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ABSTRACT

To make the method of coal-mining knowa as ‘strip-mining’
economically viable extremely large amounts of explosive need to
be detonated in any one particular blast. This is to ensure enough
Tock 15 broken to keep the lerge earthmoving machinery, used irn this
type of mining, productive. This type of coal~mining operation
was undertaken at Rietspruit Upencast fJolliery in the Eastern Trame—
vaal. Adjacept to this colliery is an exisiing undarground coal-
mine, and it was feared that the large amount of energy x~lazgad
by the surface blasting would be sufficient to damage the coal pillars.
The investigation of the above problem formed the basis of this dis-
sertation.

Moving-coil seismometers were installed underground in what was
considered a representative pillar, and continuous records of groumd
particle motion due to blasting were obtained from these instruments,
Further field fnstrusentation consistingof tape-recording decks aud
electronic packages to amplify and record the seismic signals was lo-
cated on surface in an ipstrument hut built specifically for this
purpose.

The ohject cof obtaining the above records was to establish damage
criteria, whereby chari. ‘reights could be estimated, for given distances
from the blast to the underground workings, which would wot cause appre=
ciable damage underground. Propagation laws were established relating
peak particle velocity, which is widely used 28 en indicator of
possible damage, to the distance from the blast and either the squars-
toot or cube-root of the maximum charge weight per delay. These re-
sults are presented graphically and could be used to determine allowable

charge weights to ensure a certain particle velocity is not exceeded.
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Accurate acceleration and displacement records were calculated
from the original velocity records, and it was found that assumptions
of simple harmonic motion for seismic records of blasting can result
in under-estimation of particle acceleration. Relative displacements
between various points i the pillar were determined and the instan-
taneous strasses generated by the blasting were caleulated. These
strasses were found to be a small percemtage (1 ~ 2%) of the im-situ
strass.

The use of Fourier sualyeis techniqurs in the interpretation
of blast vibration data was undertaken. Power spectra were calculated
to see whether there was a passibiliry of resonance occurring in the
hsngimg—wall. The spectra indicate that the damping of the system is
far too large for this to be & problem. The energy present in a seismic
signal was successfully related to the total charge weight detomated,
and f£inally, known scurce perameters (size of blast) were comparad with

the resulting spectral density and a tentative relationship developed.
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CHAPTER 1

1. INTRODUCTION

At the request of Barlow-Rand the Bernard Price Institute of
Geophysical Research at the University of the Witwatersrand agreed
to undertake an investigation as to the effects of vibrations onm

an underground coal mine.

The site of imvestigation was Berlow-Kand's Rietspruit Opem—cast
coal mime., This mine was situated about 25 km from Ogles on the Ogies—

Bethal road in the emstern Transvaal coalfields.

Adjacent to the open-cast workings was an existing underground bord
and pillar coal mining cperation which was the property cf amother mining
group, Extremely large blasts (charge weiphts exceeding a total of
450 000 kg on occasion: were necessary to ensure enough rock was produced
per blast for efficienl  roduction. It was feared that the large
amounts of emergy released could damage, or in the extreme destroy,
the uoderground coal pillars, as they were already in a relatively highly
atressed state. The difficulties associated with tals siteation sug-
gested that a research and control progeam he instltuted to limit the
possibility of demage.

In the past most of the attention focuased ou the s¥iects of blasting

vibrations has been directed towards the damage naused to structures.
The objrctives of these tests may be divided into rwo distinct cate-

gories:

¢
:
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1) The establishment of reliable damage criteria, . the rela-

tionship between the magnitude of the ground vibrations and the damage

produced in a structure, and

2) To establish a propagation law for ground-borne surface vibra-
tions that could be used to link the magnitude of ground vibrations with
the mass of the explosive charge and the blast to measuring point distamce,
as well as any other variables which may be relevant, e.g. mathod of ini-

tiation, geology or directional effects.

One of the first investigations inte this problem was summarised in
a report in 1942 by the United States Bureau of Mines, Bulletin 442 (1),
wherein particle acceleration was suggested as the best criterion for esti-
mating damage. In 1949 Crandell (2) introduced the concept of the Energy
Ratio. Making the basic assumption that vibration in the ground is simple

harmonic in nature and starting with the equation that:

Kinetic Energy = Wv°/2g

He showed this equation can be reduced to give an equation in terms of

acceleration, viz.

K.E. = (—
2g4n

where W is the weight of the system

3

is the acceleration due to gravity

®

is the acceleration in ft/sec/sec

£l

is the frequency of the vibration
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The first fraction of the equation is a constant at any location
depending on the mass set into vibration, The Kinetic Energy may there—
fore be considered to be proportional to “—Z which is refsrred to by
Crandell as the Energy Retic. He found t‘l:at for buildings of sound
construction and material, no damage is done if the Energy Ratio is kept
below 3. A report published in 1358 by Langefors, Westerberg and Kihistrdm (3)

was a result of measurements taken during a recomstruction project which i

required blasting im rock, close to existing buildings. A procedure of
using large blasts and then repairing demage caused to adjacent structures

was adopted. This ensbled them to yecord actual damage and the associated

tevel of vibration. Their classification used particle velocity instead ;
of acceleration as the damage eriterion. The limit below which they i

suggested to damage would oecur was 71,1 mmfsec (2,8 infsec). Their data

iy summarised in Figure 1.1. ALl subsequent investigations showed that

i T
X e

onup

/!

£
spuTOE, J
L

N aay aaeg°lo :‘ 5

[ s
FREGUEAY, ¢,

FIGURE 1.1 Connection between ampiitude, frequency and damage.
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particle velocity correlates best with the degree of damage. Tu 1960, (5)
Edwards and Northwood concluded that damage was likely to occcur if the

particle velocity reached 102 - 107 mm/sec (4 to 5 in/sec). To facili-

tate the inclusion of a safety factor a safe vibration limic of 50 wm/

sec (2 in/sec) was recommended. In South Africa tests done at the Beraard
Price Institute by R. Green confirm the applicability of particle velocity as

2 damage criterion (6). Although an Energy Ratio of balow 3 causes no damage to
an average Styucture, to include a safety factor am Enevgy Ratio of 1 was desig-
nated as an upper limit in these tests, Frowm simple harmouic comsiderations the

Enérgy Ratio wmay be rewrittex in terms of the metric wvelocity as:

B.Rn = V2/23,5

where V = particle velocity in cm/sec.

Limiting the Energy Ratio to I, this results in a velocity V = 4,85

cm/sec. Limiting the ground particle velocity to below S0 mwm/sec would

therefore seem an if .nonservative, meens of ing

damage {(to structures) from blasting vibrations.

Very little work had been dome on the effect of blasting vib—
rations ofher than possible damage to residential structures,
In his paper entitled, "Blasting effects and their cowtrol in open-pit
mining", (7} L. Oriard concludes that for particle velocities of 50 - 100
am/sec (2 - 4 in/sec) the accasionai falling of loose stones on slopes

nay be expected. At 127 - 380 mm/sec (5 - 15 in/sec) the falling of

partly loosened sections of rock sud on ab v 4lopes,




sections of Tock that wight otherwise remain in place may be expected.

Above 635 mm/sec (25 in/sec) some damage to the relatively umsound rock

types that are found in most open-pit mine slopes could oceur. Ta 1977
the results of blast vibration monitoring programs from six hydro-electric
sites were discussed by L. Keil and A, Burgess (8), From their results the

authors concluded that the risk of causing excessive damage (formation

of cracks or openings of discontinuities) to rock can be minimised if
peak particle velocities are limited to 610 and 305 ww/see (24 and 12 H
in/rec) at supported and unsupported faces respectively. The caly noted work
dotie on wibration levels in underground coal mines was that by Rupert and
Clark in 1978 in the United States of America (4). Varzious combinations
of three component moving coil geophones were located along a segment of
the intake portion of the mine. They con¢luded that only minor damage of. the

form of localised thin spall and possible collapse of portions of previously

fractured coal ribs resulted from those shots having associated peak parti-

cle veloeities in excess of 50 mm/sec (2 in/sec).

Because of the scarcity of relevant results it was decided to set SO
wrm/3ec as &n upper Limit for the vibration levels generated in the underground

workings. Frem the foregoing discussions this may have seemed a somewhat

cougervative limit, but it was considered justified in view of the limited

knowledge available for this particular application.

Once a safe vibratiou criterion has been decided on the mext problem

is to determine which varisbles contribute significantly to the vibration

level, Of primary interest is the relationship between the size of the

explosive charge, shot-to-gage distance, and the magnitude of ground




vibration. A general propagation equation of the form

bom

i where A = pesk awplitude
W = charge weight

D = distance £rom blast,

and k, b and n are constants for particular site conditions and blasting
procedure became widely used. A rigorous dimensional analysis of this
problem was done by Ambraseys and Hemdron (9). This investigarion con~
cluded that "cube~root scaling® is theoverically the most correct propa~
gation law (b = ~1/3 and n = 1 for cube roct scaling). However, most in~
vestigators have found that square-root scaling (b = ~} and u = 1) provides

a batter fit to esperimentally found data. It is difficult to state whether

quar scaling or scaling is le. At any particular
sire it seems advisable to do some vibration measurementz and them from
the data, determine which of the rwo propagation laws is preferalle, In

2 the investigation dome by Glark and Rupert {4} on underground workiags they
found that square-root scaling was slightly superior for expressing the xoof,
¥ib and bottom totsl peak velocity. Cube-root scaling was however Found

to be best for pradicting the pesk velocity for the vertical xoof component.

In the case of the Rietspruit Opencast workings the layout is shown on Fig.

