shale
Marker. (Figures 7 and 8).

The vertical distribution of events in Figure 16 does
not depend on the magnitude of the seismic events. The sizes
of the events near the Harmony Sill ranged from 10*5 ft.-1bs.
to 106 ft.-lbs.

The Harmony Sill is not parallel with the reef; in some

Places it i1s 2,800 feet above the reef and at the Ventilation
Shaft only 1,800 feet, consequently there is a spread in the
elevation of the events in the histogram. The events at the
Sill did not occur above the entire mining excavation; they

were confined to a small strip-like region which is parallel

with the Iron Curtain Dyke.

/" FIGURE 16
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Figure 17 shows the plan distribution of these events.
The poesiW lity that these events might lie on the inter-
section cf the Iron Curtain Dyk- and the Harmony Sill was

investigated. The position of the dyke at the elevation of

the sill is not known; however, tho dyke dips at 65° at the

reef plane, and assuming this dip to remain unchanged, the

intersection of the dyke and sill would bees * own in Figure 17.

No conclusions can be drawn frcm this re-ult. The strip on

the ipper gruup of events lie can be extrapolated to
pass through the Ventilation Shaft. Measurements of vertical
movements in the Ventilation Shaft reported by Ortlepp(20)
showed considerable differential movement in the vicinity of

the Harmony Sill. This movement was accompanied by cracks

in the shaft lining and by the inflow of water, and is

examined in greater detail in the following discussion.
The Upoer Shale Marker is at an average height of

300 feet above the reef plane and it therefore appears that

this weak band of rock forms a boundary .'or the lower group

of seismic events. There is a disturbing feature about this

distribution; notice that if this distribution were shifted

downwards by 100 feet (the 90* confidence limit), the peak

in the distribution would coincide with the reef plane. To

resolve this doubt, the alternative method of determining

the elevation described in Appendix 1, was employed to

determine the elevations of the seismic events. ;.8 can be

seen in Appendix 1, this method agrees with the elevations

obtained by using the velocity calibrations, end it must be

accepted that this asymmetrical distribution is real. It
is not unreasonable that an asymmetrical distribution should

arise, since the geological environment is asymmetrical and

the hangingwoll tends to be weaker than the footwall.

/ Seismic
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°f the distribution of the

°tluUr*“ °f r0Ck' thUa °
The only mode

seisaic events vould reveal the fracture zone.

of large scale fracturing which may not be detected

acisraically is strata separation. Since the bonding between

well defined strata may be weak, strata separation can occur

at low tensile stress levels, resulting in a low seismic

yield. Therefore, the type of fracture dome which is made

up of strata separated into huge beams may not be detected;

however, should these beams fail, enormous amounts of seismic

evergy would hr released. The type jf fracture done envisaged

by Denkhouslt; would result in large amounts of seismic energy

being released, since the rock is required to fail at high

shear wind tensile stress levels.

ithe distribution of seismic events shown in figure 16
indicates that the fracture zone is confined to a narrow
region 300 feet high, between the excavation and the Upper

Shale Marker. This zone extends horizontally with the faces,

as these advance. Fracture may, however, occur at the Harmony

Sill. Although it is not certain that strata separation does

not occur between the Upper Shale Marker and the Harmony B'll,

it is most unlikely that vertical fracturing occurs here.

Since the seismic observations are nut in agreement with

the accepted theories on the state f the rock mass, the only

evidence that has ever been used to verify dome theory in a

deep mine i« re-examined here. This information was kindly

made available by Rand Minus, Limited, and consists of

vertical strain measurements made in the Ventilation Shaft

at Harmony. It must be emphasized that these measurements

wurw originally reported by Barcza and von W llllch®  who

made no attempt to interpret them in terms of dome theory;

however, in a subsequent paper by JDonkhnus. Hill and Roux”"

they were regarded as conclusive evidence of the fracture

dome.
/ Strain....



J'leaBuruniHnto

V -ntilction Shaft at tha harmony Mine Is unique In

South nfricn In that no pillar was left for the support of

the Shaft. Mining operations commenced at the foot of the

shaft and extended almost symmetrically about It for the

first 5 years of the life of the nine. It was anticipated

that movements in the shaft would yield some information on

the behaviour of the strata. To measure these movements,

40 pegs 3 feet long verb installed in a vertical row at the

aide of the shaft, and measurements of the dlstanes between

the pegs were ma.de at regular intervals. Figure 18 is a

vertical section through the Vsn'flation Shaft showing the

position of the pegs in relation to thegeological structure.

/" FIGURE 18
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1ln,,d with o 9-Inch l.y.r of unrelnforoed
°3nCrete- « -"t=1r,d oalci™ chloride,
cohsoauently Severe shrink”, occurred end the concrete was

m<,ChmUCSI] Strt"«th- " detailed record of the

V-° 1,01,11 “ "aS f°Und th~ "tcke " ".ter inflow becce

nctlcenb!. at aucceaelvely higher levels as mining progressed.

" observation is to bo expected because, even in the case

of a continuous elastic model, elastic relaxation would

stretch the shaft at progressively higher levels as the

excavation enlarged, and so allow fissures to open and cause

shrinkage cracks in the lining to become obvious.

It is assumed that the vertical component of the virgin

streoS at any point is equal to the weight of the super-

incumbent rock at that point. Before strata separation or

horizontal fracturing can occur, the vertical virgin stress

mUtit UR reci07ed from the rock and a large vertical strain

must occur by elastic relaxation. The modulus for relaxation

in the vertical direction is approximately equal to the Young's

in the vertical direction

modulus. Since the tensile strength

is assumed to be zero the criterion for strata separation or
horizontal fracturing is

tic-1 Virgin otross

Vertical Strain >
Young's Modulus

Ortlepp and Nicolll]l' made measurements of the move-

ments in the quartzite below the excavation at the Harmony

Mine. They found that their measurements agreed reasonably

well with the movements predicted by elastic
was used for the

theory, when a

value of approximately 10 x 10Ap.s.i.

Young's Modulus. This value will be adopted for the Young's

Modulus in the hangingwail. A topical value for the density

of quartzJte is 170 lbs/ft.3.
/- FIGUR3 19



THb VARIATION OF STRAIN WITH TIME, AT
DIFFERENT LEVELS IN THE VENTILATION
SHAFT. THE WOKEN LINES REPRESENT THE
ELASTIC STRAIN DUE TO RELAXATION.



* 7 “8 JU Stral" 0t TCrl°«° in the

1" ti CgEInSt A tho mtioro atraln due t0
elcistie reU ,atlo, ta 3hown le the dotUd * A

operations =oMe,ced In 3,.ptenber, nnd msnnursmnte sure

"CeUlar InterVala unSU W - 1959. No meanursfjonta

kOr6 Bndi’ Cg“ln U,Itil 1962 - -* -hich stage a nunbtr of pegs
ha' suffered dnmge. Ort” < 20) ahowed by 1%)

roconpression had occurred and the shaft had almost regained

its “rigincl length.

Pege 36 t0 24= The Tertlc=I strain between these pegs

.cs so great that bed separation and fracture must have

occurred in this region. Most of the seismic events also

occurred here.

Pegs 24 to 23: The mximun strain was 40 percent higher

than the maiinu, relaxation strain. A large crack was observed

in the shaft lining between these pegs at a point corresponding
to the contact between the Kimberley Scries and the Elsburg

Scries, this indicates that strata separation probably

occurred at this contact.

Pegs 23 to 22. The strain was at all times less than the

relaxation strain, therefore no strata separation occurred here

Pegs 22 to 21. The maximum strain was 30 percent more

than t:. relaxation strain. A large quantity of water was

observed to flow into the shaft near peg 21; however, the

shaft lining was in good condition and had only a few small

crocks. Strata separation iey have occurred between these pegs.

P«gs 21 to 20. The strain exceeded the relaxation strain

at one point only rn r the most port it was considerably

Thu shaft lining was in excellent condition and no

The rock was

less.

water was observed to flow into the shaft.

probably unfractured in this region.

Pegs 20 to 19. The stioin was 15 percent higher than

that for relaxation and c large quantity of water was oeserved



to now into the short, rhe geological recori of the shaft

showed no Obvious discontinuity here, however, ¢ borehole

drilled only 300 feet away from the shaft shows,. Very narrow

intrusive sill at this level. The strata may have separated

ot this discontinuity, but the separation would have been

leas than 1/4 inch.

regs 19 to 17. The strain here was less than that for

relaxation and the shaft lining was observed to be in goo.

condition, therefore no bed separation occurred h,re.

Pegs 17 to 16. The maxi,,urn strain was four times that

due to elastic relaxation. There was a very large cruel, in

the shaft at a point corresponding to the upper contact of

the Harmony Sill. The small group of seismic events occurred

at this Sill. Otra-a separation must have occurred here.

Pegs 16 to S. The strain was at all tlreo less than

the relaxation strain, which indicates that t'-.is rock was

probably solid.

logs 8 to surfacu. Errlier than September, 1956, the

after September, 1958, alternating regions

Such a

strain wan small;

of high compression and tension were observed.

situation is physically most improbable and this apparently

anomalous behaviour was probably due to damage to some pegs.

It is assumed that no strata separation occurs above peg 16.

The results of the seismic and strain measurements ere

summarized in Figure 20. Both sets of observations show that

the highly fractured region extends only to a height of about

300 feet above the excavation, and that fracture or

separation occurs at the Harmony Sill.

/" FIGURE 20
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The etran. -uramente show that the rack bet.een
the Kimberley aerie, aid the Harmony Sill may have separated

into three slabs. This conclusion 1. based on the modulus of

could be argued that no strata separation occurred. In an,

event, if strata separation has occurred, these slabs are

probably unbroken since no seismic activity was observed in

this region.

