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FOREWARD

This report was prepared by Wilson Blake, Consulting
Mining Engineer, Hayden Lake, Idaho, under USBM Contract
No. J0215002, The contract was initiated under the Metal
and Nonmetal Health and Safety Research Program. It was
administered under the technical direction of the Spokane
and Denver Research Centers, with Mr. J. R. McVey and Mr.
F. W. Leighton acting as the Technical Project Officers.
Mr. A. M. Lechuga was the contract administrator for the
Bureau of Mines. This report is a summary of the work re-
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mitted by the author on July 12, 1982, No patentable features
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CHAPTER 1
THE MICROSEISMIC METHOD

The popping and cracking of the rock accompanying the exca-
vation of some underground openings has long been recognized by
miners as a measure of the stability of the rock surrounding that
opening. Any sudden anamolous change in this "rock talk" was gen-
erally interpreted as a sign of potentially unstable conditions.
This would normally result in the miners leaving the face to
allow the rock to settle down. Though this phenomena of rock talk
or rock noise has been reported for many years, not until the late
1930's was special listening equipment developed which allowed an
estimate of rock structure stability based on an analysis of de-
tected rock noise.

Introduction and Background

The microseismic method had its beginning in 1938 when the
U. S. Bureau of Mines conducted research to determine whether a
relationship c¢ould be established between seismic velocity and
pillar load. Two seismic geophones were placed in a pillar at
a predetermined separation and a seismic wave caused tc propagate
along the pillar. From the time it took this wave to travel be-
tween geophones a seismic velocity could be calculated. It was
postulated that high pillar loads would be reflected by higher
than normal seismic velocities. During these tests it was noticed
that spurious seismic signals at a rate of 4 or 5 a minute, were
apparently being generated within the pillar. It was inferred
that these naturally occurring seismic signals were related to
high stress conditions in the pillar (1).1

Similar tests in a deep copper mine detected these same self-
generated seismic signals. In this case the correlation with high
stress was apparent. During the test, ground that had been guiet
became seismically noisy, and this noise increased for some 15
minutes before terminating with a rock burst some 50 feet from the
test site. It was postulated that if a period of this seismic
noise always preceded rock bursting, its detection might be used
to forewarn of rock bursts (2).

Based on these findings, the Bureau of Mines began laboratory
and field tests to learn more about the occurrence of these self-
generated seismic signals. Laboratory tests showed that rock
specimens stressed in a testing machine did emit these seismic
signals (subaudible rock noise), and the number of these rock
noises increased dramatically as failure approached (3), as shown
on figure 1-1. Hence, this became the basis for the microseismic
method of determining rock stability.

1. Underlined numbers refer to references at end of chapter.
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The microseismic method is based on the fact that rock under
load responds by making small-scale displacement adjustments to

reach a state ¢f equilibrium. If equilibrium cannot be reached,
these adjustments become more freqguent and are characterized by
the release of seismic and acoustic enery--audible rock noise.

In addition to these audible noises, a much larger amount of sub-
audible rock noise is produced that can be detected only with
sensitive geophysical egquipment.

The initial microseismic listening equipment was guite sim-
ple. It consisted of a geophone to detect the rock noise vibra-
tion and convert it to an electrical signal, an amolifier to
increase the level of the signal up to 10° times, and a head set
for listening to the amplified signal.

Early field application of the microseismic method consisted
of monitoring or "listening” to suspected unstable rock structures.
The number of rock noises detected was counted and from this a
microseismic rate was determined -- usually the number of noises
per minute. A low steady rate, less than a few per minute, was
presumed to be the stable background rate. A high rate, greater
than 10 per minute, was indicative of potentially unstable condi-
tions. Any sudden and dramatic increase in microseismic rate
{(10-to 20-fold) was interpreted as indicating a nearby rock struc-
ture failure was likely, and probably imminent.

Early Use and Failure Prediction

Initial field use of the microseismic method was directed
towards prediction of rock bursts. This work was carried out in
the U. S. by the Bureau of Mines (4), and in Canada by the Fed-
eral Department of Mines (5). While it was hoped that all rock
bursting would be preceded by an easily recognizable and dramatic
increase in the microseismic rate, it was found to be not so clear
cut in practice. This is best illustrated by figure 1-2 which
shows the results of microseismic monitoring in a burst prone mine
in Northern Michigan. It should be noted the "predictions" were
not made during actual monitoring, but after the fact using burst
criteria based on detailed analyses of the data. During the 40-
day monitoring periocd 14 predictions would have been made; 9 pre-
dictions would have been followed by bursts, 5 predictions would
not have been followed by bursts, and 2 bursts would not have been
predicted. It was concluded both in the U. S. and Canada that
the microseismic method was not accurate enough for routine,
practical rock-burst prediction.

The microseismic method was also being used in a number of
hard rock mines to detect unstable pillars and loose roof. The
procedure was to monitor active working areas in a mine by insert-
ing geophones into drill holes in pillars or walls and listening
for 15 to 30 minutes. Stable conditions were reflected by low
microselismic rates, and unstable conditions were characterized by
high and increasing noise rates., Plots of microseismic activity
for different mine structures were normally maintained so that
trends in the data could be seen.

-12-
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The success of most microseismic monitoring largely depended
upcen the listener's knowledge and enthusiasm. With a little ex-
perience an operator could easily distinguish rock noise from
mine and cultural noise. 1In fact, some operators became very
good at judging whether the rock noise was from a pillar or from
the surrounding rock. An experienced operator could monitor
during mining activity, but usually monitoring was conducted be-
tween shifts or during lunch or dinner breaks when mining activity
was curtailed or at a minimum. While the microseismic method
showed real potential, determination of a true rock noise event
and its location was frought with uncertainty.

Publication of the initial Bureau of Mines results led to
use of the microseismic methed throughout the world in both hard
and soft rock mines and civil engineering excavations. Monitor-
ing procedures were essentially unchanged except that single
channel monitoring was often replaced by multigeophone monitoring,
with the output of the amplified geophones recorded on slow-speed
chart paper. This not only allowed monitoring of a larger area
but, enabled observers to make judgments about the origin and
relative size of individual rock noise events. It was presumed
that when an event was detected by more than one geophone the
channel reflecting the greatest amplitude was nearest the source.
This type of reccrding made determination of a true rock noise
event easier, since most events would appear coincidentally on
two or more channels. Furthermore, recording intervals could be
programmed on timers, which eliminated the need for manned moni-
toring.

However, the overall results of these monitoring efforts re-
mained the same -- it was too subjective and gualitative to be
reliably used for delineating high stress or potential failure
zones. There were some notable infrequent successes, but by only
a few special operators. Hence, after nearly 20 years of use,
the microseismic method was still regarded as more of a novelty
than an engineering tool. It had not really advanced beyond its
initial, early successes, despite considerable usage and continued
research by the Bureau of Mines (§).

During this period the same phenomenon was independently
discovered in metals and referred to as acoustic emissions.
Acoustic emission research in metals rapidly expanded, enjoying
somewhat greater success than that achieved with microseismic
monitoring in geclogic media.

Using the results of microseismic or acoustic emission moni-
toring, whether in rock or metal, one could say only that a
potentially unstable condition existed. Generally it was impos-
sible to pinpoint or delineate the unstable zone, and when a
failure was expected it was essentially impossible to predict its
time of occurrence.

-l4-



Evolution and Refinements

With the coming of the space age in the early 1960's and
resulting availability of solid state, off-the-shelf, electronic
components, both microseismic and acoustic emission techniques
became more sophisticated. Single-channel monitoring with 1940
vintage equipment gave way to multiple channel monitoring on
magnetic tape. The fact that a single rock noise or acoustic
emission event could be detected by a number of geophones prompted
researchers to try determining the source location by triangula-
tion. On the Witwatersrand in South Africa, Cook used an array
of 14 velocity gage geophones to locate the source of large seis-
mic events and rock bursts accompanying deep mining (7). His data
was recorded on medium speed magnetic tape, and source locations
were determined from the first arrival times of the seismic wave
at each geophone. He combined this information with the geophone
coordinates and used a string model analogue to calculate the
source coordinates. He reported that most of the seismic activity
released by mining was located in the solid rock immediately ahead
of the working face.

In the mid 1960's the Bureau of Mines reactivated microseis-
mic research because of increasing interest by both mining angd
construction companies in the microseismic method. A broad-band
microseismic system was developed for determining microseismic
event source locations in the field (8). Using this new equip-
ment and new data analysis procedures it was rossible to detect,
locate and plot the source of each microseismic event (9,10).

From such studies in deep mines it became possible to delineate
high stress zones, potential rock burst zones, and to recognize
some characteristic patterns that lead to rock bursting, as shown
on figure 1-3. <Concurrent research on rock bursting demonstrated
that in certain instances bursting could be controlled in mine
pillars by drilling and blasting destress holes (ll). The micro-
seismic method proved invaluable in evaluating the results of
destressing efforts. Seeing the potential of this research as a
practical tool for deep mining, the Bureau of Mines developed an
automatic rock-burst monitoring system which they called an

RBM (12). This was followed by development of a minicomputer
monitoring system which the Bureau of Mines still uses in research
investigations.

Laboratory studies utilizing source locations of generated
microseismic events in specimens under increasing load showed that
it was possible to map the location of microfractures. Further-
more, under increasing stress, these isoclated microcracks began
to group and coalesce along the eventual major failure plane (13,
1l4). During this same period acoustic emission researchers woTK-
ing in metals developed similar monitoring eguipment to study the
behavior of vessels under high pressure. They affixed an array
of detectors or pickups on the outside of the vessel to detect
and locate acoustic emissions as the vessel was pressurized. With
high speed electronic counting and processing equipment it was
possible to detect and locate acoustic emissions at rates up to
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thousands per second. A minicomputer controlled this type of
monitoring system and displayed source locations and event rate
counts for different areas of the vessel on a TV screen in real
time.

The ability to locate the source of a microseismic or acoustic
emission event essentially revolutionized the microseismic method.
This led to rock burst monitoring in deep hard rock mines, coal
bump monitoring in deep coal mines, location of trapped miners,
mapping of hydrofractures, etc. Also, microseismic monitoring of
surface structures, such as open pit mines, has been used to de-
tect and locate potential sliding planes.

Meanwhile, traditional microselsmic monitoring with single
channel equipment continued in both underground and surface ex-
cavations. Though these efforts weren't generally as successful
as monitoring with locating systems, the use of the microseismic
method in evaluating the stability of landslides or cut slopes

proved to be effective (15,16,17). The most noteworthy of these
efforts was the work routinely carried out by the California Hi-
way Department tO evaluate slide zones (18). Here it was shown

that high microseismic rates were indicative of a moving or un-
stable slope. In some cases road closures through landslide areas
were based on the results of this monitoring.

By the end of the 1960's the microseismic or acoustic emis-
sion methods were being successfully used in both mining and civil
applications in both underground and surface excavations. In
addition, laboratory studies of both rocks and metals provided
needed and useful data with respect to the behavior of these ma-
terials under load. The microseismic methed had finally become
of age as a useful engineering tool.

Engineering Toocl for Mining and Civil Excavations

The use of microseismic or acoustic emission techniques
for determining the stability of structures is now well accepted
in mining, civil and metallurgical fields; however, its mocst
successful application remains in rock burst monitoring. Pattern-
ed after the Bureau of Mines RBM system, the first industrial
owned computer controlled microseismic monitoring system was de-
veloped in 1972 by the Hecla Mining Company for use at their Lucky
Friday Mine. Since then mining companies have installed rock
burst monitoring systems in the Western Deep Level Mine in South
Africa, the Sunshine, Star, Galena and Crescent mines in the
Coeur d'Alene mining district of North Idaho, Mount Isa Mine in
Australia, the East Malartic, Creighton and Falconbridge mines in
Canada, and the E1 Teniente Mine in Chile.

-17-



Data from these monitoring systems are used to delineate
high stress and potential burst zones and evaluate rock burst
control measures. Based on a sudden increase of microseismic
activity during working hours, as shown on figure 1-4, miners
have been evacuated from stopes prior to the occurrence of a
rock burst (20). Although it is not difficult to delineate
burst~prone areas, the time of occurrence of fewer than 10 rock
bursts worldwide have been accurately predicted with the present
state of the art. Data from monitoring is most often used to
determine where and when destress blasting or a mining change
may be necessary to improve rock burst control. Figure 1-5, a
plot of microseismic energy released by mining in two burst-prone
stopes, indicates that destressing a floor prior to mining great-
ly reduced the seismic hazard (21). Without microseismic moni-
toring it is almost impossible to gquantitatively assess improve-
ments in rock burst control resulting from mining changes.

Microseismic monitoring in underground coal mines has
reached an egually high level of sophistication. Poland, Czech-
oslovakia and West Germany have extensive automatic monitoring
programs in progress with very encouraging results in improving
ground control and reducing the hazard from coal bumps (22, 23,
24). In the U. S. The Bureau of Mines and Pennsylvania State
University have been conducting similar monitoring programs (25,
26).

In the civil engineering field, microseismic or acoustic
emission monitoring has been found useful in a wide variety of
applications. Stability monitoring of large underground storage
cavities, particularly those containing a pressurized gas, has
great potential for detecting and locating any potential failure
zones (27). The monitoring of earth dams and embankments is
rapidly becoming routine as a result of the research and field
studies carried out under a Bureau of Mines contract by Drexel
University over the past few years (28, 29).

In addition to field studies in the low to moderate frequency
ranges, 10 - 10,000 Hz, an increasing number of studies are being
conducted at much higher frequencies. Monitoring in the 35+ KHz
range has been successfully used to detect potential outburst
zones and roof fall areas in coal mines (30,31).

It should be noted that single channel listening is still
providing effective results in a number of mining and civil appli-
cations. Although the data from this type of monitoring may be
more gualitative than quantitative, there are advantages to having
portable instrumentation that can be easily transported to any
particular suspected problem area and immediately put into ser-
vice.

Besides field applications, microseismic or acoustic emission

monitoring studies are proving to be very useful in studying the
mechanisms of rock failure. Much of this work is being carried
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out by the U. S. Geclogical Survey in conjunction with their
earthquake research (32, 33).

The level of sophistication of the latest microseismic or
acoustic emission monitoring equipment has presented problems for
mine operators or construction contractors in finding personnel
with the training and background needed for installation, main-
tenance and operation.

Need for Microseismic Handbook

Mining and construction companies throughout the world have
shown great interest in using microseismic monitoring to deal with
specific ground control problems. They have resources for pur-
chase but have expressed concern or experienced difficulty in
finding and maintaining staff knowledgeable enough to develop,
install and adequately operate a microseismic or rock burst mon-
itoring system,

Because most applications differ with respect to site, con-
ditions and purpose, monitoring systems are generally tailored to
suit a particular use; hence, the selection of the components of
a system is critical. Also,even the most sophisticated state-of-
the-art microseismic monitoring system will not function properly
if not installed correctly. The choice of the number of geophones
and their location is critical for accurate source location. Fur-
thermore, the proper operation of a microseismic monitoring system
is the key to cbtaining usable data.

This publication has been prepared because of industry's need

for practical guidelines dealing with all phases of microseismic
monitoring.
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CHAPTER 2
PROPERTIES OF MICROSEISMIC EVENTS

The mining of underground openings changes the stress field
immediately ahead of an advancing face. The new heading is sub-
jected to stress increases of from 2 to 5 times the premining
stresses. The rock responds by deforming, and, if the loads are
high enough, by cracking.

Microseismic Activity

Microseismic activity is generated by the deformation and
cracking of the rock around an opening as it tries to achieve
eguilibrium under a new geometry or changing stress conditions.
if equilibrium is reached, the deformation and accompanying micro-
seismic activity cease. If equilibrium is not reached, deforma-
tion and microseismic activity continue. If the deformation
process leads to instability and rock failure occurs, the micro-
seismic activity increases dramatically -- with respect to both
frequency of occurrence and intensity (magnitude).

A specific mechanism that initiates a microseismic or seis-
mic event is not readily determinable. Whether it is sliding,
cracking, shearing, crushing, etc., can rarely be determined --
and then only by rather complicated and time-consuming studies.

Fundamental Properties

Microseismic activity is generally characterized by a set
of parameters associated with the occurrence of a single micro-
seismic event or a group of events. Some commonly used para-
meters are defined as follows:

1) Total Events or Accumulated Activity -- The total
number of events detected during a specific time
interval.

2) Microseismic Rate or Rock Noise Rate =- The number
of events detected per unit time.

3) Microseismic or Peak Amplitude -- The maximum ampli-
tude of a recorded event in arbitrary units.

4) Microseismic Energy -- A measure of the magnitude
of a detected event as determined by any of a number
of methods.

5) Total Energy or Accumulated Energy -- The sum of the

energy released by all events detected during a
specific time interval.
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6) Energy Release Rate or Energy Rate -- The sum of
the energy released by all events detected per
~unit time.

7) Energy per Event -- The total energy divided by
the total events detected during a specific time
interval.

Parameters associated with the waveform of a microseismic event
are shown on figure 2-1. Note that the threshold level is ar-
bitrary, normally set egual to two or three times the background
noise level.

The frequency spectrum of microseismic events is very broad.
Small events associated with the formation of microcracks have
frequencies in the 105 to 106 Hz range. Large events, such as
rock bursts, are made up of frequencies in the 10¢ to 103 Hz
range. It is apparent that, depending on the volume of rock in-
volved and the source mechanism for releasing the seismic or
microseismic energy, the frequency of an event can vary greatly
with respect to both location and time. To further complicate
the frequency characteristics of microseismic events, the earth
acts as a low pass filter; hence, high frequency components of
any event are rapidly attenuated. Figure 2-2 shows the fre-
quency ranges over which seismic and microseismic studies are
most commonly conducted. "Figure 2-3 shows frequency spectrums
for typical microseismic events detected in field studies, in-
dicating that waveform of an individual event is made up of a
wide range of frequency components. Figure 2-4 shows how in-
creased travel time or distance attenuates the high frequency
components of a microseismic event detected at 2 geophone
locations separated a few hundred feet.

Pulse durations of microseismic events vary from micro-
seconds for very small high fregquency events up to tens of
seconds for large rock bursts. Most microseismic events are
low level with respect to energy release. The magnitude and
energy level of microseismic and seismic events depend on the
volume and characteristics of the rock that was overstressed
and suddenly failed or displaced, releasing stored strain
energy. The formation of a microcrack releases energy in the
106 £t -1b range; whereas major rock bursts have been as large
as 5+ on the Richter earthgquake scale. Thus, the energy re-
leased in a microseismic event can vary from something barely
detected with sensitive geophysical equipment to something
felt and heard over tens of miles. 1In general, the larger
the event the lower the frequency, and for all events most
of the energy is contained in the lower frequency components
of the seismic or microseismic wave.
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Whereas, the waveform of a microseismic event is very com-
plex, containing high and low frequency components, it is
generally possible to distinguish both P (compressional) and S
(shear) waves. The P-wave is always the first arrival wave since
it propagates at a higher seismic velocity than the S-wave. (See
Richter's "Elementary Seismology" (3) for a basic treatment of
siesmic waves.) Most of the energy associated with microseismic
events resulting from changing mine geometry appears to be in
the S portion of the wave.

Application to Monitoring

Ideally, microseismic monitoring equipment should be suf-
ficiently broad band to respond to all frequencies. This equip-
ment should also have enough dynamic range to detect all events
from microcracking through rock bursting. Because of equipment
and economic limitations, it is not possible to build a moni-
toring system suitable for all applications. Consequently, one
must generally design the monitoring equipment to match the
characteristics of the microseismic events generated at any par-
ticular site. That is, the frequency response, dynamic range
and amplification of the monitoring system must be capable of
detecting and processing a majority of the events occurring at
a mine or within a particular study zone. Furthermore, the
severity of the problem and the purpose of the monitoring should
be taken into account when developing a monitoring system, as the
costs and hazard resulting from potential failures usually dic-
tate the sophistication of the system.

To select the proper components of a microseismic monitor-
ing system, one must first conduct a test program to determine
the characteristics of the microseismic events being generated
on site. This can be done with a single broad-band geophone,
amplifier and storage oscilloscope, or with multichannel re-
cording on magnetic tape. From such a test program, the fre-
guency range, magnitude range, attenuation characteristics and
propagation velocities of the microseismic events can be deter-
mined. An example of a good test program to determine the
characteristics of microseismic events at a site prior to de-
veloping and purchasing a microseismic monitoring system is the
program that was carried out by Mount Isa Mines in Australia (4).
Before discussing test programs a description of microseismic
equipment is necessary.
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CHAPTER 3
MICROSEISMIC EQUIPMENT

- Seismic, microseismic and acoustic emission monitoring
systems perform essentially identical functions. They all de-
tect and record or register ground motions produced by sudden
shock displacement or failure within a rock mass or other
material.

Components of a Microseismic System

_ The basic components of a microseismic system are shown on
figure 3-1. ‘

Geophones

A point in a rock mass moves up and down and back and forth
as a transient seismic wave passes through the point. These
ground motions can be measured with respect to rock particle dis-
placement, velocity and acceleration with time. Velocity gages
and accelerometers are used as transducers for microseismic geo-
phones. The geophone case, attached to the rock mass, moves with
respect to its contents when the rock mass is vibrated by a
passing seismic wave.

a. Velocity Gages

Velocity gages consist of a case containing a suspended coil
and a fixed magnet (fiqure 3-2). Ground vibrations cause this
magnet to move with respect to the coil in a way that generates
a voltage proportional to the particle velocity, or rate of par-
ticle displacement. Velocity gages are constructed to respond
to vertical or horizontal vibrations, therefore, the gage ori-
entation must correspond to the direction of motion to be sensed.

Typical specifications of a velocity gage transducer would
include:

Size : diameter 1.25 in
: length 1.32 in
: weight 3.9 oz

Core . : weight 0.57 oz
: displacement 0.1 in

Sensitivity : 1.0 v/in/sec

Coil resistance : 870 ohm

Natural fregquency : 8 Hz
Frequency response: 10 - 2500 Hz (+ 5%)
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The low output impedance of a velocity gage is desirable because
it can be readily matched to most amplifiers or recording equip-
ment. The sensitivity (output) of the transducer must be high
enough to allow detection of the desired rock noise activity.
Selection of a high output transducer can scmetimes eliminate

the need for high amplification and provides better signal-to-
noise ratios. It must be remembered that increased amplification
also means increased noise level in a system.

b. Accelerometers

Accelerometers usually consist of a piezoelectric material
attached to a suspended mass such that the motion between the
case and the mass generates a voltage in the piezoelectric ele-
ment that is proportional to rock particle acceleration, or rate
of particle velocity. (See figure 3-2).

Some essential specifications for a piezoelectric accelero-
meter might be:

Size : diameter 1.0 in
: length 0.9 in
: weight 3.8 oz

Capacitance : 135 pF

Sensitivity : charge B85 pcmb/g

voltage 0.35 v/g

Resonance fregquency : 16,000 Hz
Frequency response : 2 - 3,000 Hz (+ 5%).

The electrical characteristics of a piezoelectric accelero-
meter are very different from the previously discussed velocity
gage. The piezoelectric accelerometer is a capacitive device
which has a very high impedance -- stated as a capacitance value.
To match the high impedance output of the accelerometer a charge
amplifier or a voltage amplifier with a high input impedance must
be used.

Velocity gages and accelerometers are most sensitive to vi-
brations in the 1 - 2500 Hz and 10 - 50,000 + Hz frequency ranges
respectively. For this reason, veloclity gages are used for low
to moderate freguency work, such as seismic exploration and
micro-earthgquake studies; and accelerometers are used in higher
frequency applications, such as impact or crack detection studies.

Because of the broad frequency-spectrum (10 to 50 +KHz range)
of microseismic events, transducers in microseismic geophones are
usually velocity gages or accelerometers. Transducers, similar
to those shown on figure 3-2, can be purchased with a wide selec-
tion of sensitivity and frequency response. For detailed micro-
seismic monitoring a highly sensitive accelerometer is normally
used because it is more suited to detect higher signal frequencies.
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For minewide rock burst monitoring a velocity gage is normally
used because of lower signal frequencies. Tests and procedures
for determining the most suitable type transducer for a given
application are discussed in Chapter 4 and Appendix A.

c. Preamplifier

Virtually all microseismic installations use a preamplifier
located at the transducer. For velocity gage transducers the
preamplifier is necessary because the gage output is very low
level, and this signal might be lost in extraneous noise picked
up by the transducer cable and associated connections. For
accelerometers the situation is worse, because its impedance is
very high, and without preamplification any appreciable cable
length will attenuate its output below usable levels.

Impedance between the transducer and the preamplifier must
be matched to prevent both power loss and noise generation. Ve-
locity gages, which have a low impedance output, can be connected
to either a bipolar oxr FET (field effect transistor) type pre-
amplifier. Accelerometers, however, because of their high imped-
ance output, should only be connected to FET or charge amplifiers.
To accomodate either a velocity gage or accelerometer, a high
input impedance (FET) voltage preamplifier is normally used.

The bipolar, single ended preamplifier is a three terminal
device having a common input and output terminal. This type of
instrumentation amplifier is used in most audioc and line driver
applications. Typical specifications for an instrumentation pre-
amplifier would include:

Gain : 1 to 2500 in steps of 1,10,100,1000
Accuracy : + .01% to + .1%

Bandwidth : DC to 100 KHz

Input impedance : 1 to 100 megohms

Output impedance : 0.1 ohm to 100 ohms

Noise : 0.5 microveolt p to p at 10 KHz

2.0 microvolt RMS at 10 KHz
(referred to input)
Common mode : 120 db DC to &0 Hz + 25v
Single ended or differential.
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The FET preamplifier is basically a bipolar amplifier with
a high input impedance. Specifications for this type preampli-
fier would include:

Gain : 10,100 or 1000

Gain stability : + 0.1 db

Bandwidth : 0.1 Hz to 100 KHz

Input impedance : 1000 megohms

OQutput impedance : 30 to 100 ohms

Noise i 2.0 microvolts over 100 KHz

(referred to shorted input).