1.2. The vegion shown shaded in dark ix the ares the mine workimgs will occupy
once they are complele, sometime in the late 1990's. Mining operations started
in the region marked (A} on the plan and then proceeded in the direction

£ indicated by the red arrows, approaching the underground workings. of Tavistock
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Colliery which is shown as shaded inm blue. Photograph (4) shows the same

layout, here looking from Hast to West. The raw coal stockpile sud washing

plant are slightly left of ceatre in the . In the

mining operations from the d to the area in the
background. In the centre of the phorograph is a section of ground where
the overburden had been loosened by an explosion, the loese rock then
being removed by the drag line shown adjacent to the exposed bed. Photo-—

graph (B) shows a slearer view of the dragline working in the open pif,

stripping overburden. As can be seen from the page of the blast statistics
shown In Appendix Al, there is no direct relationship between the cost per
tulk cubic metre and the smount of explosive used. Therefore increasing

‘the weight of explosive does not necessarily mean a decrease im the cost

per bulk gubic metre. The main economic cop: ‘eicon in using extremely
large blasts in this mining operation was \ :.wur | hat the dragline re—

mained idle for as little time as possible.

5 As mentioned before, it was considered that limiting the pesk growmd

particie velouity to below 50 mi/sec would ensure that no damage would be cau—

sed to tha underground workings. To monitor the level of ground motion six
seismometers were installed in the underground workings on 25th January

1979. These seismometers were installed in whar was considered to be a

representative pillar, i.e. not adjicent to any ribs or other such restraints,
and provided a continuous record of particle velocities at the various loca—

P tions. A comprehensive desecription of the instrumentation used will be

presented in Chapter 2, The above seismometers were all imstalled in either

the pillar or the adjacent hanging wall. To attempt to obtain some idea of

spalling rate around the pillar 5 further seismometers were installed in the

footwall around it, on March 2nd, 1979. A further seismometer was installad







on the surface. The analogue records obtained from these seismometers
were then replayed in the laboratory at the Bernard Price Institute

and records sent back to the mine of peak particle velocities for all
major blasts, which were copsidered as those for which particle velocities
exceeded 1 mm/sec. An example of such & record is shown in Appendix A2.
This data was then used for, among other things, verifying empirical
propagation laws. A full discussion of the data analysis will follow in

subsequent chapters.

PHOTOGRAPH B: Drag~Line Bucket Excavator

it
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CHAPTER 2,

2, INSTRUMENTATION i

2.1 Field Bquipment

This consisted of eleven gel d, via

& tiydrophone csble, to two electront and {ng decks Lo~

cated on surface in am instrument hut provided specifically for this
purpose. Two further seismometers wers placed on the surface, inside the

hue, and eounected to the recording equipment.

2,1.1 - Ssismometers

All seismometers were of the moving ceil or moving magnet type,
which genmerate an electric signal and send it via an amplifier in the alec-
tronic package to the recording deck. The six seigmometers located in the

pillsr and hanging vall wers all 4,5 Hz natural period geophates end these were

connected to channels 1 - 6 of the first electronic package. The five

faotwall snd one surface seismometer had a cut-oEf frequency of 14,5 Hz

and together with the other surface seismometer which was an EV17, with
a cut—off frequency of } Hz, were comnéeted to the second electromic pac~

kage, on chaunels 1-7.

2.1.2 Electroni¢ package

Two of these units were located in the instrumsnt hut. The package,
shown im figura 2~1, contained, from left tm right; the Power Supply,

Clock, Radio, Test Panel and the eight Data Chaunels. Details of the system

hava been described by Green (1972).
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Time marks are recueded on the tape from a clock and zadio. The

radio facility wag not used in this investigation since it is a complately

dependent and localized project, The cloek primary signal is derived
from a 1 MAz quartz crystal. The output of the cloek in days, hours and

winutes i translated into a Standard Vela C code.

In order to check the overall oparation of the elactronic package
& cowplete test facility was provided to check the cperatinn of both tha
input conditione as well as the recording current levels of the tape re~
cording head. A switch on the test panel ensbles the operatar to record sn
internal calibration signal at two levels; which is independent of the
seismometey Input sigoal. This calibration signal is recorded at a frequency
of just less than 1 Hz on 81l input channels simultaneously. The high and low
level signals are of conetant amplitude with a separation of approximately
40 dy. The eleetronic package was designed so that if a switch was left ia
the insvrreat position a warning light came on. For example, & warning
1ight ceme ou if the internal calibrator was switched on, or if the bias

was gwitched off,

Bower was ta hasa baen supplied by & standard 240 v A.Q. mains supply,
but beseuse of the isolated location of the hut this was never realized for
this project. The primary power source for each package, ineluding tape
deck was derived from two 90 ampere hour, 6,3 volt lead acid batteries. This
was convenient since most operational amplifisrs use both positive and nega-
tive supplies, The batreries were coumected to a power supply unit (DC-DC
converter), vhich generated all the voltages required by the slectronic

package. The design and operation details have been deserided (Green, 1979},

2.1.3 Recording Deck

The tape recorders feature a locked-loop tape drive tramsporting tape
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at recording speeds of either wm/sec ox 17,5 mm/sec, the former being
used for our investigation. Thir meant that one 35,5 cm (14 in) tape veel,
accomodating 2800 metres (9200 ft) of tape, provided 12 days of continuous
record, The take up reel wasdriven via a slipping clutch by the drive
wotor. Tape tensiow wascontrolled by a sprinmg loaded brake acting on the
feed reel. OConmections from the electronic package to the recordiag head

were as £ollows:

Tracks 1 to 4 + seismic chanmels
Track 3 s clock chammel
Track 6 : radio chammel

Tracks 7 to 10 : seismic chamnels.

ALY the units utilized plug~in construction to facilitate field
servicing. The tape recorder, which is shown in Figure 2-2, was constructed
on & hingad bed plate to ensble easy msintenance of the system. Both units
had clip latches op the lids which may be locked if required. REoth the
tape recorder and the electronics were housed in galvanized steel boxes
wiich had waterproof seals and plugs. The silver colour of the boxés

wag useful in limiting temperature extremes aud the bowes were lined in-

ternally with ol to iet intermal rature fluc~

tuations.

2.2 Replay equipment

The analog magnetic tapes from the portable seismographs were replayed
on a tape replay system shown in Fig, 2.3 in the laboratory at the Bernard
Price Institute. For normal replay or digitizatiom of the data a replay
spead of 63,6 sm/secyas utilized, whichwas twenty-five times higher than the

recording speed. For searching the tape the replay speedwas 380 mm/sec.

S
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FLOWRE 2.3 Replay equipmeout located in BPT Laboratory




The tapa was searched manually at this speed as the seismic-signals
beifig monitored were in the audible range. These signals were menjtored

audibly on a loudspeaker as well as visually on'an ¢scilloscope sereen.

Output from the zeplay head was via a pre-amplifier follawed by a
main amplifiar for each chanmei. The main amplifiers each incorporate gainm
adjust facilities and a low pass filter with nominal cut-off freguenmcies

ranging from 0,25 Hz to 2500 kHz.

The final signal may be racorded om ultra-violat iight semsitive

vaper using a molti-channal Oscillograph recorder. in amalog to

converter and digital tape drive enabled the digitization of ona chamnel
at a time, Additional equipment imcluded a time~code translator which
indicated the time on the clock channel on @ visual display., This unit was
alse used to control start and stop times of the paper recorder and the

digitization process.

2.3 Digitization System
The objsct of this circultry was to digitize and convert an analog
signal obtained from the replay equipment (2.2) into an IBM compatible nine

track digital tape.

The digitizacion rate was a maximum of 320 comversions/sec or a minimum
of 3 sec on the recorded time scsle, This ensured that there was 2 minimal
loss of high frequency resolution of the anslog dats in this study.
Digitization wae con’truued by the clock, and for this reason each

sample was known In true recorded time and direct correlstion between digitized

traces was @ simple matter. The digitized datd was wrivten in Standard 9 track




360 IBM 800 bits per inch format with two bytes of data for each sample

and 1024 samples per block.

2.4 Setting wp and servicing

Onee the seismometers had been installed underground each one was
compected to a main amplifier in the electromic package. All units in
the electronic package were checked for correct operation by means of the
test panel. The clock was set up Lo the correct time and placed in the RUN

mode at the appropriate moment,

For the first 3 - 4 menths of the investigation, maintenance of the
system required weekly, and sometimes bi-weekly visits to the site. The
maintenance procedure consisted of checking battery voltages as weil as ail
internal supply voltages. The amplifiers were checked for zero d.c. out—
put and adjusted where necessary. The noding of the clock was checked
against actual tir;va and the necessary corrections made. Tape cleaners
had te be replaced often because of the severe conditions under which the
system operated. The tape heads were also routinely cleaned with a magnetic

tape head cleaner.

Very few really serious problems occurred. On one occasion onme of the
tapes became tangled with a guide roller, damaging several wetres of tape.
Once 2 worn spring had been replaced the tape deck functioned normally sgain.
The wost common problem was that the clocks were frequently found to be in~

correct. They were 1y set i 1y an hour befora

each major blast, The di.c. offset on some of the amplifiers also had to
be periodically zeroed. Problems csused by a mom-mero offset vill be dis-
cussed in Chapter 4. By far the largest problems were associated with

the batteries or battery connections.




2.5 Replay procedures

When replaying the analog tapes obtained from the field the operator

eould lister to any oue of 10 channels on the tape.

In the PLAYBACK mode the tape could be replayed at & spaed of either
64 mm/sec or 380 mm/sec, while the replay spsed for the FORWARD and

REVERSE modes was 380 mm/sec.

2.5.1 Setting up the replay system

Eight or nine output channels (7 or 8 seismic chamnels znd one chanmel
for the clock) from the raplay system were conmected to the Oseillograph
ultra-violet recorder. A T-piece adaptor allowed the output of one seismic
channel as well as the clock channel to be displsyed on an oscilloscope

screen.