Strata separation at the Harmony Sill occurred at a
surprisingly early stage. The strain exceeded the relaxation
strain in May, 19b7 when the span of the excavation was only

1500 feet. On the basis of a continuous elastic medium the
stress change induced by the excavation at this distance
should be much smaller than the normal virgin stress, so
that strata sejaration would not be expected. Also, the
fairly large .iergy releases detected seismically at this
sill are difficult to explain. Therefore it appears that the

fracture mechanism at the sill is not simply one of strata

separation.

It can be concluded therefore that both the seismic

observations and the strain measurements indicated that most

of the fracturing was limited to a zone expending to a height
o: approximately 300 feet above the excavation. The height

of this zone was not related to the horizontal extent of the

surrounding excavation, and it extended latere.* ly as the
faces advanced. The rock mass did not exhibit gross
inelastic behaviour except in a restricted region at the

Harmony Sill where unexplained movements occurred.

/ The Kate. ...



The Rate of .

The detaucd mechanism of rockbunata and other forma of

damage due to rook failure is still unknoan. striae of the

energy changes which necessarily occur when an excavation ia

Bade UndergroUnd t0 ->-vide the beat understand ir* of

the Phenomena leading to rock failure and damage (Cook<W,.

It is common knowledge that the damage and rockburat hazard

increases with depth and is g latest at remnants and in

regions mined in an irregular manner. The observations above

have qualitatively shown that eeismiclty la also related to

the configuration of the excavation. The rate at which energy

is released as an excavation is enlarged provides an objective

parameter to describe mining geometry in terms which are

significant to rock failure. In the following discussion, it

is shown empirically that the rate of energy release per unit

area increase in the size of an exc»/ation is closely related

to seismicity and incidence of damage in the mines.
ihe rate of energy release was determined by means of an
electrical resistance analogue described by Cook and SchumanAf9~*

Tne value of the energy release rate obtained from the analogue

refers to elastic rock behaviour; any deviation from elastic

behaviour would result in a higher energy release rate. In

the preceding section it was shown that the rock mass does

not exhibit gross inelastic behaviour.

The most realistic method of assessing damage is to

determine the inconvenience it causes. The mine keeps a

record of the daily activities in each stope. It is therefore

possible to determine the days spent in clearing working places

after rockbursts anu rockfalls. The number of days delay

arising from this cause per unit area mined is, therefore,

used to assess the damage, or inconvenience, to the mine

caused by rock failures. It is also possible to determine

/ the
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nujnbtr ¢f Ubo,m rs e,pl,,yea In 6acb vorklng pUc , C

thai "d41tlOnal O' -intalnl” BOt,8ta,tcry

.tin. control can be animated from the additional number

of aan-chifta per unit area mined.
Four portion* of the mine were choser. for makin* a

comparison. The, all dose t~ ~ r geological

-nces were c. a miniir.wm, and the average atoping width
was 42 inches in all regions. The four regie ns a.*e shown, in

relation to the whole mine m Figure 21. Twc face positions

are £howsi in the Figure, representing a year's mining. Region
1 contains a remnant in which a great deal of damage and

seismic activity occurred and for which the average energy

release rate was high. Thlr, remnant wai not regard;d by the

mine management as exceptionally difficult; however, the mining

conditions were far more difficult than in the other Wi-e

regions. Region 2 contains i longwall face with a larga span,

but not large enough for complete closure to have occurred at

the centre. Mining conditions were good and the average energy

release rate was moderate. Regions 3 and 4 contain longwall
faces with a short span, consequently the average energy

release rate was low. The mining conditions were excellent.

Figure 22 shows a plan view of the seismic events that

occurred in the four regions during the year's mining.
Figure 23 shows the same plan view with damage centres

occurring over the same year; the diameters of the circles

represent the extent of the damage measured in days delay.

Only damage and seismic events that occurred in the four

regions are shown.

Average values for all the variables in each of the

four regions were determined.

/" FIGURE 21
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PLAN SHOWING THE FOUR REGIONS SELECTED
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SEISMICITY.
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Figures 24 to 27 show damoge, labour, aelomiol.jr and
13111 SelS"iC ener®" respectively, plotted against the
energy release rote. The incidence of damage la almost
linearly dependent on the energy release rate; it is also
dependent on other factors, such as geological conditions
and the type of support used in the atopea. Thus, in a
particular mine where standard support methods are practised,
lie energy release rate will serve as a reliable parameter
for predicting damage. At Harmony it can be said that vhen
the energy release rate is less than 108 ft.-lbs. per square
fathom, mining conditions will be good. The simplest mining
geometry would consist of two longwall faces advancing away
from each other into virgin ground; eventually the stope
span becomes so large that closure takes place at the centre
of the stope and the energy release rate reaches a maximum
value. The maximum energy release rate is 0.95 x 106 ft.-1bs./
fathomA2 for a 42 inch stoping width at a depth of 5000 feet,
which fallswithin the criterion for good mining conditions.
The labour required to mine the remnanc in region 1 is
twice that required to mine an equivalent area in the
regions, which means that the cost of mining is approx-
*ely double. Furthermore the hazard per unit area mined is
an order of magnitude higher, since twice as many men are
exposed to five times as much damage. More isolated remnants
in the mine, in which the energy release rate was still
higher, have resulted in far worse mining conditions, and it
is doubtful whether it was worthwhile mining those remnants.
There were only two seismic events of magnitude 10
ft.-1bs., and both occurred in region 1. The total seismic
energy radiated by the largest events exceeds the total
seismic energy radiated by all the smaller events for any
region. Figure 10 s'iows this phenomenon for the whole mine;
in a remnant, however, it was far more pronounced than this.

/ Consequently



Ccneequontly Figure 27 .as “most completely controlled

by the largest seismic events in each region. Under remnant
conditions, the total seismic energy was less than 10~4 of
the energy released. This implies that the vast majority
of the energy released is dissipated in a stable manner and
that the mcchaniem of unstable or violent energy release Aa
obscured.

From Figure 26 it is interesting to note that the ratio
of the small events to the large events decreased when the
energy release rate was high or when extremely large events
'ccurred. This behaviour is contrary to that of earthquakes
where lhe ratio of small earthquakes to large earthquakes is

approximately a constant for different regions.

/ Temporal Behaviour....



T.ajaoral Behaviour of Seismlr

The Harmony and Virginia Mines use a centralized blasting
system, with the result that all charges in the stores in eaoh
mine are fired in a matter of 10 to 30 minutes. At Virginia
the blafitine time is usually 3.00 p.m. to 3.30 p.m., and at
Harmony it is usually 4.30 p.m. to 5.30 p.m. On Saturdays
blasting is approximately one hour earlier. Figure 28 shows
the diurnal distribution of (a) all the seismic events near
the reef plane at Harmony, (b) all the seismic events at
Virginia and (c) all the seismic events at the Harmony Sill
that occurred during the first year of recording. Tne events
at the Harmony Sill occurred randomly, but the events at the
reef plane were strongly influenced by blasting. The peak
in the Virginia distribution was earlier and narrower than
the peak in the Harmony distribution, corresponding to earlier
and a narrower spread in blasting times.

At Virginia, 50 percent of all the events occurred
between 2.00 p.m. and 5.00 p.m., and at Harmony less than
40 percent of all the events occurred between 3.00 p.m. and
7.00 p.m.; this implies thct the majority of seismic events
were not triggered by bl sting. It was thought that events
of a particular size might be more sensitive to blasting
than others and the diurnal distribution for each magnitude
was determined, Figure 29* Only the istrlbuttons for
Harmony are shown, since those for Virginia were similar.
There is no obvious difference between these distributions
and again 40 percent to 50 percent of the events occurred
between 2.00 p.m. and 5.00 p.m., in the case of Virginia,
and 3.00 p.m. and 7.00 p.m. In the ense of Harmony. The
large amount of seismic activity that occurred without

external stimulus testifies to the time dependent behaviour

of rock fracturing. /" FIGURE 27
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It 13 also interesting to see he the seismicity VariEea
throughout the week, .and it is more infomative if this can
be compared with the activity in the mine. The best method
of estimating the mining activity is by means of the number
of holes drilled and blasted in the stopes. It has been
surgestei that since the miners record the number of holes
drilled themselves, they might report dishonestly on Mondays
and oaturdays. The Harmony Mine management is confident that
the reporting is honest; however, as a check on the human
factor, the total number of stoping holes drilled was compared
with the total amount of compressed air used during the
working shift. Pi ure 30 shows th° daily distribution of
the total number of stoping holes drilled and of the total
amount of compressed tir used between 7.00 a.m. and 3.00 p.m.
The compressed air is also used for purposes other than rock
drilling; however, since there are no serious diser pancies
between the two distributions, it can be concluded that the
reported holes 'rilled reflects the true situation. The
slightly smaller amount of compressed air used on Saturdays
shown in Pi ure 30 is not necessarily indicative f less
drilling, since drillin' can start before 7.00 a.m. on
Saturdays. Figure 31 shows the daily distribution of (a)
all the seismic events ne.’r the reef at Harmony, (b) al.
the seismic events at Virginia and (c) all the seismic events
at the Inrmony Sill. Breaking these distributions down into
distributions for different sized events yields patterns
similar to those in Figure 31. The events m ar the reef
have a distinct minimum on Sundays and a weak marlmum in
the middle of the week. The large number of events on

Sundays again indicate* time dependent behaviour in rock

fracturing.
/ FIGURE 29
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figure, 32 show, the variation ,1th time oi the total

number of sloping holes drilled er.oh week, the total number

of events near the reef at Harmony m each week, end the

total number of events near the Hnmon, hill In each week.

A fire broke out In the mine on the 29th October, 1964

and brought mining operatic-. t,, a standstill over a large

portion of the mine. The reduction in mining activity, caused
a marked decrease In the seismic activity ne-r the reef; at
otner times, however, the seismic activity has fluctuated
widely while the mining activity has remained appreciably
constant. The events at the Harmony 5111 are quite independent
ot the mining rate, although the: peaks in activity roughly

correspond with the peaks in the seismic -activity near the

reef. Figure shows the activity of the different sized

events; there appears to be no interdependence between

There were no obvious seasonal variations and no connection

with earth tides could b< und. Seismic events at the
Harmony S ill frequently occur in swarms with the events
separated by a few seconds to a few hours. The events near
the reef plane show a very much less marked tendency to
swarming. Events of magnitude 10 and 10 ft.-lbs. are
usually preceded and followed by a period of low seismic
activity in their immediate neighbourhood. Events of
magnitude 10* ft.-lbs. are sometimes accompanied by two or

three small events. This, type of behaviour hints that the

mechanism c¢f the events it the Sill is diff# ont from the

mechanism of the eventa in the reef plane.