The charge amplifier is basically an FET amplifier with a
capacitance feedback loop. This amplifier is designed specifical-
ly to be used with very high impedance piezoelectric crystal type
transducers. The charge amplifier has an advantage over the volt-~
age type amplifier because its gain is independent of the input
and cable capacitances. The gain of a charge amplifier is ex-
pressed in mv/pcmb (millivolts per piccoccoulomb). Some general
specifications for a charge amplifier might be:

Input connection: single ended
Source impedance: 50,000 pf maximum

Maximum input : + 10,000 pcmb

Gain : 1 mv/pcmb

Range : .0l g to 10,000 g

Accuracy 1 + 1%

Bandwidth : 0.1 Hz to 10 Kiz

Output impedance: 100 ohms maximum

OQutput voltage : + 10v pk, 0.1 Ez to 5 KHz
Residual noise : 50 microvolts with 1000 pf

Source capacitance

The differential amplifier is most often used with transducers
having low level ouput signals and where common mode and electrical
noise problems are dominant. The unique feature of differential
amplifiers is that their rejection voltage is common to both input
terminals, thereby cancelling common mode and circuit noise volt-
ages which appear equally at each terminal. This results in only
the signal or the differential voltage being amplified. The dif-
ferential amplifier is best suited for minimizing electrical and
grounding noise in applications where low impedance, velocity gage
transducers are used. Specifications for differential amplifiers
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are the same as those given previcusly for the bipolar amplifier.
A more fundamental treatment of amplifiers and electrical noise
problems is given in Appendix B.

The preamplifier should have a fixed gain in the 40 - 60 db
range (100 - 1000 gain), a noise level in the 2.0 microvolt
range {referred to a shorted input), a flat or uniform frequency
response over the frequency range of interest, and low output
impedance to transmit signals over long cable lengths without
losses. The microseismic geophone, consisting of transducer
and preamplifier, must be robust and waterproof and should be
compact enough to fit into a 2 - inch diameter hole.

Cables

In most microseismic applications, the gecphone or geoc-
phone array is placed at some distance from the processing unit;
hence, the geophone ocutput signals must be transmitted. A number
of transmission means, including wireless and fiber optic, are
being investigated for microseismic systems, but presently the
metallic electrical cable is the most reliable, economical and
widely used. Cables offer both capacitance and resistance to
signals being transmitted. A long transmission line acts as a
low pass filter with loss. A high frequency signal (fast rise
time) becomes more rounded and attenuated as the signal propa-
gates down the line. The resistance of the cable wires also
causes an overall reduction in signal amplitude. These combined
effects limit the fregquency response that can be transmitted by
a given type and length of cable. The larger the wire or gage
size the less resistance and usually less capacitance. When
running long lengths one should select a cable with as low a
capacitance and resistance per foot as economically possible,
considering size, weight and installation factors.,.

Microseismic cables must be shielded to prevent electrical
field interference and should have a waterprcof jacket. Vinyl
covered cables are generally not satisfactory for underground
installation. Polypropylene covered cables designed for direct
burial are preferred. Where water is present, such as in a wet
shaft, the cable should be filled to prevent moisture infiltra-
tion should the cable jacket become cut or nicked. Also, armoured
cable is recommended in areas where cables are vulnerable to falls
of rock and/or heavy equipment traffic. For most microseismic
applications 20-or 22-gage stranded cable is used.

For single-encded preamplifiers, 3-conductor shielded cable
is normally used, since the additional conductor permits trans-
mission of power back to the preamplifier. For differential
amplifiers, 4-conductor shielded cable is used so that the trans-
ducer signal common ground is isolated from the earth ground.

The geophone high and low (common) signal lines are tied directly
to the differential inputs of the amplifier, thereby floating the
geophone (no ground).
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Most widespread underground geophone arrays are cabled
back to the data processing unit through a system of junction
boxes and multipair trunk-line cables. Line operated power
supplies are located underground at these junction boxes to
supply a number of preamplifiers. Wiring procedures are dis-
cussed in a later chapter, and eliminating or minimizing elec-
trical noise in cables is discussed in Appendix B.

Data Processor

Microseismic events that are detected by a geophone or
geophones are converted to electrical signals, preamplified and
transmitted toc a data processing unit. The data processor can
be very simple, consisting of only a post amplifer and an out-
put stage for some single-channel, portable systems. On the
other hand, the data processor in a rock burst monitoring sys-
tem is usually very sophisticated. It may contain a signal
conditioning section, a timing and control section, an energy
section, a waveform analysis section, a calculating section and
an output section, as shown in figure 3-3.

The signal conditioning section consists of filtering and/
or post amplification. Depending on their nature and severity,
electrical or mechanical noise at a site may have to be filtered
out because they mask the microseismic signals. Filtering, how-
ever, must not result in the loss of legitimate microseismic
signals. Usually the filtering will cut off unwanted high or
low frequencies, depending on the application. Notch filtering
to eliminate a particular frequency, such as 60 Hz, is not un-
common in low fregquency applications. Post amplification is
necessary if the level of preamplified signals is still too low
for detection by processing or recording equipment. This is the
case in most microseismic applications. The exception is in
mine wide rock burst monitoring, where most signal levels are
high enough so that output from a 60-db gain preamplifier need
not be further amplified. Matching the post amplifier to the pre-
amplifier is usually not a problem. For differential preampli-
fier output, a post amplifier orline balancing unit with a diff-
erential input is required. Post amplifiers usually provide a
gain of 80 db (10,000 gain) in 2 to 6 db steps. These amplifiers
should alsc have low internal circuit ncise and breoad frequency
response. :

The timing and control section of the data processor is
usually a combination of hardware and software to provide:

1) an initial trigger that starts a time window
when any geophone output exceeds a preset
threshold voltage,

2) timing of subsequent first arrivals at other
geophones as threshold voltages are exceeded,

3) a signal to an energy integrating circuit or
a waveform analysis circuit to operate on the
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incoming waveform at one or more channels,

4) a determination of whether a minimum number
of geophones have been hit during the time
window to consider the event real,

5) day, date and time-of-day information re-
garding the triggering event,

6) a flag at the end of the time window that
causes a reset on false events and a data
transfer plus reset on good events.

Whereas all this data may be provided for each individual event
in a rock burst monitoring system, only day, date and time-of-
day may be provided in a single-channel portable systemn.

The calculating section of the data processor receives data
from the timing and control section to determine:
1) =x,y,z, source location coordinates for each event,

2) microseismic rates and/or total number of counts or
threshold crossings,

3) amplitude, energy and frequency distributions,

4) energy release rates and/or total energy,

5) statistical manipulation of the above data.

Whereas the timing and control section of earlier data-
processor units were made up of hardware components, recent
trends are towards microprocessor based systems. Where complex
or lengthy calculations are necessary, such as in a three dimen-

sional source location system, additional processor capabilities
are required,

Cutput Stage

The cutput stage of a microseismic monitoring system can
consist of a wide variety of display or storage options as shown
in figure 3-4., One usually has no problem assembling anéd analyz-
ing small volumes of data, generated at a slow rate, and making
a continuous engineering evaluation of a structure's stability.
However, additional computer capability is required for meaning-
ful analysis cf large volumes of data generated at a high rate.
In this latter case, the outputted data can be transmitted via
a direct data-transmission link to an online, interactive mini-
computer.

It should be noted that an online minicomputer can be

used for other applications or for batch processing on an inter-
rupt and priority-tasking schedule.
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Microseismic Systems

Early microseismic systems were developed and constructed
inhouse, but, with widespread usage commercial units became avail-
able. Now a number of manufacturers, listed in Appendix C, sell
both components and complete microseismic monitoring systems.

Single-Channel Svystems

The first, and still available, commercial microseismic
monitoring system was the Seismitron, of the Walter Nold Company.
This instrument, shown in figure 3-5, consists of a geophone probe
containing a crystal transducer and an impedance matching trans-
former, an amplifier, a headset and a counter. A small meter on
the amplifier deflects when an event is detected and isalso used
as a battery and amplifier operating-level check. An additional
output jack is available to record from or display the amplified
geophone output.

The Seismitron detects signals in the audio frequency range
of 20 - 15,000 Hz but is most sensitive to signals in the 1000 Hz
range. A number of other single-channel microseismic or acoustic-
emission monitoring units are available. Most of these later
units are more sophisticated, having variable frequency response,
filtering capabilities, data processing capabilities, and usually
some form of printed or hard copy output.

Multi-Geophone Systems

Multi-~geophone portable and fixed systems are available for
both microseismic and acoustic-emission monitoring. These systems
are basically identical to the single-channel system except that
up to 8 channels of microseismic data from one or more monitoring
locations are obtained simultaneously. Figure 3-6 shows typical
multi-geophone monitoring systems.

Source Location Systems

The most sophisticated of the microseismic monitoring
systems is the arrival-time source-location system. In the acous-
tic emission field, source location systems have principally been
used to monitor the behavior of highly pressurized steel vessels.
In the geotechnical field they have mainly been used to monitor
rock bursts.

Initially, rock burst monitoring units were only available
in component form, but now complete systems can be purchased.
One such system, the Electrolab 250 MP, shown in figure 3-7, is
described.

The geophone consists of a 1.0 v/in/sec vertical or hori-
zontal-mounted velocity gage followed by a 60-db gain differen-
tial preamplifier. The frequency response of the geophone is
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flat (3 db) in the 10 - 2500 Hz range. Four-conductor shielded
cable is used to connect the geophone to the data processor or

to an underground Jjunction box. Power, 18 to 28 vdc, is supplied
to geophones through 1 pair of the four conductors.

The signal conditioning section of the data processing unit
consists of a line balancing receiver and a filter interface.
The filters cut off all frequencies above 2500 Hz. Adjustable
threshold voltage sensors serve as the interface to the micro-
processor timing and control section. This section contains an
adjustable time window, an event timer with a 50-microsecond ar-
rival time resolution, an energy integrator, and a time of day
clock. The calculating section is a high speed arithmetic micro-
processor that calculates the source coordinates of detected
events. A 50-event storage buffer prevents loss of events during
high data rates. The output section contains a high speed printer
and/or a data transmission port. Output data is the day, date,
time-of-day, geophone and arrival times, energy number, and x,
Yy, Z source coordinates of each event. With a time window of 100
milliseconds, up to 9 events per second can be detected and pro-
cessed.

Short-Period Seismograph

An RBM {rock burst monitoring) system will determine first
arrival times, source location and energy number for large seismic
events (bumps and bursts) occurring in a mine. However, the
amplitude and duration of these events saturates the RBM, causing
any number of echo events until the amplitude tails off and final-
ly drops below threshold. In addition, during mine blasting when
both blasting events and microseismic events are occurring at high
data rates, it is not uncommon to miss small events or get scramb-
led arrival times for large events. Hence, a short-period seismo-
graph that provides hard copy of all large mine-related seismic
events, as well as local and distant earthquakes, is a useful
adjunct to an RBM installation. The short-period system can be
very helpful in estimating energy levels of bursts and bumps.

A typical short-period seismic system is shown in the block
diagram in figure 3-8. The transducer, or seismometer, is usually
a highly sensitive velocity gage. The seismometer, shown in
figure 3-9, consists of a large mass supported by springs. This
mass 1s centered in stationary coils. Ground motion moves the
coils, which are rigidly attached to the case, while the mass tends to
remain at rest. Such a seismometer can respond to frequencies in
the 1 to 100 Hz range, with a sensitivity in the 16 v/in/sec
range. The seismometer should be mounted on a concrete pier
poured on bedrock, and can be oriented horizontally or vertically.
In most mining operations a vertical orientation is used. A pre-
amplifier is usually attached directly to the seismometer and
protected from the environment.
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The preamplifier has high gain and low noise, with a nomi-
nal 4 K ohm impedance to match the critically damped seismometer.
The preamplifier has a low or high gain setting, 112 db and 70 db
attenuation, respectively, with plug-in or switch-selectable low
or high frequency band pass filters.

The frequency response is dependent on the filters, and is
usually set from .Gl Hz to 10 Hz for U. S. Bureau of Mines short-
pericd seismic monitoring. The seismometer preamplifier is
usually battery operated to eliminate ground loops and minimize
electrical noise pickup.

The processing part of the system consists of a post ampli-
fier and drum recorder. Heat writing pens are preferred over
ink pens to minimize maintenance under mine environmental condi-
tions. A timing system, synchronized with WWV, is used to pro-
vide minute, hour, and 24-hour timing marks on the 36-inch
removable sheet recording paper. This timing signal is inserted
as an electrical signal into the post amplifer so that it appears
as part of the recorded signal. Basic controls allow the user to
set the recording speed, sensitivity, time-of-day, clock timing
mark, amplitude and calibrate the total system. Figure 3-10
shows a picture of a short-period recording system.

A seismogram from a short-period seismic system, with a
recorded rock burst, is shown in figure 3-11. A brief discussion
on the interpretation of seismograph records for rock burst
studies is included in Appendix D.
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FIGURE 3-10—PROCESSING UNIT AND RECORDING DRUM, SHORT-PERIOD SEISMOMETER
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CHAPTER 4
DEVELOPING A MICROSEISMIC SYSTEM

The need for microseismic monitoring usually arises from
an increase in the occurrence of rock failures that cause haz-
ardous working conditions, damage to equipment and workings,
and production delays. Such occurrences, particularly when
preceded by audible rock noises, are capable cof being detected
and recognized at an early stage--usually in sufficient time for
the potential failure to be controlled. A number of factors
must be considered when developing a microseismic monitoring
system. The microseismic components should be matched to the
characteristics of the rock noise events generated on site.

The mine or site cultural and background noise must be determined
so that signal interference problems can be eliminated or mini-
mized. And, the nature of the rock stability problem must be
taken into account, as the degree of sophistication of the micro-
seismic system will depend on the severity of the problem.

Hence, to determine these factors a test program should be
carried out prior to selecting and ordering microseismic com-
ponents,

Test Program

This test program should determine the following parameters
with respect to rock noises being generated on site:

1) frequency range

2) amplitude range :

3) attenuation and propagation characteristics
4) seismic velocity characteristics

5) background ncise characteristics,

From these data it will be possible to choose the best type of
geophone, determine the amount of amplification necessary, the
distance a geophone will cover, and whether source locations
are possible.

A minimum test program would involve monitoring on site
with a portable microseismic unit consisting of two accelero-
meter pickups, pre-and post amplifiers, a battery-powered storage
oscilloscope, and a headset. The procedure is to set up this
equipment in potential trouble locations, carry out seismic velo-
city tests, and observe the detected microseismic events. Both
P and S wave seismic velocities are estimated from hammer blow
tests, as shown on figure 4-1., The seismic wave from the hammer
blow impact triggers the oscilloscope sweep when it reaches the
first geophone. Seismic velocities can then be determined from
the P and S wave first arrivals at the second geophone, based on
the initial deviation of the signal above background. Simple
measurements of the oscilloscope trace of an event will establish
its frequency and amplitude. Identification of both the P and S

-54-






A ¥
CH 1 J*LVhf ABTT
ES
FHHEHH TR
CH 2 ’%WW M-
v
t £ |1
1 to

t1 = .0042 sec P-wave
t2 = 007 sec S-wave

Source impact

CH 2
le . N

Vp = 78 ft/0.0042 sec
Vs = 78 ft/ 0.007 sec

18,571 ft/sec
11,143 ft/sec

FIGURE 4-1— SEISMIC VELOCITY DETERMINATIONS FROM HAMMER BLOW TEST

-55-



wave determine the distance the event traveled from source to
geophone. Figure 4-2 shows how to determine these parameters
from the oscilloscope trace of a detected microseismic event.

The attentuation and propagation characteristics of the site

can be estimated by carrying out hammer blow tests at various
known distances and plotting the resulting frequencies and
amplitudes determined for each distance. The advantage of this
type of test program is it is cheap and easy to carry out. The
disadvantage is that it may take a lot of time to adequately
sample enough rock noise events, to provide a required minimum
amount of information. These disadvantages are greatly reduced
if the field data is recorded on a portable magnetic tape re-
corder and the tapes are analyzed in the laboratory on the oscil-~-
loscope. Background and electrical noise interference would also
be noted.

The best, but most expensive and elaborate, test program
would use a multichannel monitoring system. This system would
consist of both accelerometers and velocity gage transducers,
preamplifiers, post amplifiers and a 4 to 7 channel tape re-
corder. Field testing procedures would be basically indentical
except that an array of geophones would be placed in suspected
trouble areas. Seismic velocity testing would be done using
small explosive blasts as the seismic wave source. The tape
recorded data would be analyzed off site using a direct write
oscillograph. Preliminary field scans of test blast data should
be made to confirm that the blast was recorded on all channels
and that all the amplifier gains were set at the proper levels.

From the permanent oscillograph records the frequency, amp-
litude and distance from source data for each channel would be
determined in the same manner as was shown for the oscilloscope
traces. Plots of frequency and amplitude versus distance will
give the attenuation and propagation characteristics for the
site. 1In addition the data from test blasts can be used to
supplement the data from naturally occurring microseismic events.
The test blasts will not only give the seismic wave velocities,
but can be used to check the accuracy of source locations. Pro-
cedures for determining source locations are given in Appendix
G, and test blast procedures are discussed in Chapters 5 and 6.
Comparison of the same recorded data for an accelerometer and a
velocity gage will aid in determining the best type transducer
for the site. Again, background and electrical noise charac-
teristics would be noted. This test equipment, if not available,
can be rented.

It should be mentioned that in some cases a pre-purchase
test program may not be necessary. Where the stability pro-
blem is only an occasional small roof fall or pillar failure
a portable single channel microseismic monitoring unit would
suffice and could be purchased off-the-shelf., For a mine with
a rock burst problem, a rock burst monitoring system is required.
A list of manufacturers of microseismic components and systems
is included in Appendix C.
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Selecting Components

In many cases the stability problem at a particular site is
localized and effects only a small area. The rock noises gener-
ated will generally be of low magnitude and not detectable outside
the immediate unstable area. The problem might be a cracked pillar
in a2 room and pillar mine, a loose roof slab in a mine or a tunnel,
an unstable embankment or slope, etc. For these local and isolated
problems, which occur sporadically throughout a mine or site, a
portable single-channel microseismic unit is generally the best
equipment for monitoring.

Single Channel Applications

In selecting components for this type of application the
critical consideration is the fregquency response of the geo-
phone transducer. For low stress levels and low frequency
noises, such as would be expected during slope or embankment
failures or movement, a highly sensitive velocity gage would
be most effective. Because the frequencies normally generated
would not exceed 500 Hz a low freguency velocity gage with a
sensitivity in the 2.5 v/in/sec range should be used. It should
be pointed out that good results have been obtained using
highly sensitive accelerometers attached to steel rods driven
into a slope or embankment. Similarly, horizontal drain pipes
or cased holes in slopes are also used as wave guides and greatly
increase the effective range of accelerometer geophones.

a. The Geophone

For most single-channel applications the best choice of
geophone will be a highly sensitive accelerometer--one in the
200 - 500 mv/g range. The frequency response of this gage will
be flat or uniform to approximately 5,000 Hz. Though this type
geophone has the advantage of detecting rock ncise essentially
over the entire audio range, it also detects all cultural and
background noise in the same range, which can scometimes mask
the isolated occurrences of rock noise.

For mining or tunnel construction where the problem is in
the near face or heading and mechanical mining is used, the
application of conventional microseismic gecphones is precluded
owing to the continuous, high background ncise. In these cases
ultrasonic or high frequency geophones have been effective in
detecting local failures and potential coal outbursts. The
ultrasonic geophone is responsive in the 30,000 - 100,000 Hz
range, above the frequency range of eguipment generated noise.
Because the duration of microseismic waves at these freguencies
is very short, any detected microseismic buildup indicates a
potential problem in the immediate vicinity of the geophone.
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b. The Preamplifier

A preamplifier immediately follows or is attached to the
geophone. The preamplifier increases the level of the signal
to establish a goocd signal-to-noise ratio and prevents deterio-
ration of the signal during transmission to the processing part
of the system. Preamplifiers are normally set for gains of
40 db or 60 db (amplifications of 100 or 1,000 respectively).
For velocity gage transducers the preamplifier can have a low
input impedance, but for accelerometers the preamplifier must
have a high impedance to provide full output and low-frequency
response. For versatility, the preamplifier should have a high
impedance so that either type transducer can be used.

c. The Processing Unit

The output from the transducer - preamplifier geophone
package is cabled to a small processing unit, consisting of
further amplification and output channels to accomodate simul-
taneous headset listening and recording or counting devices.
Some processing units provide signal filtering, event counting,
event rate counters and hard copy.

The advantage of single-channel monitoring is that a
person can carry a light-weight unit tc any location and listen
to or record data for a short period of time, making on 'the
spot stability decisions as necessary. An experienced operator
can cover a large number of active working areas on a daily basis.

Individually purchased components can be assembled to make
a single-channel unit, but a number of manufacturers make ready-
to-go single-channel microseismic units that can be tailored to
specific monitoring needs.

Multigeophone Applications

When problem areas are numerocus, or of large dimensions,
or continue as mining progresses, it may be better to establish
a number of fixed single-channel monitoring locations that can
either be checked at any time or monitored continuously. This
reduces the time and sometimes difficulty in getting to under-
ground or surface monitoring locations. The chief advantage is
wider coverage and continuous monitoring, which afford much
better control in determining the stability of hazardous or
unstable areas.

Components for this type of system are identical to the
single-channel application except that the geophone outputs are
cabled back to a multichannel recording and monitoring unit.
Multigeophone processing and control units come with a wide
variety of options; hence, a unit can be ordered that best suits
a specific site and application.
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Problem areas that have been monitored by multigeophone
systems include the roofs and walls of large cpen stopes, roofs
and pillars in room and pillar mining, pit walls in open pit
mines, cut slopes and slide zones along highways.

The number of geophones required to monitor any particular
zone will depend on the size of the area to be monitored and the
distances the microseismic wave will propagate and still be de-
tectable. Ncormally, the rock noises associated with general
mine or slope failures cannot be detected more than a few hundred
feet from their source in solid rock and at much shorter dis-
tances in fractured or loose rock and soils.

Source Location Systems

Microseismic source location systems are generally used
wnere a mine or rock structure is under high loads, and failures
are often vioclent, releasing large amounts cof energy. In mines,
tunnels or other underground excavations where violent failures
have cccurred, it is very common to hear loud pops, cracks, thuds
and bumps. In such high stress environments, particularly where
rock bursting may be a problem, the microseismic events accompany-
ing the mining of openings are generally large enough to propagate
some 500 feet, and are thus capable of being detected by a mine-
wide array and their source point located.

From the results of the test program and using Appendix A,
the best transducer for the application is selected. 1In general,
accelerometers should be used for detailed stope monitoring and
velocity gages for minewide monitoring. The most commonly used
velocity gage geophones have a sensitivity of some 1.0 v/in/sec
and respond to frequencies of 10 - 2,500 Hz. The most commonly
used accelerometers have a sensitivity of some 0.350 v/g and a
frequency response of frem 10 - 5,000 Hz.

With respect to source location accuracy, an array for de-
tailed stope monitoring usually provides source locations to
within 10 feet. Minewide monitoring, on the other hand, usually
locates microseismic sources to within 40 feet. This latter
accuracy is usually sufficient to pinpoint potential problem
areas associated with a specific geometric or geologic feature
in a particular stope. Detailed-stope monitoring usually re-
quires at least 5 geophones surrounding each stope; whereas
minewide monitoring may require only 1 or 2 geophones per stope.
Thus, the number of geophones for a source location monitoring
system depends on the size of the area to be covered, the number
of burst prone stopes (critical areas), and the desired source-
location accuracy.
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Preliminary geophone locations for a source location system
are determined by trial and error, considering:

1) location of stopes to be monitored

2) available access openings

3} number of stopes involved

4) desired source location accuracy

5} geophone separations at least equal to the mine
level interval or around 300 feet

6) a necessary overall three-dimensional geophone
geometry.

Taking these considerations into account trial geophone locations
are positioned in access openings on mine level maps in known or
potential burst prone areas. This exercise results in a first
estimate of the number of geophones needed. (An example is given
in a following section of this chapter.)

Initial minewide rock burst monitoring systems had 24
geophones. The trend is to achieve better coverage by use of
more geophones. More recent installations have started with 32
geophones, and some o0ld 24-geophone systems are being currently
expanded to 32 and 48 geophones. These increases will result
in better coverage of existing areas being monitored and allow
for new areas to be monitored.

The trial geophone locations are revised to correspond to
a 16, 32 or 48-geophone array that will provide the desired
monitoring coverage. In this manner the preliminary minewide
monitoring geophone array is established.

As previously noted, the preamplifier attached to the
geophone should have high input impedance to handle either
accelerometer or velocity gage geophones. Use of a 60 db gain
preamplifier often eliminates the need for postamplification at
the central monitoring facility. Where differential preampli-
fiers are used with accelerometers, they might have to be
operated single ended to achieve lowest internal noise level.

Cabling the geophone/preamplifier output to the central
monitoring facility has been and continues to be a problem.
For a close, centrally located, monitoring station it is possible
to run individual cables from each geophone to the monitoring
facility. For a monitoring facility on surface or at an under-
ground shaft station, usually thousands of feet from the geophone,
it is necessary to run a trunk line to junction boxes on levels,
then individual cables to each geophone on a particular level.
In this type of cable arrangement the preamplifiers are powered
by a voltage source located in each junction box. When properly
wired and grounded, the trunk line and junction box type of
cable system introduces no additional electrical noise into the
overall monitoring system. Furthermore, cable repairs and
maintenance are much easier. However, it should be noted that
crosstalk problems have been encountered in trunk lines.
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Trunk line cables running from level to level range from €
to 50 pair, with each pair individually shielded. These are
essentially permanent installations and should be of high quality
with respect to both installation and cable. An armoured or tough
jacketed cable is recommended. Lower quality PVC jacketed cables
have been a continual problem in shafts because of vulnerability
to falling rocks and running water. Three-conductor shield cable
is used for single-ended preamplifiers, whereas four-conductor,
with one pair shielded, cable is used with differential pre-
amplifiers. The higher the cable guality the less maintenance
and repair will be encountered.