1 ¥z gain and filter settings were set to their required positions, and
one seiswic cltannel wag gelected for monitoring sn the loudspeaker. When
searching for a blast on the tape it was found useful to monitor the channel
to which the surface ZV17 seismometer was connected, as its output was a
gréat deal higher tham any of the other seismometers usad, The tape was

replayed at 380 mm/sec during this searching procedure.

2.3,2 Replaying and xecording a blast

Once a blast was located on the loudspeaker it was replayed at 64 om/sec

and a paper copy of the blast recordad on the ultra-violet recordarx.

The first paper copy was made ab a recorder épeed of approximarely 25 mm/
geq; This copy was used to determine the rime of a blast as well as providing
a basis for final gain setrings. The second paper record was made at a

speed of about 625 mm/sec, This vecord was used for determining pesk partizle




velocities and corrasponding frequencies for the various seismometers.




CHAPTER 3 3.

3. PEAR PARTICLE VELOCITTES, RECORDS AND PROPAGATION LAWS

3.1 Location of seismometers
As mentioned in Chapter 1 a total of eleven seismometers were in-
stalled underground and one on surface. The footwall seismometers were

located at a depth of approximately 60 m, in a seam known as 2 SEAM, This

coal underlay i 1y 56 m of o which consisted primarily of
sandstone and shale. A log of a borehole which was susk close to the pillar
under investigation is included in Appendix A3.

Figure 3.1 below shows the orientation of the six seismometers which

were installed in January 1979 in the bord and pillar., These seismometers

sare referred to as Array L.

Elevation of Pillar B2

PILLAR,
L B3
£
33
Bs 86
Plan View

FIGURE 3.1 Orientation of bord and pillar seismometers




The orientation of these seismometers was: !

A yas the vertical seismometer in the top of the pillat
B was horizontal radial (radial to approach of blasting
operations) in pillar centre

C was vertical seismometer in centre of pillar

D was horizontal tangential seismometer, in piller centre

E was vertical seismometer in bottom of pillar

P was vertical seismometex in bord hanging wall (approximately

midway Between two pillars)

Array 2 consisted of the seismometers 1 - 5 located in the footwall

as shown in Figure 3.2 Seismometer 6 waslocated on surface.

3
81 B2 B3 4

x4

x2
84 BS ' 86

xy x5

FIGURE 3.2 Orientation of footwall seismometers

Initially it was thought that blasting operations would commence at

wpproximately 4 km from the underground working and then proceed gradually




towards them. This would have made it possible to obtain a sequential
record of the imcrease in vibration levels underground. Hovever, due
to changes in the planned production, blasts close to the piliar (% 300 m)
became necessary & let earlier than originally intended. The results

presented later in this chapter are therefore independent of time.

" 2 Calibration of records

In oxder tc made the paper record of a blast obtained from the analog
signal meaningful, it was mecessary ro calibrate the equipment. This was
done by feeding a signal of known amplitude and fraqéency into the electronic
package and recording equipment; and then obtaining a copy of the output
which was used as a reference for quantifying the records.

The internsl calibrator was ususlly used for this purpose. However,
as is seen from Figure 3.3, the output thus obrained was not satisfactory.
The signal was overdriven and consequently the sine~wave was distorted.
In sddition the calibrator fraq\;e;ncy was on the end of the bandpass and the
accuracy was thus limired,

For this reason it was decided to use an extermal calibrator, Every
time the site was visited, the signal from either an 1l Hz or a 17 Hz calibrator
was used as an input for the recording equipment. The output from the cali-
brator was measurad with a voltmeter, and noted. This calibration signal was
then also replayed in the laboratory and & paper record made of it, as shown
in Figure 3.4

This is a copy of a signal from the 11 Hz calibrator. The trace shown in
the middie of the record is the visual record of the clock. The one second mark
is shown on the Figure, On either side of the clock signal is the calibration
signal from the seven seismic channels of tape deck 2, The weasirements of ig—
terest is the peak~to-peak amplitude, indicated as (A) on the record for chanmel
7 which is proportional to the input voltage. The gain settings on the Teplay

equipment must be noted for comparison with the seismic records gain settings.

|




FIGURE 3,3 Record of internal calibrvation (#i lavel)

|y




FIGURE 3.4 Record of external calibration

3.3 Reading a record

Once a paper copy of a seismic event had been made, the next step
was to obtain values of peak particle velocities and corresponding frequencies

for each channel from this record. The method of determining these values

will be explained with reference to an example of an sctual blast record.



Sihown below im Figare 3.5 is the record for the blast which occurred

an July 10, 1979, as recorded on seismometer Array humber 2.

* PIGURE 3.5 Record of blast on 10/7/1979

The seismic channels are numbered 1-7 in black and the replay equipment

gain settings are shown in red. To ensble channels 2-5 to be accurately

read the gain settings would be reduced to 5 to prevent the overlap
oceurring which is evident on the Figure. Chamnel 7was counected to

the EV17 seismometer, and as can be seen from the Figure the signal was
markedly overdriven. Even though the gain setting for chamnel 7 wasonly

2, the trace still bad large ampiitudes. The EV1J chanmel was vsed

* Note: Time scsle is from right to left.



for detecting blasts because of its larger ourput signals. It is also
interesting to note the velocity amplitudes for chamnel § ere approximately
the same size as those of channels 2-5 even though the gain setting ig
half the value. This was found to be the case for the majority of the
blaste, i.e. the vibration levels on surface are substantially larger
than those underground in the footwall,

Channel 6 will be used as a reference channel for caleulating the
peak velocity. A pencil line is drawn through the centre of the signal.
This line must be the zero velocity line as shown. The largest deviation
either side of this line wasthen measured in mm, in this case indicated
by Amax. Some investigators suggest measuring the amwplitude of a particular
wave either side of the zers veloecity line, summing these 2 values and
then dividing by two. The former wethod was used throughout the inves—
tigation because of the non-uniform natute of the signals. The corres—
ponding frequency of the wave with amplitude Amax yasfound by firstly
wmeasuring the half-wavelength of this wave in mm, which wasdenoted as
T/2 (L/2 = 0,75 mm for chanmel 6). The distance represented by one
second {s then measured in mm from the record, and denoted as ¥ (¥ = 26,1 mm
for channel 6). The frequemey of the wave is then given by v = F/T. For

channel 6, v thersfore equals -22-6-;}3—73 =17 Ea
;

The peak particle velocity was then qalculated fcr channel 6, with
& pesk amplitude Amax, of 14,8 mm. Referring to Figure 3.4, the calibration
reéord, it will be seen that the peak-to-peak amplitude for channel 6 is
8,9 mm with the gain set at 2. The output of the calibrater, messured in
the field with & voltmeter, had an R.M.8. value of 42 V. This corresponds
to a pesk—to-peak value of 119 mV. Therefore, 1 mm defleztion represents
119/8,9 = 13,0 oV, The blast vecord gives a deflection of 14,8 x
13,0 = 196,8 m¥, which must be multiplied by the ratio of the calibration

record gain to the blast record gein, in this case 2/3. The peak




23

particle velocity is therefore equivalent to 197 x 2/5 = 79 nV.

Different seismometers were used for arrays 1 and 2.

The Sensitivity of the seismometers used in array 1 was arranged to
ve 100 mV/em/sec. THe sensitivity of the arrey 2 seismometers had to be deter—
mined. This was done by securing two seismometers of either type to the same
surface by means of plaster of paris, providing an input tp these seismometers
by dropping & heavy weight close to the supporting suxface, and comparing
their relative outputs. These outputs were recorded in the same mauner
as described before, Sixteen of the sbove tests were performed, which
gave a mean sensitivity of 158 mV/cm/sec.
3.4 Frequency response of system

The peak particle velocity is thenm given by the following caleulation:
Vo= 79V + 198 oV/em/sec = 0,5 cm/sec i.e. 5 wm/sec. This would
chen be the final peak particie velacity for channel 6 if the frequency
response of ths recording equipment were flat, By this is meant that

the amplitude of the ded signal s § of its ey con-

tent. This iy almost impossible to achieve, and frequency response curves
had to be determined for the recording eguipment. Two types of tape were °
used in the investigation, Quantwm CX and 3M 871, and two different cutves
had to be determined.

& WAVETEK model 114B signal generator was used as a source in place
of a seismometer. The signsl was fed directly into the recording equipment
which was set at a gain setting of 1, A pre-amplifier was not used. This
input signal was monitored op an oscilloscope and a digital voletmeterx.
Recordings were made of constant amplitude signals at varying frequencies.
The input signal frequency was varied from 0,5 Hz to 50 Hz. Ly using the
same type of 'dowbling-up' plug zs was used for the calibration imput, the
input signal was vecorded on all channels simultaneously. These recordings

were then replayed in the lab, and records made of them. A section of one




of these records is shown in Figure 3.6. This is a record of 5, 2,5

and 1 Hz input signals. The amplitude and corresponding frequency were
then noted for each channel for four corplete tests. The gcatter of
results between different channels was found to be no greatsr than rhat
between different tests on the same channe!. For this reacon only ome
curve was drawa for either tape fo cover all chennels. Tbe input fre-
quency and relative frequency were then plotted using the PHYSPLOT lacility

on the University rowpater, to obtsin frequency response curves.

FIGUEE 3.6 Section of frequency respomse records
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This plot is shown in Figure 3.7. An exaggerated scale was used for
the vertical axis for improved accurscy, { a much flatter curve is usually
indicared in frequency response curves).

