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ABSTRACT

To make the method of coalmining known as 'strip-mining' 

economically viable extremely large amounts of explosive need co 

be detonated in any one particular blast. This is to ensure enough 

rock is broken co keep the large earthmoving machinery, used in this 

type of mining, productive. This type of coal-mining operation 

was undertaken at Rieespruit Opencast Colliery in the Eastern Trans­

vaal. Adjacent to this colliery is an exiting underground coal­

mine, and it was feared that the large amount of energy released 

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 ground 

particle motion due to blasting were obtained from these instruments. 

Further field instrumentation consiseingof tape-recording decks and 

electronic packages to amplify and record the seismic signals was lo­

cated on surface in an instrument hut built specifically for this 

purpose.

The object of obtaining the above records was to establish damage 

criteria, whereby chary, -rei'.ghts could be estimated, for given distances 

from the blast to the underground workings, which would :.vt cause appre­

ciable damage underground. Propagation laws were established relating 

peak particle velocity, which is widely used as an indicator of 

possible damage, to the distance from the blast and either the square- 

root 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.



Accurate acceleration and displacement records were calculated 

free 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 in the pillar were determined and the instan­

taneous stresses generated by the blasting were calculated. These 

stresses were found to be a small percentage (1 - 2%) of the in-situ

The use of Fourier analysis technique; in the interpretation 

of blast vibration data was undertaken. Power spectra were calculated 

to see whether there was a possibility of resonance occurring in the 

hanging-wall. The spectra indicate that the damping of the system is 

far too large for this to be a problem. The energy present in a seismic 

signal was successfully related to the total charge weight detonated, 

and finally, known source parameters (size of blast) were compared with 

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

Ac Che request of Barlow-Hand the Bernard Price Institute of 

Geophysical Research at the University of the Witwatersrand agreed

an underground coal mine.

The site of investigation was Barlow-Rand's Rietspruit Open-cssC 

coal mine, Thi.s mine was situated about 25 km from Ogies on the Ogles- 

Bethal road in the eastern Transvaal c

Adjacent to the open-east workings was an existing underground bord 

and pillar coal mining operation which was the property of another mining 

group. Extremely large blasts (charge weights exceeding a total of 

450 000 kg on occasion, vere necessary to ensure enough rock was produced 

per blast for efficient ,reduction. It was feared that Che large 

amounts of energy released could damage, or in the extreme destroy, 

the underground coal pillars, as they were already in a relatively highly 

stressed state. The difficulties associated with trfiis situation sug­

gested that a research and control program bs instituted to limit the 

possibility of damage.

vibrations has been directed towards the damage c.auned to structures.

The objectives of these tests may be divided into two distinct cate-



1) The establishment of reliable damage criteria, . .e. 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 distance 

as well as any other variables which may be relevant, e.g. method of ini­

tiation, geology or directional effects.

One of the first.investigations into 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 = WV2/2g

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

acceleration, viz.

K.E. - ( -----s—  ) ( — r- )
2g4ir n

where W is the weight of the system

g is the acceleration due to gravity 

a is the acceleration in ft/sec/sec 

n is the frequency of the vibration



The first fraction of Che equation is a constant ae any location 

depending on the mass set into vibration. The Kinetic Energy may there­

fore be considered to be proportional to which is referred to by 

Crandall as the Energy Ratio. He found that for buildings of sound 

construction and material, no damage is done if the Energy Ratio is kept 

below 3, A report published in 1958 by Langefors, Westerberg and Kihlstrtim (3) 

was a result of measurements taken during a reconstruction project which 

required blasting in rock, close to existing buildings. A procedure of 

using large blasts aac1 then repairing damage caused to adjacent structures 

was adopted. This enabled them to record actual damage and the associated 

level of vibration. Their classification used particle velocity instead 

of acceleration as the damage criterion. The limit below which they 

suggested no damage would occur was 71,1 mm/sec (2,8 in/sec). Their data 

is summarised in Figure 1.1. All subsequent investigations showed that
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FIGURE 1.1 Connection between amplitude, frequency and damage.



particle velocity correlates best with the degree of damage. In 1960,(5)

Edwards and Northwood concluded that damage was likely to occur if the 

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

tate the inclusion of a safety factor a safe vibration limit of 50 mm/ 

sec (2 in/sec) was recommended. In South Africa tests done at the Bernard 

Price Institute by R. Green confirm the applicability of particle velocity as 

a damage criterion (6). Although an Energy Ratio of below 3 causes no damage to 

an average structure, to include a safety factor an Energy Ratio of 1 was desig­

nated as an upper limit in these tests. Prom simple harmonic considerations the 

Energy Ratio may be rewritten in terms of the metric velocity as:

E.Rm = 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 50 mm/sec would 

therefore seem an adequate, if somewhat.conservative, means of preventing 

damage (to structures) from blasting vibrations.

Very little work had been done on the effect of blasting vib­

rations other than possible damage to residential structures.

In his paper entitled, "Blasting effects and their control in open-pit 

mining", (7) L. Oriard concludes that for particle velocities of 50 - 100 

mm/sec ( 2 - 4  in/sec) the occasional falling of loose stones on slopes 

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

partly loosened sections of rock underground and on above-ground slopes,



sections of rock thac might otherwise remain in place may be expected.

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

types that are found in most open-pit mine slopes could occur. In 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 un/sec (24 and 12 

in/.-ec) at supported and unsupported faces respectively. The only noted work 

done on vibration levels in underground coal mines was that by Rupert and 

Clark in 1978 in the United States of America (4). Various combinations 

of three component moving coil geophones were located along a segment of 

the intake portion of the mine. They concluded 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 parri­

d e  velocities in excess of 50 mm/sec (2 in/sec).

Because of the scarcity of relevant results it was decided to set 50 

mm/sec aa an upper limit for the vibration levels generated in the underground 

workings. Frcm She foregoing discussions this may have seemed a somewhat 

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

knowledge available for this particular application.

Once a safe vibration criterion has been decided on the next problem 

is to determine which variables 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

where A = peak amplitude 

W = charge weight 

D = distance from 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 Hendron (9). This investigation con­

cluded that "cube-root scaling” is theoretically the most correct propa­

gation law (b = -1/3 and n = 1 for cube root scaling). However, most in­

vestigators have found that square-root scaling (b = -J and n = 1) provides 

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

square-root scaling or cube-root scaling is preferable. At any particular 

site it seems advisable to do some vibration measurements and then from 

the data, determine which of the two propagation laws is preferal le. In 

the investigation done by Clark and Rupert (4) on underground won. .ugs they 

found that square-root scaling was slightly superior for expressing the roof, 

rib and bottom total peak velocity. Cube-root scaling was however found 

to be best for predicting the peak velocity for the vertical roof component.