Required cable lengths are determined from a cable layout
plan. This is made with level maps and vertical sections show-
ing trunk line cable pair requirements from level to level and
geophone cable requirements on each level. The cables are termi-
nated in a junction box inside the monitoring facility.

It should be noted that for surface monitoring networks and
for some underground applications it may be both cheaper and
easier to transmit the geophone data to the monitoring facility
using FM radio telemetry. Off-the-shelf components are available
for this type application. The Bureau of Mines Denver Research
Center has recently developed a microseismic monitoring source
location system for open pits which uses FM telemetry to aveoid
cable problems associated with bench traffic¢ and sloughing pit
walls (1).

The monitoring facility is an important part of the overall
system. It must be climate controlled, free of dust, large
enough to house all the processing and computing equipment, and
have sufficient office space for the workers involved. A good
monitoring facility underground is usually located near a shaft
station and constructed with concrete block walls and cement
floor. The electronics within this facility should be powered
by a constant-voltage transformer large enough to handle the
normal mine-voltage fluctuations. Power isolation is recom-
mended.. :

The makeup of the data processing unit depends on a number
of factors. Signal conditioning (filtering and post amplification)
requirements are determined from the field test program. That is,
high, low or power line frequencies may need to be eliminated
when this interferring noise lies ocutside the dominant frequency
range of the on-site microseismic events. The need for post
amplification arises when preamplified signal output voltage is
below input voltage specifications of the data processing unit.

An energy integrating section should be included. A frequency
analysis section might ke useful for research purposes, but has
not yet been shown to be useful for routine monitoring. Ad-
justable threshold levels for each event detector are necessary.
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The event or time window must be adjustable and range from milli-
seconds up to a full second. Arrival time determinations should

be accurate to a minimum 100 microseconds. The day-date-time clock
must be accurate and have a battery backup. For microprocessor
controlled systems the calculating section may reguire additional
calculating power or a separate microprocessor. An output storage
buffer that will handle 50 to 100 events is required. The output
section will minimally consist of a keyboard, printer and data
transmission port. The degree of sophistication desired in the
data processing unit will depend on the size of the overall
system, the amount of data generated on a daily basis, rock burst
severity, and the hazard posed by potential failures. All data
processing units should have power-fail, auto-restart to minimize
loss of data during power outages. :

Microprocessor based data processing units are much more
versatile than the original hardwired units. Changes in front
end processing can be made by changing only software in the
operating program. However, it should be noted that changing
microprocessor software is not simple and straightforward at the
present time. An automatic drill suppress routine to eliminate
the effects of drilling noise is an example of an addition that
could be made to the data processing software to enhance data
collection. Finally, the microprocessor based data processing
units appear to have an economic advantage over previous hardware
or software data processing units,

Traditionally microseismic or rock burst monitoring systems
have not provided on-line data analysis beyond source location.
The latest generation of rock burst monitoring systems solve
this problem by having additional on-line computing to provide
real-time data analysis. With such a monitoring system, contin-
uously updated plots and stability analyses of the microseismic
data from potentially hazardous areas can be displayed on a
video terminal or plotter. This permits a continuing, more
accurate assessment of the problem areas stability. For small
mines with low data rates an arrival-time-only data progessing
unit might be adegquate. For large mines where a large number
of geophones are used, a data processing unit with an inter-
active minicomputer is really necessary.

In summary, selecting components for a microseismic location
system involves determining:

1) Whether the geophones should be accelerometers,
velocity gages or a mixture of both,

2) Whether a 60 db gain preamplifier will eliminate
the need for postamplification.

3) The number of geophones required and their pre-
liminary locations.
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4) A cable layout plan for cable types and regquirements.
5) Postamplification and filtering requirements.

6) The location and design of a central monitoring
facility.

7) Data processing unit requirements.

8) The need for further or on-line interactive
data analysis.

9) The need for spare components and test equipment.

It should be mentioned that for very large or expansive
mines, where a high number of gecphones may be required, it
would be better to operate two or more satellite arrays with
arrival time determination capabilities, hooked into a central
operating and analysis computer, than to operate the system as
one large array. The satellite array concept becomes economic
when cable costs are considered and will provide much better
data and control, as there would be little, if any, confusion
from events occurring at the same time in different parts of
the mine.

It should be noted that for monitoring small structures
or laboratory studies (where the rock noise frequencies gen-
erated would be expected to be in the 50 KHz range), standard
acoustic-emission monitoring instrumentation can be used di-
rectly without modification.

Lastly, a very useful adjunct to a rock burst monitoring
system is the on-site installation of a short-period seismic
system. Besides providing hardcopy of all large seismic events
and rock bursts at the immediate site, this system will detect
large rock bursts, earthquakes, and micro-earthquake activity
over a very broad area. This provides a means to substantiate
or refute reported occurrences of rock bursting and to differ-
entiate between rock bursting and nearby earthquake activity.-

Example System Development

A case history cf a mining company's development of a
rock burst monitoring system is presented as an example. The
increase in the price of metals in the late 1970's brought
about a resumption in production of a previously operating mine.
Since some rock bursts had been experienced with the previous
mining, mine management decided to explore the possibilities of
installing a rock burst monitoring system.

The area to be mined was relatively small as shown on

figure 4-3. The daily mining production would be on the order
of 250 tons of relatively low grade ore. Combined with an only
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intermittent bursting problem from past mining it was felt that
a sophisticated and expensive monitoring system would not be
justified. Hence, the quidelines for developing the system
were to determine the minimum amount of equipment to produce
only the necessary microseismic data at & minimum cost.

Owing to budget restrictions and the fact that a rock
burst monitoring system was operating in an adjacent mine, the
test program consisted of an underground visit to the mining
area to look at both the geclogy and mining, and to qualitatively
assess the level of microseismic activity. The soundness of the
guartzite wall rock confirmed the fact that rock bursting could
be expected. Discussions with miners indicated that audible
microseismic activity was not common except during pillar mining,
and past bursting had often been preceded by audible popping,
cracking and bumps. As a result of this minimal test program
it was decided that a 16-geophone arrival-time-only monitoring
system would provide the necessary data within the cost quide-
lines.

From study of level maps in the mining area a preliminary
geophone array was selected. The current mining area could be
covered by the 1l3-geophone array shown on figure 4-4, and future
mining would be covered by increasing this array to lé-geophones.
For this minewide type array the transducer selected was a velo-
city gage with a sensitivity of 1.0 v/in/sec and a frequency
response in the 10 - 2500 Hz range. To eliminate the need for
post amplification 60 db gain differential preamplifiers were
chosen.

The best location for the monitoring facility was on the
3100 level near an underground winze hoistroom. This location
was close to the underground mine office, which would allow for
good communications between monitoring personnel and mine
supervisory personnel. The cable network, shown diagrammatically
on figure 4-5, would consist of a trunk line of three 6-pair
individually shielded cables from the 3100 level down the winze
to the 3500 level, then out to the mining area and down escape-
way raises to the 3700,3900 and 4100 levels. It was felt that
with the three 6-pair cables, as opposed to a single 19-pair
cable, there would be part of the system always operating should
cable damage occur in the raises and along the levels. Juncticn
boxes were located at the top and bottom of each raise to serve
single geophone cables along levels, and to provide for better
cable maintenance and trouble-shooting. The junction boxes
servicing geophones were equipped with power supplies for the
preamplifiers and a light to keep the junction box dry. 1In
addition, the light showed the live voltage connected to each
junction box was operating.
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Signal conditioning for the data processing unit was to
consist of ‘filters to cut off frequencies above 2500 Hz. The
processor was to determine day, date, time-of-day and the
arrival time differences for the 16 geophones to 50 micro-
seconds. In addition, it should have an energy integrator on
one channel so the relative magnitude of an event could be
determined. The threshold detectors should be adjustable from
0 - 5.0 volts and the time window adjustable from 50 micro-
seconds to 1 second. An event would be considered legitimate
when 5 or more geophones were hit during the time window. If
4 or more geophones were hit during any 50 microsecond time
interval the event was to be considered an electrical spike
and rejected. The processor must be able to store data from
at least 50 events to be able to handle high data rates during
mine blasting,

The output stage of the monitoring system was to be a fast
printer to allow for fast throughput of the processed data during
high data rates. In addition, there should be a parallel output
port that will be compatible to send data over a standard data
transmission line.

Following discussions with mining companies with operating
rock burst monitoring systems and potential equipment manufac-
turers, a complete rock burst monitoring system was ordered based
on the considerations and specifications previously stated.

Ordering a Microseismic System

After the test program and component selection are com-
pleted, the microseismic monitoring system is ordered. The
initial step in ordering a system is to contact equipment
manufacturers to determine what equipment is available and
whether it can be modified to suit specific site requirements.
In addition to studying the manufacturers' literature and spec-
ifications, one should contact their representatives directly
about their products' suitability for a particular application.
Manufacturers should be asked about their system's performance,
warranty, service, installation help, manuals, etc.

The second step, particularly with respect to mine appli-
cations, is to contact other mines or construction companies
having operating monitoring systems about their experiences
with both equipment and procedures. Government and/or university
research organizations involved in microseismic and acoustic
emission research and equipment development also should be
contacted. A list of such organizations, including mines op-
erating microseismic location systems, is included in Appendix
E. '
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The third step in ordering a monitoring system is to as-
semble all information from the test program, from equipment
manufacturers, from monitoring system operators, and from re-
searchers or experts in the field and then develop final
specifications. These specifications will include:

1) Type, number and transducer characteristics,
2) Type, number and preamplifier characteristics,
3) Types and lengths of cables, including juncticn
boxes and power supplies,
4) Characteristics of data processing unit,
a. Signal conditioning section
b. Processing section
c. Output section,
5) Characteristics of additional data processing
reguirements.

The normal procedure is to then send the specifications
to suitable equipment manufacturers with a request-for-quote.
It should be noted that components for early rock burst moni-
toring systems were not available from any single manufacturer,
hence all components were ordered separately and then assembled.
Though this may result in the best possible combination, the
interfacing of components can be very difficult and beyond the
purchaser's capabilities. It is recommended that monitoring
systems, and particularly source location monitoring systems,
be purchased from a single source so that, in effect, a com-
plete system can be installed.

The final step is placing the order with the manufacturer
or manufacturers selected on the basis of their quotes, delivery
dates, past performances, warranty and service,and installation
assistance.
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CHAPTER 5
INSTALLING A MICROSEISMIC SYSTEM

A strong effort is required in the physical and electrical
installation of microseismic equipment. Good planning will mini-
mize both installation and future maintenance problems. '

Physical Considerations

Microseismic monitoring systems for geotechnical applications
must function in a hostile environment -- hostile with respect to
temperature, humidity, and risk of physical damage.

Geophones

The mounting of geophones is not difficult but does require
care. The geophone must be well bonded to sclid rock and pro-
tected from damage and may have to be shielded from mine or cul-
tural air noise. This requirement applies to portable single-
channel monitoring as well as fixed geophone arrays.

General geophone locations for multi-channel systems are
usually selected during the system development stage so the
number of geophones and cable requirements can be determined.
Specific geophone locations cannot be assigned until the general
locations are inspected and sclid rock is found. This inspection
usually involves finding apparently solid rock, then tapping the
rock surface with a hammer or bar. Solid, intact rock will emit
"a ringing sound; whereas broken, fractured or detached rock will
usually produce a thud of lower frequency. At most underground
locations, solid rock can be found at the surface of the opening.
A short, 1 to 2-ft hole of 2% to 3 inches in diameter is recom-
mended. For vertically oriented transducers, the hole is drilled
up into the back, and for horizontally oriented transducers, the
hele is drilled into the wall or rib. This hole should be within
5© of the desired orientation and placed out of the way of pre-
sent and future mine services--pipes, cables, fan lines, etc.

So the geophone can be recovered later, a plastic block is usual-
ly bonded to the end of the hole with a guick-set cement. The
plastic block should have a threaded hole into which the geophone
can be screwed and tightened to achieve good coupling. It should
be ncted that in access openings no longer in use a hole may not
be required--the plastic block can simply be cemented to a fresh
rock surface. Figure 5-1 shows typical underground surface
mounting procedures.

Where solid rock cannot be found, a hole some 10 to 30 feet
in depth may be required to get beyond the fractured or loose
rock zone (1l). Mounting procedures are essentially the same,
except the hole size may have to be a little larger, if possible,
and special mounting tools fabricated for attaching the plastic
block and screwing in the geophone. Where geophones must be
placed in long drill holes, it is usually necessary to make up
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a special geophone assembly that can be affixed to anyv depth.
Figure 5-2 shows such a deep-hole geophone arrangement. It
should be mentioned that in a number of instances deep holes
have been utilized by mounting only a shielded velocitv gage

in a cylindrical plastic block with a sliding wedge arrange-
ment, as shown on figure 5-3. The gage is pushed back into

the hole to the desired depth, and the wire-line attached to the
wedge is pulled to secure the gage in the hole. 1In this case,
the preamplifier is wired to the gage with leads and mounted
outside the hole. However, having the transducer and preampli-
fier mounted separately is not good practice. The result is a
weak physical link, potential moisture problem, and source of
electrical noise.

For surface monitoring where it may not be possible to
drill holes to reach bedrock, wave guides have been used to
get deeper penetration. A wave guide can be a rebar section
driven into the soil mass, a horizontal drain pipe, or cased
well hole. The geophone is attached to the wave guide, and
sounds within the rock or soil mass are transmitted back along
the wave guide to the geophone.

Geophone locations must be surveyed to the nearest foot,
and the geophone array must surround the study area in all dimen-
sions if microseismic sources are to be accurately located.

Cables

The placement of both geophone and trunkline multipair
cable is always a problem in any microseismic monitoring system
installation. This 1is particularly true underground where space
is limited, alternate cable routes are not available, and the
cable, wherever placed, is in the way and fregquently damaged
or cut.

The best procedure underground is to run the microseismic
cables separately from mine cables and away from mine services
(water lines, compressed air lines, ventilation lines, etc.).
When this is not possible, the microseismic cables may be run
in trays with mine cables or available light lines, subject to
safety regulations. In areas of falling rock, such as shafts,
raises or boreholes, the cable or cables should be protected by
conduit or plastic pipe. Cable runs down shafts should also be
supported by cable hangers or a messenger to prevent stretching.
Figure 5-4 shows proper underground cable hanging.

Junction boxes servicing microseismic geophone cables
should also be out of the way; in a dry location; large enough
to provide plenty of room for terminal strips, power supply and
a heating element; and should be readily accessible for service
work. Terminal strips should be of a high guality plastic, not
bakelite which absorbs moisture and expands.
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From a physical point of view, single geophone lines con-
nected to a junction box and a multipair line from there to the
instrumentation station constitute an easier and neater instal-
lation than do single geophone lines all the way to the data
processor. This is particularly true when several distant and
widely separated mining areas are monitored by a large number
of geophones on more than three mine levels.

Any surface monitoring instrumentation or facility should
be protected from lightning discharges. To avoid cable problems
in monitoring open pit mines, the Bureau of Mines' Denver Re-~
search Center has developed a wireless source location system (2).
Such a wireless monitoring system would also have application in
many underground mines, even with its "line of sight" limitations.

Instrumentation Station

The instrumentation station may be located underground or
on surface. In most large and/cor deep mines the workings are
at some distance from the shaft or surface access, and it is more
convenient and cheaper to place the instrumentation station
underground. This facility, wherever located, must provide an
environmentally controlled atmosphere for the electronic equip-
ment. This is usually done with an air conditioner, a dehumidi-
fier and special electrostatic filtering when necessary.

Most underground instrumentation stations are located near a
main intake air shaft for both access and ventilation purposes.
This alsc provides a more visible and direct link to mine manage-
ment.

Any instrumentation facility should be well constructed and
large enough to provide for the data processing unit and output
equipment, test and maintenance equipment and work space, a short
period seismic system readout, an on-line minicomputer and associ-
ated output devices, office space, and storage space. Typically,
an underground facility would have some 300 - 400 square feet of
space. All instrumentation facilities should be connected to both
surface and underground telephone systems to provide immediate
notification .of hazardous conditions. In some cases separate
dedicated communication lines to hazardous areas have been install-
ed. Underground and surface instrumentation stations are shown in
figures 5-5 and 5-6.

Electrical Considerations

The major problem in any microseismic installation is elim-
inating or minimizing electrical noise. This is particularly
true underground, where the environment is often wet or humid,
extraneous electrical voltages and currents are commonplace,
multiple or leaky earth grounds are usual, and geophone trans-
mission to the data processor covers long distances.
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To overcome electrical noise problems, all components of a
microseismic system must be electrically compatible and properly
wired and connected. This is not usually much of a problem with
nonsource location systems, which have few components and small
arrays of geophones close to the processor. However, it is a
problem with source location systems, where 16 to 48 channels
are involved and transmission distances are typically in miles.
When cable runs are a few thousand feet or less and the geophones
are located on only a couple of levels, individual cables are
commonly used between each geophone and the instrumentation
station. The individual geophone cable should be 3-conductor
shielded for single-ended preamplifier systems, and 4-conductor,
1l pair shielded, for differential preamplifier systems. A cen-
-tral power supply at the instrumentation station provides power
back to the preamplifiers through the cable. As was noted in an
earlier chapter and explained in Appendix B, the differential
system is much less susceptible to electrical noise problems than
is the single~ended system. Electrical connections for both type
systems are shown in figure 5-7.

Where gecphones are spread out on more than 2 levels and
the instrumentation station is a long distance away, such as on
surface or near an underground hoist room, a system of junction
boxes and multipair trunk line cables for transmitting signals
is much more convenient. With proper wiring, this technique
introduces neither additional noise nor crosstalk between pairs.
However, it should be noted that some microseismic installations
using accelerometer transducers have had noise and crosstalk pro-
blems with multipair trunk lines. Junction boxes make it more
convenient to trouble shoot wiring problems and find cable faults.
Furthermore, the junction boxes provide a good secondary communi-
cations network for the area covered by the gecphone array. An
overall cable network for a multi-level geophone array is shown
in figure 5-8.

On individual levels smaller multipair trunk line cables
are run from the mainline or shaft junction box out to another
junction box near the geophone arrays. Here, the individual
geophone cables are connected to the trunkline pairs in the
junction box and power is supplied to the geophones. Figure
5-9 shows the wiring diagram for a single-ended preamplifier
system using 3-conductor cables, and figure 5-10 shows the wir-
ing diagram for a differential preamplifier system using 4-con-
ductor cables. The preamplifier power hookup for each geophone
is also shown.

The junction boxes should not be electrically ccnnected to
the cable shields, as this might introduce grounding noise. All
electrical connections should be within the junction box with
spade-lug connectors on high quality plastic terminal strips with
screw-down connections. A few inches of each amplifier output
cable can be left unshielded within the junction box. All shields
and bleeder wires must be connected, carried through the junction
box, and maintained separately for each pair. The geophone and
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FIGURE 5-8— CABLE NETWORK DIAGRAM FOR UNDERGROUND MONITORING SYSTEM
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cable number and the color coding should be noted alongside
each terminal strip, with the overall cable numbering and color
coding system posted in each junction box.

For a single-ended amplifier or a differential amplifier
with an unbalanced output, it is necessary to use individually
shielded signal pair cables. However, for a completely differ-
ential system with a line balancing receiver at the data processor,
only an overall shield is required. This is because the output
cable conductors carry identical currents flowing in opposite
directions, and the voltages, with respect to ground, on these
conductors are of egual and opposite polarity. This results in
a cancellation of the electric and magnetic fields around each
conductor. Because of this flux cancellation, coupling or cross-
talk between adjacent unshielded pairs will be negligible.

Not having to provide individual signal pair shielding is a
real advantage with respect to cable selection. The individual
shielded pair cable is not intended for severe environments, and
the aluminum foil shielding is ineffective with respect to mag-
netically coupled electrical interference. On the other hand,
high quality single or multipair cable with an overall copper
shield is readily available. Besides having a better shield this
cable is rated for direct burial, which makes it much better suit-
ed for the underground environment.

Electrical connection at the instrumentation station is
normally made in another junction box. For an unbalanced system,
the signal pairs are connected to the signal conditioning section,
where all shield terminate at a single-point ground. For a bal-
anced system, the signal pairs are connected to the line balanc-
ing receiver, and the overall cable shield is connected to the
single-point ground.

Electrical connection between components of the data pro-
cessing unit is normally provided by the manufacturer and usually
only involves plugging in a card or electrical cord.

Voltage protection against power surges through the main
power supplv and through the underground cables must be provided
at the instrumentation station. Any electronics connected to
the underground cables should be able to withstand an over-volt-
age of at least 25 volts applied to signal input or output.
Power tC the instrumentation station should be fed through a
constant-voltage transformer, and this voltage checked prior to
hooking up any electronic- equipment. For surface instrumentation
stations, voltage protection against lightning discharges should
be provided.

System Checkout
A newly installed microseismic or acoustic emission moni-

toring system must be checked out before being put into routine
service.
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Nonlocating Svstems

Initial checkout procedures for single-channel portable
systems or multi-gecophone systems are somewhat similar. These
systems should first be assembled and tested in the laboratory
or office to determine that all components are working properly
and to allow time for equipment coperation familiarization. Of
course, the instruction manuals should be studied carefully prior
to operating the equipment. Upon completion of this checkout
the equipment is ready for field testing.

FPield testing consists of trial monitoring and hammer blow
or impulse type experiments. Observing output of the monitoring
equipment connected in parallel, and on an oscilloscope, 1s recom-
mended. This will make the operator familiar with the visual
appearance of microseismic events and cultural noise, as well
as their meter/counter and audible responses.

A series of hammer blow and tapping tests will indicate
the distance rock noises can be expected to propagate in dif-
ferent rock types. With audio-frequency systems, all socunds
detected are usually recognizable, since the geophone is essen-
tially a highly sensitive microphone. With high-frequency ultra-
sonic type systems, signals cannot be heard audibly unless the
unit has a translator section that converts the detected high
frequency noises to audible clicking sounds.

Source Location Systems

Because of the complexitv of source location monitoring
systems, their checkout cannct be made until all components of
the system have been installed and connected and are operating.

A typical system checkout would consist of the following actions:

1) Check geophones

2) Check cables, junction boxes and pre-
amplifier power supplies

3) Check analog signals on oscilloscope

4) Set threshold levels for each input
channel (0.5 - 1.0 v p-p range)

5) Set time window (50 - 100 ms range,
based on travel time to geophones)

6) Load processor program

7) Key in geophone coordinates and estimated
seismic velocity

8) Switch to run mode.

Once the system is running, aseries of test blasts is
usually made to determine an average minewide seismic velocity
and to check out the functions of the timing and control and
calculation sections of the data processor. This is best accom-
plished by setting off at least 2 sticks of dynamite close to a
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geophone (some 20 ft), so the distance from scurce to closest
geophone is small, as shown in figure 5-11. At least 2 blasts
should be made at each test site so that arrival time consistency
can be checked. These tests are conducted at a number of sites
to determine seismic velocities throughout the monitoring area
(see Chapter 6 for seismic velocity determinations). The esti-
mated processor seismic velocity should be changed to reflect

the test results as the test blasts are carried out. Next,
individual test blasts should be set off randomly throughout the
monitoring area to check the source location software. In gen-
eral, with a good three-dimensional geophone array, one should

be able to locate the blasts to within 10 - 40 ft ?f their origin.

If the tests produce inconsistent arrival times and poor
source locations, a problem exists. The first thing one should
do is recheck the gecphone coocrdinates, then check all the wiring
to ensure it is cerrect and channels are properly indentified.

If these check out, the next step is to repeat a test blast and
simultaneously record the arrival times in parallel on a cali-
brated multi-channel tape recorder. An analysis of the tape
recorded data will show whether the problems is in the processor
timing-and-control section, in the source-location algorithm,

or in gain levels.

As an aid to this initial check out and testing, a good
practice is to enter the test blast coordinates into a generated
block program (listed in Appendix H) for a range of seismic
velocities, so that estimated arrival times can be compared to
actual arrival times. These comparisons may identify bad geo-
phone locations, resulting from past mining or geologic discon-
tinuities, as well as a poorly coupled geophone.

If no problems are found, the checkout and test period may
take but a week or two. If problems exist, particularly in the
wiring or the processor, testing can require months.

Maintenance and Troubleshooting

Little or no maintenance is required for a single-channel
or even multi-geophone portable systems as long as care is taken
in placing and handling geophones and in keeping the data pro-
cessing unit clean and dry. Following any equipment failure,
the first thing to do is check the batteries for low charge. If
batteries are not the problem, the individual components of the
system should be checked out per operating and instruction manu-
al and with some simple tapping tests. It is not difficult to
isolate the problem to the geophone, cable, data processor, or
output section. Once the faulty component has been indentified,
the best procedure is to explain the problem to the equipment
manufacturer. If the problem cannot be eliminated with a re-
placement part or card, one may have to return the faulty com-
ponent or unit to the manufacturer.
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In source location systems or permanent multi-geophone non-
locating systems, most problems are associated with the geophones
and wiring or with a printing or output device. Normal problems
can be determined and fixed by the operator, using good service
and repair manuals usually supplied with this eguipment. If
this is not possible, the equipment manufacturer must be con-
tacted and the faulty equipment serviced on site or shipped to
a service center.

The geophones and cabling network must be continuously
maintained at any monitoring site. Occasionally, geophones will
be damaged or become detached from the rock, but maintaining the
physical and electrical integrity of the cable network is a con-
stant problem.

To locate or isolate geophone or cable problems, the oper-
ator must have electronic test equipment available. A portable
battery-operated oscilloscope, a volt-ohmeter, a signal genera-
tor and a digital voltmeter is the minimum required test equip-
ment. A portable two-way communication system is also necessary,
so that voice communication over the geophone cable network can
simplify troubleshooting.