The value of pesk particle velocity must now be corrected foxr the
effect of this frequency anomaly, This is done by multiplying the value

of velocity obtained in the previous section by the ratio of the relative

amplitudes of the calibration to the blast y Leey
A/B on Figure 3.7. For channel 6, & » 0,24 and B = 0,22 and the vslocity
must be increased to compensate for the lower respomse at 17 Hz. The

£inal value of peak pacticle velocity is then given by

8 x O s =55 mse

3,5, Particle velocity records

ALl the peak particle velosities which were tecorded for significant
blasts are shown in Tables 1 and 2. The data is. tabulated accordirg
to the date of blast, peak particie velocity (Vmax) &nd frequemcy (F) for
each seismometer, distance from blast to pilltar (D), charge weight per
_delay. (W), and the 2 scaling parsmetexs D/W/> and D2,
Various results are missing from these tables. It wds decided

that £rom April 1 to approximately the end of July, no major blasting would

oceur close to the i pillar. 1y tape deck 1 was
revoved from site and returnmed o the laboratory where it was overhauled.

This explaias the gap in the results for stray 1 from 28/3 to 10/8.

s period array 2 did produce some results, but the velocities were
low i in some cases only registered significantly on the surface seismometer,
Once tape deck 1 was re-imstalled, difficulty was experienced with seis-

mometers &, C and E. The faults were all eventually traced and normal
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service was resumed on 10/10. In array 2 seismometer L provided no
re:u!.ts whatsoever and from 24/7 onwards seismometer 2 ceased to fume~
tion. On examination it was found that this instrument was covered with
coal, which had spalled from the adjacent pillar, and had become dis-
located from its original position, Other gaps which appear in the data

ars due to equipment malfunctions or operator exrors which were usually

easily traced and rectified (e.y. tapes being loaded onto recoxder incorrectly).

As can be sden from tke tables there is a fair scatter amongst the data.

Possible reasons for the discrepancies are:

a) Randow addition and subtraction effects between wave Ltrains gene- H
rated from successive delays. This point is important in respect to the com~ ¥
plex delay patterns that wexe used. In addition, the Daussian distributiom of H

the delay times played a role as all delays are normal. The caleulations as- §

sume that the peak particle velocity is due only to the detonation of the maxi-

wem charge per delay.

B) Beattering and reflection from joints, fxee faces and other geo—
logical featuras which cause random addition and subtraction within the wave ¢
train. Since most of the geology is horizontal and the transmission peths
are not vastly different this effect is probahly small.

¢) Differing transmission characteristics of the rock.

d) Variation in explosive energy transmitted to the rock by the

blast, due to, e.g. charge density, packing and stemming.

€) Erroxs in computing the effective distance between the monitor and

the shot. Shown in Figure 3.8 is the method of computing this distance, e,g.
from the monitor to the meavest hole in the blast. This is sufficiently
accurate at gome distance from the blast, but for distances less than about
200 m the effective distance is probably greater than this value.

£) Instrument and reading accuracy. For ewsmple, the eyeglass used

to read the records had an aceuxacy of 0.05 mm. This latter reason probably

contributed the least to errors introduced te the records.
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From the above discussion it is evident that a rigorous error analysis
of the data is not possible. The data has been left untouched, and confidence

intervals are calculated in Appendix Cl.

3.6 Propagation laws; comparison and verification

The object of obtaining the particle velocity recoxds was so that,
by extrapolation, the combinations of monitor-to-blast distance (D) and charge
weight (W) for which the maximum velocity limit of 50 mm/sec would be
exceeded, can be predicted.

It is for this reason that propagation laws have been developed.
As wentioned in chapter 1 there is some disagreement as to whether cube-

root scaling (/073 or square-root scaling (o/WM?

) should be used. A
program to fit a least-squares straight line to a set of x and y co-ordinates
was developed. This program was also used to calculate the square of the
error between the predicted lsast squares velocity value and the actual
measured valve, o, @ud the variamce for each sct of data, 1/u Te

This program is included in Appendix Cl. Particle velouity (V) vs D/WU3
and V vs n/w”2 values were used as input for this program. The results

of this analysis are shown in Tabla 3. The choice between aquare-root

and cube-root scaling was based on the minimum variance, which is a good in-
dicator of how well the data fits a strxaight line. The data from the
geismometers of array 1 fits cube~root scaling a lot better than square-root
gcaling, except for the vertical seismometer in tha middle of the pillar,
for which the difference in variance of the propagation laws is £33%. The
footwall seismometers {array 2) tend to follow a square-toot scaling law.
However, the difference in varisnce for these seismometers is a great deal
less than for array 1. For seismometer 4 the difference is only 1,6Z. and
for seismomezer 3 it is 4,3%. It is impossible for these seismometers to
state whether cube~raot or square-toot scaling is preferable. This data

is shown graphically in Graphs 1-3. Graph 1 is square-root scaling for

seismometers 2,4 and 5. Once again the PHYSPLOT facility on the
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University computer has been used. As well as plotting the data
to log-log co-ordinates the program fits a least-squares straight
line to this data. The variance calculated by this program is
the same es that mentioned ia the program of Appendix Cl. An example
of a section of output from the PHYSPLOT program is shown in Appendix
c2,
Graph 2 is a plot of cube~root scaling for seismometers 3,4, C
and E, and graph 3 cube-root scaling for seismcmeters B, D and F.
Trom the graphs it can be seem that for the underground seis-
mometers, seismometer 2 would be the most restrictive, e.g. for Vmax =
50 mm/sec, D/WM% = 1,55, This weans at a distance of 100 m the
alliowable charge weight is 4162 kg. Howevex, since we are concerned
with protecting the integrity of the bord and pillar the restriction
should be based on the most comgervative of the array 1 seismometers.
This is the hangingvall seismometer, F. For V = 50 mm/sec, D/W™7 «
4,85, and so if D = 100 m, the allowable charge weight = 8765 kg/delay.
The fact that the hanging wall should provide the most restriction
is logical since this region is in tension and therefore sueceptible
to disturbing forces. It is therefore suggested that graph 3, line F,
is used for determining the maximum allowable blasting parameters D
and/or W. Discussion of the results obtained from the surface seismo—
wmater have been left until last becsuse of a strange snomaly that occurred.
Sixteen results, covering the period 28/3 to 16/10, were obtained from
this seismometer. Using the statistics program in 4ppendix Cl it
was found that cube-root scaling fitted the data best. On 28/9 recor;
dings were made zlong and adjacent to am earth dam, located in the open—
pit workings, of a blast, Seismometers used were the same as those used
for array 2, and were sll located on the surface. The initial object

of this test was to ensure velocity levels along the dam wall were below
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50 mm/sec. This was found to be so, with the largest velocity being
measured at 23,0 mm/sec. '

It was found that when the five velocities (see Appendix B3}
obtained on 28/9 were combined with the 16 results of seismometer 6
the resulting straight line had a lower variance, for cube-toot and
square~root scaling, than that of the original 16 points. This fact was es—
pecially pleasing sinee totally different recording equipment (BPI designed
direct writerecorder) was used for the blast of 28/9 and the surface array
was located approximately 1 km from seismometer F. An interesting ob=
servation is that using the combined data (21 points) square-root
scaling now provides the best straight line fit. It is because of this
anomaly that 2 graphs, graphs & and 5, have been plotted for seismometer
6. Two lines are plotted on either graph, one escluding the results
of the surface array of 28/9, and one including this array. For the

surface sei (6), it is difficult to state conclusively

whether cube-toot or square-root scaling is preferable. It is suggested
that the onme giving the most conservative results is always the best
one to use, and the maximum value + 10% could possibly be used.

A possible positive result of the above discussion is that now
the line for seismometer 6, using the combined deta, can be used to
1limit the peak particle velocity to 50 mm/sec (or whatever limit is

deeided on) for surface structures, e.g. further earth dams.

w
S

Verification of velocity as a damage criterion

The use of peak particle velonity as a criterion of damage has been
tharaughly investigated for surface structures (see Chapter 1 and Reference
list). However, the applicability of the velocity criterion to underground

systems has received very little attention. A comservative




1imit on the allowable velocity level was therefore stipulated.

To determine if the pillars were infact sustaining damage a
purely visual system of monitoring was instigated. The pillars
were whitewashed so that if amy material spalled off the pillars a
distinctive black patch would be moticeable. These spalled areas
were then marked with different colour paint to denmote the time of
the observation. Periodic visits vere made underground to ascertain
the extent of spalling. Initially the amount of damage appeared
rather low and it is reasonsble to suggest that the spalling which
occurred would have occurred maturally, given time, being mainly highly
fractured material ia the cormers of the pillars. The use of the velo-
cicy luovel suggested therefore seems justified in view of the low damage
sustained. The question that then arises is what is a safe but not too
restrictive allowable velocity ievel? If the 50 mm/sec velocity level
is to be exceeded it would be advisable to install an accurate moni~
toring system, e.g. strain yauges, to enable the amount of damage to be

quantified,

one is ally assuming chat failure

Using the above
would eventually occur by a gradual spalling of the material from the
pillars and hanging-wall. Althoigh this seems a logical assumption ome
should not disregerd the possibility of another mechsnism of failure
occurring. An attempt has been made in Chapter 5 to determine whether

any chance of the natural frequency of the ings and thus

resonance, being reached existad, 'This is a potentially dangerous si~
tuation where already highly stressed sections occur, e.g. in the hanging-
wall. A suggestion for future research is tc model the behaviour of a
coal pillar under conditions of blast loading amd try to predict this

type of failure mechanism more accurately.
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On the 23rd February 1979 a series of hs of the whi

section of the underground working wis taken. In January 1980 this
procadure was repeated, an attempt being made to repFoduce the same

area covered by the original photographs. This was reasonably suceessful,
as can be seen from the series of photographs from ¢ ~ H. In these
photographs the first photograph of the pair represents the condition of
the pillar as at Februsry 1979, and the second as at January 1980.

The first pair of photographs show that very little damage infact occurred,
the rmly spalling being the two dark patches on pillar B6E. The second
pair show the bord area where the instruments were located. Photograph

¥ shows how a large spall of coal in the hanging wall narrowly missed dis-
lodging the instrument located in the hanging~wall. The spalling on

the background pillars occurred mainly on the corners of the pillars.