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

1.2. The region shown shaded in dark is the area the mine workings will occupy 

once they are complete, 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



Colliery which is shown as shaded in blue. Photograph (A) shows the same 

layout, here looking from East to West. The raw coal stockpile and washing 

plant are slightly left of centre in the background. In the photograph 

mining operations proceeded from the foreground to the area in the 

background. In the centre of the photograph is a section of ground where 

the overburden had been loosened by an explosion, the loose rock then 

being removed by the drag line shown adjacent to the exposed bed. Photo­

graph (B) shows a clearer view of the dragline working in the open pit, 

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 

bulk cubic metre and the amount of explosive used. Therefore increasing 

the weight of explosive does not necessarily mean a decrease in the cost

per bulk cubic metre. The main economic cor' . . 'ticm in using extremely

large blasts in this mining operation was ; .'•ur .hat the dragline re­

mained idle for as little time as possible.

As mentioned before, it was considered that limiting the peak ground

particle velocity to below 50 mm/sec would ensure that no damage would be cau­

sed to the 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 what was considered to be a 

representative pillar, i.e. not adjacent to any ribs or other such restraints, 

and provided a continuous record of particle velocities at the various loca­

tions. A comprehensive description of the instrumentation used will be 

presented in Chapter 2. The above seismometers were all installed in either 

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

spelling rate around the pillar, 5 further seismometers were installed in the 

footwall around it, on March 2nd, 1979. A further seismometer was installed
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on the surface. The analogue records obcained 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 considered as those for which particle velocities 

exceeded 1 mm/sec. An example of such a 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 A; Showing Opencast Mining Operations

PHOTOGRAPH B: Drag-Line Bucket Excavator



CHAPTER 2.

2. INSTRUMENTATION

2.1 fiald Eqvtipi&ent

This consisted of eleven underground seismometers connected, via 

a hydrophone cable, to two electronic packages and recoiding decks lo­

cated on surface in an instrument hut provided specifically for this 

purpose. Two further seismometers were placed o h  the surface, inside the 

hut, and connected to the recording equipment.

2.1.1 Seismometers

All seismometers were of the moving coil or moving magnet type, 

which generate an electric signal and send it via an amplifier in the elec­

tronic package to the recording deck. The six seismometers located in the 

pillar and hanging wall were all 4,5 Hs natural period geop'nocies and these wer 

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

footwall and one surface seismometer had a cut-off frequency of 14,5 Hz 

end together with the other surface seismometer which was an EV17, with 

a cut-off frequency of 1 Hz, were connected to the second electronic pac­

kage, on channels 1-7,

2.1.2 Electronic package

Two of these units were located in the instrument hut. The package, 

shown in figure 2-1, contained, from left to right; the Power Supply,

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

have been described by Green (1972).





Titae marks are recorded on Che tape from a clock and radio, 1'he 

radio facility was not used in this investigation since it is a completely 

^dependent and localized project. The cloak primary signal is derived 

from a. 1 MBs quarts crystal. The output of the clock in days, hoars sad 

minutes is translated into a Standard Vela C code.

In order to check the overall operation of the electronic package

o complete teat facility was provided to check the operation of both the 

input conditions a5 well as tbs recording current levels of the tape re­

cording head. A switch on the test panel enables the operator to record an 

internal calibration signal at two levels, which io independent of the 

seismometer input signal. This calibration signal is recorded at a frequency 

of just less than 1 Hz on all input channels simultaneously. The high and low- 

level signals are of constant amplitude with a separation of approximately 

40 db. Ths electronic package was designed so that if a switch was left in 

the. incorrect position a warning light came on. For example, a warning 

light a a me. on if the internal calibrator eras switched on, or if the bias 

was switched off.

Power was to ha.-a been supplied by a standard 240 v A.C. mains supply, 

but because of the isolated location of the hut this was never realized for 

this project. The primary power source for each package, including tape 

deck was derived from two 90 ampere hour, 6,3 volt lead acid batteries. This 

was convenient since most operational amplifiers use both positive and nega­

tive supplies. The batteries were connected to a power supply unit (DC-DC 

converter), which generated all the voltages required by the electronic 

package. The design and operation details have been described (Green, 1979).

2.1.3 Recording Deck

The tape recorders feature a locked-loop tape drive transporting tape





at recording speeds of either m/sec or 12,5 mm/sec, the former being 

used for our investigation. TMz' aeant that one 35,5 cm (14 in) tape reel, 

accomodating 2800 metres (9200 ft) of tape, provided 12 days of continuous 

record. The take up reel was driven via a slipping clutch by the drive 

motor. Tape tension was controlled by a spring loaded brake acting on the 

feed reel. Connections from the electronic package to the recording head 

were as follows:

Tracks 1 to 4 : seismic channels

Truck 5 : clock channel

Track 6 z radio channel

Tracks 7 to 10 : seismic channels.

All the units utilised plug-in construction to facilitate field 

servicing. The tape recorder, which is shown in Figure 2-2, was constructed 

on a hinged bed plate to enable easy maintenance of the system. Both units 

had clip latches on the lids which may be locked if required. Both the 

tape recorder and the electronics were housed in galvanized steel boxes 

which had waterproof seals and plugs. The silver colour of the boxes 

waa useful in limiting temperature extremes and the boxes were lined in­

ternally with expanded polystyrene to restrict internal temperature 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 digitization of the data a replay 

speed of 63,6 mm/sec was utilized, which waa twenty-five times higher than the 

recording speed. For searching the tape the replay speed was 380 m/sec.





The cape was searched manually ac this speed as Che seiamic-signals 

being monitored were in the audible range. These signals were monitored 

audibly on a loudspeaker as well as visually on an oscilloscope screen.

Output from the replay head was via a pre-amplifier followed by a 

main amplifier for each channel. The main amplifiers each incorporate gain 

adjust facilities and a low pass filter with nominal cut-off frequencies 

ranging from 0,25 Kz to 2500 kHz.

The final signal may be recorded on ultra-violet light sensitive 

paper using a multi-channel Oscillograph recorder. An analog to digital 

converter and digital tape drive enabled the digitization of one channel 

at a time. Additional equipment included a time-code translator which 

indicated the time on the clock channel on a visual display. This unit was 

also used to control start and stop times of the paper recorder and the 

digitization process.

2.3 Digitization System

The object of this circuitry was to digitize and convert an analog 

signal obtained from the replay equipment (2.2) into an IBM compatible cine 

track digital tape.

The digitization rate was a maximum of 320 conversions/sec or a minimum 

of 3 sec on the recorded time scale. This ensured that there was a minimal 

loss of high frequency resolution of the analog data in this study.

Digitization was controlled by the clock, and for this reason each

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

traces was a simple matter. The digitized dav-t was written in Standard 9 track



u-

360 IBM 800 bics per inch format vith two bytes of data for each sample 

and 1024 samples per block.

2.4 Setting up and servicing procedures

Once the seismometers had been installed underground each one was 

connected Co a main amplifier in the electronic package. All units in 

the electronic package were checked for correct operation by means of the 

test panel. The clock was set up to the correct time and placed in the RUN 

mode at the appropriate moment.

For the first 3 - 4  months 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 well as ail 

internal supply voltages, the amplifiers were checked for zero d.c. out­

put and adjusted where necessary. The coding of the clock was checked 

against actual time and the necessary corrections made. Tape cleaners 

had to 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 one of the 

tapes became tangled with a guide roller, damaging several metres of tape. 

Once a worn spring had been replaced the tape deck functioned normally again. 