The best way to insure that all channels of the system are
operating correctly is to make a routine daily check of each
channel. This is most easily accomplished by using a signal
switching network, which allows the output signal of any channel
to be heard and displayed simultaneously on an oscilloscope.

All channels can be checked and irregularities noted in a few
minutes. For a properly operating system, all geophone signal
cutputs will essentially look and sound alike, and their output
voltage levels will all be within the normal operating range --
usually some 5 - 50 millivolts.

For a typical underground installation using balanced
output preamplifiers (60 db gain and 1 v/in/sec transducer
sensitivity), umbalanced receiver amplifiers at the data pro-
cessor, and a single-point cable shield ground, the operating
noise level of each channel is in the 5 millivolt range. An
excellent installation, using identical geophones but with a
completely balanced system and dry cables, had an operating
ncise level of only 1 millivolt. A poor installation, with a
system identical to the previous example, had an operating
noise level in the 1l-volt range, with crosstalk between some
channels.

When any gecophone signal output is found to be abnormal,

that geophone and its wiring should be immediately checked ocut.
Typical examples of problems are given in table 5-1.
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Table 5 — 1 Electrical Problems,

Causes and Corrections

Problem

Cause

Correction

No audible nolse or
observable geophone
signal

Bouncing signal on
oscilloscope and
intermittent static
audio noise

ILow level 60 Hz sig-
nal on oscilloscope
with low hum on
audio

High level 60 Hz
signal on oscillo-
scope with high level
hum on audio

Weak or no response
on both oscilloscope
and audio for several
geophones

High frequency sig-
nals on oscilloscope
and hiss or whine
sound on audio

i Shorted cable

or dead geophone

Bad geophone or
wet cable connec-
tion

Minor shielding
or grounding
problem

Major shielding
or grounding
problem or cut
cable

Bad power supply
or cut trunk line

Mechanical noises

from air line leaks

fan motors, etc.

Check cable and
geophone

Check cable connec-
tion and geophone

Check shield
connections and
wiring

Check cable, shield
connections and
wiring

Check junction box
power supply and
trunk line

Check mechanical
equipment near geo-
phone. Fix problem
or shield or move geo-
phone

When trouble-shooting,
the problem is in more than one channel,

channel or channels.

cable to someone in the instrumentation station.
municaticn can't be established or is not clear,
is obviously in the cable.

one first should determine whether
then isolate the bad

One normally first disconnects the geo-
phone and establishes voice communication back through the

If voice com-
the problem

If the cable appears all right,

the voltage to the geophone is then checked with the voltmeter.
If the power check proves positive, the problem is apparently

in the geophone.

mine if the connector may have been the cause.

is still bad, it is replaced.
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Cables can be checked by measuring cable resistance from
point to point with an ohmmeter to check continuity. Conductor
resistances per 1000 ft for copper are:

18 gage 6.6 ohms
20 gage 10.5 ohms
22 gage 16.8 ohms.

The location of a cut or short can also be calculated,
taking into account the double back length, from the ohmmeter
readings. The suspected location, rather than the entire cable
length, can then be inspected. The bad section of cable is
spliced or repaired. In some instances the cable damage may
not be obvicus., In these cases the cable is usually cut, good
sections determined, and new sections spliced to the good sec-
tions. When working with multi-conductor cable one must be
very careful in re-splicing and waterproofing the splice.

A useful item of equipment for checking cables and geophcne
preamplifiers is a portable audio signal generator having a sine
wave and fixed voltage output. The signal can be fed into the
preamplifier through the geophone connector or can be put directly
on the cable. The problem can then be isolated to the geophone,
preamplifier or cable.

Use of junction boxes makes cable checking easier for both
single or multipair cable systems. Cable probklems can then be
more easily isolated between junction boxes. An ohmmeter or a
cable~fault detector can then be used to locate the break or
bad section. Water seeping from cable ends at a junction box
is diagnostic of a cut in the cable jacket. This usuwally pro-
duces a noisy section of cable and attenuation of signals.
Cables, particularly single pair cables in multiple runs,
should be marked at frequent intervals for ease of identifica-
tion.

Finally, it cannot be overemphasized that the key to mini-
mizing cable maintenance is installing high guality cable and
wiring it correctly.

Equipment malfunctions in the data processing unit are
rare, However, if malfunctions do occur and service manuals are
available, the operator or electrical maintenance crews should
follow the manuals to the limit of their capabilities. Assis-
tance from the manufacturer likely will be required, and an on-
site service call is preferable to shipping the unit out for
repairs.

As complex electronic equipment is not readily maintained

by mine personnel, service maintenance contracts should be ob-
tained for the data processing unit and any peripheral computing,
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plotting, and display egquipment. Arrangements for oh site service
on other components of the system should alsoc be established.

References

1. Rowell, G. A. and L. P. Yoder. The Effect of Geophone Em-
placement on the Observed Frequency Content of Microseismic
Signals. Proc. Third Conf. AE/MS Activity in Geologic
Structures and Materials, Penn. State Univ., October 1981,
Trans Tech Publications, in Press.

2., Lepper, M.C., Poland, A. P., and C. 7. Mullis. A Micro-

seismic System for Monitoring Slope Stability. Bu Mines
RIS641, 1982, 64 pp.

-92-



CHAPTER 6
OPERATING A MICROSEISMIC SYSTEM

Microseismic or acoustic-emission activity indicates
a structure may be having difficulty adjusting to the applied
lcads. To use this phenomena in understanding the structure's
behavior and assess its stability, one must first detect and
record the microseismic data.

Gathering Data
For geotechnical applications, traditional single-channel
microseismic monitoring inveolves detecting audio frequency

events generated in rock or scil structures.

Single-Channel Monitoring

The basic procedure is to visit known or suspected problem
areas and gather the microseismic data. This is achieved by
placing the geophone in good contact with intact rock or soil
and operating the eguipment for a 15 tc 30-minute period. De-
tected events are counted or recorded, and the general ground
conditions at the site are observed and noted. Extraneous
noise, though not cocunted, is noted if recorded. This pro-
cedure is repeated for a number of locations in and around the
unstable zone. Other unstable or suspected unstable zones are
monitored in like manner. This monitoring, shown pictorially
in figqure 6-1, is repeated at freguent intervals, the fregquency
depending on the level of the microseismic activity and the
potential hazard. For example, active mining in popping and
cracking bad ground should be checked on at least a daily basis.
‘A slowly failing pillar or a slow moving slope may reguire only
a weekly check. The field data and notes should be maintained
in permanent log books. This permits future data analyses and
provides a past history of all monitoring.

Using this type of monitoring, one can cover any mine area
or monitoring site on short notice and also note extraneous
noise and ground conditions. However, this method has a num-
ber of serious disadvantages. Monitoring periods are very
short, and the visits must be made during quiet times. This
limits the number of sites that can be monitored on a daily
basis. The quality and reliability of data are largely a func-
tion of the operator's experience and enthusiasm. And, one
cannot determine the exact location of the microseismic event,
only that it is in the general vicinity.

High-frequency portable equipment has been developed which

responds in the 35 - 100+ KHz range, to overcome the disadvan-
tage of monitoring only during quiet times. This development
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shows much promise for applications where continual ncise is
present, such as continuous mining of coal. The extraneous
machine noise is below the frequency range of the monitoring
eguipment, hence does not mask the microseismic signals. The
Bureau of Mines has reported very encouraging initial field
results, and a commercial monitoring unit has now been devel-
oped (l). (USBM Contract No. H0272009 Final Report, "Micro-
seismic Roof Fall Warning System Development, Field Trials
and Commerical Prototype Fabrication", May 1980)

Because high frequency microseismic signals do not pro-
pagate long distance, the geophone must be relatively close
to the unstable zone to be effective. Present practice is to
mount the geophone against the back and set the data process-
ing unit in a safe place. Monitoring, which is continuous,
records the number of events detected and the time an event is
above threshold (an energy estimate). Plans are to adapt both
geophone and the processing unit for mounting on continuous
mining machinery. The data processor will trigger an alarm
to warn the machine operator of an imminent roof fall.

Multi-Gecphone Monitoring

To overcome the deficiencies of single-channel monitoring,
an array of geophones can be monitored simultaneously and used
to cover a number of suspected unstable zones., Monitoring can
be continuous or programmed to coincide with quiet or inactive
mining times. Because the equipment is comprised of single-
channel compcnents, the same type data is gathered with some
8 or more channels as with a single-channel system.

Amplitude comparison of multi-geophone data better indi-
cates the source of detected events. When more than one geo-
phone detects the same event, the channel showing the largest
amplitude should be closest to the source. The incoming data
is counted or recorded, providing a permanent, unbiased moni-
toring reccrd. Howevexr, the advantage of an operator's daily
observations of extraneous on-site noise, ground conditions
and excavation activities are lost.

Source Location Monitoring

Data gathering with a computer-controlled source location
or rock-burst-monitoring system continues automatically around
the clock. Microseismic and seismic events, as well as blasting
events, are detected and their sources located. Normally all
data from each event is printed out segquentially as it occurs,
as shown in figure 6-2. For arrays covering specific areas,
the source locations can be plotted on plan and section maps
as each event is detected. The data processing unit may also
be recording the tetal number of events detected, total energy,
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X or east coordiante

Y or north coordinate
Elevation (see level datum)
Year
Y;;;\ Y;;iay (Julian)
S;?our_L?lnqu{—Second

001034000828-01810001978000215000008000027000043

GEO TIME ENERGY 000032 - Relative energy as determined
by intergrator

21000000 --- First phone hit
15000009
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22000152
13000221
Geophone —] 08000229
Designation [10000244
16000271 t.e., 9 'clicks' = 9 x .00005 sec, = ,.00045 sec.
23000299
12000340 450 micro seconds @ velocity of 18,000 ft/sec wave
06000396
17000526 travels = 8.1 feet

Arrival times to subsequent phones in machine language

FIGURE 6-2— DATA PRINTOUT FROM SOURCE LOCATION MONITORING SYSTEM (3)



current microseismic Or energy release rates, etc. This data
can be printed out on a programmed time schedule or requested
at any time through the keyboard terminal.

It is apparent that a large number of events (hundreds) can
occur daily if a mine or other structure is even moderately
active microseismically. A&nalysis of such large amounts of re-
sultant outputdata is very time consuming and may well be com-
pleted too late for remedial action. Thus, for real time data
analysis and plotting, it is becoming usual practice to trans-
fer large veolumes of daily output data to disk file storage on
an adjacent or remote, interactive minicomputer.

A number of problems encountered during continuous moni-
toring near underground mining activity may cause loss of data.
The audible level of underground drilling noise is high enough
to exceed the threshold voltage on one or more channels. This
causes almost continuous activation of the timing and control
section of the data processor. Large mine blasts or large
seismic events will normally overdrive the amplifiers of some -
geophones, producing false or echo events for up to 15 seconds
following the event. And spuricus electrical noise can cause
any number of false events, depending on the electrical prob-
lem. Continuous triggering of a monitoring system is usually
apparent from small lights flashing on channel input cards each
time a threshold is exceeded, or from status lights flashing on
the computer part of the processor.

The drilling noise preblem is dealt with in a number of
ways, from manual to fully automatic countermeasures. The
operator can check each geophone, using a monitoring switch,
to isolate the triggering channels. These channels are then
manually switched off until the drilling stops, or their thresh-
¢ld levels can be raised above the drilling noise. This solu-
tion is not generally satisfactory, since it reguires almost
continuous checking by the operator. New microprocessor-—
based timing and control sections have the capability to recog-
nize drilling noise, latch the affected input channels closed,
and return them to service when the drilling stops. The Bureau
of Mines has handled this problem at one of their underground
monitoring locations by developing a hardware-software drill
supress routine. This basically consists of checking 3 channels
at the end of each time window. The two drill detection chan-
nels are near the stope or stopes being monitored, while the
third channel is at some distance from these stopes. If the
signal levels on both drill detection channels are still above
threshold and the signal level on the third channel is below
threshold, the triggering event is rejected as drilling noise.
If the signal levels on all three channels are still above
threshold, the triggering event is accepted as a microseismic
event. This solution works well for small-area monitoring and,
with only minor scoftware changes, could be adapted for
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large-array mine-wide monitoring. However, it does not stoo
continuous triggering of the timing and control unit. Another
solution, developed for acoustic emission monitoring, is the
floating threshold. The threshold level adjusts itself auto-
matically to the average background noise level. Drilling or
other continuous mine noise then become the background noise
level, and the thresholds of affected channels are automatic-
ally adjusted.

Coping with equipment overdrive caused by large blasts or
large seismic events is somewhat difficult. The Bureau of
Mines, again for small-area monitoring, and to record all
bursts, has used a split input with reduced amplification to
handle the problem. A 24-channel system is used to look at
12 channels with high-gain amplification for low-level events
and the same l2-input channels with low amplification for
high-level events. Logarithmic or automatic gain~controlled
amplifiers could be used, but the problem has not yet been
significant enough to warrant the added equipment expense
and complexity.

Spurious electrical noise usually produces electrical
spikes that may trigger all channels simultaneously. Obvious-
ly, the best way to deal with this problem is by using good
wiring and grounding practice. This normally eliminates spur-
icus electrical noise. The problem has been dealt with,
however, in software-controlled timing and control sections by
considering an event an electrical spike if more than 3 geo-
phones are triggered during a minimum time interval. If 4
or more geophones have identical arrival times, the event is
rejected as electrical noise.

While a great deal of time and money is expended gathering
microseismic data, not enough time and effort is spent in
gathering data to determine the cause of the problem. The
microselsmic data is but the response of overstressed rock to
loading. To be meaningful, analysis and interpretation of
this data must include the site geology, rock properties, load-
ing conditions, excavation geometery and sequence, and any
other field measurements that have been taken. Hence, visits
to problem areas must be made on a continuing basis. In addi-
tion, observations by both workers and supervisors should be
solicited as they are closer to the problem and usually develop
a good feel for how the rock or structure is behaving.

Analysis of Data

Raw microseismic data, gathered bv manual or automatic mon-
itoring, must be presented in a form such that anomalous or
diagnostic trends are recognizable. The usual procedure is to
carry out and present the results of data analysis with res-
pect to a particular structure or parts of a structure.
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Knowledge of the source of the microseismic events pinpoints
the problem area. With single-channel monitoring the geophone
is located in the structure, hence the microseismic events
detected are presumed to be located within the structure.

With multi-geophone monitoring each geophone may be located in
one or more structures and that data is analyzed according to
the location of each geophone. With source location monitoring
the computer locates the origin of each detected event to a
point in space, which 1s then related to a specific structure
or parts of a structure. Hence, data analysis procedures for
any type of microseismic monitoring are basically the same,
rock noise occurrence data is compiled for specific areas.

The data for any structure is tabulated for statistical an-
alyses, displayed for pattern or anomalous trend recognition,
and plotted to delineate potential problem areas. Thus, data
analysis is based both on the location of rock noise occur-
rences and the characteristics of the rate at which those noises
occur. Where necessary, the raw data is corrected prior to the
data analysis. )

Microseismic Counts

Microseismic data is usually analyzed to make stability
judgements by examining the number of events occurring in any
particular structure or parts of a structure. This is done
by summing the number of events over a given time interval to
determine the microseismic rate. The microseismic rate is =
then plotted against time, usually days or hours. An example
of this type of plot is shown in figure 6-3. Similarly, if
thresheold crossings for each event were counted, the threshold-
crossing rate would be plotted versus time. It should be noted
that the numbers involved in threshold-crossing plots are much
higher than those in event-count plots, since large events
may produce large numbers of threshold crossings because of
their longer duration.

Microseismic~rate plots are usually made even when moni-
toring is not conducted continuously. With continuous moni-
toring, plotting total daily events, as shown on figure 6-4,
or threshold crossings is the more common practice.

The classic, and looked for, anomalous microseismic pattern
is a sudden high rate or count, followed by an egqually sharp
decrease in microseismic activity. This is sufficient reason
to examine the area producing the ancmaly and to look for the
cause of a potential problem.

Energy Release

Microseismic rate or count plots treat each event equally,
regardless of the magnitude of the event. Since both more and
bigger events usually precede a failure, plots of the amount
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of released energy are often more diagnostic than are plots of
microseismic rate. The data presented in figure 6~5 shows that
the sum of seismic energy released daily indicated an anomalous
buildup prior to the occurrence of a rock burst, whereas the
number of events occurring daily d4id not. It should be mention-
ed that threshold crossing counts scmewhat represent the events
magnitude since larger events result in more threshold crossing.

Because there is no standard method for computing micro-
seismic energy, all energy numbers or rates are relative and
apply only to a particular study. Energy numbers are computed
by squaring the amplitude of the event, integrating the wave
form over a time interval (by any of several methods), determin-
ing the time above threshold, determining the event duraticn,
and by combinations. Regardless of the calculation method, the
data is usually plotted as an energy per time-interval over a
chosen time span or as total energy per day. Again, any anoma-
lous increase or decrease in the data is looked for which would
indicate a potential problem in a particular structure.

Energy data would perhaps be more useful if energy at the
source were calculated rather than energy detected at the geo-
phone. For source location systems, this calculation is possi-~
ble if an energy propagation law is determined for the surround-
ing rock mass, since the distance from source to geophone is
known. Procedures for calculating the energy of an event and
the energy at the source are given in Appendix F.

Since events tend to be of larger magnitude as failure is
approached, it follows that the waveform frequencies of events
should decrease as failure is approached. Considerable research
has been carried out to determine if this freqguency down shift
'is readily recognizable, but to date a diagnostic drop in wave-
form frequencies of detected events prior to failure has not
been verified.

Energy Per Event

If both the microseismic counts and the energy released are
recorded, a ratio plot of the energy per event can be determined.
In some high-frequency monitoring, particularly with regard to
roof falls in coal mines, this ratio has a sharp and diagnostic
peak immediately prior to a failure, as shown in the example
on figure 6-6. .

Blast Equilibrium

Daily mine or construction blasting changes the excavation
geometry, and the resulting stress adjustment in the surrounding
structure generates microseismic data. The time required, be-
cause of the reshaped opening, for the structure to regain
equilibrium, (settle down microseismically) is a measure of the
structures stability. Stable structures normally regain
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equilibrium (quiet down) within 30 minutes following blasting;
whereas unstable structures will continue to work or adjust
for hours, emitting microseismic noise. Usuallv the amount
of energy released is more diagnostic than are microseismic
counts, as it is common to observe fewer but larger events as an
unstable structure adjusts. Figure 6-7 shows example plots
of stable and unstable structure response following mine
blasting. The stable structure rapidly settles down after
blasting, whereas the unstable structure continues to emit
large amounts of energy.

Mjicroselsmic Source Location

The goal of any microseismic monitoring is the location
of potentially unstable areas in rock, soil or man-made struc-
tures. With single-channel meonitoring, an estimate of the
source of detected events can be made by probing with the geo-
phone in the suspected unstable area. Presumably when the
microseismic noise is the most fregquent and intense the geo-
phone is closest to the source. With multi-channel monitoring,
an amplitude comparison for the same event will provide an
estimate of the source, The closest geophone should detect the
event first and register the greatest amplitude. These esti-
mates are usually very gqualitative--within a few hundred feet
of the actual source. An accurate, mathematically determined,
source location requires that the event be detected by at
least 4 geophones and the first-arrival times of the micro-
seismic wave at these geophones be precisely known. Also
required are measured geovhone coordinates, and an accurate
seismic velocity model for the area monitored. This informa-
tion is then used in a set of equations to calculate the x, ¥y,
z source coordinates. The development of these equations and
their solution is a complicated mathematical exercise (5 - 10).
An overview of source location techniques is presented 1n
Appendix G.

Both on-~line and off-line computer calculations of micro-
seismic source locations produce only best estimates of the
true source location. Variations in seismic velocity, unclear
identification of first arrival times, an unknown source time,
less than ideal geophone arrays and possible interference from
blasting or another simultaneous event, introduce errors,
These estimates are typically accurate to within 10 - 40 ft.
The majority of events are located accurately encugh to delin-
eate potential problem areas to a particular structure or part
of a structure. This is the goal of any field monitoring,
which has been shown to be adequate in practice. Concern over
more exact location of the scurce is not warranted.

Plots of located events show where stress is building or

movement is occurring. Typical stress buildup is plotted in
figure 6-8. The contours of rock noise density delineate stress
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concentrations. On-line plots are in real time or plotting can be done
at the operator's convenience using data filed in disk storage.
In the latter case, plots can be constructed for a particular area
over any time period. The selection of time period is based on
the type and severity of the problem.

.Seismic Velocity

Seismic~-velocity values must be determined for any monitor-
ing location before microseismic events can be accurately locat-
ed. Seismic velocity values also supplement the microseismic
data with respect to locating, mapping and evaluating areas of
increasing or decreasing stress. Stress buildup in a structure
is normally accompanied by increased seismic velocities to geo-
phones surrounding the structure as well as by increased micro-
seismic activity.

For minewide monitoring, where assigning a microseismic
event only to a particular mine structure is sufficient, an
overall, average seismic velocity is used. When detailed stope
or structure monitoring requires greater source-location accur-
acy (within 10 feet), a separate, calibrated seismic velocity
may be needed for each geophone. However, seismic velocity
varies because of different travel paths, geology, rock condi-
tions, mined openings, etc., and the microseismic events are
generated randomly throughout the structure; thus choosing the
correct velocity for each geophone beccmes a complex problem.
Experience has shown that use of average seismic velocities is
sufficient.

Seismic velocities through structures can be determined
using standard seismic velocity survey equipment, such as a
signal enhancement seismograph, or if a source-location system
is in operation, by setting off test blasts at known points,
Seismic surveys repeated over a period of time will reveal
increases or decreases in seismic velocities through structures.
These data can then be used to supplement microseismic and field
data.

Data Processing

Whether data is gathered manually or automatically, it
must be checked and analyzed in a consistent and routine manner.
For the nonlocating type monitoring systems, this may only
involve scanning the counted or recorded data to insure events
detected were real and summary statistics and plots are correct
and up to date. For source location monitoring, the checking
and sorting cf the data usually requires a major effort.

The usual output from scurce-location monitoring in geo-
technical applications is sequential printing of data for each
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detected event. The operator must then examine the print-out
to:

1) Check events for consistency of arrival
times and source location.

2) Reject blasting events and sort out good events
occurring with the blasting.

3) Sort events with respect to particular structures.

4) Tabulate event statistics and plot data for each
structure.

5) Tabulate overall event statistics and make overall
plots of data.

Once familiar with a system and the data analysis procedures,
an operator can scan the data print-out and relatively quickly
and easily check and sort out the data.

"Mislocated events are obvious to an experienced operator
because the source location does not correspond to the arrival
time sequence. That is, the located event should hit the
closest geophone first, and successive geophones corresponding
to their respective distances from the source. Mislocated
events are usually because of interference from one or more
geophones triggered by the simultaneous occurrence of another
event or local cultural noise. The operator corrects mislocated
events by a procedure shown in Appendix H.

Mine blasts normally occur during specific time intervals
.2 or 3 times per day. These events have a characteristic
range of energy levels and their locations can be assigned to
particular stopes or headings:; hence, they are easily recognized
as blasting events. For example, the blasting in a particular
stope may result in relative energy units ranging from 60 to
100. Microseismic events will be located some distance from
the blast events and will have lower energy levels, in the 0
to 60 range. A seismic event will likewise be located some
distance from the blasting events, but will have a higher
energy level, above 100. With experience, the sorting of real
data from blasting data is not a problem, unless an event is
completely masked by a blast or blast echo.

After blasting is deleted, events are checked and corrected,
then sorted with respect to a particular structure. The data.
for each structure is tabulated and plotted, and overall tabu-
laticns and plots complied. Events that can't be unscrambled
are put into a no-plot category. It is apparent that, when
hundreds of events are detected and located daily, some form
of automatic, on-line data processing is necessary. Qutput of the
data-processing unit must be transmitted to a separate data-pro-
cessing computer, or at least stored on some mass-storage device.
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Mining companies with rock burst monitoring systems are now
upgrading their systems to include automatic data analysis and
processing. Real-time updated plots for any monitored struc-
ture will make analyses much more timely and efficient.

Interpretation of Microseismic Data

The microseismic data, when tabulated and plotted, shows
how particular structures are responding to changlng geometric
and/or loading conditions. Increasing microseismic and energy
release rates for a particualr structure indicate increasing
stress or movement. Source location plots show where zones of
increasing stress or movement are developing within the struc-
ture., A seismic velocity survey may show whether the structure
is loading and storing up energy prior to failing, or whether
the structure is unloading by slowly and gradually failing.

The microseismic data, by itself, is only one piece of
information with respect to the stability of any structure. It
must be combined with the mining, geological and rock mechanics
information, as well as past microseismic history. When all
this information is combined, the reasons for anomalous micro-
seismic data usually becomes clear, and corrective or remedial
measures can be taken to prevent occurrence of a potential prob-
lem. In some instances warning of an imminent failure may be
accomplished.

The utilization of past microseismic history must be
approached with caution. A diagnostic sequence of microseismic
events that preceded a failure in one structure may nct precede
failure in another structure, or even a second failure in the
original structure. Different geologic conditions and different
loading conditions make the microseismic response of each struc-
ture somewhat different. Though general microseismic patterns
may be diagnostic with respect to a failure, individual patterns
for specific structures may be almost unique. Therefore, a
great deal of caution must be used in applying criteria estab-
lished for one structure to another.

The microseismic data will usually indicate the problem's
location and whether the problem is becoming more serious oOr
is stabilizing., It will also provide a means of evaluating any
remedial measures taken to prevent a rock failure. Only on
rare occasions has data interpretation been successful in pre-
dicting the time of failure occurrence.