The third pair also show how the only spalling occurred in the corner
regions of the pillars. An interesting aspect of this third pair-is

that in the earlier photograph water can be ssen in the left fore-

ground. This water originated from the hole drilled from the surface to

the und 31 for the t t cable. Since the bottom of

the hole was located beneath the watex table it served to drain the area.
When the later photographs were taken this water appeared to have dried
up» How the echiaaging amount ‘;f water present in the rock surrounding

the underground workings affected the transmission characteristics of

the rtock is hard to estimate, but its probable that the watsr made the
transmiseion more efficient. This same situation is gemerated by

the presence of the open pit as this will tend to dewater the surrounding

area as well,
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CHAPTER 4

4, THE DIGITIZATION PROCESS ~ PROCEDURE, RESULTS AND ANALYSIS

4.1 The digitizing procedure

Pigitization of the particle velocity versus time racords wasnecessary
to facilitate further analysis of these records. The analog-to-digital
conversions were performed in the laboratory at the BPI. Fundamental
equipment characteristics are mentioned in Chapter 2. A comprehensive
description of the equipment can be found in Refersnce 10.

A sampling rate of 208 and 368 samples/second was used for the above
conversions. The sampling rate must be fast enaugh so that information
is not lost in coaverting the signal into a digital form. A general rule
regarding sampling is summarised in the sampling theorem which states, "ao
informatien is lost by regular sempling providing that the sampling frequency
is greater rhan twice the highest frequency component in the waveform being
sampled". For example, a sampling rate of 4 msec (250 samples per second)
will allow perfect recording of a 75 Hz signal but 175 Hz and 250 Hz
sigaels will appear as (i.e. will aliad as) 75 Hzand apc level respectively.
Digitized records were only made of the seismic records of array i, since
relative displacements in the pillar were to be determined, Frequencies
detected by these seismometers rarely exceeded 30 Hz, and the sampling
rate which was used should therefore be complately adequate

One ¢hannel at a time was digitized, the digitized record being
transferred onto a magnetic tape, During the digitising process a paper
record was made of various digitizing paramerers. These included the event
being digitized, pulse rate, clock reccrd and beginning and end point of
digitization process. This record wasmade at an extremely high paper speed

(75 em/sec) to enable accurate resolution in later analyses.




At the end of each digitized record a digital tape mark was geme-
rated, and this defined the end of a file. During the digitizing pro-
cess this tape mwark number as well as the number of samples in the
preceding file and the channel being digitized was noted. The sig-

nificance of these values will be explained later in this chapter.

an error was od during the digitizing process a
“parity error" light om the replay cousol imiicated om, Other types
of exrors which could occur were, For example, when the digitizer
was ipitiated too late and part of the analog signsl was nat digitized,
(this was recognized from the analog record). The occurrence of a
parity error was not serious, unlegs it occurred on the first file, be-
cause subsequent erroneous files can simply be skipped out during later
data processing. However if aperror is detecred on the first file, this
file must be re~digitized until no error is present. This is because
the main frame computer tape drives could not intezpreg a tape with an
error in the first file., This problem caused a cousiderable amount
of trouble and it sometimes became necessary to manually erase the
objectionable first file, using the digitizimg facilities.

Once the required mumber of seismic events have been digitized, the
magnetic tape was tramsferred to the computing cemtre. This tape is
kmown as a "NO LABEL" (NL) tape and was assigned the name RYETOL. A
second tape was initialized as a "STANDARD LABEL" (SL) tape to enahle
it to be more eagily processed by the IBM 370. The inirialization
program is shown in Appendix C3. This second tape was lahelled
RIETSL. The data from the NL tape was then traneferred to the SL tape,
4 program for doing this is included in Appendix b, It is during this
transfer process that difficulties were encountered if the first file
of the NL tape contained an error. This was the data that was used

for further -ro-sssing.
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4.2 Plotuing procedure

To ensuze that the digitized form of the analog signal accurately
represented the ariginal data it was necessary to obtain a visual form
of the digitized data which could then be compared with the peper record
Of the same data.

4 program was therefore developed, a copy of which appears in Appendix
©.3, to firstly read, and then plot data storad on the SL tape. The data
was plotted to a length of 25 cm irrespective of the number of samples im
the £iie belng plotted and the maximum value of amplitude in the signal was
plotted to 3 em, the rest of the signal being scaled down accordingly., These
plots could therefore not be used for caleulsting amplitudes or frequémcias.
Their mein function was simply to ensure that the digital data was an
adequate representation of the analog signal. This is illustrated in Figuxe
4.1. The original apalog signal is shown on the paper record, which was
made during the digitizing procsss. Tigure 4.1b shows the plot from the
digirized data. A visual comparison shows that very little dstawas lest
io the digitizing, the only passible loss being of high frequency comtent.

The importance of noting the number of samples generated when digitizing
an event will ba explained with rveferewmce to an example. The digitization
of channel 2 data, recorded on 16/8 generated 9216 sampies. Figure 4.2 (a)
shows a plot of the eatire file of 9216 samples, It would clearly be impos-
sible to tell 1f this record is sn accurate representation of the original
data, in this form, However; knowing that 23 cm vepresents 9216 sawples,
as shown, it can be seen that 5,6 cm of data is unnecessary and therefore

(5,6/25) x 9216 = 2064 sampled can be neglected. (The method of daing

this is covered in Appendix C.5). Figure 4.2(b) shows a second plot of the
digital dava. This time 2048 samples were skipped and only 1024 plotted.

The result is distinetly clesrer and can easily be compared with the ofiginal

signal.
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FIGURE 4,1 Comparison of original analog signal with equivalent
digitized signal
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FIGURE 4.2 {(a) Data file with sll 5216 samples plotted

FIGURE 4.2 (b)

Same data file with only 1024 points platted
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i, 4.3 Acceleration and displacement records ;

Couv_en:ionany, particle accelerations and displacements have been
determined from particle velocity versus time records simply by assuming
1 that the seismic signal is simple harmonic in nature. From the examples
shown so far this is clearly rot a valid assuwption. Having digitized
records of particle velocities therefore was a perfect opporfunity to
determine accurate accelerations and displacements.
- Acceleration records were calculated firse, using a computer program.
This program used the same method of reading data off a tape as the plot~
ting program (C5). Once the data had been read, the acceleration was cal-

culated using a numerical, cemtral difference formla:

u. = number of

samples in velocity record. This data then had to be stored somewhere. & third

tape was now used, also a standard label tape, called COALED. The acceleration

records were written onto this tape using the above relationship and the program
ligted in Appendix C.6 . A problem that occurred here was that only one parti-
cle velocity xecord could be differentiated at a time. This was because the

T FORTRAN tape drive facility on the IBY 360 could not accommodate reading a data

file from a tape, processing this data, and then returning to the tape to read

another data £ile all in one P Job. all

used subsequently had to be run once for every file processed, i.s. a nuuber
of files could not be processed similtaneously in one job. If a way could
be found to circumvent this problem in the future, the data processing
could be greatly speeded up.

. “Numerical integration was used to calculate displacement-time data from

the particle velocity-time records. This data was also stored

on COALED. When this data was plotted, hawever, it was found that a linear

trend had been introduced into the data. This meant that the data did not

i

*ag - preferential formula &y = .(v; - vy ,)/Ac




plot horizontally, i.e. before and after the blast record, when displace-
ments should be equal and zero, the displacement values differed sigaifi-
cantly. This was caused by a DC offset that had been introduced

to some of the particle velocity records by the replay equipment. This
means that the zero~velocity datum is offset from its correct position

by a finite amount, as illustrated below in Figure 4.3.

i

i
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FIGURE 4.3 Data file containing DC offset

A loop was inserted into all programs used, which firstly caleulated
this DC offset and ‘then removed it from the original data before further
processing. The effect is shown in Figure 4.4 The first 4 traces are
displacement files with the DC offset present. It would clearly be im=
possible to accurately determine relative displacements between the points
represented by these traces. The last 4 traces are the samé files with the
DC removed, and it can be seen how the displacement now returns to zero

once the blasting effect has subsided.




FIGURE 4.4 Comparison of & displacement files with a DC offset present
and with the offset removed
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The reason this error was genmerated by the displacement computation was that a

cumlative integration calculation was used. Unfortunately, this problem
did not manifest itself in the acceleration files, and although the shape
of the traces were correct, the numerical values were not, and these
records had to be recalculated. An example of an acceleration record
and the corresponding velocity rmcords is included in Appendix 5.2. To
determine if data was being lost by the numerical integration and dif-
ferertiation, the record obtained from the differentiation of a velocity
file and then integratiom of this record was compared with the original
velacity record. The comparisom was purely visual and as can be seen
from Appendix B.3 the resolution is good, with the most predominant
effect being to filter high frequencies. No data appears to be lost.

The acceleration and displacement racords obtained in the above mannexr
then had to be quantified. This was done with reference to the original
paper records of pesk particle velocity. The method of doing this is

explained in Appeadix B.1.

4.4 Comparison of acceleration yecords obtaimed from (i) direct diffeven-
tiation and (ii) simple Harmonic assumptions.

As has been mentioned before, it has been conventional iu the past to
obtain acceleration values from velocity records by assuming the seismic
waves behave in a simple harmonic manner. The acceleration is then given
by: a = 2nfV, where V = velocity and f = corresponding frequency of a
particular wave. Since accelerations are used as a design criteria (e.g.
earthquakes) in a large number of civil engineering codes of practice
it was considered useful to determine how accurate the above method of cal-
culating accelerations is. These values were thereforecompared with the
values found by numerical differentiation. This latter technique should
glve accurate values of acceleration since the time imterval used is. ex—

tremely small ( %4,8 ms), which means the frequency content of the signal

R s
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is well defined. The results of this comparison are summarised in
Tabie 4.