The most common problem was that the clocks were frequently found to be in­

correct. They were therefore accurately set approximately an hour before 

each major blast. The d.c. offset on some of the amplifiers also had to 

be periodically zeroed. Problems caused by a non-sero offset will 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 rapes obtained from the field the operator 

could listen to any one of 10 channels on the tape.

In the PLAYBACK mode the tape could be replayed at a speed of either 

64 mm/sec or 350 mm/sec, while the replay speed for the FORWARD and 

REVERSE modes was 380 mm/sec.

2.2.1 Setting up the replay system

Eight or nine output channels (7 or 8 seismic channels and one channel 

for the clock) from the replay system were connected to the Oscillograph 

ultra-violet recorder. A T-piece adaptor allowed the output of one seismic 

channel as well as the clock channel to be displayed on an oscilloscope

1 Hz gain and filter settings were set to their required positions, and 

one seismic channel was selected for monitoring on the loudspeaker. When 

searching for a blast on the tape it was found useful to monitor the channel 

to which the surface 2V17 seismometer was connected, as its output was a 

great deal higher chan any of the other seismometers used. The tape was 

replayed at 380 mm/sec during this searching procedure.

2.5.2 Replaying and recording a blast

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

and a paper copy of the blast recorded on the ultra-violet recorder.

The first paper copy was made at a recorder speed of approximately 25 nan/ 

sec. This copy was used to determine the time of a blast as well as providing 

a basis for final gain settings. The second paper record was made at a 

speed of about 625 mm/sec. This record was used for determining peak particle



velocities and corresponding frequencies for Che various seismometers.



CHAPTER 3

3. PEAK PARTICLE VELOCITIES, 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 approximately 56 m of overburden which consisted primarily of 

sandstone and shale. A log of a borehole which was sunk close to the pillar 

under investigation is included in Appendix A3.

Figure 3.1 below shot's the orientation of the six seismometers which 

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

are referred to as Array 1.

Elevation of Pillar B2

PILLAR
82

FIGURE 3.1 Orientation of bord and pillar seismometers



The orientation of these seismometers was:

A was the vertical seismometer in the top of the pillar 

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 pillar centre 

E was vertical seismometer in bottom of pillar 

P was vertical seismometer 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 was located on surface.

B1 B Z B 3

*2.
B 5 8 6

M *5

FIGURE 3.2 Orientation of footwall seismometers

Initially it was thought that blasting operations would commence at 

r.pproxioately 4 km from the underground working and then proceed gradual



towards them. This would have made it possible to obtain a sequential 

record of the increase in vibration levels underground. However, due 

to changes in the planned production, blasts close to the pillar (- 300 m) 

became necessary a lot earlier than originally intended. The results 

presented later in this chapter are therefore independent of time.

1 Calibration of records

In order to made the paper record of a blast obtained from the analog 

signal meaningful, it was necessary to calibrate the equipment. This was 

done by feeding a signal of known amplitude and frequency 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 internal calibrator was usually used for this purpose. However, 

as is seen from Figure 3.3, the output thus obtained was not satisfactory.

The signal was overdriven and consequently the sine-wave was distorted.

In addition the calibrator frequency was on the end of the bandpass and the 

accuracy was thus limited.

For this reason it was decided to use an external calibrator. Every 

time the site was visited, the signal from either an 11 Hz or a 17 Hz calibrator 

was used as an input for the recording equipment. The output from the cali­

brator was measured with a voltmeter, and noted. This calibration signal was 

then also replayed in the laboratory and a 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 middle 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 measurements of in­

terest is the peak-to-peak amplitude, indicated as (A) on the record for channel 

which is proportional to the input voltage. The gain settings on the replay 

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



FIGURE 3,3 Record of internal calibration (Hi level.)



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 actual blast record.



FIGURE 3.5 Record of blase on 10/7/1979

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

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

read the gain settings would be reduced to 5 to prevent the overlap 

occurring which is evident on the Figure. Channel 7 was connected to 

the EV17 seismometer, and as can be seen from the Figure the signal was 

markedly overdriven. Even though the gain setting £or channel 7 was only 

2, the trace still had large amplitudes. The EV17 channel was used

* Note: Time scale is from right to left.



for detecting blasts because of its larger output signals. It is also 

interesting to note the velocity amplitudes for channel 6 are approximately 

the same size as those of channels 2-5 even though the gain setting is 

half the value. This was found to be the case for the majority of the 

blasts, i.e. the vibration levels on surface are substantially larger 

than those underground in the footvall.

Channel 6 will be used as a reference channel for calculating 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 was then measured in mm, in this case indicated 

by Amax. Some investigators suggest measuring the amplitude of a particular 

wave either side of the zero velocity line, summing these 2 values and 

then dividing by two. The former method was used throughout the inves­

tigation because of the non-uniform nature of the signals. The corres­

ponding frequency of the wave with amplitude Amax was found by firstly 

measuring the half-wavelength of this wave in mm, which was denoted as 

T/2 (T/2 ■ 0,75 mm for channel 6). The distance represented by one

second is then Measured in mm from the record, and denoted as T (F = 26,1 mm

for channel 6). The frequency of the wave is then given by v = F/T. For

channel 6, v therefore equals = 17 Hz.

The peak particle velocity was then calculated ftr channel 6, with 

a peak anplitude Amax, of 14,8 mm. Referring to Figure 3.4, the calibration 

record, 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 calibrator, measured in 

the field with a /oltmeter, had an R.M.S. value of 42 mV, This corresponds 

to a peak-to-peak value of 119 mV. Therefore, 1 mm deflection represents 

119/8,9 = 13,0 »V. The blast record gives a deflection of 14,8 x

13,0 - 196,8 mV, which must be multiplied by the ratio of the calibration 

record gain to the blast record gain, in this case 2/5. The peak



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

Different seismometers were used for arrays 1 and 2.

The Sensitivity of the seismometers used in array 1 was arranged to 

je 100 mV/cm/sec. The sensitivity of the array 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 to these seismometers 

by dropping a heavy weight close to the supporting surface, and comparing 

their relative outputs. These outputs were recorded in the same manner 

as described before. Sixteen of the above tests were performed, which 

gave a mean sensitivity of 158 mV/cm/sec.

j.4 Frequency response of system

The peak particle velocity is then given by the following calculation:

V = 79 niV" v 158 mV/etn/sec * 0,5 cm/sec i.e. 5 mm/sec. This would

chen be the final peak particle velocity for channel 6 if the frequency 

response of the recording equipment were flat, By this is meant that 

the amplitude, of the recorded signal is independent of its frequency con­

tent. This is almost impossible to achieve, and frequency response curves 

had to be determined for the recording equipment. Two types of tape were ' 

used in the investigation. Quantum CX and 3M 871, and two different curves 

had to be determined.

A WAVETEK model 114B signal generator was used as a source in place 

of a seismometer. The signal 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 on an oscilloscope and a digital voltmeter. 

Recordings were made of constant amplitude signals at varying frequencies.