However, once a person has gained experience at a particu-
lar mine or site he should be able to develop some potential-
failure criteria based on microseismic data. The more uniform
the geology and ground conditions, mining geometry and sequence,
loading conditions, etc., the greater the chance of establishing
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characteristic microseismic responses to mining or excavation.
In some coal mines with uniform conditions, success has been
achieved in using microseismic monitoring equipment, with
built-in diagnostic pattern recognition, to sound an alarm
when a preset microseismic rate, energy rate or combination
of the two is exceeded.

While microseismic equipment continues to become more
sophisticated, there has been little real improvement in the
utilization of the microseismic data during the past 10 years.
This may be due to a preoccupation with locking for character-
istic patterns rather than relating the available microseismic
data to the on site conditions and problem causes. It is still
not possible to have cook book type procedures for microseismic
monitoring. There are no standard data analysis procedures
that can be uniformly applied for predicting a failure.

It must be emphasized that the microseismic technigue is
only a tool that provides information about rock structure
behavicor to applied loads.. This tool by itself does not pre-
vent or solve problems. The data from this toocl, when correctly
interpreted, can lead to the recognition and causes of a prob-
lem. Utilization of this data obviously requires both experi-
ence and knowledge in the particular problem area.

Training

Operating a microseismic monitoring system is usually not
difficult, but finding trained personnel is. Normally at
least two persons are required to staff a monitoring project--
a technician to maintain the system, do the monitoring, and
make preliminary data analyses; and an engineer to interpret
the microseismic and geotechnical data, make stability
evaluations, and outline corrective action. These are both
full time positions.

Ideally the technician has a couple of years of engineering
education, a good background in electronics, and a knowledge of
computers. The engineer in charge should have a strong back-
ground in rock mechanics and a good background in mining, geo-
logy and computers. Electronics is desirable but not neces-
sary. Both must be inguisitive, enthusiastic, and able to
‘communicate with workers and management.

Basically, no formal training in microseismics is available.
The short courses in acoustic emission given by equipment manu-
facturers are not very geotechnically oriented. Only occasion-
ally do rock mechanics short courses devote one or more lectures
to microseismic monitoring. In short, most training is gained
on the job and by reading the published literature, touring
government or university research facilities conducting micro-
seismic studies, and by visiting field monitoring sites of

-111-



mining companies or research organizations. Where a monitoring
system is already in operation, on the job training is greatly
aided by maintaining well documented files on egquipment, moni-
toring and data analysis procedures, and all logs, notes and
reports written.

With available training, including short courses in both
rock mechanics and computer programming, new personnel normally
require one year's experience to become familiar with the
equipment, the microseismic method, the rock mechanics problems,
and gain the confidence of working and supervisory staff. The
monitoring personnel can then utilize the microseismic data to
improve ground control and safety in the everyday mining or
construction operation.
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CHAPTER 7
USING MICROSEISMIC DATA

Use of microseismic data is illustrated by the following
case histories.

General Underground Monitoring

The single—-channel surveys carried out by Industrial Minera
Mexico in their underground mines are examples of using micro-
seismic monitoring to improve ground control. Potentially haz-
ardous working areas are reported to the rock mechanics engineer,
who then includes them in his routine monitoring program. The
effectiveness of this procgram was demonstrated during the drill-
ing and bkblasting of sublevel long holes at the San Diego mine of
their Santa Barbara Unit (1).

To increase production, a wide section of their vein (39~
66 ft in thickness) was developed and mined by sublevel open
stoping, rather than by the usual shrinkage or cut-and-fill
methods. In 1975, three sublevels were driven between the 800
and 9230 levels, some 1800 ft below the surface. These sublevels
were driven full-vein-width without reinforcement. Mining also
began in 1975, and the blasting of the rows of holes continued
for some two years with no real problems. However, as mining
continued and the amount cf open ground grew larger, the unrein-
forced roof conditions began to deteriorate, particularly in the
areas immediately adjacent to the open stope. By the end of 1977
small roof falls were beginning to occur along the sublevels. A
program of microseismic monitoring was initiated in 1978.

Two operators checked the troublesome areas daily using
portable monitoring equipment. Geophones were placed in special
drill holes along the roof and walls of the sublevels. Monitor-
ing was carried out at 20-minute intervals at each location dur-
ing guiet times. The data was tabulated, and daily plots of
microseismic rate were kept current for each sublevel. A vlot
from some of these data is shown in figure 7-1. The high initial
microseismic rate reflects the general instability of the sub-
level roof. To stabilize the roof, a recommended program of
reinforcement, using 10-ft fully-grouted rebars, was completed.
The effectiveness of this reinforcement was soon apparent, as
the high microseismic rates almost immediately decreased to a
stable background rate.

Rock Burst Monitoring
Rock bursting is a major hazard in some deep mines. 1In
addition, the resulting loss of production and expense of clean-

up and repair make rock bursting a severe operational problem.
The problem becomes more critical as mines go deeper.
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One rock burst control technigue used in the Coeur d'Alene
mining district of northern Idaho is a combination of minewide
microseismic monitoring and destress blasting. Burst-prone areas,
primarily pillars, are delineated by monitoring. They are then
destressed by drilling and blasting.

Previous monitoring of burst-prone structures has shown
that when a pillar is reduced to 40-60 ft in thickness it reaches
a critical burst-geometry. The microseismic rate increases signi-
ficantly, and most of the noise is generated within the pillar.
Also, substantial increases in seismic velocities, measured by
surrounding geophones, indicate a general stress increase in the
pillar area. A gradually failing pillar, which is also micro-
seismically noisy, is characterized by decreasing seismic velo-
cities.

Another example ¢f using microseismic monitoring to improve
rock burst control is taken from studies carried out at ASARCO's
Galena mine (2). The geophone array used to monitor a burst-
prone pillar 1s shown in figure 7-2. Source locations for the
first few months of monitoring, which began in November 1969,
are shown on figure 7-3. Data indicated that mining had not yvet
created a critical burst-geometry of the pillar. Initial mining
of the next cut suddenly shifted the stress up into the pillar,
as shown by the source-location plots in figure 7-4. The accom-
panying increase in seismic velocity, registered by surrounding
geophones, is apparent in Table 7-1.

Table 7-1. - Seismic Velocities, 40-135 stope
Geophone Feb. 2, 1970 Mar. 4, 1970
velocity, fps velocity, fps
1 - 19,699 20,101
2 18,403 20,406
3 19,397 20,519
4 -- 20,221
5 20,419 21,325
6 20,424 20,535
7 Shot Time Shot Time

This data indicated a burst could be expected. However,
buildup of stress was so rapid there was no time to destress. .
The next afternoon miners were removed from the stope when it
became very active, both microseismically and seismically. The
following morning a small burst occurred in the back end of the
stope pillar,
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Mining resumed after a short period of cleanup and repair.
Continued microseismic monitoring indicated the pillar was still
burst prone, as can be seen from the data in figure 7-5. The
remaining pillar was destressed by blasting a series of 20-ft
long holes drilled on 5-ft centers.

Microseismic monitoring and seismic velocity surveys through
the pillar were used to verify the effectiveness of destressing. .
Figure 7-6 shows the results of the seismic velocity surveyvs.
The significant reduction in seismic velocity throughout the
pillar indicated the pillar had been fractured and softened, hence
was presumed to be destressed. WNo further bumping or bursting
occurred as the stope pillar was mined out. Microseismic activity
remained low and was confined to the walls around the stope.

This example illustrates the usefulness of microseismic moni-
toring in recognizing a problem and in evaluating remedial action.
It also shows that sometimes microseismic buildups occur so rapid-
ly there is only time for removal of workers from the area.

Though this is standard practice, in most cases bursting does not
occur following the buildup. When the stope or working area has
settled down microseismically, usually the next day, work is re-
sumed under close scrutiny of the on-line microseismic monitoring.

Coal Bump/Bounce Monitoring

Microseismic monitoring of bump or bounce-prone areas in coal
mines is wvery similar to rock burst monitoring. An array of geo-
phones is installed to monitor minewide or a specific area. 2Add-
ed operatiocnal problems in coal mines are equipment permissibility
requirements and the fast-changing mining geometry due to rapid
extraction of coal. A description of one monitoring project in
a deep Colorado mine is taken from a Bureau of Mines study (3).

Each specific study area was covered by 7 geophones. Data
from the preamplified geophone output was cabled to a monitoring
facility on surface, recorded on magnetic tape, and processed by
an automatic arrival-time unit.

Normal mining in stable areas produced a low, steady back-
ground microseismic rate of some 10 events per day. Mining into
unstable areas caused a dramatic increase in the microseismic
rate, as shown in figure 7-7. A fault that crossed through the
mining area apparently created a stress imbalance in the barrier
pillar. Figure 7-8 is a time sequence plot of cumulative source
locations. It clearly indicates that stress increased along the
fault and concentrated in the barrier pillar as mining continu-
ously shifted more load onto the pillar. As a result of this
project a better mine layout and mining sequence was established
to minimize bumping.

This example illustrates the usefulness of microseismic

monitoring and the importance of taking into account the local
geclogic and structural conditions. The importance of combining
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the microseismic data with the mining, the geoclogic and rock
mechanics data cannot be overemphasized.

Short-Period Seismic Monitoring

Monitoring rock burst-prone mines with short-period seismic
systems (seismographs) began in the Kolar Gold Field of India in
1912. Similar monitoring was initiated in South Africa in the
1930's and in the Coeur d'Alenes in 1966. Short-period seismic
arrays to monitor coal bumps have been used in the U. S. since
the early 1960's and in Europe since the mid-1960's. The purpose
of short-period seismic monitoring is to provide a record of all
rock bursts or coal bumps and a means of categorizing the size
of such events based on instrument response rather than on obser-
vations or damage reports.

In India, the Kolar Gold Field Observatory classified all
bursts detected according to displacements of the recording
stylus. Bursts producing displacements greater than 2 mm were
considered large. The intent was to use the compiled burst data
in evaluating changes in mining methods with respect to bursting.
However, too many mines with too many changing variables pre-
cluded meaningful evaluations.

In South Africa short-period seismic monitoring has been
used primarily to relate overall release of seismic energy to
reef closure at a mine. The purpose is to determine which mining
rates release the least amount of seismic energy. ‘A more recent
application is evaluating the use of large stabilizing pillars
to minimize stress buildups and resulting rock bursts. A re-
duction in released seismic energy, detected by the short-period
monitoring system, will indicate that the stabilizing pillars
are effective.

A short-period seismic monitoring system is being used at
each major mine in the Coeur d'Alene Mining District '(4). These
systems, which provide a record of all bursting and large seismic
events occurring at a mine, are invaluable in supplementing the
microseismic systems. In addition, they encourage better report-
ing of suspicious bumps or heavy-ground movement felt by under-
ground personnel.

Short-period seismic systems in coal mining areas are used
primarily to report coal bumps. Efforts have been made to deter-
mine the source of the bumps, then relate the bumping to mining
or geclogic structure. However, the time resolution on the
recorded seismograms is inadequate for accurate source location.

Surface Monitoring

The California Department of Transportation has routinely
used microseismic monitoring to evaluate the stability of high-
way cuts and old landslides intersected by a highway. A typical
example of one of their monitoring jobs is presented in the
following case history (3).
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A new highway was under construction some 300 feet below
the existing rocad. The natural slopes in the weathered granitic
rock were as steep as 1.2:1. In July of 1973, cracks were noted
above a 135 ft high 0.6:1 cut that was nearing completion. A
mobile microseismic monitoring van and crew were dispatched to
the site to examine the problem.

Examination of the slope by an engineering geologist re-
vealed an extensive area of surface cracking above the new road,
and a fault running from the top of the cut down under the new
road, as shown in figure 7-9. Monitoring began immediately €from
geophone locations on the slope, as also shown on this figure.
All geophones were buried in shallow, augered holes to minimize
extraneous surface and construction noise, and to get good con-
tact with the slope material. Monitoring was carried out twice
daily for 15 minute recording pericds. The microseismic data
for the geophones in the upper part of the slope near the cracks
were low. However, microseismic rates for the geophones located
at C and D, near the fault, were high and increasing, as shown in
figure 7-10.

The microseismic data, coupled with some displacement data
taken from the slope, indicated that remedial measures were
necessary. In accordance with recommendations, a buttress was
constructed at the base of the cut slope as quickly as possible.
As can be seen from the data on figure 7-10 the microseismic rate
rapidly decreased as the buttress became effective.

The microseismic monitoring provided an almost immediate
evaluation of slope stability that proved to be both diagnostic
and accurate. It alsc provided a record of the stability of
the stope before, during and after corrective measures.

Specialty Monitoring

The ability to locate the source of an event by the arrival-
time-difference methcd has led to anumber of specialty monitoring
applications. Microseismic monitoring is now being applied to
mapping the propagation and extent of hydrofracturing (6),deter-
mining an advancing cave line (7), determining the stabllity of
underground petroleum or gas storage reservoirs (8), determining
the stability of nuclear waste respository excavation (39), and
locating trapped miners (10). ,

Monitoring procedures may differ from the more traditional
geotechnical applications, in that the signal may be of lower
amplitude and frequency. This usually requires more sophistica-
ted filtering to improve the signal-to-noise ratio, and may re-
quire digital processing and data analysis to isolate the signal
from background noise. Geophones may have to be mounted in deep
holes to get closer to the source and to eliminate background
surface ncise.
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APPENDIX A.- GEOPHONE PICKUP DETERMINATION

From the manufacturer's specifications regarding gage sensi-
tivities and frequency response, one can compare velocity and
acceleration gages to determine which is the more sensitive over
a given frequency range. We calculate the crossover frequency
or the freguency at which each type of geophone is equally
sensitive.

At this crossover frequency the cutput voltage of the two
types of gages must be equal; hence,

Ea = akg = Ey = Vkv' (a-1)

where

Ea is accelerometer output voltage,

Ey is velocity gage output veltage,

a is particle acceleration,

v 1s particle velocity,

ka is accelerometer sensitivity (volts/g), and
kv 1s velocity gage sensitivity (volts/in/sec).

Since a = 2rfv, we can substitute into equation A-1 to obtain
21Tkaa = Vkv

or £ = k+ (A=2)
) 21Tka )

where f is the desired crossover fregquency.

The follewing example will illustrate the use of eguation
A-2 in selecting the proper type of geophone:

To choose between a velocity gage of 1l.0-volts/in/sec sensi-
tivity and an accelerometer of 0.35v/g sensitivity for a study
where low stress levels will be encountered

1.0 volts/in/sec
£ = / = 176 Hz.

27 x 0.35 volts/g x 1lg x 1lft
32.2 ft/sec 12-in

Hence, if the characteristic frequencies of rock noises generated
"were less than 176 Hz, the velocity gage would be more sensitive
and would be used. Similarly, if the predominant frequencies
were greater than 176 Hz, the accelerometer would be more sensi-
tive and thus selected. It should be mentioned, however, that
the crossover frequency must lie within the limits of the flat
frequency response of the gage.
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APPENDIX B. - MICROSEISMIC AMPLIFIERS

Although some seismic exploration work with velocity gages
is accomplished without amplifiers, virtually all microseismic
installations use a preamplifier located at the geophone. 1In
the case of velocity gages, a preamplifier is needed because the
output is so small the signal will be lost in extraneous. noise
picked up by the cable. The noise problems with the accelero-
meter is worse because of its high impedance and low level out-
put. Any long cable will noticeably attenuate its output.

RN |
o— > —o0
{i: Rin L/ﬂ *\;g

e B o

POWER SUPPLY é 110VAC

FIGURE B-1—UNBALANCED AMPLIFIER

‘Figure B-1 represents a model of an unbalanced, or single-ended ampli-

fier. Both its input &nd output share a common conductor. The gain
of the amplifier is defined as the ratio of output voltage to

input voltage. Gain may be expressed either as a ¥oltage ratio,
without units, or as gain in db, defined as:

db gain = 20 LOGyg E2
Ein

The amplifier shown is assumed to have very low output
impedance, and is unaffected by normal loading. The amplifier
input resistance is represented by R;,

For the purpose of microseismic instrumentation, the effects
of noise generated by the transducer amplifier must be considered.
In figure B-2 noise generators have been added to the amplifier
to represent noise socurces. The two nolse generators are equi-
valents for random noise generated by the various noise sources
in a transistor amplifier.
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The amplifier model in figure B-2 has became an
industry standard for audio frequency amplifiers. The noise
parameters, Ep and Ip, are specified for most devices intended
for low level instrumentation. Ep and In are expressed in
terms c¢of voltage and current per (Hz)%., On occasion they are
expressed in terms of volts® and amp52 per unit freguency.
This means of expression is necessary because the noise power is
distributed over a broad freguency range. The noise power emit-
ted is dependent on the bandwidth over which it is measured.
Thus the published noise parameters for a device are for a one
Hertz bandwidth. If the system bandwidth is 10KHz, and Ep and
In are constant with respect to frequency, the published Ep and
In values must be multiplied by (10,000)% to obtain the actual
contribution of the two noise generators.

Typical noise parameters for commercially available devi-
ces are listed:

En In
Bipolar Amplifier 3.0 nV/Hz" 0.1 pA/I-Iz-;i
FET amplifier 8.0 nV/Hz% 3.0 fA/Hz%

An inpsection of figure B-2 reveals that the source resis-
tance, Rs, determines which noise generator is the dominant noise
contributor. If Rg is very small, the voltage generated by
current In through Rg will be much smaller than Ep. Thus Ep
is dominant. Likewise, if Rg is very large, as is the case with
a high impedance tranducer, Ip will generate a larger voltage
than En and Ip determines the noise characteristics of the
amplifier.

Transducer selection is usually dictated by sensitivity
and cost. The amplifier is made to match the transducer. The
FET amplifier will produce less noise with high impedance trans-
ducers, such as the accelercmeter. (Piezoelectric being the
only accelerometer type considered here). Similarly, the
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bipolar amplifier will be less noisy with the low impedance
transducers such as the velocity gage.

When one amplifier is to be used with both velocity gages
and accelerometers, the FET amplifier should be used since it
offers higher impedance and only about twice the noise of the
bipolar amplifier. However, bipolar amplifiers will be about 10
times noisier than the FET amplifier when used with an acceler-
cmeter.

The amplifier equivalent-noise sources, En and In, have
a limited frequency range over which they exhibit their lowest
values. Figure B-3 shows the noise characteristics for a typ-
ical audioc amplifier,

AMPLIFIER 1 ‘
EQUIVALENT
NOISE INPUT gﬁggiiﬁﬁg .
POWER he— —>
(LOG SCALE) \\\‘\\\‘ RANGE </,,/”//

10HZ 10KHZ  LOG FREQUENCY
FIGURE B-3—FREQUENCY DEPENDENCE OF I,, AND E, FOR A TYPICAL AMPLIFIER

Before any amplifier is considered for an application, the
noise-source frequency dependence should be ascertained. An
amplifier can have a good noise performance, but the bandwidth
over which the specification holds may be restricted. The low
frequency 1limit is a highly variable number depending on the
type of amplifier. For microseismic applications a lower-limit
noise figure approaching 10Hz is obtainable. Velocity gages
and piezoelectric accelerometers are electrical generating
transducers. That is, for given amount of particle motion,
they generate a given amount of electrical power. The transdu-
cer signal power (coupled to the amplifier), compared to the
amplifier's own equivalent noise power, defines the system
signal-to-noise ratio. Figure B-4 compares the power freguen-
cy response for a velocity gage and an accelerometer.
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TRANSDUCER
OUTPUT POWER

FOR CONSTANT
AMPLITUDE MECH
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1 db 800 Hz LOG FREQUENCY
FIGURE B-4—FREQUENCY RESPONSE FOR TYPICAL TRANSDUCERS

s

. The velocity gage has a fairly constant output over its
useful bandwidth. The lower cutoff frequency f; for the gage
is determined by the seismic-mass suspension-system mechanical
resonance. Most manufacturers define fj as the frequency
where the response is 3 db below the mid-frequency response.
Velocity gages will often show a response resonant peak near
f1. This is due to the gage having insufficient internal
damping. Damping can be increased to eliminate the resonant
peak by adding external shunt resistance to the output termin-
als. Most manufacturers specify this resistance.

Critical damping of velocity gages is advantageous. Most
velocity gages are resonant below 15Hz. Signal components in
this frequency region contribute little to arrival-time infor-
mation; large amplitude, low frequency signals can interfere
with event recovery by overloading the amplifier.

The upper frequency limit for the velocity gage is deter-
mined primarily by parasitic mechanical resonances in the
gage, and its mounting. The frequency response of the velocity
gage (figure B-4) becomes very ragged above about 2KHz. Since
these variations in response are usually quite large, a means
should be provided to cut off all frequencies outside the gage's
normal operating range.

The accelerometer response in figure B-4, is expressed in
terms of constant velocity input and shows a voltage response
which is proportional to freguency. The high frequency cutoff,
f,, of the accelerometer (figure B-4) is primarily determined
by the resonant frequency of the piezoelectric crystal and its
seismic mass. Accelerometer mounting has an effect on fj,. As
resonant frequency is approached, the response becomes very
irregular. A means should be provided in the system to elim-
inate frequency components outside the accelerometer's normal
operating range.

Transducer output power is plotted in figure B-4 instead
of transducer output voltage. Available power is defined as
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that signal power which would flow from the transducer to the amp-
lifier when their impedance are optimumly matched. It can be seen
that above 800 Hz the accelerometer is delivering more power

to the amplifier than is the velocity gage. In this case of
impedance matching, the accelerometer has a noise performance
advantage over the velocity gage above 800 Hz. In practice,
impedance matching between the amplifier and transducer is

not economically possible. The result is a slight increase:

in the frequency at which the accelerometer demonstrates a

noise performance advantage.

The lower cutoff frequency, f;, for the accelerometer is
primarily determined by the amplifier input resistance, Rji,
the combined capacitance of the accelerometer, and the cable
connecting the accelerometer tc the amplifier. The cable
capacitance may be larger than the accelerometer capacitance.
The signal voltage generated by the accelerometer is attenu-
ated by the cable capacitance. Thus cable capacitance can be
the determining factor in both system sensitivity and low
frequency cutoff.

There is a convenient technique for eliminating this
capacitance problem. A feedback capacitor is added to the
FET amplifier.

|

Rf
_— ’\‘I‘\__.__
T Y I -
| 5 Vep
'ACCELEROMETER . 't {
R : ]‘K\ _
; L} ==m=mes 7T i _ ‘R\
' i CABLE ! .
¢ & | CAPACITANCE Ein Eb
ES: { H //
i L 3
I |

FIGURE B-5—CHARGE AMPLIFIER

In the amplifier shown in figure B-5, if the gain, K, is
made very large, the circuit functions as a charge-to-voltage
converter, thus its name "charge amplifier". The amplifier
feedback action is such that the amplifier will attempt to
keep voltage, Ejpr at zero by feeding charge back through capa-
citor C¢. In so doing the amplifier will develop a voltage
across’ the capacitor determined by the capacitance law:

Capacitance voltage = input charge
Ct
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Since E;j, is small, the voltage across the capacitor is
nearly equal to the amplifier output voltage, Eo. The gain
for the amplifier is 1/Cf volts per coulomb.

The cable capacitance no longer determines the system gain
or the low-frequency cutoff point. Furthermore, the noise per-
formance of the amplifier is not degraded by the feedback capa-
citor. The capacitance. should be chosen s¢ that the amplifier
gain is not so reduced that succeeding cables and further ampli-
fication begin to contribute nocise.

As a practical necessity some means of supplying bias cur-
rent to the amplifier is necessary. Otherwise the amplifier
will gradually drift off scale as leakage charge accumulates on
Cf. The feedback resistor Rf provides a path for the bias cur-
rent. Rf alsc determines the low frequency cutoff point f£7, just
as resistor Rip limits the low frequency response of the accel-
erometer FET amplifier without feedback.

An accelerometer is a high-impedance, low output device.
A charge can be generated when the signal cable is flexed.
This effect can be very troublesome unless special low capaci-
tance cables that are rated for accelerometer service are used.

Most commercially available preamplifiers suitable for mi-
croseismic application do not have self-contained power supplies.
In some installations battery power is used, but most systems
use centrally located line operated power supplies to serve
several preamplifiers. Power is supplied to each preamplifier
through a dedicated pair of wires in the geophone cable. The
amplifier signal output is carried on an additional pair of
wires or a single additional wire, with the power common used
as the signal return.

The selection of preamplifier gain is influenced by several
factors. To provide the best signal-to-noise ratio, all of
the system gain should be located as close to the transducer
as possible. 1In this way a high signal-to-noise ratio is estab-
lished before transmission.

For systems with a threshold detector on each channel, pre-
amplifier gain determination is simple. The preamplifier gain
is selected so that the smallest event of interest will generate
a signal. For a threshold level of 1 volt and a velocity gage
with a sensitivity of 1 v/in/sec, a minimum detectable event
is of 0.0005 in/sec and will require a gain of 2000 (66db).

For an accelerometer the gain requirement in the above ex-
ample is determined using the following relationship:

acceleration = 2nf velocity, in consistent units.
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At 1000 Hz, the acceleration would be
2 m 100 x 0.0005= 7 in/sec?
oY in g's, the acceleration is
T /(32.2 x 12) = 8,13 ma.

For an accelerometer with a sensitivity of 300 mv/g, the
accelercmeter voltage output would be ‘

(8.13 mg) x (300mv/g) = 2.44 mv

and with a voltage amplifier, the required gain for a 1 volt
output is just

1/(2.44mv) = 410 (52.2 db).

Some difficulty with this scheme may arise if the ampli-
fiers do not have good overload recovery characteristics. The
gain chosen can easily cause amplifier overload, since many
events will be much larger than the minimum assumed here. If
the amplifier maximum output voltage swing is 10 volts, an
event only 10 times the minimum detectable will cause ampli-
fier overload,

Microseismic Cable Considerations

In most installations the transducer array is distant from
the dataprocessor. Typical cable runs are about 5000 ft for
an underground installation. A number of transmission means
including wireless and fiber optic have been proposed, but at
present metallic electrical cable is most economical.