Figure 4.5 is a visual compsrison of this data. The accelerations from
simple harmonic motion calculationms are plotted against sccelerations ab-
tained by direct differentiation. The iine with a slope of 1,0 shows the
reletionship between these two accelerations if they have a 1:l ratio. The
majority of the points tend to fall below this line. This means the

calculation based on the assu.:

ion of simple harmonic motion underestimates
the value of the acceleration., This is a potentially dangercus situatiom,
and the value of the ratio allaz shown in Table 4 can be considered &s being
a factor of safety,

The accelerations found by the two methods shown appeared te have no
direct correlation (i.e. sometimes their ratio is above one and sometimes

below one). However, when the time at which the maximum acceleration and

“maximum velocity occurred were compared, an interesting feature became appa-

rent. When the two peaks coincided with respect to time the value given
by simple harmonic motion calculations gave an extremely accurate estimate
of the actual acceleration. These points are circled in red on the graph
and marked with en asterisk in Table 4., It can tierefore be concluded
that the assumptions of simple harmenic motion give: an accurate estimate
of acceleration when the peak acceleration and velocity coincide, and

otherwise tend to utderestimate the actual acceleration.

4.5 Relative displ and stress ination

Using the displacement records obtained in the previous section it was
possible, for the four vertically inclined seismometers, to obtain recoxds
of the relative displacements, between the points represented by these

seismometers, with respect to time.

i
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To obtain these records the two displacement records to be used in
the calculation wereshifted with respect to one another, until a time
origin common to both recordswas located, aand the subtraction between the
two recordswas then carried out. This datawas stored on 4 magmetic tape
in the same way as before. The program used in the above calculations is
shown in Appendix C.7.

Relative displacements were calculated for four blasts. The maximum
relative displacement was found for each set of two data points by scanning
the relative data file. To determine what the instantsneous meximum stress

lavel was during a blast a simple elastic equation of the form

¢ =EX was used, where o is the stress (N/mz)
E is Young's > *lus (N/mm®)
and I is the to _aven by AL/L,
where AL= increase in distance between
two points
1= original distance between above
two points
A representat: ® value for E = 4 k 103M'Pa (40 kbaz) was used.
Ta determins the ma.' mum stress AL was approximated by the maximum relative
displacement between two paints. The assumption of elastic conditions seems valid
since the displacements otcur over such a short period of time (the arder of ome
tenth of & second). Thesa results ave presente¢ in Table 5. The
stresses do not appear to be directly related tu the blasting parameters

other than being approximately imversely proprsticnal to the scaléd distance.

This is probably due to rhe inhereént non-unifor.: swture of the records.
What is noticesble is the consistently low valuas for seismometers ¢ and E,
A possible veason for this could be that the two points are vibrating in

phase, which is a potentially dangercus situaticn. This possibility was

AT




investigated by writing a program to calculate the normalised cross~
correlation between two sets of displacement data. The ny malised eross—
correlation is given by

8y, ()
nerm T8, 036,007}

by (B3 i

n
where ¢xy(L) =1I %051 where L is the offset between the two data
i=1

sets with respect to time (in our vase L =0).

noo, 2
¢xx(o) n §=1xi and ¢yy(o) = 12-

Normalised correlation values must lie between %1. A value of +l indicates
perfect copy and & value of -1 indicates perfect copy if one of the traces
is inverted, In this application therefore, a value of +1 would indicate
that the two points are vibrating in perfect harmeny.

To check the accuracy of the relative displacement determinations two
digitized recérds were made of the same event. Numerical integration was
carried out to get displacement records, and the normalised corxelation
was cdrried out after setring these two records to a common time origin
as Jescribed before. A correlativn of +0,969 was achieved which was con—
sidered sufficiently accurate. The correlatioa program, which is shown
in Appendix C.g, was then applied to the pairs of displacement records,
These values have been included in Table 5, for comparison purposes.

It does appear that a reasonably high degree of correlation occurs
between the points represented by seismometers C and B. These valués
however, are not large encugh Lo suggest resonance being a distinct possibility.
From the results presented in Table 5, it would therefore appear that
the relative rasponse of points (in a vertical plane) in the underground

workings is random and fairly independent of the blastirg parameters.
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Comparisen of induced with original stress condition

The induced instantaneous stresses shown in Table 5 were relatively

low considering that velocity levels ing half the

maximum level were being achieved. To see what the percentage increase

in stress level was a simple calcualtion based on the formls suggested

47.

by Salamon aud Oravecz (12)was used, This formule is based on the assumption

that the whole weight of the overburden above the workings is carried by

the pillars. i.e. the average pillar load

- WA
B, o= 'y (kPa)

where W is the weight of the overburden in KN/u’
A is the total area of the workings (m)
Ap is the total area of pillars (mz)

H is the depth of the workings below ground level (m)

The density of the material was determined using six samples of sand-

stone from the drilled cores. An averge density of 2315,4 kg/m® was found,
with a standard devietion of 127,6 kg/m’. The weight of the overburden

is’ therefore 2315,4 x 9,81 x 107>

= 22,71 Wi/a*

From wmeasurements taken of the instrumented pillar:
Bord width = 6 m

Pilldr width = é m

Therefore A = 144 mz

and A = 36 o’

4




22,71 x 144 x 56 x 107>
By S Ty

= 5,088 ¥
a a

whith although an approximation, indicates the original stress evel

to be more than ome hundred times higher than the instantaneous induced

stregses,

i1
1
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CHAPTER 5

5. FOURIER ANALYSIS TECHNIQUES IN THE INTERPRETATION OF BLAST
VIBRATION DATA

5.1 Introduction
During World War II radar was widely used for the detection of
aircraft. Problems occurred however, since neise frequency interfered
with the interpretation of radar signals. Considerable effort was there-
fore directed at rhe detection of signals in the presence of noise.
In the early 1950's a research group at the Massachusetts Institute of §
Technology studied the application of the new science to the field
of seismic exploration. The simultaneous rapid development in digital
computer techmology revalutionarised seismic exploration. !
Seismic dara is the variation with time of the output of geophomes,

which record ground movements in the form of either displacement, velo-

city or acceleration. When dealing with this data we ave dealing with
the'time domain", It is useful to cousider seismic signals as the super~
position of a number of sinusoidal waves differing in frequency, avpli= i

tude and phase. We are mow dealing with signals in the "frequency domain",

that is, is now the i varisble. This transformation
of data from the time to the frequency domain is facilitated by the

¥ourier Transform.

5.2 Fourier series and transforms
The French mathematician Jeen Baptiste Fourier discovered that ¢

periodic time fumctisus cen be broken down into su infinite sum of proper—

1y weighted sine and cosine functions of the proper frequencies. The g

mathematical equivalent of this discovery is

RN
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x(t) = a + I aCos (
n=l
where T is the period of x(t), i.e. x(t) = %(t+I)

Although the Fourier Series is a very useful method of determining
the frequency content of a time-varying signal it always requires a
periodic time function. This is overcome by allowing the period of
the waveform to approach i nfinity. The resulting function is known as
the Fourier Trensform. The Fourier Transform pair is defined as:

s.(6) = fx(:)e'“”f‘ dt {forward transform)

x(1) = §5,(0e" 4t Gover  coeme wm)
M ®
5,(f) is known as the Pourier Transform of x(t) anis contains the amplitude

and phase information at every frequency present im x(r)

5.3 Zhe discrete finite transform
In order to implement the Fourier transform digitally the continuous
anglog signal must first be coaverted into a series of discrete data

sawples.

The Fourier transform is now calculated as follows:

" =100 .
S, (8 =8t ©  x(atde i2afmdt sy
=00

where x(nAt) are the measured values af the input funcrion.
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The Fourier transform as calculated by the above equation no longer
contains entirely accurate magnitude and phase information at all of the
"

frequencies contained in S‘((f). S}; (£) instead accurately describes

the spectrum of x(t) up to some maximum fraquency Fm_(, given by

Foax ™ ;-A-c where At w sample spacaug.

1If the input data is sampled frow a zerc time reference to time T

saconds, ther
Trae =N

where ¥ is the number of samples, zad T is the "time window".
This is equivalent to truncating the above aquation, meaning we no
longer have an infinite number of time points. It is not possible there-
fore to caleulate magnitude and phase values at an infinite pumber of
frequencies between zero He and F, . The ctruncated version of equation
5.1 does mot-give a continuous spectrum. The discrete finite transform
(D.F.T.) is then given by

1 a-l "
Sx (maf) w At B x(marye iATATRA 5
=l

Since only periodic functions have such a ’discrete’ frequency
spectra, equation 5.2 requires that the input function be periodic
with T, i.e. the function observed bétween zero.and T szeconds repeats
itself with period T for all. time. Since a seismic signal does not

rapeat itself this assumption of periodicity is violated, cauvsing dis~

tortion of the t and the rion of %(t) via the inverse

transform.




This effect can be reduced by:
(i) Subtracting any d.c. offsec or linear trend from the data.
{ii) Tapering the data at the edges, pricr to tramsforming.

This is called "windowing”.

5.4 Windowing

Using the discrete Eimite transform implies that only a window T
units lorig of the origimal signal x(t) is being considered, i.e. if

' the function to be transformed is fl(c) then

o= ww .t

where W is the shape of the window function.

Making use of the convelution theorem

¥ () = W(w) *F(w) (o representing frequency)
which is the convolution of the true transform with the transform of the
window function.

The most desirable features of a window function are:
(i) A narrow bandwidth, for high frequency resolution, and
(i) ' nearly flat band for good amplitude accuracy.
The simplest window is the "boxcar" function, défined as
IN(c) =0 el > 4
=1 le) <4
The transform of this fumction is sin ®, which possesses a marrow,
but strongly sloping central lobe, with high and slowly decreasing side

lobes as shown below

s

T
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FIGURE 5.1 Rectangular Window and Transform

The strongly sloping central lobe gives poor amplitude accuracy,
while the high side lobes cause "ringing" and mask nearby frequencies.