The input signal frequency was varied from 0,5 Hz to 50 Hz. $.y using the 

same type of 'doubling-up' plug as was used for the calibration input, the 

input signal was recorded 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 complete tests. The scatter of 

results between different channels was found to be no greater than that 

between different tests on the same channel. For this reason only one 

curve was drawn for either tape to cover all channels. The input fre­

quency and relative frequency were then plotted using the PHTSPLOT facility 

on the University rv'.tpjter, to obtain frequency response curves.

FIGURE 3.6 Section of frequency response records



This plot is shown in Figure 3.7. An exaggerated scale who used for 

the vertical axis for improved accuracy, { a much flatter curve is usually 

indicated in frequency response curves).

The value of peak particle velocity must now be corrected for 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 frequency to the blast frequency, i.e.

A/B on Figure 3.7. For channel 6, A »• 0,24' and B = 0,22 and the velocity 

must be increased to compensate for the lower response at 17 Hz. The 

final value of peak particle veloci Ly is then given by

5 x 0,24 /0j22- = 5,5 mm/sec

3,5. Particle velocity records

All the peak particle velocities which were recorded for significant 

blasts are shown in Tables 1 and 2. The data is tabulated according 

to the date of blast, peak particle velocity (Vmax) and frequency (F) for 

each seismometer, distance from blast to pillar (D), charge weight per 

delay (W), and the 2 scaling parameters D/W1^  and D/W1^2.

Various results are missing from these tables. It was decided 

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

occur close to the instrumented pillar. Consequently tape deck 1 was 

removed from site and returned to the laboratory where it was overhauled.

This explain?- the gap in the results for array 1 from 28/3 to 10/8.

Pi "".is period array 2 did produce some results, but the velocities were 

low w.-a in some cases only registered significantly on the surface seismometer. 

Once tape deck 1 was re-ins tailed, difficulty was experienced with seis­

mometers A, 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 1 provided no 

results whatsoever and from 24/7 onwards seismometer 2 ceased to func­

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 

are due to equipment malfunctions or operator errors which were usually 

easily traced and rectified (e.g. tapes being loaded onto recorder incorrectly). 

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

Possible reasons for the discrepancies are:

a) Random addition and subtraction effects between wave trains gene­

rated from successive delays. This point is important in respect to the com­

plex delay patterns that were used. In addition, the Gaussian distribution of 

the delay times played a role as all delays are normal. The calculations as­

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

mum charge per delay.

b) Scattering and reflection from joints, free faces and other geo­

logical features which cause random addition and subtraction within the wave 

train. Since most of the geology is horizontal and Che transmission paths 

are not vastly different this effect is probably small.

c) 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.

e) Errors 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 nearest hole in the blast. This is sufficiently

accurate at some distance from the blast, but for distances leas than about 

200 m the effective distance is probably greater than this value.

f) Instrument and reading accuracy. For example, the eyeglass used 

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

contributed the least to errors introduced to 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 records was so that, 

by extrapolation, the combinations of monitor-to-blasc 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 mentioned in chapter 1 there is some disagreement as to whether cube- 

root scaling (D/W1^)  or square-root scaling (D/W*^) 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 least squares velocity value and the actual

measured value, e. and the variance for each set of data, V  2 e..

This program is included in Appendix Cl. Particle velocity (V) vs D/W^^

and V vs values were used as input for this program. The results

of this analysis are shown in Table 3. The choice between square-root 

and cube-root scaling was based on the minimum variance, which is a good in­

dicator of how well the data fits a straight line. The data from the 

seismometers of array 1 fits cube-root scaling a lot better than square-root 

scaling, except for the vertical seismometer in the 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-root scaling law. 

However, the difference in variance for these seismometers is a great deal 

less than Sor array 1. Por seismometer 4 the difference is only 1,6%. and 

for seismometer 3 it is 4,3%. It is impossible for these seismometers to 

state whether cube-root or square-root 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 as that mentioned in the program of Appendix Cl. An example 

of a section of output from the PHYSPLOT program is shown in Appendix

Graph 2 is a plot of cube-root scaling for seismometers 3,4, C 

and E, and graph 3 cube-root scaling for seismometers B, D and F.

From the graphs it can be seen that for the underground seis­

mometers, seismometer 2 would be the most restrictive, e.g. for Vroax *

50 mm/sec, D/W^^ = 1,53. This means at a distance of 100 m the 

allowable charge weight is 4162 kg. However, since we are concerned 

with protecting the integrity of the bord and pillar the restriction 

should be based on the most conservative of the array 1 seismometers.

This is the hangingwall seismometer, F. For V «■ 50 mm/sec, *

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 susceptible 

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

meter have been left until last because of a strange anomaly that occurred. 

Sixteen results, covering the period 28/3 to 16/10, were obtained from 

this seismometer. Using the statistics program in Appendix Cl it 

was found that cube-root scaling fitted the data best. On 28/9 recor; 

dings were made along and adj acent to an earth dam, located in the open- 

pit workings, of a blast. Seismometers used were the same as those used 

for array 2, and were all 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-root and 

square-root scaling, than that of the original 16 points. This fact was es­

pecially pleasing since totally different recording equipment (BPI designed 

direct write recorder) 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 4 and 5, have been plotted for seismometer 

6. Two lines are plotted on either graph, one excluding the results 

of the surface array of 28/9, and one including this array. For the 

surface seismometer (6), it is therefore difficult to state conclusively 

whether cube-root or square-root scaling is preferable. It is suggested 

that the one 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 data, can be used to 

limit the peak particle velocity to 50 mm/sec (or whatever limit is 

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

3.7 Verification of velocity as a damage criterion

The use of peak particle velocity aa a criterion of damage has been

thoroughly 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 conservative



limit 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 any material spalled off the pillars a 

distinctive black patch would be noticeable. These spalled areas 

were then marked with different colour paint to denote the time of 

the observation. Periodic visits were made underground to ascertain 

the extent of spalling. Initially the amount of damage appeared 

rather low and it is reasonable to suggest that the spalling which 

occurred would have occurred naturally, given time, being mainly highly 

fractured material in the corners of the pillars. The use of the velo­

city luvel 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 level? 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 gauges, to enable the amount of damage to be 

quantified.

(/sing the above procedure one is automatically assuming chat failure 

would eventually occur by a gradual spalling of the material from the 

pillars and hanging-wall. Although this seems a logical assumption one 

should not disregard the possibility of another mechanism of failure 

occurring. An attempt has been made in Chapter 5 to determine whether 

any chance of the natural frequency of the underground workings and thus 

resonance, being reached existed. 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 to model the behaviour of a 

coal pillar under conditions of blast loading and try to predict this 

type of failure mechanism more accurately.



On the 23rd February 1979 a aeries of photographs of the whitewashed 

section of the underground working wis taken. In January 1980 this 

procedure was repeated, an attempt being made to reproduce the same 

area covered by the original photographs. This was reasonably successful, 

as can be seen from the series of photographs from C - H. In these 

photographs the first photograph of the pair represents the condition of 

the pillar as at February 1979, and the second as at January 1980.