/ FIGURE )2
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The Harmony «Ilna keepa a redo,, of tremors. The

a note of the time whenever they felt a tremor. This

record obviously cannot he complete, and tremors

originating In neighbouring mines could also have been
recorded. By comparing the time at which a tremor occurre,
it was possible to

of

with the times of the seismic events,
Identify the source of the tremor and its magnitude.

the reported tremors, 80 percent corresponded with seismic

events, the remainder probably originated In neighbouring

mines. Table I shows the percentage of different sized

events noticed as tremors.

The :-.ine also keeps a record of "Rockburst Reports".
The damage that was reported was primarily in the nature

ol reckfalls which affected an area ranging from 300

square feet to 8000 square feet in extent. Minor damage

was not reported. In some cases, rockfells were

accompanied by damage to the face, and in 20 percent of

the cases no rockfall was reported, but the damage was

described as "face bumped". 92 percent of the reported

incidents occurred in declared remnant areas, while the

remaini ig incidents occurred on com r abutments.

Seismic events can be associated with damage by
comparing the plan position of the events with the known
position of the damage. In a number of cases the time

at which the damngo occurred was also known. Sine the

time at which the seismic events occurred is known, the
time at which the damage occurred can be determined in

those cases for which the time was not known.

/ TABLE 1



Magnitude ft.-1bs. % f84 Io§ 106 107  10e
Total Number of
Events c,C

152 62 6 2

Harmony + Virginia

£ Associated with
TremOr8&
> Associated with

° 4'6 21 42 50 100

Ea™ n?T & :ginia I18-8 18-= 154 75 loo -
Total Number of

Events: Harmony 564 313 118 51 4
% Associated with

Reported Damage: 0 1*3 5.1 22 0
Harmony

The data in this Table is for the period 11th August

1964 to 11th January, 1965, except for the minor

damage which covers a 12 day period only.

'ABLE 11

Correlation Total Icod Doubtful Very Doubtful Non

Number of

Incidents 660 264 35 40 321
Number of

Incidents 100* 40%* 5% 6% 49\.

as * of Total

/ Official



O fficial "Bockfcurat reports" subrdtted between the
ilth AiV'ust, 1964 and 11th January, 1965 were compared with
seismic events. (Very few reports were submitted after
11th January). 81 percent of the reported incidents of
damage could be positively identified with seismic events,
the remaining incidents were all small.

A more intensive experiment was conducted to determine
the relationship between seismic events and minor damage.
The seismic events were located within 36 hours of their
occurrence. Th co-ordinates of th. foci of the events
were immediately relayed to the mine, whereupon an observer
would he sent to the nearest point to the focus of each
event to set whether there had been any damage. This
experiment was carried out for 12 days during which time
100 events were located and nr official "Rockburst reports”
were submitted. The nature of the damage observed was
small rockfalls, broken sticks and scaling. Table I shows
the percentage of different sized events causing damage;
minor damage, i.e ., damage that is not reported, and the

officially "Reported damage" are shown separately.

/" FIGURE 34
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a) THE DIURNAL DISTRIBUTION OF OFFICIALLY

REPORTED DAMAGE.

b) THE DIURNAL DISTRIBUTION OF SEISMIC EVENTS
THAT COINCIDED WITH DAMAGE WHICH PREVENTED

NORMAL MINING OPERATIONS

IN THE STORES.
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Figure 34a shows the diurnal distribution of officially
reported damage from Uth August, 1964 to 11th January, 1965.
This distribution shows a surprising amount of damage during
the working shift, namely between 7 a.m. and 2 p.m. The
Mine Management feels f ,t this distribution arises from
biased reporting, since on psychological grounds, a rockfall
occurring during the working shift is more likely to be
reported than one occurring in off-shlft periods. In addition
the "rockburet reporting" is not complete, consequently an
alternative method for assessing damage was adopted. The
daily activities in each stope are recorded, and it is thus
possible to determine the days on which the normal mining
operations were obstructed by rockfalls or rockbursts. The
number of days on which normal mining operations were prevented
in a stope is a measure of the severity of the damage.

At Harmony the mining cycle takes the following form:
on one day a stope face is drilled and blasted, and on the
next day it is cleaned by means of scrapers. No night shift
work was carried on in the stopes under consideration.
According to this method of assessing damage, only rock-
bursts or rockfalls which prevented drilling and blasting
and scraping are considered damaging.

In order to identify a seismic event with an incident
of damage, two conditions have to be fulfilled; they have
to be coincident in time and in space. The exact time at
which damage occurred is not known, since the records only
give the days on which a stope was inactive. If a rockfall
occurred after the working shift had left the stope at about
2.00 p.m., it would only be noticed on the next day, which
would then be recorded as the first inactive day. However,
if the rockfall occurred during the working shift, thet day
on which the rockfall occurred would be recorded as the

ftret inactive day. Thus, to form a time correlation, the

/ seismic .........
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seismic event musu have occurred between 2.00 p.m. on the
day before the first Inactive day end 2.0G p.m. on the first
inactive day. When Monday was the first Inactive day, the
seismic event must have occurred between 2.00 p.m. on
Saturday and 2.00 p.m. on Monday. There are a few situations
which do not fit this time coincidence condition; for example
if a rockfall occurred in. an ‘-'once track cutting (a.t.c.)
during the working shift, it would not prevent drilling and
blasting on the one stope face adjoining it, but it would
prevent cleaning in the other stope. Thus it was possible
for one rockfall to cause inactivity on different days in
"djoining stopes. Alro a rockfall could bo followed by a
second rockfall and a seismic event a day or more later, and
the seismic event would thus not be identified with any
damage.

The accuracy of location of the seismic events in
approximately 100 feet. The accuracy with which the co-
ordinates of the centre of the damage can be determined is
also about 100 feet, since a stope face can have a length
of 1 0 feet and a rockiall at one end in an a.t.c., say,
could cause a stoppage. It is feasible that the focal
mechanism of a seismic event could extend over a distance
of 100 feet, and it 1s also feasiblethat a violent event
could cause a rockfall at a distance of 200 or 300 feet away.
Hence it has been considered reasonable to choose the
condition that the seismic event should be less than 500
feet away from the centre of damage.

It was decided to make correlations on three bases in
order that exceptional cases and misunderstandings in the

reporting of the first inactive day may be included:

/1) Good



t) sood correlation. The oeiemlc event oust occur between
2.00 p.m. on the any before and 2.00 p.m. on the first
inactive day end must be less than 500 feet from the
centre of damage.

ii) Doubtful correlation. The seismic event must occur
betwee. 2.00 p.m. two days before and 2.00 p.m. one day
before the first inactive day, and must bo less than
500 feet from the centre of damage.

Hi) Very Doubtful correlation. The seismic event must lie
within 700 feet of the damage and must occur between
2.00 p.m. three days befare the first inactive day and
2.00 p.m. one day after the first inactive day.

iv) No correlation. No seismic event can bo found which
fulfils any of the conditions in categories (i), (ii)

or (ill).

When more than one seismic event fulfilled these
conditions, the larger event was selected unless the smaller
event was much closer to the centre of damage.

The Harmony Mine Management mode their records from the
11th August, 1964 to 18th October, 1965 available for
examination. In the records a distinction was made between
damage due to rockfalls and damage due to rockbursts.
fable II shows the number of incidents of damage falling
into the different correlation categories, for which a
seismic event can be found. Only 11 percent of the
incidents lie in the doubtful categories and since only a
small fraction of tnvse incidents can be expected to be
directly related to seismic events, they were grouped with
the 1Ino correlation* category in the following analysis.
Thus it can be concluded that at least half the damage as
not accompanied by seismic activity of sufficient intensity
to be located by the seismic recording network.

/ TABLE 111



TABLE III

; No correlation

i Magnitude of seismic event, ft-1bs. 107 10° 105 105
Belay of more than Rockburet 2 11 0 4 3
3 days
Rockfall 1 3 1 '0 0
Delay of Rockburst - 6 1 6 i 6 11
2 or 3 days 1
Rockfall - 12 2 3 3
! ro o, 29 |
Delay of j Rockburst - 23 4 23 | 26 76
1 day
1 Rockfall - 14 19 42 49 253
Number of events coinciding
with damage 2 36 21 69
521
Total number of events 91 217 715 | 1542

Seismic events coinciding with
damage, as a percentage of total 50%* 400 9.64 739" ' 4.5>

number of events
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Table III shows the number of . .
incidents of damage

size. The aemDge has been subdivided Into three groups
representing the severity of the damgo. There ..re 660
incidents of dnnnge of which 80 percent delayed

operations for one do, only. Amongst the smallest Incidents.
cnly 58 percent coincided with seismic events, while amongst
the larger incidents about 48 percent coincided with seismic
events. Hockbursts hcve been defined by Cook ct. ni.*"1) Qg
"damage to underground workings caused by uncontrolled
disruption of rock associated with a violent rolunee of
energy aeditional to that derived from falling rock fragments".
Bee-use about half of the incidents of damage *eported as
rockbursts are not accompanied by seismic events, it must

be concluded that at least half of them are not proper
rockbursts. Damage reported as rockbursts shows a slightly
greater tendency to be accompanied by seismic events than

damage reported as rcckfnlls, particularly in the case of

severe age. Thus ever, though a great deal of damage has
been 1i rectly classified, some cases do show rockburst
charade. "*tcs. Table III also shows the number of se4jmxc

events th”t Unaided with damage; this number is shown as
a percentage of the total number of seismic events of each
size thet occurred over the same period as the damage. There
are fewer seismic events than incidents of damage since often
a seismic event can be iuvntified with damage in more than
one stope. In fact more seismic events must have been
associated with damage than that given in Table III, since
this analysis considered damage near stope faces only.