A better window is one which tapers the edges of the function to O
and T e.g. the Hanning window.

W(e) = 1(] - § cos (2we/TI)1

This then has a wider, less strongly sloping central lobe and &mall
side lobes, This gives better amplitude accuracy and better separation of
nearby frequencies. A disadvantage is that the wider centre lobe means
that the position of any spectral line is less well defined, as is

shown below

Some Uncertainty
Bere

Hanning Window

FIGURE 5.2 Hanning Window and Transform
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5.5 Application of Fourier t;chnigues to seismic data analysis

Apart from the application of Fourier analysis to conventional
seismic data processing various other applications have been instigated,
e.g, in 1975 Spotriswoode and McGarr (13)used data from an underground
geophone srray at E.R.P.M, mine in Boksburg to calculate magnitude and
energy content of rockbursts in the vicinity of the above mire, using
lspectral analysis techniques. Although this investigation was aimed

primarily at determining source parameters for the seismic events,

. whereas our source parameters (blast size, shot distance, stc) are

well defined, the analysis techuiques are very similar.

The application of spectral analysis technigues to the potential
damage capacity of hlast induced vibrations is a mich neglected field:
The object of this chapter is to investigate the usefulness of spectral
analysis techniques in analysing blast vibration data. It is by no means
a conclusive study, but some very interesting possibilities for further

study present themselves.

5.6 The Power spectrum

The power spectrum of a signal is defined as:

Plu) = Flw) ¥ )
where B(4) is the power spectrum
F(uw) is the Pourier Transform of the time domain x(t)
F_(m) is the complex conjugate of F(w)

The power spectrum by itself gives an immediate indication of the
relative importance of various frequencies in a signal. However, it
is not a full characterisation of the signal as all the original phase
information is lest.

The power spectrum has found many applications in engineering, from
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detecting a periodic signal buried in noise to diagosing malfunctions
in electrical and mechanical systems (called “Signature Analysis”). The {
object of this study was to use the pover spectrum as a tool for determi~
ning whether there was a possibility of resonance occurring in the undex~

ground workings.

. 5.7 Fourjer and spectral analysis of blasting data
In order to analyse the velocity-time data using the spectral analysis e
techniques just discussed a program was developed to caleulate, among
other things, the Fourier Transform of the original signal, displacement- :
time relationships, emergy, power spectrum and spectral demsity of the
original signal. This program is included in Appendix C9 together with ;
& discussion of the input reguizements and capabilities of the program.
Mo further discussion of the program will be included in this chapter,
and only the results obtained using the program and accompanying discus—
sion will be included, The input for the program was limited to data
; 2 obtained from the hanging-wall seismometer. This was due to two reasons:
(i) This seiswometer provided more data than any of the other
seismometers (nine events).

(ii) Peak-particle velocities were a maximum in the hanging-wall

and gince this zone is usu2lly in tension and is less restrainmed
than the pillars, the possibility of resemance occurring seemed

wore likely.

5.7.1 Investigation into pugsibl using Power Speckrum

As mentioned before, the Power Spectrum of a signal gives a very good
indication of the relative importance of different frequencies present im

the signal. A capacity for calculating the Power Spectrum of the Fourier
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Transformed data was therefore included. To test the effectiveness of this
calculation, 4 digitized 14 Hz calibratiom signal was used as input for the
program, The resulting Power Spectrum is shown in Figure 5.3 (a). As can
be seen, only one pesk oceurs, that at 14 Hz. The peak should theoretically
be a.spike at 14 Hz. The reason for the shape in Figure 5.3 (2) can be seen
from the original raw data input, shown in Pigure 5.4, It is clearly im-
possibla to get a complarely undistorted signal and therefore the amplitude
of the power spectrum either side of 14 Hz is a finite value. This is also
due to time digitizing errors i.e, mot all the frequencies have exactly the
same mumber of samples in them, The amplitude of the power spectrum at 14 Hz
is 1140 units while the amplitude of the input signal (48 mv) eorrespond
to 4,8 mm/sec.

The power spectrum of the mine blast induced seismic signals can now
be compared with Figure 5.3 (2). These are shown in Figure 5.3 (b) - {k).
There is a general trend for higher frequemcies to be present in those sig~
uals recorded for blasts which oeccurred close to the monitoring equipment
e.g. Figures 5.3 (d), (e) and (h) which correspond to distances of 125 m,
190m and 155 m réspectively, OCompare this with Figure 5.3 (j) for which
there is no significant signal above 30 Hz. This spactrum correspends to 2
distance of 1500 m. The reason for this is hecause the higher frequencies
are attenuated more rapidly whereas low frequencies.(<20 Hz) are transmitted
for large distances as the emergy loss is propertional to frequency and in
addition these frequencies possass most of the energy.

There appears to be no direct correlation betwsen the amplitude of
the Power Spectrum and either distance from blast (d), charge weight/delay
(w); velocity (v) or DA/, This was established by plotting the various
combinations on both ordinary amd log-le, zraph paper. It was thernfore
concluded that the power $pectrum is mot dependent on amy of the blasting
parameters previously discussed, A blasting parameter which could affect

the powar spectrum amplitude is the delay interval which cccurs between
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! the detonation of the various holes comstituting 2 blast. Insufficient

data concerning this factor was available to make a significant com~

parison. An interesting feature is the single large awmplitude spike

in Figure 5.3 (k). This could have been ;redicted by looking at the
raw data for this signal shown in Figure 5.4, There appears to be

a very regular frequency present in this signal which manifests it~

self as the large spike,
This brings us o the question of whether there is a danger M
of resonance occurring in the hanging-wall. The largest amplitude

is barely twice as lerge as the calibration signal, which only cor-

responded to a peak particle velocity of 4,8 mm/sec. This, coupled

y. large displ vere s

with the fact that no

leads to the conclusion that the hamging-—wall system is too restrained i

and .damped for resonance at these frequencies to be a danger.

The maximum values of power spectrum are tabulated below in Tablé 6.

TABLE 6
Figure 5.3 Power Spectrum | Kg/relay| Distance (m)| Velocity mm/sec
(a) 1140 4,8
) 241 300 373 3,1
] 1830 2495 310 7,0
@ 2847 2050 125 16,4
(e) 1610 2260 190 22,4
(£) 1868 1850 270 11,3
[ON 897 10500 . 1300 1,8
= ) 633 500 155 8,3
()] 447 9000 1500 9,0
(i} 1852 2900 | 250 -
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5.7.2 Relation between energy present in 2 signal and size of blast

In 1972 Perret (17) showed rhat for equidirectional radiation and
for r>»e/w (where r is the hypocentral distance, ¢ is seismic wave velo-
city and w is angular frequemecy), the seismic epergy radiated by the source

in the form of P or § waves is

E
<

2
e

The average Seismic wave velocity for sandstone is about 2,5 - 4,0 km/ses
(18) and the average frequency for seismometer F was 20 Hz, therefore
w = 125,66 Hz
efw = 2500/125,66

= 19,89 m (or 31,8 m if 4 kn/sec is used)

and since the minimum value of r is 125 m the above formula may perhaps
not be strictly applicable. Thé eneigy content of the signal is derermined

in the program from a summation of the square of the velocity.

Using the value obtained in this manner a relationship between
WZ and size of blast was sought., It was found that the total weight
per blast, and mot the maximum charge weight per delay, provided the best
relavionship when plotted against r’Iv’. This relationship is showa in
Figure 5.5, A straight line was fitted to the data using log-log coordi-
nates and although there is some scatter, amd one outlier (the blast of 2/3),
the direct proportionality relationship between energy and 22ov? is veri-
fied. A possible reason for the scatter of results is that it was oot always
possible to ehsure the time window chosen included all the velocity-time datas,
ot .aia may therefore have baen lost.

The above rvelationghip could be useful in determining the size of




an upkaown blast by measuring the velocity-time history, The unknown
distance could be obtained from standard earthquake location programs,
It is unfortunate that much of the data is closely grouped. This is
beeause of the mine practice of having very similar sized blasts.

The establishment of the above proportional relationship is es—
pecially pleasing since both seismic velocity and density are assumed
to be constant by writing charge weight arz):vz. There is in fact 2 va—
riation of these propevties (Shale, sandstonme and coal all having diffe:ent
properties). A worthwhile study may be to establish whether this is

the case for other rock/soil system as well.

5.7.3 Caleulation of spurce moment from spectral demaity
The low frequency "plateau” of the spectral density is proportional
to the seismic moment. The exact relationship is given by: (16)
o R (e
o) = PP
dnrca
where 0{e) is the low frequency limit
M, is the seismic moment
Rp(e,@) is the geometric radiarion pattern
T is the source-monitoring point distance
o,f are the P and S-wave velocities respectively
From the above equstion, Moﬂﬂ(o}.r and since r is known for each
blast and Q(o) can be found from the displacement spectrum, relative
values of Mo &an be calculated for each blast. Alsolute values were not
caleuldted because the radiation pattern is a totally unkmown quantiey,
especially considering the number of free faces encountered by the seismic

signal. To see if this relationship holds for blasting vibrations the




3
!
i
i

60,

product (o) was calculated in program C9 and is stored in array SPECT.
For further details see comment statements in Appendix C9.

The values calculated as above are shown in Figure 5.6 &nd the spec~
tral densities sre included in Figure 5.7. Once again when the para~
meters (total charge weight and @(0).r) were plotted on log-log co-
crdinateg a very good correlation was found to exist. Figure 5.6 shows
this data plotted on log-log axis with a straight lime Fitted to the
points. A correlation as good as that obtained is very surpriging because
the geometric radiation pattern away from the source is assumed to be
constant, which is unlikely because of the layering of the overburden
and the numerous free faces present in the underground workings.