The first pair of photographs show that very little damage infact occurred, 

the nnly spelling being the two dark patches on pillar B6E. The second 

pair show the bord area where the instruments were located. Photograph 

F shows how a large spall of coal in the hanging wall narrowly missed dis­

lodging the instrument located in the hanging-wall. The spelling on 

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

The third pair also show how the only spelling occurred in the comer 

regions of the pillars. An interesting aspect of this third pair is 

that in the earlier photograph water can be seen in the left fore­

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

the underground workings for the instrument cable. Since the bottom of 

the hole was located beneath the water table it served to drain the area. 

When the later photographs were taken this water appeared to have dried 

up. How the chi.iging amount of water present in the rock surrounding 

the underground workings affected the transmission characteristics of 

the rock is hard to estimate, but its probable that the water made the 

transmission more efficient. This same situation is generated by 

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

area as well.
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Photographs 0f underground workings showing damage before and after blasting 
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CHAPTER 4

4. THE DIGITIZATION PROCESS - PROCEDURE, RESULTS AND ANALYSIS

4.1 The digitizing procedure

Digitization of the particle velocity versus time records was necessary 

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 Reference 10.

A sampling rate of 208 and 368 samples/second was used for the above 

conversions. The sampling rate must be fast enough so that information 

is not lost in converting the signal into a digital form. A general rule 

regarding sampling is summarised in the sampling theorem which states, "no 

information is lost by regular sampling providing that the sampling frequency 

is greater than 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 

signals will appear as (i.e. will alias as) 75 Hz and a DC level respectively. 

Digitized records were only made of the seismic records of array 1, 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 completely adequate.

One channel 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 parameters. These included the event 

being digitized, pulse rate, clock record and beginning and end point of 

digitization process. This record was made at an extremely high paper speed 

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



AC the end of each digitized record a digital tape mark was gene­

rated, and this defined the end of a file, .‘During the digitizing pro­

cess this tape mark 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.

Whenever an error was encountered during the digitizing process a 

"parity error" light on the replay consol indicated on. Other types 

of errors which could occur were, for example, when the digitizer 

was initiated too late and part of the analog signal was not digitized, 

(this was recognized from the analog record). The occurrence of a 

parity error was not serious, unless it occurred on the first file, be­

cause subsequent erroneous files can simply be skipped out during later 

data processing. However if an error is detected 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 interpret a tape with an 

error in the first file. This problem caused a considerable amount 

of trouble and it sometimes became necessary to manually erase the 

objectionable first file, using the digitizing facilities.

Once the required number of seismic events have been digitized, the 

magnetic tape was transferred to the computing centre. This tape is 

known as a "HO LABEL’' (NL) tape and was assigned the name RIET01. A 

second tape was initialized as a "STANDARD LABEL" (SL) tape to enable 

it to be more easily processed by the IBM 370. The initialization 

program is shown in Appendix C3, This second tape was labelled 

RIETSL, The data from the tTL tape was then transferred to the SL tape.

A program for doing this is included in Appendix 04. 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 •-'‘-■‘ssing.
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•i.2 Plotting procedure

To ensure that the digitized form of the analog signal accurately 

represented the original data it was necessary to obtain a visual form 

of the digitized data which could then be compared with the paper record 

of the same data.

A program was therefore developed, a copy of which appears in Appendix 

C.5, to firstly read, and then plot data stored on the SI. tape. The data 

was plotted to a length of 25 cm irrespective of the number of samples in 

the file being plotted and the maximum value of amplitude in the signal was 

plotted to 3 cm, the rest of the signal being scaled down accordingly. These 

plots could therefore not be used for calculating amplitudes or frequencies. 

Their main function was simply to ensure that the digital data was an 

adequate representation of the analog signal. This is illustrated in Figure 

4,1. The original analog signal is shown on the paper record, which was 

made during the digitizing process. Figure 4.1b shows the plot from the 

digitized data. A visual comparison shows that very little data was lost 

in the digitizing, the only possible loss being of high frequency content.

The importance of noting the number of samples generated when digitizing 

an event will be explained with reference to an example. The digitization 

of channel 2 data, recorded on 16/8 generated 9216 samples. Figure 4.2 (a) 

shows a plot of the entire file of 9216 samples. It would clearly be impos­

sible to tell if this record is an accurate representation of the original 

data, in this form, However, knowing that 25 cm represents 9216 samples,

as shown, it can be seen that 5,6 cm of data is unnecessary and therefore

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

this is covered in Appendix C.5). Figure 4.2(b) shows a second plot of the 

digital data. This time 2048 samples were skipped and only 1024 plotted.

The result is distinctly clearer and can easily be compared with the original



FIGURE 4.1 Comparison of original analog signal with equivalent 
digitized signal



FIGURE 4.2 (a) Data file with all 9216 samples plotted

FIGURE 4.2 (b) Same data file with only 1024 points plotted



4.3 Acceleration and displacement records

Conventionally, particle accelerations and displacements have been 

determined from particle velocity versus time records simply by assuming 

that the seismic signal is simple harmonic in nature. From the examples 

shown so far this is clearly not a valid assumption. Having digitized 

records of particle velocities therefore was a perfect opportunity to 

determine accurate accelerations and displacements.

Acceleration records were calculated first, 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, central difference formula:

* a. = —iii---- i—i i = 1.......n. n = number of
1 241

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

listed in Appendix C.6' . A problem that occurred here was that only one parti­

cle velocity record could be differentiated at a time. This was because the 

FORTRAN tape drive facility’ on the IBM 360 could not accommodate reading a data 

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

another data file all in one computer job. Therefore all computer programs 

used subsequently had to be run once for every file processed, i.e. a number 

of files could not be processed simultaneously 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, however, it was found that a linear 

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

* ~ preferential formula a. = (y^ - v^_1)/At



plot horizontally, i.e. before and after the blast record, when displace­

ments should be equal and zero, the displacement values differed signifi­

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.

OFFSET

■

FIGURE 4.3 Data file containing DC offset I

A loop was inserted into all programs used, which firstly calculated f

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 i

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 same 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 4 displacement files with a DC offset present 
and with the offset removed



The reason this error was generated by Che displacement computation was that 

cumulative 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 records is included in Appendix B.2. To 

determine if data was being lost by the numerical integration and dif­

ferentiation, the record obtained from the differentiation of a velocity 

file and then integration of this record was compared with the original 

velocity record. The comparison 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 records obtained in the above manner 

then had to be quantified. This was done with reference to the original 

paper records of peak particle velocity. The method of doing this is 

explained in Appendix B.l.

6.4 Comparison of acceleration records obtained from (i) direct differen­

tiation and (ii) simple harmonic assumptions.

As has been mentioned before, it has been conventional in the past to 

obtain acceleration values from velocity records by assuming the seismic 

waves behave in a simple harmonic i&snner. The acceleration is then given 

by: a = 2irfV, 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 therefore compared with the 

values found by numerical differentiation. This latter technique should 

giva accurate values of acceleration since the time interval used is ex­

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



is well defined. The results of this comparison are summarised in

Figure 4.5 is a visual comparison of this data. The accelerations from 

simple harmonic motion calculations are plotted against accelerations ob­

tained by direct differentiation. The line with a slope of 1,0 shows the 

relationship between these two accelerations if they have a 1:1 ratio. The 

majority of the points tend to fall below this line. This means the 

calculation based on the assu..: tion of simple harmonic motion underestimates 

the value of the acceleration. This is a potentially dangerous situation, 

and the value of the ratio a^/a^ shown in Table 4 can be considered as being 

a factor of safety.