The fact that few seismic events cause damage within a
short while of thoix occurrence, implies that the seismic

evehts must occur at a relatively large distance either
/ ahead



cheod of the face or above the face. This conclusion lends
crud -ncc to tae vertical distribution of seismic events in
Figure 16. The vertical distribution of the events of

magnitude 10 ft.-Ibs. which coincide with damage is shown

in Table IV.

TABLE IV

8b0Ve  *300 +200 +100 0 -100

Number of events of
magnitude 10 ft.-1bs. 6 11 11 4

TABLE V

Distance between  0—300 100200 200300 300400 400-500
event and damage
—ft.

Number of incidents 51 66 59 58 30

These events lie closer to the reef plan than those “n the
general vertical distribution of figure 16. Table V shows
the distribution of the distances between the foci of seismic
events and the centres of damage which coincide with them;
since so many distances lit between 300 feet and 500 feet,

it means that a number of events which coincided with

damage were n-ally unrelated to the damage, particularly in

the case of small seismic events.
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Figure 34b shows the diurnal distribution of the
seismic events which coincide with damage. This distribution
xs similar to that of Fxgure 28 and different from that of
Figure 34a, and confirms that the official "rockburst
reports" were biased to-vards frightening instances of
damage.

The main conclusion from this section is that most of
the damage occurs unaccompanied by seismic events or the
violent release of energy. This implies that the non-
violent dammg is due to the collapse cf rock that has
already been fractured. The only prcv. ntative measure
against this damage is tc reduce the degree of fracturing
around thoexcavation and the only remedial measure is to
improve the support in the stopcs. At Harmony, nine-pointer
packs at 8 ft. 8 in. centres consisting of 2 ft. 8 in.
chocks have been used in non.al atopes. However, at
present, they art now usin; the same nine-pointer pack,
but with concrete bricks replacing every alternate row
of timber; this pack forms a more rigid support
(Petersen and Botha' . The hangingwall conditions
have improved noticeably with the new support, and it is
anticipated that there will be fewer rockfalls in the
future. The degree of fracturing is dependent on the

stress Cgﬁlézcntrntions ahead of the face, and therefore

P - A ~ £ o PN R

also also on the rate of energy rclease, thus by controlll

the the extent of fracturing

the rate of cnergy rclease,

he c%e controlled, It has already been shown that demage

ta ted to the rate of energy release.

is directly rela

/ r.:tch-mlam of



Mechanism of SrlaKlec Ev r#

It has been shown that only a minute fraction of the
energy released appears in a violent form., therefore there
must be a large scale mechanism for dissipating the bulk of
the energy stably. The viscosity of hard rock is far too
high to dissipate any appreciable amount of energy in the
time scales common in mining, consequently the only way in
which energy can be dissipated is by developing or causing
movement on fracture surfaces. Most plastic behaviour in
har'd rock can be attributed to the growth of numerous small
cracks (Griffith cracks), while true plastic behaviour is
negligible. In producing fracture surfaces, energy can be
dissipated in three forms, namely, kinetic energy, frictional
energy and surface energy which includes plastic deformation
at crack tips.

At this stage it is worthwhile to review some of the most
recent work on rock fracture. In a comprehensive analysis,
Hoek(10) has shown that the Griffith's Oracle Theory, modified
for closed cracks under compression, satisfactorily predicts
the onset of crack growth under static loading conditions.

The onset of crack growth is expressed by

t - Ubn - - ( V2 - V) (5)
where t - sheer stress parallel to crack surfaces
1+
0o = stress normal to cr rfaces
n

u = coefficient of friction between crack surfaces

0. = tensile strength of rock

o = uniaxial compressive strength of rock,
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Equation (5) is dependent on the orientation of the cracks
and the cracks most likely to fail have an orientation
given by

tan 26 = "/u

where 9 = the angle between the crack surfaces and the

maximum principal stress.

Griffith's theory predicts that rock fails under
stress conditions inversely proportional to the square root
of the crack length. Brace(23” has shown that the tensile
strength of several types of rock is predicted by the
Griffith's theory when the crack length is taken as the

"

maximum grain diameter, an" in the case of limestone, the
tensile strength is inversely proportional to the square
root of the maximum grain diameter. Equation (5) therefore

can be written in the fjrm

c = no (7)
(t - UOn)2
where 2c = crack length

a = constant

Brace and nprr.b”lakis ~ and Hoek and Pientaw3k i

have shown that under compression, cracks do not grow along
their own length, but grow in a direction such that they
tend to become parallel with the direction of the maximum
principal .tree.. Cook and Fairhurgt”1 have used this
phenomenon to explain the failure mode ,.suiting In the
formation of slabs parallel to free surfaces. They have
also shown that this stable or non-vlolent failure mode is

dependent on the method of loading of the r,o0k.

/ In analysing....



In analysing the energy changes associated with the
extension of Griffith's cracks, Cbok(15) has shown that
the rate at which energy is supplied to the rock by the
loading system determines whether the rock fails violently
or non-violently. He also shows that under certain
conditions, the rock can fail spontaneously. Since this
work is highly pertinent to the rockburst problem it has
been examined in greater detail, and extended slightly.

The strain energy stored around an infinitely long
slit-like crack of width 2¢c, and in a plane strain, tensile

stress field, per 2c length of crack is given by

w1l 7> 1M~ A °2 fOrowan(27))

where v = Poisson's Ratio

G

Modulus ofrigidity

0 tensile stress ina direction normal

to crack surfaces.

The energy stored around a penny-shaped crack of diameter

2¢ in a tensile stress field is given by

* 4 2 03 (W 28))
2 3 G

The energy stored around a slit-likc crack in a plane

strain compressive stress field pur 2c¢ length of crack

is given by
w oo, 1 i -1 05 (StarL;(:9%))
s3 2 G

where T - eheir stress parallel wit , the crack surfaces.
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The energy stored around the slit-like cracks is 5n/4 times
the energy stored around a penny-shaped crack in a tensile
stress field. This ratio will be alnost the same in
compressive stress fields, differing only by a fraction of
Poisson's Ratio, which is itself much less than v ity.
Therefore, it is assumed that the energy stored tnjurai a

penny-shaped crack in a compressive stress field is given by

W = ] T C I Y R (E)

Following an argument identical with that given by
Cook”1 |\ the energy stored when there is friction between

the crack surfaces 1is

W =1 A(T 11T -uon)' ¢ ... 9)
where ~ = coefficient of friction,

On = stress normal to crack surfaces

and the energy dissipated in friction as the crack surfaces

move relative to each other as the rock is loaded from zero
is

W = f A ~-% (T -uon) pon c- . (10)
If there are n cracks per unit volume, arid if the inter-

action of cracks is ignored, the total energy stored around

cracks and dissipated in them as the rock is loaded, is

MWq ¢ W-) n-f (1 - vl nc5 (T - Udn)r ..... (11)
G

The energy stored in an elastic material without, cracks

under plane strain conditions is

i d —-—" = < —+1 eeses (J(HcHM
WE ¢ 4 G
lore ol = maximum principal stress
cIni UM vri:. if i 3ti--.S¢&€ = ~

kK = maximum principal stress



Thus the total energy per unit volume supplied to a material

containing Griffith's cracks is

1 1 °1
/2Ci el + a/203 ¢3

m 1/201 + ke?)

where and e” are the principal strains in the material

containing cracks.

Now

T =1/-,¢1 (1 - k) Sin 29

°n =1/201 (1 + k) - 1/201 (1 - k) Cos 29
and r-uo is a maximum when tan 29= —
Thus the equation for Wcan be rewritten in the form

Gl + kc3 = °I fkJ-2k lir + 1 +

{1 - k)2- (1 -%k2) =& = }]

/1 +
(12)
Equation (12) is only valid for
~ydiZ < k<
NN+pn~ i? + v

since slip can only occur on the crack surfaces .hen

t - pon > 0, and since friction canmn only occur .hen

o > 0. For k constant, Equation (1*') yields a lamily
of straight lines Mien 0% is plotted ngainst t ke,,

as in Figure '35.

/" FIGURE 35
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Th, presence of creeks effectively reduces the rigidity of
the material.

If th. value of c at fallur* is substituted in equation
(12), a family of curves result which represent the onset of

crack growth. Substituting (?) in (12) yields

¢, tkc, =n, o fk2 - 2k + 1
tvi u )Y

+ 27 na? (1 - k) )
3y ! +u2{(! -k~ 42- (1 +k) d’or*

=0'liiri A +v~*r" (13)

The curves defined by equnticn U3) and shown in Figure 35
have been called Griffith's :cci. Cook(IC’) has shown that
when the slope of the Griffith's Locus is negative, additional
energy has to be supplied to the rock by the loading system

to cause the cracks to propagate, and violent failure only
results if energy is supplied nt a rate greater than that
which the rock can absorb. Cook(ls)’ has defined brittle
failure as failure occurring when the Griffith's locus is
positive, since it appears tirt in this condition rock can
foil spontaneously, releasing the redundant strain energy as
kinetic energy. The Griffith's locus, however, only describes
the onset of crack growth and not changes that take place

(

. . ... (25
after crack extension. Hcek and PieniawBiti ) have shown

that cracks do not propagate along their own length, but
tend to grow in a direction approaching that of the maximum
principal stress, consequently (5) uoes notapply after the
crocks have started to grow. The re-orientated cracks re
more stable so that non-brittlc failure maystill occur
when the Griffith's Locus is positive.

Even if the details of the above argument are incorrect,
in principle a curve such as the Griffith's locus exists.