Signal attenuation in cable is usually not much of a pro-
blem. For instance the attenuation of a 10,000 ft cable with
20 gage conductors is only a few db in the low audio-frequency
range. Some manufacturers provide a means of inserting a cali-
bration signal at the transducer amplifier to permit measure-
ment of overall system gain. One system has been constructed
that allows injection of a calibration signal at the data pro-
cessor. The calibration signal is transmitted via cable to the
transducer amplifier calibration input, then returned for veri-
fication.

The microseismic user has two frequent problems, cable
noise pickup and maintenance. The electrical power dis- ‘
tribution system is the source of most interference. It is the
source of low-frequency noise (harmonics of the line current
fundamental frequency) as well as transient mine-power switching
noise.
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The power system noise is transmitted to the microseismic
cables by three mechanisms, magnetic and capacitance coupling
~and redundant grounds. Capacitive coupling is illustrated in
figure B-6 below. The principal cause is running signal cables
near mine-power cables.

i Ii 114 POWER CABLE Vi VOLTS
Csoox--
RS

N .
1’ l, & [K\

Ii
T - ] .
Rs ;
| Rin
Es I
!
- , . = -
= Ein=Es+Ec ® RmRs

FIGURE B-6—~MICROSEISMIC CABLE CAPACITIVELY COUPLED TO HV POWER CABLE

The signal wire in figure B-6 connecting the transducer
to the amplifier is assumed to be a twisted pair cable, and
the power cable nearby is carrying AC current. This causes
capacitive coupling between each signal wire and the power
cable. The capacitances, Cs, linking each signal wire to the
power cable are approximately equal.

If the power cable is carrying a voltage, Vi, the current
induced in each signal wire by the capacitances is given by

Ii = Cg Vi (27f), where f is frequency of Vji.

The induced current, Ij, will produce a voltage drop
across Rs, and thus a voltage in the upper signal wire given

by
Ex = IiRg = RgCsVi (27 f)

In the lower signal wire, current, Ii, induces no voltages,
since there is a low resistance path to ground. The amplifier
will see at its input terminals the sum of two voltages, Es and
Ec, with the magnitude of interfering voltage, E¢, determined
by the circuit parameters, Cs, Rs, Vi and f.

To minimize capacitively-coupled interference, shielded
wire is used, and usually the transducer is shielded. Lines of
electric flux emanating from the power cable terminate on the
signal cable shield. This is equivalent to having the capaci-
tors, Cg, (B-7) connected to the shield, rather than to the signal
conductors. The induced current, Iji, is now conducted through
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the shield to ground without affecting the signal conductors.
(Figure B-7).
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FIGURE B-7—AMPLIFIER WITH SHIELDED CABLE AND SHIELDED SOURCE

Magnetically coupled interference is caused by power cable
current. Figure B-8 shows a conductor carrying current, Ij,
running parallel to a signal cable. The magnetic lines of flux
encircling the cables are represented by the circles.
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FIGURE B-8—MICROSEISMIC CABLE MAGNETICALLY LINKED TO POWER CABLE

Mutual inductance is created between the power cable
and the signal wire. This is egquivalent to two trans-
formers driven by a current source, Iji, in figure B-9. The
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signal wire resistance and self inductance, represented by Z¢
are a part of the interference coupling mechanism.
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FIGURE B-9—EQUIVALENT CIRCUIT FOR MICROSEISMIC CABLE MAGNETICALLY LINKED TO A POWER CABLE

Again the assumption is made that the signal pailr wire
spacing is small compared to the separation of the signal
cable and the power cable. Then the voltage induced in each
signal wire is given by

Emg = I3 M (27F).

Induced voltage, Eg, on the lower signal wire {dropped
across impedance, Zg) is prevented from entering the amplifier
input by the grounds on the lower signal wire. The upper sig-
nal wire voltage, Enp, causes very little current to flow because
the cable is terminated by the high input resistance Rin. Only
a small part of voltage Eyn is dropped across Zg. Rg, being much
smaller than Rjp, drops very little Ep. Most of Ep appears at the
amplifier input terminal and is added to signal Eg.

Redundant grounds (ground loops) is the third kind of inter-

fering mechanism. Current from the power system is coupled into
the instrumentation by redundant grounds.
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The ground resistance, Rg, in figure B-10, carries ground
current, Ig, which is assumed to originate from a source outside
of the instrumentation system.

— lc____

RG << Zc}
Gnd . Gnd
Point Ea=IGRG Point

16
G

FIGURE B-10—CABLE WITH GROUND LOOP ;

Rg will be much smaller than impedance Zo. Thus ground
voltage Eg will appear across impedance Z¢ in the lower signal
lead. The impedance of the lower signal wire is approximated
by resistance Rg. Figure B-1l shows a simplified equivalent
circuit.

—1Zc

AT, Ry
Rs R12 IA
Es in
£ RG

—\A\- -

—
——

'FIGURE B-11—SIMPLIFIED GROUND LOOP EQUIVALENT CIRCUIT

The interfering and éignal voltages appear once again
together at the amplifier input.

There are many ways by which the power system can cause
ground currents, all of them invelving redundant grounds, whether
intentional or unintentional. Figure B-12 shows a typical situ-
ation which will cause ground currents.

When the star center point of a 120/208 transformer secon-
dary is grounded (as a safety provision} a ground current is
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generated whenever a leocad is also grounded (figure B-12). Load
current, Iy, has two return paths to the transformer star point.
The ratio of RG to Z¢ determines the ground current.

Hot Wire

120 v Load

Hi Voltage Neutral

Primary

near
Toad

€ Gnd at distribution
transformer

FIGURE B-12—POWER DISTRIBUTION CIRCUIT RESULTING IN GROUND CURRENT

Typically Rg will approximate impedance Zc. Therefore,
half of the load current will return through ground rather than
through the neutral wire. The resulting ground voltage can be
several volts.

The former discussion has been restricted to three terminal
amplifiers. A three terminal amplifier, often referred to as
"unbalanced" or "single ended", shares a common input - output
conductor.

A differential amplifier has two input terminals. The
amplifier responds to the difference in voltages impressed on
its input terminals. In figure B-13 the difference voltage,
Ed, is defined as Ej] - E2. Voltages E] and E5 are referenced
to ground, while Eq is not. The amplifier output voltage, Eg
is given by E4d K. Amplifier input resistances Rjj and Rij,
and are assumed equal. The amplifier input resistance is
assumed to be greater than Rg or Zc.
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FIGURE B-13—DIFFERENTIAL AMPLIFIEé WITH CABLE AND TRANSDUCER

The average of the two ground referenced input voltages,
Ey1 and E3, is given by (Ej + E2)/2. This guantity is known as
the common-mode voltage., Ideally the differential amplifier
is absolutely unresponsive to the common-mode voltage. But
in reality, the common-mode voltage does produce some output.
Common-mode voltage rejection is a specified parameter for
differential amplifiers. This is expressed as the ratio of
the amplifier common-mode signal gain to the amplifier-differ-
ential signal gain.

The advantage of the differential amplifier becomes evi-
dent when one examines effects of interference sources. The
equivalent circuit for the cable with capacitively coupled

-interference is shown in figure B-14.
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FIGURE B-14—DIFFERENTIAL AMPLIFIER WITH CAPACITIVELY COUPLED INTERFERENCE
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A current is coupled by stray capacitance, Cg to both
the upper and lower signal wires. The stray capacitances
coupling signal wire to the power wire are equal. Therefore,
interfering currents coupled to the two signal wires are equal.
These egqual currents flowing into the equal amplifier-input
resistances will produce equal, cancelling input voltages,
E; and E2. Only the transducer signal voltage, Eg, appears
at the amplifier input as a differential voltage.

Magnetically coupled interference is shown in figure B-15
for a differential amplifier. Cable impedance, 2Z¢, is assumed
small compared to amplifier input resistance, Rj. Interfer-
ence voltage, Epg, is the same in both upper and lower signal
conductors. They have the same polarity. Thus no differen-
tial voltage is produced at the amplifier input. This cancel-
lation would occur even if one signal terminal were grounded
at the transducer. Interference caused by ground loops are
minimized by a differential amplifier.

cC =
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D b

o>

- ko
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FIGURE B-15—DIFFERENTIAL AMPLIFIER WITH CABLE MAGNETICALLY LINKED TO POWER CABLE

By inspection (figure B-16), it can be seen that ground
voltage, Eg, is coupled by the lower signal wire directly into
the lower amplifier input terminal. At the upper amplifier
input terminal Eg is slightly attenuated by Rg. The amount of
the attenuation is determined by the ratio of Rg to Rj. Any
attenuation of E; at the upper input terminal will produce a
differential voltage. The uncancelled portion of Eg will be
amplified. 1In the worst case, with a very large source resis-
tance, the susceptibility of the differential amplifier to
ground voltage approaches that of the single-ended amplifier.
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It has been demonstrated that an unbalanced sourcze, with
one side grounded, can lead to interference. This is true if
a differential amplifier is used, although the amount of inter-
ference entering the amplifier will be less.

One way to assure that the source will be balanced is to
have it floating, that is with no source terminal grounded.
This makes the currents in the source signal terminals equal.
Floating is acheived with velocity gages and accelerometers
by electrically insulating them from ground.

Cable interference between the amplifier and the data pro-
cessor can be treated in a similar manner. A differential
amplifier can be easily installed at the data processcor end of
the cable.

It is to the users advantage to have the transducer ampli-
fier output act as a differential source to the cable. However,
differential amplifiers have an unbalanced output, with one
terminal common with the power supply low side.

One can balance the differential amplifier output by
floating the amplifier. The same technique is used to balance
the transducer. The amplifier can be flcocated by providing it
with its own power supply and removing the local DC power supply
ground. (Figure B-16). However, besides the safety problem, a
truly balanced condition has not been achieved.

Furthermore, with the floating power supply method, about
half of the amplifier output vecltage will appear between the
amplifier output low terminal and ground. Any stray capaci-
tance on the input leads of the amplifier to ground will tend
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to hold the input circuit at ground potential. The result is
that some of the amplifier output voltage will appear as a
common-mode signal at the amplifier input. And some of this
common-mode signal will end up as a differential signal. The
amount depends on the common-mode rejection of the amplifier.

Therefore, with the circuit of figure B-17, a feedback
path has been established around the amplifier. The amount
of feedback will increase with frequency since it is primarily
caused by stray capacitance. Furthermore, the common-mode
rejection of the amplifier decreases with increasing freguency.
This increases the feedback loop gain. <Change in feedback
causes gain anomalies at low fregquency and instability at
higher freguences.
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FIGURE B-17—DIFFERENTIAL AMPLIFIER WITH UNBALANCED QUTPUT

A better scluticon is the use of an amplifier with a differ-
ential input and output. (Figure B-18).

DIFFERENTIAL DIFFERENTIAL
AMPLIFIER  gyUTPUT  AMPLIFIER AT

Rs TRANSDUCER CABLE ’\| CABLE DATA PROCESSOR

>
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FIGURE B-18 —AMPLIFIER WITH DIFFERENTIAL INPUT AND OUTPUT
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The differential input/output amplifier permits use of a
grounded power supply which can power multiple amplifiers. The
differential amplifier may be either full-flcating or differ-
entially balanced, with identical impedances from each output
terminal to ground.

With this method the output cables are terminated at both
ends into fully differential devices. Upper and lower conduc-
tors carry identical currents flowing in opposite directions.
The voltages, with respect to ground, on the two conductors
are equal and opposite in polarity. As a result, at any appre-
ciable distance, the electrical and magnetic fields around the
conductors very nearly cancel. Because of this flux cancel-
lation little coupling occurs between amplifier cables. This
is true even if the individual pairs are not electrically
shielded. :

Not having to shield individual pairs is an advantage. In
most microseismic installations, groups of amplifier output
cables are collected at a central point and connected to multi-
pair cables for transmission to the data processor. Most
commercially available cables with individually shielded pairs
are not intended for severe environments. However, if only an
overall shield is required, high quality cable is readily avail-
able. The use of an overall shield, preferably of copper, is
recommended, for both single and multipair cables.

Microseismic systems have many individual lengths of both
single and multipair amplifier cables. Each has its own shield.
The shields cannot be permitted to float; if they are, little
electrostatic shielding is provided. The shields must be ground-
ed, but without causing ground loops. Shield currents can
‘couple into the signal leads because of slight imbalances in
the differential system. Therefore, multiple grounding of
electrical shields must be avoided. A single shield ground con-
nection should be made at the data processor as shown in figure
B-19.
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FIGURE B-19 — SHIELD CONNECTIONS FOR A MICROSEISMIC SYSTEM
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Care should be taken to connect the shields in a daisy
chain fashion. Redundant shield connections, such as a wire
between two transducer shields, should not be made.

Suggestions for Lowering System Noise

1) Transducers should be electrically floated and encased in
electrically shielded enclosures. Magnetic shielding of
velocity gages may be necessary.

2) Transducer cables, particularly when used with accelero-
meters, should be as short as possible.

3) A differential transducer preamplifier should be used with
long cables or in an electrically neoisy installation.

4) The receiving amplifier at the data processor, or the trans-
ducer amplifier (preferably both) output should be differ-
ential.

5 All cable should have an overall metallic shield to minimize
electrical field interference.

6) Multipair cable need not have individually shielded pairs
if all preamplifiers have differential outputs and receiv-
ing amplifiers have differential inputs.

7) All shields in the system should be daisy-chained together
and grounded only at the data processor end of the cable.

Microseismic System Wiring

1) Non-magnetic metals, such as aluminum foil, provides very
‘ little shielding from magnetic interference to cables and
devices at power line frequencies,

2) Vinyl-covered cables are not generally satisfactory for
underground installations. Polypropylene-covered cables
designed for direct burial are preferred.

3) Nonwicking cable should be used in wet areas.

4) Junction boxes should be used at points where individual
amplifier cables join multi-pair cables. Additional junc-
tion boxes should be provided along both single and multi-
pair cables to aid in system cable fault location.

5) Junction boxes should be drip-proof and readily accessible
for service work.

6) Junction boxes should not be electrically connected to
cable shields.



7)

8)

9)

All electrical connections should be made in junction boxes,
using spade-lug connectors and high-quality plastic terminal
strips with screw~down connections. Bakelite terminal
strips are not satisfactory. Telephone type connection
blocks with insulation displacement terminals are not satis-
factory. ‘

Microseismic cables should be physically separated from
power cables and power apparatus, for both safety and elec-
trical interference reduction,

Any electronics connected to underground cables should be
able to withstand an overvoltage of at least 25 volts applied
to signal input or output, either as a common-mode voltage

or as a differential voltage. Additional protection will

be necessary if any part of the cabling is subject to light-
ning.
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APPENDIX C. - MANUFACTURERS OF MICROSEISMIC EQUIPMENT

A list of known manufacturers of microseismic and acoustic
emission components and monitoring systems is presented in the

following table.

Table C-1.

List of Manufacturers

Manufacturer
and
Address

Components

Nonlocating Locating
Systems Systems

Acoustic Emission
Technology Corp.
1812 J. Tribute Road
Sacramento, CA 95815
(916) 927-3861

Bruel and Kjaer
Instruments, Inc.

185 Forest Street

Marlborough, MA., 01752
(617) 481-7000

Columbia Research Labs,
MacDade Blvd. and Bullens Lane

Woodlyn, PA 19094
(215) 532-9464

Dunegan/Endevco
Rancho Viejo Road

San Juan Capistrano, CA 92675

(714) 831-9131

Electro-Lab

Building 10

Spokane Industrial Park
Spokane, WA 99126

(508) 928-0929

Geospace Corporation
5803 Glenmont Drive
Houston, TX 77036
{713) 666-1611

Ithaco Inc.

735 W. Clinton St.
Ithaca, -NY 14850
(607) 272-7640
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Table C-1.

List of Manufacturers

Manufacturer
and
Address

Nonlocating
Systems

Locating

Components Systems

Integrated Sciences, Inc.
1134 Francis Street
Longmant, CO 80501

(303) 772-6222

Physical Acoustics
Corp.

743 Alexander Road
Princeton, NJ 08540
(609) 452-2510

Slope Indicator Co.
3668 Albion Place N.
Seattle, WA 98103
(206) 633-3073

Teledyne Geotech
3401 Shiloh Road
Garland, TX 75041
(214) 271-2561

Trans Era Corp.

3707 North Canyon Road
Provo, UT B4601

(801) 224-6550

Walter Nold Co.
24 Birch Road
Natick, MA 01760
(617) 653-1635
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APPENDIX D. - INTERPRETATION OF SEISMOGRAPH RECORDS

When an earthguake, rock burst, or explosicn occurs, the
original waves are a complex mixture of amplitudes and wave-
length. A Fourier analysis shows a large number of sine waves
of different wavelengths and amplitudes. The high frequencies
or short wavelengths are damped out over a very short distance,
so after a few miles the only components that are recorded
have a period of the order of magnitude of tenths of second.

To determine the epicenter of an earthquake, the travel-
times of different components are measured. TFor local quakes,
only the P (longitudinal) and S (transverse) waves can be meas-
ured, but since the P wave travels at a much higher wvelocity,
the difference between the arrival times, § - P, is commonly
used to compute the distance to the epicenter. Since the
arrival times are dependent upon wave velocities in an area,
empirical formulas can be determined for a particular geo-
logic area. Practice has established the following empirical
relationships for California earthquakes:

Distance from the epicenter = 8.5 x (S - P) kilometers, or
5.28 x (8 - P) miles.
1.37 x (S - P) seconds

distance from the epicenter

Traveltime of P wave

for distances up to 100 km. These formulas give excellent re-
sults for major rock bursts in the Coeur d'Alene area recorded
at the Newport Seismological Observatory (81 miles). Studies
in the district have indicated that velocities may range from
3,000 to 23,000 fps within a mine, and with this variation,
present published curves and empirical formulas are not appli-
cable. Some work has been done to determine local traveltime
curves, and it is hoped that more will be determined in the
future.

It is beyond the scope of this report to discuss the de-
tails of earthquake mechanism and the interpretation of seismo-
grams other than to explain the distinguishing elements of
various events. Richter's "Elementary Seismology" or Neumann's
"Principles Underlying the Interpretation of Seismograms" are
recommended as excellent references.

After some experience in reading the seismograms, the
ground control engineer can quickly separate the wvarious events.
These include underground blasting, bursts of varying intensity,
earthquakes, surface blasts, and others. Following are examples
and discussion.

The seismograph drum speed can be varied to record at

30 mm per minute laterally, or a faster 60 mm per minute. The
slower speed is used for the weekend (when the mines are idle},
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so that a continucus 48-hour record is obtained without a paper
change. During the mine operating period, the 60 mm per minute
lateral speed is used to lengthen the wave trace and permit more
accuracy in reading the seismogram. The record is changed every
24 hours.,

Examples of various seismic events are shown in the seismo-
gram of figure D-1. The first event is a small rock burst from
a nearby mine some 9 miles away (8 - P less than 2 sec). The
second is a large bench blast at an open pit mine some 185 miles
away (5 - P of 35 sec). The next is a small local earthguake
occurring some 79 miles away (S - P of 15 sec). The last is a
small distant earthquake (the S wave is damped out and not re-
corded} .
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APPENDIX E, -~ MINES USING SOURCE LOCATION MONITORING SYSTEMS
AND MICROSEISMIC RESEARCH ORGANIZATIONS IN U, S.

Microseismic monitoring systems have been installed
throughout the world in both hard rock and coal mines. Rock
burst monitoring systems are currently operating in the U. S.,
Canada, South Africa, Australia and Chile. Coal bump moni-
toring systems are currently operating in Germany, Poland,
Czechoslovkia, Russia and Japan. A list of north American
mines with rock burst monitoring systems is given in the
following table.

Table E-1. Mines with Monitoring Systems

Mine and address System Type
Creighton Mine Electro-Lab 250 MP
INCO Ltd.

Copper Cliff, Ontario
Canada POM 1INO
(705) 682-4411

Crescent Mine Electro-Lab 250 MP
Bunker Hill Co.

P. O. Box 29

Kellogg, ID 83837

{208) 784-1261

Falconbridge Mine Electro-Lab 250 MP
Falconbridge Nickel Mines, Ltd.

Falconbridge, Ontario

Canada, POM 180

{705) 693-2761

Galena Mine Data General W/Electro-Lab
ASARCO Inc. Interface

P. 0. Box 440

Wallace, ID 83873

(208) 752-1117
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Table E-1. Mines with Monitoring Systems

Mine and address System Type
Lucky Friday Mine Electro-Lab 250 MP
Hecla Mining Company W/interactive DEC
P, O, Box 320 : minicomputer

Wallace, ID 83873
(208) 752-1251

Star Mine IBM Sys. 7

Hecla Mining Company W/Electro-Lab interface
P. 0. Box 320 ’
Wallace, ID 83873

(208) 752-1251

Sunshine Mine Electro-Lab 250 MP
P. 0. Box 1080 W/interactive IBM
Kellogg, ID 83837 minicomputer

(208) 783-1211

Microseismic Research Organizations in U. S.

A list of government and university research organizaticns
involved in microseismic monitoring is presented.

Denver Research Center

U. S. Bureau of Mines

Bldg. 20, Denver Federal Center
Denver, CO 80225

(303) 234-3018

Attn: Mr. Fred Leighton

Spokane Research Center
U. S. Bureau of Mines
E. 315 Montgomery Ave.
Spokane, WA 99207

(509) 484-1610

Attn: Mr. Roger McVey

Rock Mechanics Laboratory
Department of Mineral Engineering
The Pennsylvania State University
University Park, PA 16802

(B14) 863-1620

Attn: Dr. H. Reginald Hardy, Jr.
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Civil Engineering Department
Drexel University

23rd and Chestnut Streets
Philadelphia, PA 19104

(215) 895-2364

Attn: Dr. Robert Koerner
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APPENDIX F. ENERGY CALCULATIQONS

By considering the energy radiating outward from a spherical
source, the seismic energy of a rock noise event can be approxi-
mated from an oscillogram of that rock noise event. The
calculations can be made for either particle velocity or particle
acceleration, that is, with velocity gage geophones or accelero-
meter geophones. ‘

Velocity Gage Geophone

For a spherical source of small radius and with only normal
stress om acting, the outward flow of energy across a spherical
surface at some radius r (that is, what the gage would respond
to) is

= 2 ;T2 _du -
E = 4rr fTi dyr3p dt (F-1)

where the integration is taken over the time interval 1; to 1,

and BE is the rate of change of displacement of the svherical
surface at r owing to ory. Using the relationship oyy = pC %% ,
equation F-1 can be simplified to

2
E = 47 p cr2 s (35) 2 at (F~2)
Ti \(3t

where p and ¢ are the medium density and seismic velocity re-

spectively. Since %%2 is v2 where v is the average particle

velocity, and
Iar:

the duration of the stress pulse,
E = 4n p cr? v2T (F-3)

and is the total energy radiated outward. Since the .total energy
consists of both kinetic and potential energy, assumed equal, the
seismic strain energy radiated outward become

E = 21 p cr2v2T. (F-4)
Accelerometer Gage Geophone

Since the seismic wave propagates in a sinusiodal manner,
the average particle acceleration, a, can be obtained from the
average particle velocity, v, from the relationship

~ A2
vi = a_
w2
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where ©? is the angular frequency and w = 21 £. Making these
substitutions into equation F-4, the seismic strain energy-
particle acceleration relationship becomes

g = pcr?a’T

(F-5)
27E°

Energy Calculation Procedures

Energy calculations from field data are fairly straight-
forward for velocity gage data but are a little more involved
for acceleration gage data, because the frequency of the rock
noise waveform enters into the calculations. The standard
field procedure has been to determine the energv for the whole
wave by combining the P- and S-wave portions and by using a
combined average seismic velocity. The average particle velo-
city v, or the average particle acceleration, a, of the seismic
record is measured, and for acceleration records the average
frequency of the seismic wave in Hz is determined from the
record. Hence, knowing the mass density of the rock, equations
F-4 and F-5 can be evaluated provided the distance from geophone
to source, r, is known. This can be determined from source
locations or from $-P-wave arrival time differences using egqua-
tion G-4.

With an array of geophones one can alsc determine the
energy of the seismic event at the source by plotting log E
versus r for all the geophones detecting the event, determining
the best-fit energy-distance relationship, that is, enerqgy
propagation law, and then extrapolating this relationship back
to the source.

Once the energy released at the source has been determined,
the volume of rock broken or destressed at the source can be
determined from the relationship

2
wg = 3. B2 Vae,
8 G

where Weg is the seismic energy released at the source,

p is the applied stress field at the source,

G is the modulus of rigidity of the rock, and

Vac is the volume of rock affected.
Thus, assuming a stress field of 10,000 psi, and a modulus of
rigidity of 4 x 106 psi, an energy release of 10~5 ft/lb results
in 7.40 x 1079 cu ft of broken rock (the formation of a micro-
crack), while an energy release of 106 ft/1b (rock burst) results
in the breaking up of 7.40 x 102 cu ft of rock. Using this type
of data one can make quantitative estimates of what is happening
to the rock structure as rock noises, bumps, small bursts, and
rock bursts occur.
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It should be mentioned that with automatic monitoring
equipment, RBM or minicomputer RBM, these calculations can be
performed in real time by integrating and summing circuits.

In addition, there are other more sophisticated mathematical
procedures for determining energy from seismic wave form data.

Where the monitoring system has been well calibrated,
that is, the sensitivity of gages is known or measured, the
amplification is known and correct, and the real time speed of
the oscillographic records is accurately known, comparisons
of the seismic energy released by explosives and calculated
by these methods have shown good agreement--well within an
order of magnitude.

-160-



APPENDIX G. - SOURCE LOCATION TECHNIQUES
The basic problem in rock noise source location methods
is to obtain the three coordinates required to fix the source
point in three-dimensional space.