The accelerations found by the two methods shown appeared to 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 an asterisk in Table 4• It can therefore be concluded 

that she assumptions of simple harmonic motion give: an accurate estimate 

of acceleration when the peak acceleration and velocity coincide, and 

otherwise tend to underestimate the actual acceleration.

4..5 Relative displacements; and stress determinations

Using the displacement records obtained in the previous section it was 

possible,for the four vertically inclined seismometers, to obtain records 

of the relative displacements, between the points represented by these 

seismometers, with respect to time.
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To obtain these records the two displacement records to be used in 

the calculation we.:e shifted with respect to one another, until a time 

origin common to both records was located, and the subtraction between the 

two records was then carried out. This data was stored on a magnetic 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 instantaneous maximum stress 

level was during a blast a simple elastic equation of the fora

a =BE was used, where a is the stress (N/mm2)

E is Young's !",us (if/mm̂ )

and I is the • •• „..ven by AL/L

where AL= increase in distance between 
two points 

L= original distance between above 
two points

A represen tat:, i value for E = 4 x 103MPa (40 kbar) was used.

To determine the ma,.' tnim stress AL was approximated by the maximum relative 

displacement between two points, The assumption of elastic conditions seems valid 

since the displacements occur over such a short period of time (the order of one 

tenth of a second). These results are presentav in Table 5. The 

stresses do not appear to be directly related tj the blasting parameters 

other than being approximately inversely prop i,-rirnal to the scaled distance.

This is probably due to the inherent non-uniform >',>.■ cure of the records.

What is noticeable is the consistently low vuliins Cor seismometers C and E.

A possible reason for this could be that the two points are vibrating in 

phase, which is a potentially dangerous situation. This possibility was



investigated by writing a program to calculate the normalised cross- 

correlation between two sets of displacement data. The m  .'malised cross- 

correlation is given by

*xy(L)nora T*x^(°)* ” (0T  }i

where *^(L) « £ x^+Ly^ where L is the offset between the two data

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

*^(0) - Z x.2 and <#>yy(0) = E y^2

Normalised correlation values must lie between ±1. A value of *1 indicates 

perfect copy and a 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 harmony.

To check the accuracy of the relative displacement determinations two 

digitized records were made of the same event. Numerical integration was 

carried out to get displacement records, and the normalised correlation 

was carried out after setting these two records to a common time ori.git 

as described before. A correlation of +0,969 was achieved which was con­

sidered sufficiently accurate. The correlation 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 E. These values 

however, are not large enough to suggest resonance being a distinct possibility. 

From the results presented in Table 5, it would therefore appear that 

the relative response of points (in a vertical plane) in the underground 

workings is random and fairly independent of the blasting parameters.





Comparison of induced stresses with original stress condition

The induced instantaneous stresses shown in Table 5 were relatively 

low considering that velocity levels approaching half the recommended 

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

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

by Salamon and Oravecz (12) was used. This formula 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

(UP a)

■3where W is the weight of the overburden in kN/m 

A is the total area of the workings (m2)

Ap is the total area of pillars (m2)

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 average density of 2315,4 kg/m^ was found, 

with a standard deviation of 127,6 kg/m^. The weight of the overburden 

is therefore 2315,4 x 9,81 x 10 3 

» 22,71 kN/m2 

From measurements taken of the instrumented pillar:

Bord width «■ 6 m 

Pillar width “ 6 m 

Therefore A * 144 m2 

and A = 36 m2



" 48.

22,71 x 144 x 56 x 10 ~ = 5,C

which although an approximation, indicates the original stress level 

to be mote than one hundred times higher than the instantaneous induced 

stresses.



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 Che detection of 

aircraft. Problems occurred however, since noise frequency interfered 

with the interpretation of radar signals. Considerable effort was there­

fore directed at the 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 technology revolutionarised seismic exploration.

Seismic data is the variation with time of the output of geophones, 

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

city or acceleration. When dealing with this data we are dealing with 

the"time domain". It is useful to consider seismic signals as the super­

position of a number of sinusoidal waves differing in frequency, ampli­

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

that is, frequency is now the independent variable. This transformation 

of data from the time to the frequency domain is facilitated by the 

Fourier Transform.

5-2 Fourier series and transforms

The French mathematician Jean Baptiste Fourier discovered that 

periodic time functions can be broken down into an infinite sum of proper­

ly weighted sine and cosine functions of the proper frequencies. The 

mathematical equivalent of this discovery is



x(t) "«, + E a Cos ( r ~ )  + b Sin ( ^ ™ )

where T is the period of x(t), i.e. x(t) “ x(t+T)

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 Transform. The Fourier Transform pair is defined as:

Sx(f) * ^x(t)e *2ir*c dt (forward transform)

x(t) = J'sx<f)ei2,r£t dt (inver > :rc- . nn)

S (f) is known as the Fourier Transform of x(t) ana contains the amplitude 

and phase information at every frequency present in x(t)

5.3 The discrete finite transform

In order to implement the Fourier transform digitally the continuous 

analog signal must first be converted into a series of discrete data 

samples.

The Fourier transform is now calculated as follows:

sJ'(E) = R x(n& t V i2,r£mlt ....... 5.1

where x(nit) are the measured values of the input function.



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 (£). S - (f) instead accurately describes 

the spectrum of x(t) up to some maximum frequency F .given by

Fmax = Ibt uhere ** sample spacing.

If the input data is sampled from a zero time reference to time T 

seconds, then

where H is the number of samples, and T is the "time window".

This is equivalent to truncating the above equation, meaning we no 

longer have an infinita nuaber of time points. It is not possible there­

fore to calculate magnitude and phase values at an infinite number of 

frequencies between zero Hz and F . The truncated version of equation

5.1 does not give a continuous spectrum. The discrete finite transform 

(D.F.T.) is then given by

Sx (mtif) - it E x<R,At)e-l2inBA£o&t .........  5.2

Since only periodic functions have such a ’discrete’ frequency 

spectra, equation 5.2 requires chat the input function be periodic 

with T, i.e. the function observed between zero and T seconds repeats 

itself with period T for all time. Since a seismic signal does not 

repeat itself this assumption of periodicity is violated, causing dis­

tortion of the transform and the reconstruction of x(t) via the inverse 

transform.



This effect can be reduced by:

(i) Subtracting any d.c. offset or linear trend from the data. ?!

(ii) Tapering the data at the edges, prior to transforming. f.

This is called "windowing". •.

5.4 Windowing

Using the discrete finite transform implies that only a window T 8

units long of the original signal x(t) is being considered, i.e. if %

the function to be transformed is f*" (t) then :i

f (t) = W(t).f(t) ii

where M is the shape of the window function. j
Making use of the convolution theorem ^

F1 (y) = W(w) *F(ui) (u 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 )>

(ii) a nearly flat bend for good amplitude accuracy. ;j

The simplest window is the "boxcar" function, defined as j:«

II(t) - 0 |tl > 1 4f]
= 1  |c| < 4 J

The transform of this function is ain m , which possesses a narrow, 

but strongly sloping central lobe, with high and slowly decreasing side ^

lobes as shown below . f;



Time Window
'Continuous' Fourier 
Transform of Time 
Window

FIGURE 5.1 Rectangular Window and Transform

The strongly sloping central lobe gives poor amplitude accuracy, 

while Che high side lobes cause "ripging" and mask nearby frequencies.