For the purposes of this discussion, it is only necessary

/ to note



to not* that certain materials containing numerous crocks

may exhibit both stable and brittle failure, depending ..,

the loading conditions. The brittle failure of rock
represents an interesting possibility for the mechanism of
rockfcursts. A volume of rock could spontaneously become
weaker by brittle failure, scthatthe surroun tng rock

would suddenly converge on thefailed rock and produce kinetic
energy, also, the stable failure of rock could account for
the enormous amounts of energy dissipated stably in mining
excavations.

The Griffith's Locus does not necessarily determine when
brittle failure occurs; however, it can be used to indicate
the more important loading conditions and rock properties
which result in brittle failure. From (13), the Griffith's

Locus is vertical when

Y S L (14)

“'7%*0 =(1 -a! | p . a?
oi vy (20 ‘5p )

and substituting (15) in (12) yields
3 (1 —2k 1-v +k8)

Equation (16) gives the value of ncJ when the Griffith's

Locus is vertical. Brittle failure can only occur when nc’

is less than that given by (16)

/" FIGURE 36



GRAPHS SHOWING THE CRITICAL VALUES
OF nC5. BRITTLE FAILURE CANNOT OCCUR

FIGURE 36

WHEN nC* LIES ABO/E THE <RAPHS.
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Figure 36 ahowe the critie&1 value, of no' for different
coefficient, of friction and principal ,tre, ratio,. A,

k increases, nc3 has to be larger for stable foilure to

occur, end since the critical value of nc3 approaches infinity,
it is always possible to find a stress field which will result
in brittle failure; however, the oejnitude of this stress
field mst also increase. Rock types with a higher value of
Mtend to bo nore brittle. For dyke notorial p bout 1.5
and for Witwatersrand qucrtzite p is about 1 (fjoek”10'>f
which could account for the tendency of rocicbursts to occur
near dykes.

To form nome idea of the maximum value of nc3 that can
bo found 4n rocks, consider penny-shaped cracks of diameter
2¢ lying at the grain boundaries a* ,ubic grains of size 2c.
Each cube is in contact with six cracks, and each crack is
in contact with two cubes; thus there are three cracks per
volume of cube and therefore nc3 = "/8.

This value hub been over-estimated since neighbouring
cracks would be touching each other and since all cracks
would not be active. A more reasonable estimate is hurefore
nc3 = 0.1. The critical value given by (16) is greater than
0.1; however, this vrlue has also been over-estimated since
the Griffith’s Locus merely represents the initiation of
crack growth. It therefore seems possible that a rock such
as quartzita may exhibit both brittle and non-brittle failure,
since the critical value of nc3 may be fairly close to 0.1

when allowances are made for ch”nge.i in the dirvctijn of

crack propug tion.

/ St.die Energy....
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It has been indicated that the energy could be
dissipated by causing the stable growth of numerous cracks

and this possibility is now investigated.

Cook h”a determined the energy stored around a
B lit-like crack and the energy dissipated in friction as the
crack is allowed to extend in rock under load. Modifying

this equation for penny-rhr.pod cracks yields

(W. ¢ «,>m- § (r, v ) (1?,

Wljen k ~ f), the crack can only extend when Q reaches the

uniaxial compressive strength. Thus for k = 0 and p =1

(17) becomes
W8 + W) = | A e50cc (.207)1 (18)

If k>0 W + Wp ' will be less than that given by (18).
In addition, energy has to be provided to develop the free

surfaces of thu crack and this surface energy is

W, =2n ¢2 T

where T = free surface energy/unit area
There! re
(W3 + W)' = 2800 ¢ to 280 c

where v = 0.1 G=5 x 10" p.s.i.

T=6x 10" to 6 ¢ 10" 1b.in/in2,

¢ is 1in inches.

In Witwntererand quartzite the mnxiriuja grain size, -n,l
therefore the effective crack size, varies from /100 inch
to 1 inch. Thus the free surface enor&r is significant
only in the case of very small cracks. In the following
dincuaalon on tho energy dissipated, It Is Ignored, since

it can result in an error of only a small factor.
[ In ##F*
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In an ide< 1 longw”lj. 8tope, the; QUxiQun amount of energy

that con be released for each volume v mined is
W = °0 v (20)
where aQ = vertical virgin stress.

For each volume v “ined, a volume V of rock must foil
to dissipate thv released energy. Suppose the rock contains
the maximum number of cracks end suppose that those cracks
double in size so that the rock becomes almost incompetent,
the maximum amount of energy that can be dissipated in the

volume V by stable crack growth is

Wg + WF)' nV = (.207)2 x | n (2¢)' 0C* V

This energy must equal WR, so that V represents the minimum

volume of rock that could possibly dissipate the energy.
300 0

IThu" v * 0.34 x 2 (I - v) oc=no’ <21)
For typical values encountered at H rmony,

oo = 6000 p.s.i.
0 =5 x 10*¥ p.s.i. v = 0.15

l

30,000 p.s.i.

er

nc’mnx - °-1
then V = 1700 v
This is impossible. If the stoping width is 4 feet, then
the failed zone would have to extend from 3400 feet above
to 3400 feet below the excavation. Therefore the bulk of

tho energy released is not dissipated by the growth of

numerous Griffith's cracks.
The baele m.,ch=nien of energy dissipation must be in
friction, s'nee stress ooncentrctlons oround crocks, ecurfoce

energy, viscous end plastic effects con only account for o

small fraction of the energy dissipated.
/ Tt N3 e---
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It ia B coL phenomenon that the rock surrounding an
excavation ia broken into almost parallel slabs which strike
in a direction nearly parallel with the face, ihe slabs are
known to move relative to each other and must therefore
dissipate energy in friction. The fracture planes which
separate the slabs are commonly called shear planes; the
mechanism of the development of these fracture planes is
not known, but it could be the slabbing mechanism proposed
by Cook and Lairhurst" h . It is not suggested that the
fracture zone around the working face and the ene’py
dissipation mechanism is simply one of parallel slabs moving
relative to each other, but it is shown that at moderately
low stress levels and allowing small movements, the energy
released could be dissipated in a comparatively small
volume of fractured rock.

Consider a volume of rock, V, which is broken into
slobs of average thickness t, and which dissipates the
energy released by mining a volume, v. Let the average
frictional force across the slab surfaces oo pon and the
average relative displacement between slabs bi d. Thus

the energy dissipated in friction is

Wf =p On d cA
In the caseof an ideal longwall stope, the maximum energy
released by mining avolume v is given by (20), end for

stable energy dissipation VR = Vf, thus

\% 00 t (23)

If uw« i 0 =0r, t= 21 inch, d * | inch, and the
stopir* L L is 4 feet, thenV -"hndth, fracture zone

need only extend 10 feet into the hangingwnll and 10 feet

into the footwall.
,» 1s concludvd that th« bulk of th. on-rg, rol....d

could be 41. blpotcd by friction In 4 nmcll fmoture tone

around the excavation. / Unstable ....
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It is ntcessary thrt the fracture zone crounl the face
must advance cs the face advances end the extent of this
zone must remain sufficiently large so that the released
energy c .i be dissipate 1 stably. If for any reason the
fracture zone is prevented from advancing normally, the
stress concentrations in the solid rock ctihecd of the face
become higher and the volume of the fractured rock becomes
smaller as the face advances. Eventually this fracture zone
must grow, and since the stress concentrations in the solid
rock are .higher, there is a greater tendency for brittle
fracture to occur, accompanied by the release of kinetic
energy. Geological irregularities can affect the advance of
the fracture zone. For example, fracture inn dyke will
almost certainly occur at jtress levels higher than that
in the surrounding qu;rtzite, so that the development of
thj fracture zone intc the dyke will be retarded. In
addition, dyke material is often more brittle than quartzite.
There is also reason to believe that a dyke has a "stress
shielding" behaviour; the virgin stresses in the rock
near a dyke can be different from that in the rock at the
-icme depth but fur from the dyke, (Barron). The stress
field is probably different in the rock on either side of
the dyke and different from the stress in the dyke itself.
Clearly the development of the fracture zone around an
advancing face can be affected to a far greater extent
when the face is parallel with the dyke than when it is at
right angles to it, in which css the extent of the fracture
zone can be different on either side of the dyke. When
the face is pan 11,1 with the dyke, there is a greater
disturbance in the fracture zone *un the face ,dv nces (rom
the low stress side of the dyke. Mining experience does

in foct show that more difficulties are encountered on ore

side of n dyke than the other. /Leflotr ............



Lesser geological dieccntlnultloe can “lao affect
the development of the fracture zone; different stress fields
can occur on cither side of a fault or a joint pi ne, and a

reduction in the separation between bedding planee can
restrict the fracture zone.

Cook(l:’) has proposed a mechanism in which the failed
and fractured zone aro’ind the face advances smoothly, but
in a crudely period fashion the extent of the failed zone
suddenly increases. The argument for this mechanism is
based on the shape and therefore the compressibility of the
failed and fractured zone.

In the above two models, the unstable energy release
must necessarily occur near the excavation. It is feasible
that brittle failure can occur in a volume of rock at some
distance removed from the excavation where the stress field
could be favourable for such failure to occur. It is also

widely believed that rockbursts and earth tremors are

c\used by shear or tensile fractures.

/ Visual Cbs rv'tlons



Visual Observ”t-iong

AG a preliminary means to determine the mechanism of
violent events, some visual examinations of haulages wore
carried out. The egree of slabbing or fracturing around
a haulage is an indication of the maximum stress encountered
in the life of the haulage. Shear fractures or tensile
fractures cculd he revealed by evidence of recent movement
at fracture or joint planes and by the presence of open
cracks.

A1l the footwall haulages at Harmony were developed
before extensive stuping took place above them. In
haulages below faces with a high energy release rate, the
slabbing and fracturing around the haulage was so Severe
that other 'eatures were usually obscured. There was no
evidence of open cracks or shear movement which could be
assumed to extend far into the surrounding rock.