Direct Solution Source Locations

The most direct approach to this problem is through the use
of the standard distance eguation

di ={(x-ai)? + (y-bi)? + (z-ci)?, (G-1)

in which
aj, bj, ci are the ith geophone coordinates, dji is the
distance from the source to the ith georhone, and
X, ¥, z are the unknown source coordinates. To solve
for these unknown coordinates x, y, and z, it is
necessary to have sufficient information to reduce
equations G-1 to three linearly independent equations
in three unknowns.
It is alsc possible tc describe the unknown distance from
source to geophone from seismic velocity and arrival time data
by the expression

in which

Vi 1s the seismic wave velocity from the source

to the 7th geophone and )

ti is the time required for the wave to travel

from the source to the ith geophone.

_ The basic procedure is to eguate the righthand sides of
equations G-1 and G-2 with information from a sufficient number
of geophones to develop three linear equations in three unknowns,
X,y, and z.

The distance, di, can be described in two ways--first by use
of only the P-wave arrival times, and second by use of the dif-
ference between the arrival times of the S and P waves at each
geophone. Thus, there are two basic methods, the P-wave method
and the S$-P wave method.

The eguations used in these methods are

di - viPt;P

(P-wave method) (G=3)
di = Atls-p/ 1 - 1
Vis Vip
(S$-P-wave method) (G-4)
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where :

V;S and ViP are the S-and-P-wave velocities in the
direction from the socurce to each geophone:

tiP are the relative times of the first arrival

of the P-wave at each geophone; these times are
measured relative to the first arrival at the
geophone closest teo the source (fig. G-1l); and
AtiS~P are the differences in the times of

arrival of the S-wave and the times of arrival

of the P~wave at each geophone (fig. G-1).

A microseismic record such as shown in figure G-1 supplies
sufficient information to ccmpletely describe dj by the S-P-
wave method. However, the time tiP shown in figure G-1 is not
at all the total time the wave took to propagate from the source
to the geophone, because the time measurements begin when the
gecphone closest to the source receives the arrival of the seismic
wave. Thus, there is an unknown time, toP, which is the time for
the P-wave to propagate from the source to the nearest geophone.
This time corresponds to an unknown distance, dg = VePt,P, which
can be geometrically described as

VoPtoP = \[(x-a0)2 + (y-bo)2 + (z~cg)?2.
If the seismic velocities are similar or t, is short, then
VP toP = V3P toP.

The total distance from the source to the ith geophone then
becomes

ViP (£iP + toP) = ‘J(x~ai)2 + (y-bi)? +(z-ci)?.

Thus, to obtain di in equation G-2, we have

d; + ~J(x—ao)2 + (y-bo)2 + (z-cp)?

= \(x-a3)}2 + (y-bi)2 + (z-ci)? (G~5)

where i has values of 1 to 4. 1In equation G-5, di is known
because of equation G-3; therefore, all quantities are known
except the values of x, y, and z.

For the S-P-wave method, di in eguation G-1 is known be-
cause of equaticn G-4, Therefore,

di = \(x-ai)? + (y-bi)2 + (z-ci)? (G-6)

where i takes on values of 1 to 4.
Equations G-5 and G-6 are now in a form suitable for solution.
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Since the solutions for the two basic methods are similar,
they are manipulated together below. Both sides of eguations
G-5 and G-6 are squared and simplified to give:

Li = 2(oix+Biy+tyiz)

= - 2a; \J(x-ag)? + (y=b)2 + (z-co)?  (P) .

Ki+2(ajx+bjy+ciz) = x2+y2+z2 (5-P) (G-8)
where

Ly = di2 + ag? + bp? + co? ~

—a;2 -bj2 -ci?,

i = ag — ai. } (S-P)

Bi =b0_bil

Yi = Cg - ¢4, and

Ki = d;% ~ aj? - bj? - ci?. )

Each of the P-wave method constants are made up of infor-
mation from two geophones, the coordinates of the geophone closest
to the source and the coordinates of the Zth geophone. The S~P-
wave method constants contain only the Zth geophone coordinates.
The result of this difference in the makeup of the constants is
that the P-wave method requires information from one more geo-
phone than the S-P-~wave method. Thus, the P-wave method requires
information from five geophones and the S-P-wave method requires
information from four geophones in crder to obtain three linear
independent equations.

If one now subtracts i = 2,3, and 4 from 1 = 1 for both
methods, the result is three equations in three unknowns and
the radical term is thus eliminated in the P-wave method and the
squared coordinate terms are eliminated in the S$-P wave method.
After subtraction, i has the values 2, 3, and 4 and one obtains

gi - Ei =,E_ (a3 xX+8,y+y;2) - jL (o;x+Bijy+y,2) (P)
1oodg di a; (G-9)
and Kj - K; = 2x(a1~-aj) + 2y(by-bj) + 2z(c1-c;) (S-P)
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One now makes substitutions as fecllows:

P S-pP

In L) . H;i Ky = Ky = Hyy

d) di
2(ay=- aj) = 2,4

o- fi. = B

d, dy 2(b;- bj) = By}
2(cy= ci) = C

Bl Bl = Bli ! * 11

d; di

Y Y.,

1 i —
A — - - C1i
d1 di

Three equations in three unknowns (equations G-9 and G-10)result
as follows:

Hiz2 = Ajsx + Bysy + Cy52
Hiz = Aj3x + By + Cy32 (G-11)
Hiy = A1ux + Biray + Ciuz

If the geophones are in a planar array, the solution is not
unique, because mirror image solutions exist, one on either side
of the plane.
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Least Sguares Direct Solutions

The least squares method requires seismic information from
at least one geophone more than the minimum number required for
direct solution methods, and, in general, the more information
used the better the solution. Equations G-11 rewritten as the
normal equations of planes are

lix + miy + niz = pj (G=12)

where i=1,2,3 . . . n and

1; = a;/ drAiz + B;? + Ci2,
i B;/ \} Aiz
n; = Ci/ \IAiz + Biz + Ciz, and

2
I
+

, 2 .2
B4 + C;4y

The coefficients 13, mj, nj are now the direction cosines of a
line from the origin of the coordinate system perpendicular to
the ith plane, and pji is the length of this perpendicular line.

Four or more planes are being considered, and the values of
li, mj, ni and pj are determined by geophone coordinate values,
directional seismic velocity values, and arrival times. Hence,
errors in these coefficients generate errorsin the orientation
of the planes making it unlikely that four or more planes will
intersect at one point. The best approximation for the point
of intersection of the planes lies at some minimum perpendi-
cular distance from each plane, as shown for two dimensions
in figure G-2.

By definition, the least sguares method is based on mini-
mizing the random errors in the data. In this case, these errors
are represented as the perpendicular distances to each plane
from some point (Xo, Yo, 2Zeo)- These perpendicular distances,
Ri, may be described as

Rl = lixc + miyc + niZC - pl. (G-13)
Squaring these distances, summing them, and minimizing
the sum with respect to each variable determines the point

Xecs Yer Zgo The sum of the distances squared is

n
Q=3 R;2 =

k=]

, [Lixc + miye + njz. - p;l12. (G-14)
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FIGURE G-2 — TWO-DIMENSIONAL REPRESENTATION OF LEAST SQUARES SOLUTION,
WHERE THE SUMS OF THE Ri's HAVE BEEN MINIMIZED
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To minimize Q, differentiate equation G-14 with respect to
Xcr Yc and z; and equate each result to zero. Thus

20 _

%~ ¥c I 1i2 + ¥y¢ £ 14 mj + z2¢ £ ljnj - % lijp; = O,
“C
g ,
sgc = X I mjlj + yc I mj?2 + zg I min; - I mirj = 0, and
(G-15)
%%e = ¥X-, L njly + yo I nimj + 2o I nj2 =¥ njp; = 0,
where the equations are summed from i = 1 to i = n.
Equations G-15 may be written as
Xc L 132 + yg T 1ym; + 2¢ T linj = L 1lipi,
Xe £ mjl; + Yo I mj? + 25 £ mini = I mjp; and (G-16)

Xc L njly + Ye I mimj + 2g £ nj? =1 njp;,
where the summation is from i = 1 to i = n.

Sclving these equations for Xc¢, Ye, 2o gives the point
that best represents the seismic event source location. Equa-
tions G-16 may be applied to either the basic P-wave or S-P-
wave method.

The standard deviation for this solution may be described
by the equation

Se? =_L Ri? _ X : . .
© w3 - pllixe s fiye L Rifc - oil® (G-17)
where Sg is the standard deviation,
Rij is the <th perpendicular distance, and
n is the number of equations in G-13.
Equation G-17 may be expanded and simplified to yield
Se? _ 2 1. N )
= I P1 - % I 1ipj- Yo I mipPj — Z¢ I njpj | (G-18)

n-3
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Least Squares Solution For a Constant Velocity Media

If constant velocity is assumed in all directions, the
basic P-wave equations can be mecdified such that, with a
minimum ¢f six geophones, it is possible to solve for the
source coordinates X¢, Ve, 2Zc and V, the P-wave velocity of

the seismic wave in the media. This solution is
its least squares form as follows:

Equation G-7 is

Li =2 (eix + BiY + viz) =
-2d; N (x-ag)? + (y-bo)? + (z-co)?2

derived in

(G=7}

where: Lj = dj? + ag? + bo? + cp? - aj? - bj? -ci2 ,

Bi = bo - bi ’

Yi T Co — C3i '

aibici are the coordinates of the ith geophone,

X, ¥, z are the source coordinates,

and

apbpce are the coordinates of the geophone

closest to the source.
Dividing equation G-12 by di gives

. M. 2

+
BB o [exeoaveui)-
1

-2 \/ (x-ay)? + (y-bo)? + (z-co)? ,
where

Mj = ag? + bg? + co? - aj? - bi? - ¢cj? .

Since the expression on the right hand side
G-19 is constant, one can subtract eguation G-20

2,3,4,5 . . . m from equation G-19 with i - 1 to
dr -dy+M_ My 2 + B1Y
a) = T & Loix + e1¥
2
+ a;“ [&jx + ByY + yjz] = Q.
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obtain

+ v,2]
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If t; is the arrival time of the P-wave at the geophone
closest to the source, and ts is the arrival time of the P-wave
at the ith geophone, and V is the constant seismic velocity,
then the distance dy is given by

dy = (5 - t)V = Atjv, (G-22)
where Atj is the difference in arrival time.

Substitution of equations G-22 into equations G-21 and
multiplication by V gives

V2 (btp-Aty) 4+ (ﬁl _ M5 ) =2  [eix+ g1y + v12]

At Atj At
_ 2
AE- [“jx + Byy + Yjé] ' (G-23)
J
where j = 2,3,4 . . . m.
If
HJ=M1—th
Atl Atj
Aj=2 al_dj
at, ﬁtj !
BR: =

j 2 r81 Bﬁ-
Etl At ¢

Cs =2 [v v
] 1 g
it 5ty , and (G-24)

Dy = &ty - Aty

and equations G-24 is substituted into equations G-23 one obtains

B3 + Dyv2 = Agx + Byy + Cyz, (G-25)

where j = 2,3,4 . . . m.
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If H: + D;V2 = P., one again has the general egquations
cf planes: No%mallzlgg these eguations one obtains

ljx + M3y + njyz = pj, (G-286)
where
= .2 .2 .2
m: —R- ) -
] —BJ/JK]2 + sz +cy2 7
= .2 .2 .2
nj —CJ/JA] + BJ + CJ , and
=p. .2 .2 .2
P PJ/JAJ + ByZ + C32 .
The quantltles 15 m : are the direction consines of
a line from the orlgln perpenélcular to the,ith_plane and ps

is the length of that line. Again, errors in At measurements
and geophone coordinate values may cause four or more planes

to not coincide at one point. As in the previous least squares
solution, one may describe the perpendicular distance Rs4 from
each plane to a point Xar Yor 2o and minimize the sum o} the
sguares of all those distances. The distance is

Ry = lyXc + m4yyc + nyZg - P4 (G-27)
The guantity P is the sum of two parts
, p.U2
Hj + DjV
py = fa3% + By2 + C32 . (G-28)
Thus,
73
= 2 2 2
hy = A32 + By2 + 3% and
D5
. = .2 2 .2 ~—
85 JAJ + By® + Cy . (G=-29)
Then ,
. = . =+ . -
P hy 54V . (G-30)
One may now write equation G-27 as
Ry = lyXg + MyYg + DjZc — hy = s3V2 . (G-31)
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Thus, the perpehdicular distance from x., Y., Z¢ to each
plane in normal form has now been described., Proceeding with
the least squares, one sums the squares of these distances

13

m
Q=E R:2 =

. . . - h. -~ s.v2] 2
P i 5L, [ljxc + myye + njzg hJ sth] ’

(G-32)

and minimizes this sum with respect to each variable. Thus,

I
fa g
|

3 . . =
9 - 215 [ljxc + Mjye + nyzZc . sjV€) =0

B%g

—"——ggc = I 2m3 ['lij + mjyc + njzc - hj - SJVZ] - 0, (G-33)
30 _
aéc = I 2nj [}ch + mjyc + njzc - hy - SjVﬂ - 0, and
_.a—c_?_ = 2—4 V l + R + . _ h _ . A 0
av - Sj jxc m]yc anc j Sjv = ,
where the equations are summed from j = 2 to j = m.

These equations are rewritten as

xcI 13% + ycI 14m3 + z¢l 1l4nj - V2I 1l4s§ = I lsh;

1777
XcI m3ly + yoI mj? + zg® myny - VZI mysj = I mjhj, (G-34)
XcI nyly + yecI nymy + zcl njz - V2% nisj = I njhy, and
xcI s4913 + yeI s§m§ + zcI sjnj - V2I s42 = I sjhy,
where the summation is from j = 2 to j = m.

The solution of these equations gives the least sguares
values of the source Xc, Yc,Zc and the velocity squared, V2.
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The standard deviation for this solution may be described
by

. 2 . . czs - h: — g=V2 |2
I_Ry _ z [}jxc + MyYe + n424 hy sjv']

n-4 n-4

Se2 =

’

(G-35)
where Sg is the standard deviation,

Ri is the Zth perpendicular distance,
and
n is the number of equations in G-34.

Egquation G-35 may be expanded and simplified to yield

2
Se® _ I hj2 - Xct hjlj = ¥ci hijmy - 2¢cI hjnj + V2g hij .

n-4
(G-36)
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Least Squares Iterative Solution

The previous direct solution source location methods work
well when the events detected lie within the geophone array--
usually the case for most monitoring applications. However,
when the event lies outside the geophone array these direct
solutions become inaccurate to very inaccurate, 'This is be-
cause the direct solutions are based on a linearization of a
system of equations that are nonlinear. This is achieved by
assuming that there is negligible P-wave velocity variation
in any travel path from the time of the event until the first
geophone is hit. 1In addition, the data for the first geophone
doesn't enter into the equations. Therefore, when an event
occurs outside the geophone array, the direct solution method
breaks down.

Toe solve the nenlinear set of equations using the arrival
time difference method requires a similar but somewhat different
approach. Starting with equation G-1

di = J(x - ti)2 + (y-bi)? + (z - cj)? (G-1)
The distance di can also be expressed as
di = Vi (tj-t) (G-37)
instead of
di = Vit (G-2)

as done previously. The t is now the time of origin of the
event, or the 0 time. Substituting G-37 into G-1 gives

Vi (tij-t) = (x—ai)? + (y-bi)? + (z-cji)? (G-38)
Squaring both sides of this equation now results in

Vi? (ti-t)? = (x-ai}? + (y-bi)?2 + (z-ci)? (G-39)
a set of nonlinear eguations.

If the Vj; and ti were all known exactly, then data from
three geophone stations would be enough to solve eguation G-39.
As stated before, we don't know the time it took the signal to
reach the first geophone, and the Vi and t; are not exact

measurements. Hence, equation G-39 must be solved by a trial
and error or iterative approach. :
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If the Vi are known and assumed constant, then data from at
least 5 geophone locations are necessary to solve eguation G-39
for the unknown x, y, z and t. If the Vi are unknown and assumed
constant, then data from at least 6 geophone locations are
necessary to solve equation G-39 for the unknown x, y, z, V and
t.

Solution procedures involve making an initial guess at the
solution, and then minimizing the residual errors Riji. The
errors for the first approximation xo, Vo, zZo, Vo:. to are

AX = X - Xpo (G=-40a)
AY = ¥V - Yo (G-40b)
bz = z - 2o (G=40c)
AV = V - Vo (G-404)
At =t -~ to (G-40e)

Successive approximations are improved by adding the errcrs from
the preceding approximation.

Improved Mo = Xo + AX (G-41a)
Improved Yo = Vo + Ay (G-42a)
Improved Zo = Zp + Az (G-43a)
Improved Vo = Vo + AV (G=44a)
Improved to = tg + At (G-45a)

This process is repeated until a minimum value of R; is found.
Minimizing the Rj involves a Taylor series expansion of equa-
tion G-39 followed by a differentiation with respect to the 5
unknown variables. This results in a set of 5 simultaneous
normalized equations which are solved by successive approxi-
mations of improved estimates to converge to the solution.

This is a standard solution procedure used by seismo-
logists in locating the foci of microearthquakes. The Bureau
of Mines Denver Research Center is completing a report on an
adaption of this type solution procedure for real-time micro-
seismic systems. This forthcoming report will include the
mathematical details and a computer program listing.
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Generated Block Scoluticns

The generated block method is a guick reference system of
predetermined exact source locations generated on a digital com-
puter. The technique was developed so that source locations
from arrival time data could be obtained in the field without a
computer. To set up the method requires beforehand knowledge
of the geophone coordinates, the average P-wave velocity, and
the real time units of the printed arrival time data. The
computer uses this information to determine the arrival time
seguences that would be observed by the geophones for any point
in a rock mass. The field data print out is then compared to the
lists of predetermined sources to find the best matching arrival
time sequences. The coordinates of this point are then the
best estimate of the source coordinates.

This source location method, as well as previously described
methods, can be solved using the computer program listed in
Appendix H.
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APPENDIX H. - COMPUTER PROGRAM FOR MICROSEISMIC DATA ANALYSIS

The real time source location computed by the microseismic
monitoring system may be very close to the true source of the
event or may be very inaccurate. In minewide monitoring, inac-
curacies are caused by out-of-seguence arrival times, owing to
simultaneous triggering of distant geophones by another event,
mining ncise, electrical noise, etc. To correct this improper
data one must use an interactive computer and a data analysis
computer program. Table H-1 is a computer program listing for
microseismic data analysis. This program was written for a Data
General NOVA minicomputer, hence requires modification, mainly
I/0 statements, for use on another computer. Figures H-1 to
H-6 show flow charts of the main program and its subroutines.

Table H-2 presents a field example of using this program
to correct data. The rock burst monitoring system printout is
included. A glance at the geophone and arrival time segquence
suggests that the X, Y, Z source location was bad, as is explain-
ed below. Program MASSAGE was called on an interactive minicom-
puter and the operator follows the typed instructions to check
and correct the original source coordinates. The circled items
are the operator entries to the program. Data analysis proce-
dures are as- follows:

1) The X, ¥, Z coordinates printed are for a large event,
bump or small burst, occurring well out in the north wall at the
east end of the mine on about the 7500 level. The first three
geophones hit indicates the event occurred in the west end of the
mine near the vein just above the 7700 level.

2) Program MASSAGE is typed into the computer and the com-
puter responds by lnstructlng the operator on how to enter any of
the four subprograms used in checking or correcting microseismic
data.

3) The operator decides that the event will be first check-
ed by having the computer print ocut what the geophone sequence
and arrival times would be if the event came from the listed
source; hence, 3 is typed in for NDEX to use the GENBLK sub-
program.

4) The computer prints out instructions for using GENBLK.
The cperator types in the coordinates of the event, specifying
that data for only that point is to bhe printed out. The computer
prints out the geophone numbers and arrival times. Comparison of
this information with.the original data confirms the operator's
suspicion that the event was mislocated.
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5} The operator scans the geophones hit and his map of geo-
phone locations. It is immediately apparent that geophones 19,
20, and 17, on the east end of the mine, were hit by a different,
essentially simultaneous, event.

6) The operator relocates the event using subprogram LQD,
a least squares direct solution routine.

7) Having finished the GENBLK request the computer again
asks for a value for NDEX. The operator types a 1 to enter the
LOD routine,

8) Instructions are printed out, and the operator responds
by typing in the number of geophones to be used and the geophone
number and arrival time information, excluding geophones 19, 20
and 17. A corrected location is printed out. The low value for
the standard deviation indicates the answer to be acceptable.

9) The operator accepts the solution and types a 0 to re-
turn to the main program.

. 10) The operator checks this solution using GENBLK, typing
a 3 and entering the corrected coordinates. The resulting geo-
phone sequence agrees perfectly with the corrected print out.
However, the arrival time values indicate a lower field seismic
velocity than the model velocity used in GENBLK.

11) The computer asks for its next instruction and the
operator, having decided to determine the seismic velocities
to geophones using subprogram SPVEL, types an NDEX value of 4.

12) The instructions for the use of SPVEL are followed.
The corrected source coordinates are entered followed by the num-
ber of geophones and the geophone number and arrival time
information.

13) The calculated seismic velocities to nearer geophones
are slow, agreeing with the GENBLK cbservations. The average
velocity appears to be about 15,800 feet per second.

14) The operator checks this result by entering a value of
2 for NDEX and simultaneously calculates both source coordinates
and the best-average seismic velocity using subprogram LQDCV.

15) The operator follows the printed instructions by enter-
ing the number of geophones to be used and the geophone numbers
and their arrival times. These newly calculated source coordi-
nates closely agree to the previous LQD solution. The computed
average P-wave velocity agrees with the SPVEL results, and the
standard deviation indicates the solutions are good.

16) The operator corrects the original event coordinates -
and types a 0 to terminate the program.
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This example demonstrates specific uses of the computer
program. Other applications, such as determining seismic
velocities from test blast data, testing potential geophone
locations using GENBLK, generating lists of solutions for
specific blocks using GENBLK, can be readily executed.
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Table H-1. - Listing of MASSAGE data analysis program.

FROGRAM TO MASSAGE DATA T GET BEST FIT AMHO-O0R SEISMIC UELOCITY

=y T

COMMON-LB. ICC24,3)
TYPE" FROGRAM T IMPROUE SOLUTION QR TO GET SEISHIC VELOCITY”
TYPE" PROGRAN OFERATES UNDER HDEX CODE<IS>" .
TYFE"NDEX=1,2.3.4.5 - 1=L500. =L 30RCU. 3=GELK, 4=PUEL , S=5T0F "

I ACCEFT® TYFE IN UALUE OF HOEX". NOEX

GO TO 2. 3.4.5.6 0. HDEX

CALL L@D

50 TO 1

CALL Lepou

G0 TO 1

4 CALL GEMBLK

50 TO I

CALL SPUEL

GO TO 1

5TOP

END

[

"-‘-l

wn

Ty

SUBRGUTINE LD

COMMON~LE- IC{Z, 240

DIMENSION IFGE45, ITIMC24 3, ABCY 23, 33 ANGLEY 24, 3, 05024 5.

I FL{24 5, BUANS T ABRCCOC 2 I HO 2 3, BLET 4 3, ARl Ry . BB 3 3. B0 A0
CRLL GLOREGH

! TYFE "LEAST SAUARED DIRECT SCOLUTION FROGRAM FOR CHECKING EVENTS
1 <153:"." ENTER WUMEER OF GEQFHOHES FOR LEAST SAURRES
2 J15xT. " SEFARGTE By COMMAS - TYFE &8 TO END <1537

ACCEFT HG
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o

14

L] ==
Tan

1e

HHIT=RHG

IF{NG 3848, 288, 2

CONTINUE , .
TYPE "ENTER GEQFHOHE AND ARRIUAL TIMES SEFPARATE BY COMMASIISM
ACCEFT CIFOQCI M ITINCGIY, I=1.HG2

00 18 I=1.NHIT

J=IFOCT 2

00 iR K=1.3

ABRCY T KI=FLOATOICOK . Jd0 )

0a 21 K=1.3

AACK J=a.8

Lo 22 K=1.3

EECK =09

DO 36 I=2.NHIT

D5¢1 = AGEFLOATCITINGIND (Note: The .95 constant comes from multiplying
Co=@. @3 the seismic veloclity times the factor to convert
o0 14 kK=1.3 arrival times to seconds - 19000 x .00005)

AMGLEC I K 3=ABCY 1. K 2-aBC I K 2
CO=LO+ABCC L K IEF2-ABCC I K 33%2
FLOL 3=05¢ L afd2+00

IFCI-2213, 15,36
BUFL=FLC I 3-DECT 2

CONTINUE

TT=0.8

Do 13 I=3,NHIT

oo 1e K=1.3

BUANCK 3=AHGLEC 2. K A-D5C 20
ST=h0.8

H{ L =BUFL-FLCI 3-05C 15

g 18 K=1,3
ABCCOC I K 3= BUANCK J-ANGLEC T K 3050 T 3332
ST=ST+ABCCOY I. K 142

DEN=SERT{ET

Bo 20 K=1.3

SLETCK d=abCCOC I K »-OEN

SLET S »=H{ T 3-0EN

TT=TT+ELET 0¥ SLETC 40

"
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Dan R

[N
e

181

1ea

11

a8

oo 24 H=1.3
oo 24 N=1.3
THC=3%{MH-12+H

HH'INL"HH'INL’+ SLETCHYESLETOM 3

oo 23 N=1.

BECH 2= BB(N'+wLETtH’¥QL“ET'4'

B{N=RBE{H)

CONTINUE

Calll SIMRCRAR.EBR.3.K52
IFCKS31B0. 168,181
TYFE" 145", " MATR
L0 TD 1

CONTINUE

IN IS5

SIHGULAR <{I53"

SE=SQRT{CTT-BBC 1 )¥RC 1 i-BR{ 2 1¥BY

TYPE" 142" "
WRITECIG. Q12 BEVI' BBV

LEAST

oy —v

[+ N P |

FORMATC IHE. 25 3H H=.F6&

1284 STANDARD DEUIHTIDH—,F?
GOTO

RETURN

END

.10

SX-BRCIMEBCIFI-FLOATCHHIT-5
SQUARED SOLUTIOM FOR EUENT xi"“”

P BE'"IaHHIT-ﬁE »

V= FE. 8025 3IH Z=0F7. 8048, dH NG=.