However, the direct relatiouship is obvious and this once again
enables unknown blast sizes to be established to some degrae of accuracy
simply by measuring ground movements. Amplitude spectra observed shows
that the product 2(o}.r is proportiomal to the rockburst size, or the
energy released by the rockburst., This study indicates that this value
caould perhaps be quantified and related to the amowit of energy released

by mining excavations.

5.8 Conclusions
Theuse of spectral analysis techniques in znalysing blast vibration
data provides some useful information. ILf the danger exists that vibra-

tions due to blasting may have the same frequemcy as the matural frequen—

cies ( 1 and ovartones) of an system, this will
become evident by the comstant monitoring of the Power Spectrum induced
by such blasting. It is suggested that this fact may f£ind even more sig-
nificant application in determining the overall stability of already

built above~ground slender structures, e.g. microwave towers and high-rise

buildings.

TR
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The relationship between the total charge weight of a blast and both

the produets t°5v> and 2(e).r were reasonably successfully proved,
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APPENDIX A2 Example of blast vibration record

open-cast coalmige Blasting vibration levels

Shown below are the maximum velocities and correspunding
frequencies for the blast of 16/10/1979 for geophones of array 1

and array 2.

ARRAY 1
GEOPHONE MAXIMUM VELOCITY (mm/sec) FREQUENCY (Hz)
A 1,65 19,8
B 4,35 11,9
c 3,95 16,9
D 7,42 14,8
B 7,35 29,6
¥ . 8,29 19,8
. ARRAY 2
GEOPHONE MAXIMOM VELOGITY (mm/sec) FREQUENGY (Hz)
¢ . 3.3 11,4
D 1,5 34,1
B 3,4 21
¥ 5,6 15,2

The distance from the blast to the instrumented pillar was 155 m

and the maximum weight of explosives per relay was 500 kg.

64.
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APPENDIX A3  Log of borehole sunk adjacent to instrumented pillar
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APPENDIX Ak. Record of surface velocities adjacent to earth dam — 28/9/1979

Rietspruit open—cast coalmine

Blasting vibration levels - 28/9/1979

To determine the effect of blasting on the earth dam located in

the pit werkings six geophones were installed at increasing distances;

£rom the blast. Shown.below sre the velocity levels and distances from

the blast for these geophones:

Maximum velocity | Distance | Orientation | "YW D/w“ 3
{mm/sec) (m)
3 190 Vertical 1.38 7.12
17 243 Vertical 1.7 5,11
15 355 Verrical 2.58 13.3
14 469 Vertical 3.40 17.58
12 570 Vertical .14 21.56
6 570 Horizontal

These peak values occurred

at 2,8 sec after blast initiation,




APPENDIX B : Graphical Representation of Blast Vibration Data
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APPENDIX 3.1

Method of quantifying the accelexation and displacement records

The acceleration at any sample i was determined from the formula

Vg1 7 Vim ; .
8y = e ——— where - t. ig the sample spacing and V is

veloeity

A program was written to scan a file of data and write out the maximum
absolute digital value found in this file and ;he sawple number of which
it oecurred. This value then represented the peak value (e.g. particle
velocity) in that particular file of data. Since the actual values of

the peak pavticle veloeities were also known, from the original records,
it was then possible to calculate how many units of digital data repre~
sentad 1 um/sec, This scanning program was then used on the acceleration
files snd the maximum value, and sample number at which it cceurred, i, _
were noted. The digital values of velocities at s‘amples i+l and i-1

were then determined and couverted into values in mm/sec.. 4t is known from
the sampling rate (in seconds). The actual value of the maximum accelera-

tion can then be chtained from the formula at the top of this page.
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Example of velocity and corresponding acceleration record

APPENDIX B2
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APPENDIX B3  Comparison of data file subjected to differentiation, and them i
integration, with original file

Original velocity file as recorded in field

i

Velocity file. after differentiation and reverse integration

Note: Attenuation of high frequency peaks, with no other significant data loss -




Computer Programs Used in Datz Analysis
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APPENDIX C.1

Calculation of confidence intervals

The main object of calculating the particle velocity records shown in
Chapter 3 was so that safe limts could be estimated for monitor-to-blast
distance or charge weight per delay. This is done by extrapalating the
Chapter 3 graphs back to SO mm/sec velocity limit and then datermining

the sorresponding sllowable scaled distance. Bome inaccuracy is inevitable

when dealing with a problem i ing as many as the ion

of seismic waves through the earth's surface layers, and it is the aim of
this Appendix to determine the confidence limits with which the above graphs
can be used to prediet future velocity levels. A 957 confidence level was
chosen. This means that the probability of the data predicted by the
empirical scaling law falling within the caleulated confidence interval is

0,95,

A 100(1 ~o)7% confidence interval for

A+ Bx, is given by:

NN -
A+ Bx) sc__ & ¥y
o n-z3lwa,, n T(}-(-E-)-— ey

where A and B are the actual values of the y~intercept and slope of
the empirical propagation law respectively.
A and B are the values predicted by the linear regression caleulations.
x, is any value for which the correspending y value is required.
t is a statistical random variable, * e student - t distribution.
n is total number of points.
¥ is mean of x-values.

sty = mx” - Mntex?




76.
sl =t - M vt - B Gy - Metm) Gy e
: The progfam that was used to caleulate the variances shown in Chapter
3, table 3 vas extended to calculate the term shown under the square g
ruot sign. The input data for this program was the same data as ‘y
that used to plot graphs 1L = 5. The y-values are particle.velocity }‘
: and the x-values are scaled distance (either cube~root or square-root
scaling). The samllest value of scaled distance that was recorded ;
for any particular set of data was used as the value for X0 in ‘this
program. This is shown in Table 3 which was drawn up from the results
; of the above snalysis.
The confidence limits caltulated in this manner are shown belows
: : SEISMOMETER T CONFIDENCE LIMIT
¢ + (mm/sec) i
."I R _
B 1,6 :
i [ 1,4. ]
: D 1,4 |
: E 1,5 V
¥ 1,4 ]
i - :
H
2 .8 H
3 1,3
4 1,4
s 1,3
8 including data of 28/9 1,8 -
6 excluding data of 28/9 2,0 i
i1
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APPENDIX C5

Plotting programme

To ensure that the digital data storéd on the magnetic tape was an
accurate representation of the original analog signal this program was
used to plot the digital data.

Any number of files can be plotted at once, the number preferred
in this investigation being 8. The data input which is requited is as
follows:

(i) The file number on the tape which is to be read (e.g. 097

is the first file read in this case).
(ii)- The number of samples to be skipped in a particular bloek
(each block contains 1024 sawples).
(iii) The miumber of blocks to be skipped.

{iv) The total number of samples to be read.

Note (ii) = (iv) are all typed on the same line, e.g. corresponding to

file 97 the input is:

bb300bbbbIb1024

i i e
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v APPENDIX C5
Elotting programme
To ensure that the digital data stored on the magnetic tape was an
accurate vepresentation of the original analog signal this program was
used to plot the digiral data.
;I Any number of files dan be plotted at once, the number preferred :
in thie investigarion being 8. ‘The data inpuc which is requived is as .
it £oliowst i 7
i (i) The file number on the tape which is to be read (e.g. 097
; - is the first file read in this cdse).
; (i1) The nusber of samples to be skipped in a particular block
(each block contains 1024 samples).
S (i) The number of blocks to be skipped. ;
(iv) The total nusber of samples to be read.
: Note (ii)} - (iv) are all typed on the same line, e.g. corresponc'ng to

file 97 the input is:

bb300bbbb3b1024 i
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APPENDIX C9

Spectral analysis program

This program makes use of & subfoutine HARM, which is a pacl;age
program on the IBM360, and is capable of doing three-dimensional Fourier
Transforms. Only one-dimensional transforms were performed in this parti-
cular program.

The first specification that is required is the sampling rate (SPS)
at which the analog data was sampled. The program processes 256 samples for
each event and the time window T is therefore given by 256/SPS. The res-
ponse of the recording system is them read. This was experimentally deter—

mined by Spottiswoode and McGarr (13), and is shown below in Figure €9.1
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FIGURE.C9.1 i 11y 4 system )

A low-pass filtering facility is provided. The order of the polynomial
specifying the filter determintes the sharpness of the cut—off at the low-
pass frequency, Any Erequency may be apecified, or; as in our investiga—

tion, no filtering may be necessary. This was because the recording equip-




ment was located far £rom zn A.C. power source, and so no distorting noise
was introduced into the signals.

The seismic data is then read, either from a STANDARD LABEL tape
(as described before) or a WITS data file. This data is then checked to
see if a DC offset is preésent or not. If it is present the DC offset is
removed from the data. The data is windowed with a "cosine bell” to pre-
vent ringing, as described in Chapter 5. Deconvolution of the seismic
data with the system response is then performed. This is to obtain the
actual raw weismic data, before it is recorded by the recording squipment.

Various functions are then caleulated and plotted. These are: (i)
The Fourier Transform of the filtered, windowed and deconvolved raw data
which represents the relative magnitudes of the frequency content of the
signal. (ii) The velocity-time relationship after inverse transforming.

This. is usually very similar to the original raw data except the higher

ies are h (iii) The displacement-time relation
which is simply calculated from a numerical backward differemce formula.
(iv) The energy present in the seismic signal. This is calculated from
& summation of the square of the velocity. This value is used extensively
in Chapter 5. (v) The power spectrum of the velocity-time relation.
This is effectively the square of the rectified Fourier Transform and
emphasizes any predominant frequencies. This function served as the
basls for checking whether there was a possibility of resonance oecurring
in the hanging-wall. (vi) Displacement spectrum vs. frequency which is
plotted on log~log axes. This function has been used to prediet source

parameters for earthquakes (14 and 15).
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