At Harmony there is only one haulage in the honging-
wall, which fortunately was developed over a fairly large
mined-out area. Figure 37 shows the 11 Level haulage,

2 Shaft. This haulage is not parallel with the reef; it
intersects the Upper Shnle Marker at A and the Basal Roef
at Bi at 0 it is about 200 feet above reef mre at D It

is about 100 feet above reef. It was developed sirultanoous-
ly from the reef end and the shaft end, with the result that
it "holed through" about midway .above the worked-out area.
Figure 37 shows the extent of the mined-out area when the
haulage was almost complete (coarse hatching) and when the
examination of the haulage was made. The footwall of the
haulage was concrete lined from the shaft to The
haulage was being used as an airway, so that there was

some duet c¢. the walls, but not mrfflcient to obscure the

geological features. / pjoiuE 37
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Fr*rn « uwo tht. ahrift, the haulage was in good
condition ; however, there was more slabbing than in a
haulage in a virgin stress field.

From tne shaft to the edge of the shaft pillar the
slabbing steadily became worse; near the shaft the side-
walls were laced with cable and a fairly dense pattern
of rockbolts had been used, while at the edge of the shaft
pillar a number of rockbolts had snapped and it had been
necessary tC install arch support. The concrete in the
footwall had numerous cracks across it, which indicates
reduced stresses in tlr direction of the haulage. This
observation must be treated with caution, since calcium
chloride was used in the concrete and resulted in severe
shrinkage. Between C and F there were some joint planes
and faults on which rather indefinite signs of movement
were visible. The joint planes appear to have opened up
by 2 mn. to 5 mm., and coincide with cracks in the
concrete. There were no signs of shear movement.

From the edge of the shaft pillar to G, the conditions
in the haulage steadily improved. From C to D the haulage
was in remarkably good condition with almost no slabbing
of the sidewalls. There were numerous joint plenes,
small dykes nd faults on which no recent movement was
visible. Tb. r' < ap " " P'"rcctly solid.

From D to 3 the slabbing in the haulage got

progressively worse and was so severe at E that the

aaction of the haulage was effectively halved. Most
features were obscured by slabbing, however, near E,

,ner. w,e a vertical dyke 3 feet wide which quite clearly
had openings along Its sides. At this point the hsilng.

was about .50 feet noove the excavation.
f It ee¥e



The observations in the hmgingwall -lid not show the
existence of extensive shear movements or i asile ruptures,
and fo” the most part, they were consistent with a
continuous elastic rock mss.

In going fiTom C to D, a distance of 100 feet normal
to the reef plane was effectively traversed. In all this
region, there ras definitely no sign of bedding plane
separation. On the other hand, the strain measurement in
the Ventilation Shaft showed that extensive bedding plane
separation occurred between the reef and the Upper Shale
Marker. No satisfactory explanation has been found for

this discrepancy.
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First Motion Theory

The theory of First Motions from seismic sources has
been authoritatively dealt with b, Knonoff and Oilbert(?2).
They use dynamic dislocation theory to derive the elastodynamic
radiation from a seismic source. The seismic source is
visualized as a geometrical discontinuity across which there
exists a sudden discontinuity in either one component of the
strain tensor or one component of the displacement vector.
They show that there are eight independent models. If the
plane z = 0 forms the geometrical discontinuity, then the
eight independent changes which can occur are (i) the sudden
application of strain discontinuities in e ,e ,e , e

. Iy :
or ezy across the boundary and (ii) the sudden application
of displacement discontinuities in ux, uy or u”, across the
boundary. 1f a discontinuity in the ninth term exy were
suddenly applied across the surface, no motion would be
radiated. A seismic source can consist of a linear combination
of any of these right dislocation types; mnowever, in physical
sources one of these dislocations will predominate.

The main conclusions are given below and have been
presented in a form more suited to the present application.
Only the results for P waves are given. The plane z = 0 is
taken as the geometric ,1 discontinuity and the x direction
as the direction of propagation of the strain or displacement
discontinuity. The symbol A will be used to represent that
part of the amplitude of the radiated wave which iS sensitive

to the direction of propagation of the wave, i.e., A describes

the radiation pattern. The other symbols used are,



a = P~wave velocity

P - 3-wave velocity
X = Velocity of propagation of the dislocation
yx' Yy » 'ire direction cosines.

All the strain dislocations have a similar first motion
radiation pattern which is unaffected by the velocity of

propagation. These are shown in Figure 33 and are

\z \' zm'y

The patterns are two-lobed, the first motion in the one
lobe represents compression and in the other it represents
rarefaction. These dislo ations can result from the sudden
yielding or failure of the material on one side of the
boundary. The displacement discontinuity, uy, also results
in a pattern independent of X and is shown in Figure 38.
This pattern Au = yy y7
is four-lobed, with alternating lobes of compression and
rarefaction. This type of dislocation corresponds to shear
movement in a direction at right angles to the direction of
propagation.

The displacement discontinuities in u, and u, nre
dependent on X and the radial on patterns are shown It

,L.. mre. 39 and 40 respectively, for different values of X

/" FIGURE 38
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A =i +Ji T ’p2
a* - ps z

In both cases the patterns degenerate to the two lobed
pattern when X, 0. However, In practice, X has been found
to be of the order of 71/2 p for most materials. Knonoff

and Gilbert'X) have shown that if the dislocation extends
bilaterally or radially along the boundary surface, the first
motion ra iation pattern becomes equal to that for X = ®.

Now the first motion radiation pattern depends only on the
very lirst changes at the discontinuity surface. In practice,
a discontinuity will start at a point and develop approximately
radially into a discontinuity surface, thus it is quite likely
that dislocations in u and u result in their respective
patterns for X = * . Adislocation in ux corresponds to
shear movement on a fracture surface parallel with the
direction of propagation, and a dislocation in uz corresponds
to the sudden propagating expansion (or collapse if multiplied
by -1) of a lenticular cavity, the expansion (or collapse)
taking place in the direction of the normal to the plane of
the cavity walls. The dislocation in u" could correspond

td a tensile rupture in which case nearly all first metiers
would be compression, or it could correspond to the collapse
of fractured rock in the excavation and in which case nearly
all first motions would be rarefaction.

The sudden failure of n volume of rock can be regarded
as the application of strain dislocations between two
surfaces. Knonoff and Gilbert'521 have given the theory for
two dislocations separated by a small distance, but have

only applied it to dislocations In u, and e,z since they

/ considered



considered the other dislocations unlikely in earthquake
mechanisms. By applying the theory to laminar or double
dislocations in e”, lyy and e”, it is found that the

first motions in all directions are rarefaction and the

pattern is shown in Figure 41.

Vhen the theory is applied to double dislocations in exz and
cyZ a four lobed pattern results as for uy in Figure 38.
Thus, in general, when a volume of rock suddenly fails, the
first motion pattern consists of a summation of the patterns
for all ‘ive strain components. The resulting pattern is
therefore predominantly rarefation and is independent of the
velocity of propagation.
Theory shows that four distinctive first motion
radiation patterns can arise, and they are summarised as
follows:
i) First motion compression in nearly all directions.
This pattern can result from a tensile rupture.

11) First motion rarefaction in nearly all directions.
This pattern can result from the brittle failure of
a volume of rock, or the collapse of fractured rock
in the excavation.

I[11) Two-lobed pattern resulting from simple strain
dislocations or dislocations in ux and u® when X
is very small.

lv) Four-lobed pattern with alternating lobes of

compression and rarefaction, associated with

shearing effects.

/" FIGURE 41



FIGURE 41 FIRST MOTION PATTERN FOR DOUPIfi STRAIN DISLOCATIONS
INe , e and 9 . ALL FIRST MOTIONS ARE RAREFACTION
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First Motion Rem,nto

About 30 percent of the first motions hso sn emergent
character which could not be distinguished clearly. Only
first motions that were perfectly distinct were used in

this analysis.

It is possible that a seismic wave could follow a curved
path so that the angle of incidence of the waves at a
seismometer is somewhat uncertain, thus, whenever the angles
of incidence were greater than 67° the first motion data
were rejected. In the original seismic network, therefore,
no more than six seismometers could be used for seismic
events near the reef plane. Consequently the seismic network
was modified to make more seismometers useful. The three
vertical seismometers (2, 3 and 6) in the reef plane were
replaced by horizontal seismometers orientated radially to
the seismically most active parts of the mine. A second
amplifying stage was introduced into the networx at each
seismometer so that the first motions would be more distinct.
In addition five portable seismometer stations were set up
on surface; each station had a low speed tape-recorder
with high gain amplifiers such that the first motions from
events of magnitude 103 ft.-lbs. could be distinguished.

The original network with the six useful seismometers
showed that in the case of the seismic events near the reef
plane, the majority of the first motions was rarefaction,
regardless of the magnitude or of the position of the event
relative to the excavation. In 1952, fiane. SSilffiSn and
Stenhon*8' found that in their surface array of six

seismometers on a Vitwatererand mine 00 percent of the

first motions were rarefaction.
f 1p "tio
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In the modified seismie network, the first motions
could be determined with certainty on about 9 or 10
seismometers for each event. This network was in operation
for a montn and during this period 100 seismic events were
analysed; they consisted of some events of magnitude 1C*
and 104 ft.-lbs., and all the events greater than 10 ft
Ibs. For 40 percent of the seismic events, the distinct
first motions were all rarefaction; a central projection
of one of these events is shown in Figure 42. For 26 per-
cent of the events, one seismometer showed distinct
compression while the remainder of the distinct motions
were rarefaction. In 23 percent of the cases, only two or
three seismometers showed compression and these seismometers
were spaced such that they lay within a cone with apex at
the focus, Figure 43. 1In all cases, the cone of compressive
motion lay at an angle of less than 30 to the reef plane.