THIS SUBFROGRAM SUFPLIES THE STAR GEOFHONE COORDINATER 2-13-88

SURROUTINE GLORDOR
COMHON-LBs IC(3.293
DATA ICS 1656,
12137, &671,-1322, 2323,
21155, 235,-2125.1744.
I /R4, Iﬁu?-—lFEIJ TdEs
414@1, 876 _1F3431d1{.
5?€QE =i .—IJEHJIBJU;

TADFL
7.

466
Fis.
I\—

253,
S84 .
253,

i
Py iy Sy S Y |

Rt B el T v

]

1

Iy

mromromf

g (] G faf b=

LE@Adl. 381, -222.1526, 313.-1320.

953, 993, -2123Z.1617. 595.-1134.
1325. pR4. “Ik,-hiqﬁa aad, ~13235.
. 899, 1993, -1732, 1128, 804.-1732.,
1337 193.—173Wah941; 535.-1123.
, @18, 518,-1332. 720.1813,-1322,

Y]
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[}

Law]

D]

SURROUTINE TO S0LUVE SIMULTANEQONS ERLBTIONS
SUBRQUTINE SIHR{A.B,H. K52
DIMENSION {18 X. Brds
FORMARD SOLUTION
TOL=8. 8
K5=0
Jd==H
oo e Jd=1.H
dr=d+1
dd=d_I+H+ ]

BIGA=H. A

IT=d4-1

oo a8 I=Jd.H

SEARCH FOR MaxIMUM COEFFICIEMT IH COLUMH
Ii=IT+] :
IFCABSCRBIGR-ABS A TII Y28, 36,38
BIGA=R{ T
IMAax=1
LONTIMUE

TEST FOR FIVUQT LESS THAN TOLERSHCE OF SIHAGULAR MATRIY
IFCARS  BIGA »~TOL 335, 49,48
Fa=1
RETURN

INTERCHANGE ROWS IF MECESSHRY
Il=J+NE( -2 5
IT=IHRX-U
o0 58 K=A. N
Il=I1+H
I&=I1+IT
SAME=/CTT
ACTT =10 I2)
AU T2 a=5HUE



as3

MANLIE

I-21=01 @&

H=H]=HT

COaIdgECH] ] Il.rk v3=031 33
I=4 @& 0ad

N=3I
T—-N=31I
"~-lI=H]
A= a8 ad
NEiW=1T
*-.u,._
HOGILNTGS
umu|ﬁ£~h [
= 5
MNUAr=Y
Lo
IIILT M8 XN mhIw
IJam mztr
HTg.

=
[Ey]

IMITFAL300 QNIOHIT 49 LQHHIJBM

r
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SUBRQUTINE LQOCY

COMMON-~LB- ICU3. 240

DIMENSION IF0¢24 0 ITIN&J43-HB (24, 3 ANGLEC 2., 3. 05024 ),

1 FLOZ24 3, BO4 0, BUANC Z Y, ARCCOL 24, 3).Hf£4‘ SLETCS3. ARCIG ). BRC4 D
CALL GCOROE

1 TYPE "LEAST SERUARED DIRECT SALUTIOH PROGRAM WITH CONSTANT UELOCITY
1 <15x". " ENTER HUMEER DOF GEOFHOMES FOR LEAST SQURRES
z ‘IEF”J" SEFARATE EY COMMAS - TYFE & TO END <153"
ACCEFT NG
HHIT=HG
IFVHG asaa, 38a. 2
S CONTINUE
TYFE "ENTER GEOFHOHE RHD HPFi”HL TIMES SEFARATE BY COMMAS{IS>"
RCCEFT (IFOCT X ITIHCT 3. I=1.HGD
DO 18 I=1.NHIT
J=IFGCT 2
Lo 16 K=1.3
18 ABCC T KA=FLORTCICOK ., daa
oo 21 K=1.1¢8
21 AAck x=8.8
on 22 K=1.4
22 BE(K =8 4
oo 36 I=Z.HHIT

DaCT »= BABOSFFLOATYITIMS I ¥ 2 (Note: .00005 is factor to convert the
ca=8. 4 arrival times to seconds.)

DO 14 K=1,3
ANGLES 1. K 3=ABCC 1, K 3~ABCC LK)
14 CO=CO+ABCC T K YRE2-ABCC T K 2¥42
FL{I x=C0
IF{I-2313.15.36
BUFL=FL{ I 2-DSCT >
CONTIHUE
TT=8.8
00 i3 I=3.NHIT
00 16 K=1.3
16 BUANCK J=ANGLEC 2. K 32050 2 )

ol b=
¥y Ln

Ii
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5T=d.8
HC I d=BUFL-FLCTI 20312
pa 18 K=1.3
ABCCOC I K a=0 BUANC K 3-AHGLE T. K 3-05¢ T 3132
18 ST=5T+RECCE I [ vy
DEN=SRRTCE
oo 2é K=1.
28 SLETCR Y=pBCCAC T K J3-DEN
SLET{ =080 25-08C T 3 "DEH
SLETCS=H{ T 20EN
TT=TT+5LETCId&5LETV S
Lo 24 HM=1.4
oo 24 N=1.4
INC=4F0M-12+N
o HH&IHC'—HH(IHC3+£LET“H?i5LETfHJ
Do 25 H=1.
EBAN'-EBxH7+wLET'Hr;ﬁLET"
25 BUNI=REBCN I
13 COWNTIHUE
po Ze h=1.4
M=1z2+Ji
& AACHY=-aAcH )
CALL SIMRCAA.BB.4.K52
IFCKS 108, 184, 181
Ial TYRPE"SI4x". " MATRIX ISs SIMGULAR <15%"
L0 TO 1
1@ CONTIHUE :
SE=SQRTC{TT-BBCIMEBC I )-BRI 2 0¥BI 2 1 -BRC I 03BV I I+EBC J YKBT 43

=z

1-FLOATCNHIT=-81 2 PR
BEC 4 y=5ART{BE( 452 I
TYFE"S142". " LESST SQUARED SOLUTION FOR EUE’

WRITECI®. 11 BECI W, BECE 1, BECX D, 88(41 NHIT.5E
11 FORMATCIHG, 28 3H K=.Fu 8,25, 3H V=.F6. 8,25, 3H =,
IF7. 8, 4H NG=IZ.11H 3TD DEV =F7.1.--5)
Lo T4 1
@8 RETURMN
END
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DS eI '

—
]

28
21

[y

FROGRAM GBLK - CAHLCULATE aMD FRIWMT OUT SINULATED EUENTS FOR COMPRREISOM

(Nt

SUEROUTINE GENBLE
ﬂLWWGHﬁLEf ICC3. 240
DIMENSION D024 0, TO24 0, ITCE4 s JIC 240

CALL GLOROS
TYPE “FROGRAN T CREATE BLOCK POINT SOLUTIONS FOR COMPARISON MITH
{FEN EVENTS <153". "ENTER X.¥.Z STARTING COORDIMATES. X.¥.Z EWDING ©

PODRDINATES. BLOCK [NCEENENT. ARD EHOD JOB TEST. <193"."SEPARATE DaTH
I COMMAs AND HIT RETURH. TO EHD JOB KEY INW 1.1.1.1.1.,1.1.1 <15%"

BOCERFT X5.Y5. Z5. 0, YL 20 - OTHE . KNOXY
TYFE "{143!

TYFE " BEGINNING HEW BLOCK {153
=55

N=x5

CONTINUE

THIN=8 GHD.

dd0 1 a=Xk

JACE A=Y
A Fi=Z
oo 5 Jd=1.24
b0 dx=0 8
oo 7 K=i F

; O FLOATCICC K i~ IR 3352

r[l

Tr =0 S (3088 . 00005 (Note: 19000 is the seismic velocity and
THIN=AMINICTHIN T30
O0 & J=1.24

Te dr=T0 43»-THIH

N5=24

*‘-. "T]

-ty

00005 converts seconds to machine units.)
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13 fi=a

TIi=6a. 4

oo 14 I=i.z24

TTCL =00 T =002

IFCScaald 14,12
15 WG Ta=TT IaeC S0 0k ARAAS (Note: .00005 converts machine unit arrival times
Pi=p+1 to seconds)
TTODa=00 0 o000 3¢ PROGS Y»~-5( T3
TII=TII+TTCI G
14 CONTIMUE

SP=TII-FLOATCM:

o oy I=1.24

TFOECT 38,1717

53 UcI =44

17 W T =00 [ a0 0 S0 T 34 5F 0E . GARAAS ¥

HREITE (18,1l BOCTOLBOCEZ A BOCZ)D
16 FORMATCIHT, 185, 26HTEST CLAST LOCATION HAS s=.Fo.8.3H Y=.Fo.0.2HZ=.
1Fe . Br33HE SEISMIC VELQCITY T4 GEUFHONES-SIHA GEOFHONE
S P-UELGRITY OISTANCE =3
WEITECIR. 0} (L UCTX 00T, J=1.242
FORMAT(IHE, T16, 11X, F18 . 8, 115.F7. 8
GO TO 1
P CONTINUE
rETLURHN
£HND

L s

-,
iy



ENTRY

|

WRITE QUT

INSTRUCTIONS

W

ENTER
CODE

|

BRANCH
ON CODE

Pl e

CALL CALL CALL CALL crop
QD LQDCV GENBLK SPVEL
L 1 I
RERUN

)

FIGURE H-1— PROGRAM MASSAGE
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ENTRY

CALL GCORD8
FOR
GEQ. COORDS

v

WRITE OUT
INSTRUCTIONS

V'

ENTER
NO. GEOPHONES

® YES

NO

WRITE OUT
INSTRUCTIONS

v

ENTER
GEOPHONES AND
ARRIVAL TIMES

\

FORM MATRIX
COMPONENTS

CALL SIMQ
SOLVE
EQUATIONS

V3

CALCULATE
STANDARD DEVIATION

A

WRITE
X,Y,Z,SD )

RETURN

FIGURE H-2— SUBROUTINE LQD
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ENTRY

v

FIND MAXIMUM
COEF. IN
COLUMN

TEST FOR \YES

"SINGULAR
MATRIX ////

NO

INTERCHANGE
ROWS

DIVIDE BY
LLEADING
COEFFICIENT

ELIMINATE
NEXT
VARIABLE

BACK SUBSTITION

FOR
SOLUTION

A

RETURN

FIGURE H-3— SUBROUTINE SIMQ
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ENTRY

.CALL GCORDB
FOR
GEO. COORDS

R\

WRITE OUT

“)}  INSTRUCTIONS

\

ENTER
NO. GEOPHONES

$ YES
NO

WRITE OUT
INSTRUCTIONS

W

ENTER
GEOPHONES AND
ARRIVAL TIMES

A

FORM MATRIX
COMPONENTS

L

CALL SsIMQ
© SOLVE
EQUATIONS

!

CALCULATE
STANDARD DEVIATION

b

‘ WRITE
X’YBZSV’SD

RETURN

FIGURE H-4— SUBROUTINE LQDCV
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o)

N

CALL GCORDS8
FOR GEQ. COORDS

_V

WRITE OUT
INSTRUCTIONS

READ INPUT
PARAMETERS

-

CALC. DISTANCE
CLOSEST GEOPHONE

\/

CALC. FIRST
ARRIVAL TIMES

v

SUBTRACT CLOSEST
ARRIVAL TIME

A

ORDER
ARRIVAL TIMES

\

WRITE X,Y,Z,
GEOPHONES,
ARRIVAL TIMES

INCREMENT |
COORDINATES
e
YES

( RETURN )

FIGURE H-5—SUBROUTINE GENBLK
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( ENfRY )
’ 2

CALL GCORD8
FOR GEQ COORDS.

v
WRITE OUT

INSTRUCTIONS

v

ENTER BLAST
COORDINATES,
NO.GEOPHONES

<i LAST RUN? ;:>—35§-—~

NC

CALC.DISTANCES
TO GEOPHONES

i

WRITE OUT
INSTRUCTIONS

i

ENTER GEO. &
ARRIVAL TIMES

\

FIND CLOSEST
GEOQPHONE

\

CALC.INITIAL
P.VELOCITY

WV
CALC.BEST
SHOT TIME

k2

CALCULATE
P.VELOCITIES

v

WRITE BLAST COORDS,

GEOS, P.VELOCITIES,
& DISTANCES

!

( RETURN ——)

FIGURE H-6— SUBROUTINE SPVEL
-196-
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Tahble H-2. - Listing of output from using program MASSAGE onh event with bad location,

X Y Z Year Day Hr Mn Sc
1664 1340 -1569 1998 195 20 33 L€
GEO TIME ENERGY 743

22 0
13 9
23 18
19 66
12 106
14 125
20 147
21 214
17 273
15 201
(Note: Circled items are the operator response.)

FRAGEAM TO ITHFROVE SOLUTION OR TO GET SEISMIC UELOCITY
FROGRAM OFERATES UNDER NUDEX CODE

]

MOEN=1.2,3.4.,5 = I=L5SQ0, 2=L SQOCY. I=GBLK ., $=PUEL . 3=5TOF
TYFE IN URLUE OF NDEX
FROGERM TO CREATE BLOCK POINT SQLUTIOHS FOGR COMPARISON WITHRBM EVENTS

ENTER X.Y¥.Z STARTING COORDIMATES. X.Y.Z ENDIHNG COORDINATES. BLOCK IMCREMENT.

SEFRRATE DATR COMMRS AND RIT RETURH. TQ END JOB KEY IN 1.1.1.1.1.1.1.1

(1654»1349;—156R3lﬁﬁdslﬁdﬂ;mlﬁﬁﬂa1,{)
BEGINNING HEW BLOCK

iged 1340-1388 18 13 s 8 i4 17 72l =4 1a 11 &
@ 148 263 268 27 275 278 231 328 3FIF F45  3ers

AHO
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TYPE IN UALUE OF HOEXD o N
LEAST SQUARED DIRECT SOLUTION FROGRAM FOR CHECKING EVENTS
ENTER WUMEER OF GEOFHONES FOR LEAST SQUARES

SEFARATE BY COMHAS - TYFE @ TO END

FNTER GEOPHONE AND ARRIVAL TIMES SEPARATE BY COHMAS

S R i

] e e o G e T
Fop i e bee b B3 0T
Oy e ) S S0

i
1
1
]

w= 743 ¥= @83, F= -1303, NG= 7 STANDARD DEUTATION=
| EAST SOUARED DIRECT SOLUTION FROGRAM FOR CHECKING EVENTS
ENTER WUMBER OF GEOFHONES FOR LEAST SOUARES
SEFARGTE BY COMMAS - TYPE @ TO END

®

~

ey
[

TYPE IH UALUE OF NDEXE
FROGRmM TO CREATE BLOCK FOINT SQLUTIONS FOR COMFARISON WITHREBH EUENTS

ENTER X,Y.Z STRRTING CODROINATES, X.Y.Z ENDIHG COORDINARTES. BLOCK INCREMEHWT. ANHD

SEPARATE DATA COMMAS AND HIT RETURN. T EWND JOB KEY IN 1.1.1.1.1.1.1.1

C}#EJSEEJ-13591F43J8933—135931;1)

EEGINNING MEMW BLOCK

Fd3 8R3-183% 22 13 o3 12 14 21 & 3 13 2 3 18
g & 14 ag 39 177 236 245 23F 355 382 5F
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TYFE IN UALUE OF NDEND)

FROGRAM TQ COMPUTE SEISMIC UELOCITIES FROM BLASTING DATA .

USES STAR GEOPHONE COORDINATES AS OF &-13-73 UPDATE CHAHGES

ENT X.¥.Z COORDIHATES OF BLAST POINT HHO THE NUMBER OF GEGPHONESZ - ALL SEPHRATE
T ENQ JOB TYFE 8.8.8.8 AMD HIT RETURN.

ENTER THE GEOFHONE AND ARRIVAL TIMNE DATH A5 ON THE RBH PRINTOUT
SEFRRATE THE LATA BY COMMaS AND HIT RETURN TO GO

bee iy e b [ = 0

3] e F T D) oo

TEST BLAST LOCATION HhAs K= 743 Y= 833.Z1=-1333.

SEISMIC VELQCITY TO GEOFHONES

SEOPHONE P-VELOCITY DISTAMCE
1 a 1401
z a. 16281
3 a. i1i0.
4 a | 1588
5 @ Je2
5 8. 353,



-00¢-

~d
=
P~
[
249

& a. 432,
4 a. 1311,
la i . TR
11 . 1486 .
12 15382 213
13 15757 135
14 15534 223
15 12368 487
Ie 2. £73
v Z 254
18 a. 988
13 3. 1532
2 a. 1675
24 15824 238
2z 15854 123
23 15822, 143,
<4 4 467

FRGGRAM TO COMFUTE SEISHIC VELOCITIES FROM BLASTING DATA.

USES STRR GEQFHONE COORODINATES A5 OF 6-15<73 UPORTE CHANGES

ENT &.Y.Z COOGROINATES OF BLAST FAINT mAHD THE HUWBER OF GEQFPHOMES - ALL SEPHARATE
TQ END JOB TYFE 8.8.8.8 ANO HIT RETURH.
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TYFE IN UALUE OF HNDEMZ)
LEAST SEUARED OIRECT SOLUTION FROGRAM WITH COMSTANT VELOCITY
ENTER NUMERER OF GEOFHOWES FOR LEAST S@UARES

SEFARATE BY COMHAS - TYPE 8 TO EHD

ENTER GEOFHONE AHD ARRIVAL TIMES SEFPARRATE BY COMMAS

b Tol) e b [ e T
(R I R o e )
0% Ty S0

b S ) 5,

=
i}
-

P 1
A
-

e
4.
&,

LEAST SRUARED DIRECT SOLUTION PROGRAM MITH COMSTAHT VELOQCITY
ENTER HUMBER 0OF GEUOFHONES FOR LERST SRUARES
SEFARATE BY COMPARS - TYPE & TO END

®

TYPE IHM VALUE OF HDE."%
STOF
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TYFE IN VALUE OF NDEME)

LEAST SQUARED DIRECT Z0LUTIGN FROGRAW MITH COWSTANT UVELOCITY
ENTER WUMBER 0OF GEOPHOWES FOR LEAST SQUARES
SEFARKTE BY COMMAS - TYFE & TO END

ENTER GEQGFHONE AMD ARRIVAL TIMES SEFARATE BY COMMASR

N= o ordl. V= 838 Z= -1858. U= 13836, HG= 7 ST DEU

LEAST SQUARED OIRECT SOLUTION PROGRAM WITH COMSTAHT VELOCITY
ENTER NUMBER OF GLEOFHOWES FOR LEARST SRUARES
SEPARATE EBY COMMaS - TYFE 8 TQ END

TYFE IN UALUE OF HOENE)
STOF

1.3



Page
Acceleration, particle, .. cscueenrerreenenes e s eeeens 33,35
ACCEelerOmMEe e, s erssrecanessacsss ceer e e et e e 35
Fof=Ya) o) sTe) ¢ 1= 1 H e et ec e e e . 74
traNSAUCEL j e v snesnassenssrasassstascsonenanssnn 35,134
ACOUSELC, . vt eacanas 6 s bt aeanne e e anta e eanan 14
ML S S iON ;e e s vttt e et eneansncanenenesaanaacasasasa 14,15
EIIET gV f s s s s esresassacsacustssesosonencenasssassss 12
Amplification,...ccciciiniannn. s e b e eas st ecc et aaaens 40
AMPLi T, e eeeaneeenceneeeannnns ettt teieateaeeaeaan 37-39,131-137
bipclar,....... e res s e et e e et et e bt 37,133
ChaYgE , v e eetenenateeonannansercecnnanonnacsaseas 38,135
differential,ce et innnns e e s 38-39,142-147
o e as e s s asaaans S ha s e 38,132-133
postamplifier,...cciinceeetneconenas ceneseensens 40,59
preamplifier,..... . «-+37-39,59
Amplitude,...vceu. Ch et i a4 actas et et a e 25-27
range,..-... et i e e s e emasacaecar ettt eean .o 54,56
Arrival time S, c e ittt iie e s rnaa te s s e 40
determination,;.-s«e.eoes cr et e eeeacataanas 63
resOluUtion, i et i e ecenerence sttt eetaeenaccacaneas 48,63
AttenUation, « s ceettercoasacananesenenan teeareraasaes 54~56
AUAIDle NOLSE it e v asertocesesnotteaanteasanaannmaness 12,54
Automatic MoONitor, .. .t nes it iinnenaccacanaans 15
Background, noise,..... ceaeennna seranaea cesearanassl2,54-56
Balanced, amplifier,........ e e et et it et et e 145-147
Blast equilibrium,.... oottt nnnceccnncacanas 102,105
BlasSt OV S v v v eeresosocnsoensssantesnesaseasssnannenes 97-98,109
Bounce, CO8l MINE, . vt erannnceneataeeasaasenannsnneas 107,120-124
Broad-band, . cceeeercisicncncnneracrnceanens e n e .15
Bump,+.eceoeee e e e s e e e e te e caeresecesan 18,120
Cable,.ivieienneinnes et s e S e s et et e ernasensan 39-40,61-62,73-77,137-148
AamMage ,esceeernccnenceannssnenss e ceeeanaaneessB89-091
HaNgiNg, e s et e vt ttaaetsestaatettsencesonnaraaana 73,76
layout,.ceeeeeann S e emebass et s s e et aneaan e 62
MainNtenanCe, .« c v eeeeeccnens- vereassann t e ey 87-91
NEetWOYK ) e e cncrenososonassssonsas s ererenea eeaeaes67-68,80,82
repaAirS ecesssonanas et b et et ettt et enan e 87-91
reguirements,....... ceasen C e bt it eat et aas e 61,62
resistance,...ceveeeanna eeae e e et esacnsaaaaan 91
EraANSMIiSSLON it v et ecttustatoatotoencsansaanannns 39
trunk-line, ... i it it et veeeeseaannss61-62,80
Characteristic patterns,..ceeeecenecenes cerenarressaes 110,111
Checking events,...«cs... ce ettt et e e eeee...108-109
Coal, MONItOYiNg,eee i iecenacesstntarsasncecsannancns 120
Components, microseismic,...... ittt iias e s aaa 33-43
Computer PrOUYaAll e .ceecaacnassacacetsssasenooanasssss 180-196
Correcting data@,eecueeeeecermnanrnneneas se e e 177-179
CountsS, NOiSE€,cuicvcsssens cera=un Ceteeaaes ceseenennas 99
Crossover frequUenCy cscascsaensesaasssesanse s ecusasassl30
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INDEX

i=

Data handling, ..o e ittt ittt eniennaacenennnaceeacanns 108-109 Fage
Data proCesSs0r, v et ccreneanas srecrscrsaneaseahi0=42,62-63
Day, date CloCK - s vttt eteronireseantcoannnsannnnea 42
Deep hole, geophone,...... e atie et e enaanan 73-74
DEeStressing, . e eeeiinsceancenrnanns eeeerancarensesallf-120
Detectors, event, ... eecaen eessreersesrsnssasse (.
Differential amplifier, . ceeescescnen et teav e aaaanaen 38,142-147
Direct sOlutionsS, .. vttt i ime it ettt e e aeceannanocsnaas 161,165
Displacement, particle, .. c-cceeteecssosnssesrasanneasail
Displacement, Jage  c s e s et st sttoecsannacauanacnanenns 33
Drilling NOLSE, .cueieneceannesnssennceanncaoanans ese-02+97-08
Drill noise sSusSpression,..-..... e iirs e es0+97-98
DYNAMIC FaNGE, v v erosnssosssrssssssessessencsnnns faa31
Electrical, COnNectionsS, cceeee it ene e s s enoennnneans 80-85

NOLSE , i e s tceanancesescaanaceceas s e e s 2 s es77,80,148
Energy, calculatlions, .. eeessircrcoeaconeas et ee e 158-160

INtEgrat O ittt et s s e et teeeetaceoanunmonnacacanss 40

per event,.......... ... I I I R R R A ¢4

Propagation ;veseseseas S r et e e et et e e . .a.159

o= o = S e e etacee e aaaseaana 26

= == - = s et s s cccecanana ..99,102

total, .. cv s et st s et e e s e e Che e e eaas25
EXtraneous NOLlSE, it et et eseaotesotentaenaaeoceannesna 131
FET preamplifier,.......... Ceeesseccaans Veeeereeaeea 38,132-133
Fllter, Interface, ccue s tssenseesssentectncsacecaecenassdB

JOW PaASS, ¢ et ettt esesststenescasccanstcaananeneas 40

0 T X ol o S 40

requirementsS, v iseevcecraceneen Gt r et ae et et an 62
First arrival times,..... Sttt e et e eee et e 40
Floating thresheld, ... s i e ininnnn.. semeeeaen ...98
M telemetIvV,.eeesenns s Cee e C e e .62
Freguencv, rang€,ceeceessesss S et e e e e 28

resSpPONSe, ;s aceencan. a e aa s aacaaee e ceava3l

sSpeCctrul, . .«-secv.e v e as e s e s e tecerenns s 26,29
Gage, acCelerometer . u. .o et reesacecnaancescanasnnas 35-37

displacement, ... .ot ittt eeecacnnnssnscncasnccsns 33

veloCity, et enann e e e s e evesees33,36
Generated block method, . v eecteeavecsonnasn ssesssesallb
Geophone, Array,;..c.ceeeeass.e e e e e e e 60~-61

determination, .. ..c.. i e ieereennnna er st eeacan . 130

emplacement ;e v s erenacssrorsssraananes B b Y

locations,..ceeeeee.. et et acececaanonsacnnnnenns 61
Ground vibrations,....... f e acasaats e weese33
Grounding, electrical, s eecenrcerensenn ceecnesensnsal7-85,137-148
Headset, ittt easetcoasssnsssaaoscsotannancs c e e 44-45
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