A better window is one which tapers the edges of the function to 0 

and T e.g. the Hanning window.

This then has a wider, less strongly sloping central lobe and small 

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

W(t) - 1(1 - t cos (2irt/T»l

Some Uncertainty

Hanning Window

FIGURE 5.2 Hanning Window and Transform



5.5 Application of Fourier techniques Co 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 Spoetiswoode and McGarr (13)used data from an underground 

geophone array at E.K.P.M. mine in Boksburg to calculate magnitude and 

energy content of rockbursts in the vicinity of the above mine, using 

spectral analysis techniques. Although this investigation was aimed 

primarily at determining source parameters for the seismic events, 

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

well defined, the analysis techniques are very similar.

The application of spectral analysis techniques to the potential 

damage capacity of blast induced vibrations is a much 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:

P(u) = F(<i>) F (to) 

where P(iu) is the power spectrum

F(iu) is the Fourier Transform of the time domain x(t)

F(w) is the complex conjugate of F(a>)

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 lost.

The power spectrum has found many applications in engineering, from



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 power spectrum as a tool for determi­

ning whether there was a possibility of resonance occurring in the under­

ground workings.

5.7 Fourier and spectral analysis of blasting data

In order to analyse the velocity-time data using the spectral analysis 

techniques just discussed a program was developed to calculate, among 

other things, Che Foutier Transform of the original signal, displacement- 

time relationships, energy, power spectrum and spectral density of the 

original signal. This program is included in Appendix C9 together with 

z\ discussion of the input requirements and capabilities of the program. 

tZo 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 

obtained from the hanging-wall seismometer. This was due to two reasons:

(i) This seismometer provided more data than any of the other 

seismometers (nine events).

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

and since this zone is usually in tension and is less restrained 

than the pillars, the possibility of resonance occurring seemed

5.7.1 Investigation into possible resonance using Power Spectrum

As mentioned before, the Power Spectrum of a signal gives a very good 

indication of the relative importance of different frequencies present in 

the signal. A capacity for calculating the Power Spectrum of the Fourier



Transformed data was therefore included. To test the effectiveness of this 

calculation, a digitized 14 Hz calibration 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 peak occurs, that at 14 Ha. The peak should theoretically 

be a spike at 14 Hz. The reason for the shape in Figure 5.3 (a) can be seen 

from the original raw data input, shown in Figure 5.4. It is clearly im­

possible to get a coBipJptsly 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. not all the frequencies have exactly the 

same number 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) correspond 

to 4,8 mm/sec.

The power spectrum of the nine blast induced seismic signals can now 

be compared with Figure 5.3 (a). These are shown in Figure 5.3 (b) - (k). 

There is a general trend for higher frequencies to be present in those sig­

nals recorded for blasts which occurred 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 respectively. Compare this with Figure 5.3 (j) for which 

there is no significant signal above 30 Ha. This spectrum corresponds to a 

distance of 1500 m. The reason for this is because the higher frequencies 

are attenuated more rapidly whereas low frequencies.(<20 Hz) are transmitted 

for large distances as the energy loss is proportional to frequency sad in 

addition these frequencies possess most of the energy.

There appears to be no direct correlation between the amplitude of 

the Power Spectrum and either distance from blast (d), charge weight/delay 

(w), velocity (v) or D/ZvTi This was established by plotting the various 

combinations on both ordinary and log-lr. graph paper. It was therefore 

concluded that the power spectrum is not dependent on any of the blasting 

parameters previously discussed. A. blasting parameter which could affect 

the power spectrum amplitude is the delay interval which occurs between
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the detonation of the various holes constituting a blast. Insufficient 

data concerning this factor was available to make a significant com­

parison. An interesting feature is the single large amplitude spike 

in Figure 5.3 (k). This could have been predicted 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 to the question of whether there is a danger 

of resonance occurring in the hanging-wall. The largest amplitude 

is barely twice as large as the calibration signal, which only cor­

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

with the fact that no extraordinary large displacements were recorded, 

leads to the conclusion that the hanging-wall system is too restrained 

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

The maximum values of power spectrum are tabulated below in Table 6,

Figure 5.3 Power Spectrum Kg/relay Distance (m) Velocity mm/sec

(a) 4,8

(b) 3,1

(c) 7,0

(d) 16,4

(e) 2260 22,4

(f) 1868 1850 11,3

(8) ' 897 10500 1,8

(h) 500 8,3

(j) 9000 9,0

(k> 1852 2900 -
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5.7.2 Relation between energy present in a signal and size of blast

In 1972 Ferret (17) showed that for equidirectional radiation and 

for r»c/w (where r is the hypocentral distance, c is seismic wave velo­

city and w is angular frequency), the seismic energy radiated by the source 

in the form of P or S waves is

Ec ■ -Supcry"<^dt

The average seismic wave velocity for sandstone is about 2,5 - 4,0 km/sec 

(18) and the average frequency for seismometer F was ±20 Hz, therefore 

w - 125,66 Hz 

c/w = 2500/125,66

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

and since the minimum value of r is 125 o  the above formula may perhaps 

not be strictly applicable. The energy content of the signal is determined 

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

Using the value obtained in this manner a relationship between 

Ev2 and size of blast was sought. It was found that the total weight 

per blast, and hot the maximum charge weight per delay, provided the best 

relationship when plotted against r2Zv2. This relationship is shown in 

Figure 5.5. A straight line was fitted to the data using log-log coordi­

nates and although there is some scatter, and one outlier (the blast of 2/3), 

the direct proportionality relationship between energy and r2Zv2 is veri­

fied. A possible reason for the scatter of results is that it was not always 

possible to ensure the time window chosen included all the velocity-time data. 

So-. .• -ata may therefore have been lost.

The above relationship could be useful in determining the size of



an unknown 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 

because 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 or^lv^. There is in fact a va­

riation of these properties (Shale, sandstone and coal all having different 

properties). A worthwhile study may be to establish whether this is 

the case for ocher rock/soil system as well.

5.7.3 Calculation of source moment from spectral deno'.tY

The low frequency "plateau” of the spectral densitv is proportional 

to the seismic moment. The exact relationship is given by: (16)

where R(o) is the low frequency limit 

M is the seismic moment

% p ( G , i s  Che geometric radiation pattern 

r is the source-monitoring point distance 

0,6 are the P and S-wave velocities respectively 

From the above equation, M ©<fi(o).r and since r is known for each 

blast and 0(o) can be found from the displacement spectrum, relative 

values of M can be calculated for each blast. Alsolute values were not 

calculated because the radiation pattern is a totally unknown quantity, 

especially considering the number of free faces encountered by the seismic 

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



product fl(o) was calculated in program C9 and is stored in array 5PECT.

For further details see comment statements in Appendix C9.