The distribution pattern of first motions fits neither
the four-lobed pattern for shear movements, nor the nearly
all compression pattern of a fast or symmetrical tensile
rupture. Since the seismic network covers mainly the upper
half-space, it could be argued that the radiation pattern
is in far. two-lobed with the rarefaction lobe in the upper
half-space and the compression lobe in the lower half-space
where it would not be observed. The two-lobed pattern could
be produced by a simple strain dislocation, a ve y slow
tensile rupture propagating vertically aw ards or a slow
shear movement propagating horizontally and unilaterally.
A simple strain dislocation Is an unreasonable mechanism
since It requires the extensive failure of the rock

lower nalf-space. The two rupture mechanisms are also



A Compression

O Rarefaction

FIGURE 42 A CENTRAL PROJECTION OF THE FIRST MOTIONS OF A SEISMIC EVENT FOR WHICH ALL
THE OBSERVED FIRST MOTIONS WERE RAREFACTION. THE + SIGN INDICATES THE
SEISMOMETERS THAT WERE IN THE UPPER HALF SPACE AND THE CIRCLE REPRESENTS
tan 0 * 1.



A Compression

(0] Rarefaction

FIGURE 43 A CENTRAL PROJECTION OF THE FIRST MOTIONS RADIATED BY | SEISMIC
EVENT FOR WHICH COMPRESSION WAS RADIATED IN A RESTRICTED DIRECTION.
THE BROKEN LINE REPRESENTS THE PROJECTION OF A HYPOTHETICAL COVB
AND THE CIRCLE REPRESENTS ten 0 * 1.



unilaterally, particularly at the atart of the mpture,
therefore It 1, expected that tte two-lobed patten, for a
rupture physicejLly cannot exist.

The mechaniam .hich fita the first motion pattern heat
is the sudden failure of a volume of rock (double strain
dislocation) or the collapse of fractured rook In the
excavation.

It was thought that for those events which radiated
compression the direction in which the first motions were
compression might show a consistent relationship to the
excavation. Most of the seismic events occurred on remnants,
so that no significance could be attached to the direction
X compression; however, on any particular remnant the
events tended to radiate compression in the same direction.
About 15 events occurred on one dyke of which 7 radiated
rarefaction only, the remainder radiated compression in a
direction at about 45° to the strike direction of the dyke.

Seven percent of the seismic events did not fit any of
the standard patterns and a projection of one of these is
shown in Figure 44. The first motions cannot be separated
into four compartments containing compression and rarefaction
by two straight lines. Since no straight lines can be found
which could form the projections of two planes at right
angles, the mechanism of these events cannot be a shear
movement or rupture. It is noted that earthquakes that
exhibit faulting, consistently radiate the four-lobed pattern
of Figure 39 for X « -.

During the period that the modified network was in

operation, only three seiemlo events were located at the

Harmony Sille
/" FIGURE 44
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Those events were all of magnitude 10* ft. ibs., and a
number of the first motion, were indistinct sc that the
first motion radiation patter was not conclusive. The
distinct first motions of these events, however, were more
frequently compressive than for the events near the
excavation, and all could have fitted the four-lobed pattern
Similarly, for the events located near the Harmony Sill in
the original network, about 50 percent of the distinct first
motions were oomprcssive, and in all the cases, the first
motions could have fitted the four-lobed pattern. Thus

the mechanism of the events at the Sill may have been a
shear movement.

Cook and Hodgson™”  have suggested that in a steadily
increasing compressive stress field in rock. a compressive
pulse is attenuated more rapidly than a rarefactive pulse.
If the attenuation is sufficiently greater in compression,
all first motions would appear as rarefaction. However,
there were a few cases in which two seismometers were in
line with the focus and with one seismometer much closer
to the focus than the other. Both seismometers always
showed the same motion, and in the case of compressicn,
the motion was as distinct at toe far seismometer as at
the near seismometer. Therefore it Is thought that the
difference in attenuation between compressive and rare-
factive pulses la not sufficient to nullify the first

motion patterns.

In conclusion it can be said that the mechanism of

seismic events is not a tensile or sWar rupture, but a

volumetric collapse of either frachired roc* or roc* that

suddenly fails*
/ spcctral_AL-qlyBU. -



Spectral Analvais

The theory of tUjagaas and Staudcr(m , ~ 0* be
applied to the seisraic events, since the mechanism is not
a simple unilaterally propagating rupture. A more detailed
analysis for a propagating volumetric collapse was not
attempted since small deviations from the ideal case
seriously affect the spectrum, which for the ideal case would
be complex. The spectrum can, however, still be used to
determine the duration of an event by making assumptions
about the velocity of propagation and the dimensions of the
source mechanism.

Since a seismic event has finite duration, its time
behaviour can be regarded as the product of a rectangular

pulse and some other function of time, thus
f(t) =(C U(t +11) - U(t-11)) x h(t)

where U(t) =unit step function
h(t) = a function of timerelated to the velocity
of propagation and the dimensions of the

source.

T = duration of the source mechanism.

The velocity of propagation may differ in different
directions, but if it is assumed that it remains constant
in each direction, then h(t) is independent of time.

Also, if the source dimensions are small in relation to
the wave length of elastic waves, interference of waves
radiated frecm o irrerca parte of the source can be ignored
For example, if the dimensions of the source are 100 feet,
P waves of frequency less than 100 c/s appear as though
radiated from almost a point source, since « is 19,000

ft./sec. Thus for a H — c¢c and X - constant, at a



distant Point, the time behaviour of the source appears

as

f(t) - A{U(t ¢fr) u(t_|Dj

where A = constant.

The Fourier transform of this function 1is

Fh>) = At Gin “uu
Vi2n ITTw

The minima in this amplitude spectrum occur at intervals

of 21 Af, therefore

Af

Figure 45a shows a "missilgram" of two seismic events
that occurred within seconds of each other. It can
be seen that the low frequencies persist for longer than
the high freq*: notes; the missilgrams do not have
sufficient resolution to yield any further information.
Figure 45b shows typical spectra or "sections" of the

P waves of an event of magnitude 10 ft.-1bs., and of an
event of magnitude 10~ ft.-1bs. It can bv seen that
there is very little spectral content above 200 c/s, and
that in the case of the 107 ft.-lbs. event, the minima
are so closely spaced that they are almost indistinguish-

able (the bandwidth of the spectrograph is about 5 c/s).

/" FIGURE 45
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In Figures 46, 47 %nd 48, sections through the P waves

between the P and 3 arrivals) n( aoro typical 3ele,lc
arc shown on an expanded frequency scale, the ae0tlOn8 are

for different seismometers surrounding the focus. Figure 46
is for a seismic event of magnitude 104 ft.-1ba. that
occurred 100 feet above the reef and for which all observed
first motions were rarefaction. Figure 47 is for an event
of magnitude 106 ft.-lba., 200 feet above the reef and for
which all observed first motions were rarefaction. Figure
48 is for an event of magnitude 5 x 104 ft.-Ibs. that
occurred near the Harmony Sill and for which 3 of the 6
distinct first motions were compression.

The spectra arc not the same at the different seismometers
thus h(t) is not constant and the source mechanism is not
spherically symmetrical. The spectra are only crudely
similar to that of a rectangular pulse; however, they do
show some distinct minima and it is possible to make an
estimate of the frequency interval between minima. In
Figure 46, Af is about 10 c/s corresponding to a duration
of r = 1/10 sec., in Figure 47 Af is about 3 c/s, therefore
t » 1/3 sec., and in Figure 48 Af is about 6 c¢/s, therefore
T = ~/6 sec. These crude estimates of the duration of the
source mocnanism correspond roughly with the duration of the
high amplitude part of the P wave on the seismic record.
Since the dimensions of the source mechanism are necessarily
limited to dimensions of the order of 100 feet, the velocity
of propagation must be very low. Intuitively, a low

velocity of propagation is expected in a /olumetric

collapse.
/ FIGURE 46



FIGURE 46 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT OF
MAGNITUDE 10* ft.-1ba. THAT OCCURRED NEAR THE REEF PLANE. THE
NUMBER BELOW EACH SECTION IS THE NUMBER OF THE SEISMOMETER FOR

WHICH THE SECTION WAS MADE.
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FIGURE 47 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT CF
MAGNITUDE 10~ ft.-1bs. THAT OCCURRED NEAR THE REEF PLANE. THE
NUMBER BELOW EACH SECTION IS THE NUMBER OF THE SEISMOMETER FOR

WHICH THE SECTION WAS MADE.

tMG;-



FIGURE 48 SECTIONS OR SPECTRA THROUGH THE P WAVES OF A SEISMIC EVENT OF
MAGNITUDE 5 x 104 ft.-lbe., THAT OCCURRED NEAR THE HARMONY SILL.

THE NUMBER BELOW EACH SECTION IS THE NUMBER OF THE SEISMOMETER
FOR WHICH THE SECTION WAS MADE.



In conclusion, the mechanise of seismic events is not

sufficiently simple for thespectral analysis technique to

reveal the dimensions of the source.

/ SUMMARY OF CONCLUSIONS.



SUMMARY OF CONCLUSIONS

The seismic technique has proved to be a most rewarding
method of investigating violent rock failure underground.
Dunne the first year of recording 3100 seismic events
rtinging in magnitude from 103 ft.-1bs. to 108 ft.-lbs. were
located, and the accuracy with which the events could be
located was - 100 feet with 90 percent confidence.

It was lound that there were two distinct groups of
seismic events. 95 percent of the events occurred between
the reef plane and a weak band of rock 300 feet above the
rttf plane, while the remainder occuired near the Harmony
Sill approximately 240J feet above the reef plane. The
seismic observations were compared with some earlier strain
measurements in the Ventilation Shaft. This comparison
showed that the elevation of th oeismic events coincided
with the elevation of regions where measured extensions!
strains in the rock exceeded the original compressive strain
in the rock. It was concluded that rock failure was limited
to a zone extending to a height of approximately 300 feet
above the excavation and that the zone extending laterally
as the face advanced; however, rock failure also occurred
in a confined region at the Harmony Sill.

A largo proportion of the seismic events and damage
due to rock failure occurred in the parts of the mine which
were highly stressed. The energy released Pper unit area
increase in the size of the mine excavation was compared
with damage due to rock failure, seismicity and the stops
labour requirements. All those factors showed a marked
increase as the energy release rate increased. It was
concluded that the rate of energy release is a significant

parameter in predicting the magnitude of problems arising



from rock failure .and that theae problems are easily
manageable when the rate of energy release is less than
10 ft.-lbs. per fathom2.

There was no difference in the behaviour 01 seismic events
of different size, except that all the events of magnitude 107
ft.-m s. and 108 ft.-lbs. occurred at dykes. Although blasting
triggered a large number of events, more than 50 percent
occurred well outside blasting time, and the rate at which
seismic events occurred fluctuated quite widely, even when
the rate of mining was nearly constant.

Only a small fraction of the damage was accompanied by
e ismic activity, which implies that the damage was due to
falls of rock which had been fractured before the rockfalls
occurred. The only manner in which this type of damage can
be reduced is to reduce the extent of the fractured rock by
reducing the energy release rate, or by improving the t.ne of
support in the stopes.

The total energy radiated by seismic events of a
particular size exceeded the total energy radiated by events
of a smaller size. Also, the total energy radiated by all
the seismic events formed a very small fraction of the energy
released by increasing the size of the excavation, therefore
a mechanism must exist for dissipating large quantities of
energy in a stable manner.

Cook”1 ~ and Fairhurst and Cook™ ~ have inown that
some rock types can fail violently or non-violsntly,
depending on the manner in which the rock is loaded. It
was shown that these theories may explain the stable
development of the fracture zone; however the large
quantities of energy that are dissipated * tably can only

be dissipated by friction in the fracture zone* a
/ relatively



relatively small fracture tone is required to dissipate
this energy.

Hrst motion studies of the mechanism of the seismic
events shewed that the mechanism was not a tensile or shear
failure, but a volumetric collapse. The mechanism could
therefore be a sudden growth In the fracture zone, or the
collapse of fractured rock near the face or in the worked-
out areas, or the sudden failure of a volume of rock
slightly removed from the excavation. The mechanism of
the seismic events near the Harmony Sill was not clearly
resolved but could, however, have been a shear movement.

The spectral analysis did not reveal any useful
information except that the velocity of propagation of the

volumetric collapse was low.

/ SUMMARY



APPENDIX 1

Because the seismometer, in the .Uita, i ... ~oa.. 7

8, show velocities higher than those near the reel plane,

S higher P wave velocity. Also there must be a la er rock
with a very low propagation velocity near the surface, since
seismometer 9 shows a low velocity. Obviously the apparent
velocity of propagation from ar event to a seismometer will
then depend on the position of the event relative to the

seismometer.

The following method is presented, which enables the

elevation of a seismic event to be determined independently

cf the velocity calibration; the velocity calibration can

also be used to determine the elevation of the seismic event
by this method. Figure 1A shows a seismometer at A, and two

layers having different P wave velocities. Say V, > V,, then

a wave travelling from C to A will have the path shown. The

apparent velocity of the P wave from 0 to A will be higher

than the apparent velocity from B to A, because the wave

travels a comparatively greater distance in the higher

velocity medium from C to A than from B to A. Figure 2A

shows the variation of the apparent velocity as X (distance)

changes; it will be noticed that the apparent velocity

approaches a maximum as X increases. The general form of

the curve in Figure 2A will be the same for any number of

layers in an arbitrary order.

A number of seismic events were selected at random from

asynuL2trical positions relative tc the two seismometers in

the shafts. The following procedure was carried out for

each event. Referring to Figure 3A, the plan position of

the event was obtained on the locator by means of seismometers



v-TT

seismometer 7

seismometer (



h1 The fO0U8 TO8 aellb- * to appear ab(,ve aM
— the reef plane, ana ,,r eaeh elevation, the aietanoee

n " =, "ere measured. The travel time from the focus to the

¢cf origin, determined on the locator. Hence, the apparent

velocities v* and 7g can be calculated for each elevation,

event the apparent velocities to seismometers 7, &

All the

res each

and 9 were obtained for a number of elevations.
selected seismic events were analysed in this way, ani

Figures 4A to 13A show some of the plots of apparent velocity,

V, versus elevation rbove reef, h. The curves marked near and

far are for seismometers 7 and 8; the near curve is for the

seismometer that is nearest to the focus of the seismic event.

There are two factors which permit the determination of

the elevation of the event, namely,
a) The seismometer furthest from the focus of the seismic

event must shew an apparent velocity higher than the

nearer one. Hence the elevation of the event must be

ti. the right of the intersection of the near and far

curves. This condition still applies even if the strata

dip a little relative to the seismometers; however, the
focal position for which the apparent velocities are
equal, recurs at a slightly asymmetrical position. In

practice, it may sometimes be necessary to choose an

elevation slightly to the left of the intersection,

since there is frequently a little uncertainty in the

reading of the seismic records.
b) From the velocity calibration for seismometer 8, a

velocity of 19,250 ft./sec. was obtained when the charge

was fired in the reef plane directly below it, and

19,700 ft./sec. when ttvl charge was in the reff plane
f and a eeee
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FIGURES THE VARIATION OF APPARENT VELOCITY

A1 A WITH ELEVATION ABOVE THE REEF PLANE



d zew

seismoBettr 7. Sel.mo.”r 9 on nun,ace. Howovor, should

haVe “ aPParent ’610Ci* ©°*=«t 6 percent leer than 19,000
ft./sec.

In Figures 4% to 131 V. 1.0 represents a velocity of
19,000 ft,/sec. The arrows indicate the most likely elevation
satisfying these conditions. It can be seen that there is good
agreement between the tWO conditions and that most of the

events occurred well above the reef plane.



- 137 -

APPENDIX ?

In the Central “"J.oUon, planee p.6elllg throueh the
-us project ae strait Unee. Tec planee at r*ht a*l.e

pasaing t.trough the focue pmject as t.c Intersecting strait

» neS St an angle 9 10 e¢‘Ch The angles ¢, dip, g, and
02 nf the two Planes are related to 6.
with the

b.

let the projection plane be the plane 2 . o,
locus at (0, 0, -1). and let t,, »e and t,. m, n,,
the direct)on cosines of the two planes, Figure 141(a).

Since thetwo planes are at right angles
* ¢ +m m +n, n, =0
The equations of the two planes are
% +my +n,(z+1)=o0
and tax + m2y +naz +1) =0

The intersections of these two planes with the projection

plane z = 0 are

t, x +m, y + n, =0

1
(=]

ta x + may + na

and are shown in Figure 14A(fc).

Consider two points C and D on one projection line and

two points E and F on the other line

m,

th cp =t - o=
en Ay # m J

=1-rf -57 -0}

and cp « EF = (cp) x (EF) CoB 0

IF
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FIGURE 14A THE CENTRAL PROJECTION
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n, n2
V A~ ~mniz V1 ~ n82 Cos 6
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oince -C¥ + m"%+ n *
and i3z +m,: + n,? =1

Also CD *F = ni ni + nin2
1, -t2 a, m2

ni n2
tit2m.m2 +1,1,)
e n, n
m.
Since t,t2 + +nn2=20
thus
Cos 0 - L

V1i”n’2V1 - na2

In Figure 14A(c), consider the unit vectorjg, normal to

plane 1.
a, = { 1,, mt, n,}
n = Cos a1 « sin 01
Cos 0,
tan Of
v 1 " ni*
Similarly ~“1? tan 0,
AV 1 - n2*

Cos 0 = tan 0, tan 02
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Central Projection, and only .hen Coe = = «,,, 0 toe O
are the planes at right angles. Notice that the t.o

projection lines must be on opposite sides of the origin.



The transient spectrograph or -Missilyzsr- is an a*Uo

S aUdl° BPe°trO8raph » *h produces pemanent, visual
complex waveforms. Two different analyses of the
recorded data are possible with the "Missilyzer". The first

analysis relates frequency and intensity to time and the

record is called a "mlssilgram". The second analysis relates

intensity to frequency at a particular instant of time (over
s wider dynamic range than the first) and is referred to as
a section.

The Missilyzer was used in the 5 to 500 c/s range and

15 to 1500 c¢/s range corresponding to 1.25 to 125 c¢/s and

1,75 to 575 c¢/s seismic signal frequency. The factor of 4

change in frequency arose because the replay deck of the
seismic network ran at a speed 4 times faster than the
record deck.

Figure 15A shows a general view of the "Missilyzer"
and Figure 16A shows sections and missilgrams for a sine
wave, a square wave and a triangular wave. The dynamic

rarve in intensity for the mlssilgram is 6 db. while the

dynamic ran ,c in amplitude for the section is 25 db.: the

bandwidth is 5 c¢/s. The amplitude scale is not calibrated,

so that it merely represents relative amplitude.
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AIMDIX 4

Figure

Figure

igure

Figure

17A

18A

19A

20A

The frequency response of the Hall-Seare

model HSI seismometer.

Circuit diagram of the record and replay

amplifiers.

Circuit diagram of the device performing

the operation (*T va dt.
0

Circuit diagram of the digital clock.
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FIGURE 17A
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THE FREQUENCY RESPONSE OF THE HALL-SEARS MODEL HS1 SEISMOMETER
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FIGURE 18A A CIRCUIT DIAGRAM OF THE RECORL AMD REPLAY AMPLIFIERS. IN THE RECORD AMPLIFIER,
A REPRESENTS THE CABLE FROM THE SEISMOMETER TO THE RECORDER AND AN ATTENUATOR,
AND B REPRESENTS A 3 OHM RECORDING HEAD. IN THE REPLAY AMPLIFIER, A REPRESENTS
AN EQUALIZING NEITWORK AND B REPRESENTS A 15 OHM GALVANOMETER
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FIGURE 19A

2sim GALVO

S6K 680

2200

THE CIRCUIT DIAGRAM OF THE DEVICE WHICH PERFORMS THE OPERATION



F1 OURS 2uA CIRCUIT DIAORAV OF THE DIGITAL CTOCK. THE SERIES OF SWITCHES
13 CONTROLLED BY A 3ERIBS OF CAMS DRIVEN BY AN ELECTRIC (1OCK
MOTOR
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