The values calculated as above are shown in Figure 5.6 and the spec­

tral densities are included in Figure 5.7. Once again when the para­

meters (total charge weight and fl(o).r) were plotted on log-log co­

ordinates a very good correlation was found to exist. Figure 5.6 shows 

this data plotted on log-log axis with a straight line fitted to the 

points. A correlation as good as that obtained is very surprising 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 relationship is obvious and this once again 

enables unknown blast sizes to be established to some degree of accuracy 

simply by measuring ground movements. Amplitude spectra observed shows 

that the product fl(o).r is proportional to the rockburst size, or the 

energy released by the rockburst. This study indicates that this value 

could perhaps be quantified and related to the amount of energy released 

by mining excavations.

5.8 Conclusions

Theuse of spectral analysis techniques in analysing blast vibration 

data provides some useful information. If the danger exists that vibra­

tions due to blasting may have the same frequency as the natural frequen­

cies (fundamental and overtones) of an underground system, this will 

become evident by the constant monitoring of the Power Spectrum induced 

by such blasting. It is suggested that this fact may find 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.



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

the products r^Ev^ and fi(o).r were reasonably successfully proved.
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Figure 5.7 Amplitude Spectral Densities for Hanging Wall Seismometer 
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APPENDIX A : Statistics related to Blasting
Operations





APPENDIX A2 Example of blast vibration record

Rietspruit open cast coalmine Blasting vibration levels

Shown below 

frequencies for 

and array 2.

re the maximum velocities 

the blast of 16/10/1979 fo

and corresponding 

r geophones of array 1

GE0PH0NE MAXIMUM VELOCITY (mm/sec) FREQUENCY (Hz)

1,65 19,8

B 4,35 11,9

c . 3,95 16,9

B 7,42 14,8

E 7,35 29,6

1 ■ 8,29 19,8

ARRAY 2

GEOPHONE MAXIMUM VELOCITY (ms/ ec) FREQUENCY (Hz)

3,3 11,4

1,5 34,1

3,4

5,6 15,2

The distance from the blast co the instrumented pillar was 1S5 m 

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



APPENDIX A3 Log of borehole sunk adjacent to instrumented pillar
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APPENDIX A4 Record of surface velocities adjacent to earth dam - 28/9/1979

Rietspruit open-east coalmine Blasting vibration levels - 28/9/1979

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

the pit workings six geophones were installed at increasing distances; 

from the blast. Shown below are the velocity levels and distances from 

the blast for these geophones:

Maximum velocity 
(mm/sec)

Distance Orientation n,yw D/ 1/. 
W 3

190 Vertical 1.38 7.12

Vertical 1-76 9,11

Vertical 13.3

469 Vertical 3.40

Vertical 4.14

Horizontal

These peak values occurred at 2,3 sec after bias: initiation.



APPENDIX B s Graphical Representation of Blase Vibration Data



APPENDIX B.I

Method of quantifying the acceleration and displacement records 

The acceleration at any sar.ple i was determined from the formula

a. = where t is the sample spacing and V is
1 ? t

velocity

A program was written to scan a file of data and write out the maximum 

absolute digital value found in this file and the sample number of which 

it occurred. This value then represented the peak value (e.g. particle 

velocity) in that particular file of data. Since the actual values of 

the peak particle velocities were also known, from the original records, 

it was then possible to calculate how many units of digital data repre­

sented 1 mm/sec. This scanning program was then used on the acceleration 

files and the maximum value, and sample number at which it occurred, i, 

were noted. The digital values of velocities at samples i+1 and i-1 

were then determined and converted into values in ram/sec. At is known from 

the sampling rate (in seconds). The actual value of the maximum accelera­

tion can then be obtained from the formula at the top of this page.



APPENDIX B2 Example of velocity and corresponding acceleration record
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APPENDIX B3 Comparison of data file subjected to differentiation, and then 
integration, with original file

Original velocity file as recorded in field

Velocity file, after differentiation and reverse integration

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



APPENDIX C : Computer Programs Used in Data Analysis



APPENDIX C.l

Calculation of confidence intervals

The main object of calculating the particle velocity records shown in 

Chapter 3 was so that safe limits could be estimated for monitor-to-biaat 

distance or charge weight per delay. This is done by extrapolating the 

Chapter 3 graphs back to 50 mm/sec velocity limit and then determining 

Cbe corresponding allowable scaled distance. Some inaccuracy is inevitable 

when dealing with a problem incorporating as many unknowns as the propagation 

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 predict future velocity levels. A 95% confidence level was 

chosen. This means that the probability of the data predicted by the 

empirical scaling law falling within the calculated confidence interval is 

0,95.

A 100(1 -c0% confidence interval for 

A + Bxq is given by:

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 calculations, 

x is any value for which the corresponding y value is required, 

t is a statistical random variable, *•' . student - t distribution,

n is total number of points. 

x is mean of rvalues.

S(X2) - £xi‘
2 . 1.Vndx.y



S«y ' ( 'lyi ' 1/n - VntEXjXSyj))}/!.-!

The program that was used to calculate the variances shown in Chapter 

3, table 3 was extended to calculate the term shown under the square 

root sign. The input data for this program was the same data as 

that used to plot graphs 1 - 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 SO in 'this 

program. This is shown in Table 3 which was drawn up from the results 

of the above analysis.

The confidence limits calculated in this manner are shown below:

SEISMOMETER CONFIDENCE LIMIT 
+ (mm/sec)

A -

B 1,6

c 1,4.

D 1,4

E 1,5

F 1,4

1 -

2 1.8

3 1,3

4 1,4

5 1,3

6 including data of 28/9 1,8

6 excluding data of 28/9 2,0
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APPENDIX C5

Plotting programme

To ensure that the digital data stored 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 required 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 block 

(each block contains 1024 samples).

(iii) The number 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:

bb300bbbb 3b102 ft



APPENDIX C5

Plotting progratnma

To ensure that the digital data stored 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 required 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 block 

(each block contains 1024 samples).

(iii) The number 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. corresponc'ng to 

file 97 the input is:

bb300bbbb3bl024
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APPENDIX C9

Spectral acalysis program

This program makes use of a subroutine HARM, which is a package 

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 then read. This was experimentally deter­

mined by Spottiswoode and McGarr (13), and is shown below in Figure 09.1

ic r" "1 ip r '" ''1'[s r" " "1[7 5 '"/1 2ocr/1 jss- ''”12

FIGURE <19.1 Experimentally determined system response

A low-pass filtering facility is provided. The order of the polynomial 

specifying the filter determines the sharpness of the cut-off at the low- 

pass frequency. Any frequency may be specified, or, as in our investiga­

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



meat was located far from an 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 present 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 seismic data, before it is recorded by the recording equipment,

Various functions are then calculated 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 Che higher 

frequencies are somewhat attenuated, (iii) The displacement-time relation 

which is simply calculated from a numerical backward difference formula.

(iv) The energy present in the seismic signal. This is calculated from 

a 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 

basis for checking whether there was a possibility of resonance occurring 

in the hanging-wall. (vi) Displacement spectrum vs. frequency which is 

plotted on log-log axes. This function has been used to predict source 

parameters for earthquakes (14 and 15).
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