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FOREWORD

This report was prepared by Arthur D. Little, Inc., Cambridge, Massachusetts
under USBM Contract No. H0122026, The contract was initiated under the

Coal Mine Health and Safety Research Program. It was administered under

the technical direction of the Pittsburgh Mining and Safety Research Center
with Mr. Howard E. Parkinson acting as the technical project officer.

Mr. Francis M. Naughton was the contract administrator for the Bureau of
Mines.

This report is a summary of the work recently completed as part of this

contract during the period August 1971 to December 1973. This report was
submitted by the authors in January 1974.
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INTRODUCTION

This final report documents the work done by Arthur D. Little, Inc. (ADL)

on behalf of the U.S. Bureau of Mines, Pittsburgh Mining and Safety Research
Center (PMSRC), on Contract H0122026 (which began in August of 1971).

Under this contract ADL provided technical assistance to the Bureau on a
task basis on virtually all aspects of the Bureau's programs related to
present and planned emergency and operational communications and miner
location systems for underground coal mines. The work consisted of in-
dependent investigations, analyses, experiments, breadboard and prototype
hardware development, workshops and technology transfer seminars on mine
communications, and on-going evaluations and guidance related to the
Bureau's contracted programs on electromagnetic noise, mine communica-

tions systems, and trapped miner location. This final report documents

the work in two volumes, Volume I, "Emergency and Operational Mine Commun-
ications," and Volume II, "Seismic Detection and Location of Isolated Miners."
The Tables of Contents of both Volumes are included in each Volume.

Phase I of the contract was devoted to performing an in-depth assessment

of electromagnetic noise measurements taken by several contractors and
other investigators, and then defining a new noise measurement program

and instrumentation system tailored to obtain the necessary but missing
noise data. These data are required for use in the design of new emergency
and operational communication systems. This work, and the follow-on
coordination and guidance activities of ADL on this noise measurement
program in subsequent phases of the contract, are treated in Part One of
Volume I. :

The latter part of Phase I and part of Phase II included preliminary per-
formance predictions related to through-the-earth electromagnetic com-
munication systems. These predictions were based on available theoretical
signal propagation results and on recently acquired noise data at several
coal mines. This work is treated in Part Two of Volume I.

In Phases II, IV and V, investigations were conducted related to wire,
guided-wireless and wireless communications systems for communicating

with roving vehicles and personnel underground. This work is documented

as follows. Part Three of Volume I treats guided wireless communications
via leaky coaxial cable; Part Four treats wireless communications in mine
tunnels at UHF frequencies; Part Five treats guided wireless communications
down deep hoist shafts; Part Six treats aspects of trolley wire communica-

tions; and Part Seven treats a new mine pager telephone to public telephone
interconnect system.
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Another aspect of Phase V included tasks for providing assistance related
to technology transfer seminars on mine communications and to a workshop
on through-the-earth electromagnetics. Part Eight of Volume I treats
this work. Under Phases II, IV, and V, ADL also provided a wide variety
of short-term technical support and consulting services not discussed in
the above mentioned Parts. This short-term work is treated in Part Nine
of Volume I.

In Phase ITII of the contract, ADL performed another in-depth assessment

on a compressed time schedule, to provide PMSRC with independent tech-
nical judgments regarding the potentials and limitations of seismic
methods and systems for detecting and locating isolated miners. Volume II
of this report is devoted entirely to the treatment of this work.

During the course of this contract we prepared over forty working mem-
oranda, technical reports, seminar papers, and workshop summary reports,
in addition to many informal memoranda and the monthly technical reports,
to keep PMSRC informed of the progress and findings of our work as they

developed. This final report is based on these previous memoranda and
reports.
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PART ONE
EXECUTIVE SUMMARY
Arthur D. Little, Inc.

I. PURPOSE AND APPROACH
This Volume documents the Phase III effort on the Seismic Detection

and Location of Isolated Miners on Contract H0122026 undertaken during
the fall of 1972 by a task team composed of ADL staff and several seismic
consultants. The team was assembled specifically to work together on
complementary tasks, at an accelerated level of effort for four months,
to meet the Bureau of Mines' time schedule for obtaining independent,
objective, technical judgments regarding seismic methods and systems for
detecting and locating isolated miners. The impetus for this work re-
sulted from a compilation and analysis, during the first half of 1972,

of new experimental data obtained from a series of in-mine field tests
conducted by WestinghouseCorpifusing the CMRSS* interim seismic location
system. The Bureau of Mines took advantage of the availability of these
new data to reassess the potential and limitations of various seismic
methods and systems, and to direct its seismic system improvement program

accordingly.

ADL assisted the Bureau in this reassessment by drawing on the skills
of seismic consultants from industry, universities and government, to
supplement the skills of the ADL project team. The consultants were prin=-
cipal resources of broadly-based and detailed technical expertise in the
areas of seismic signal-source and signal-propagation characteristics,
natural and cultural seismic noise, seismic sensors and field instrument-
ation, seismic signal and data processing for detection and location, and
overall seismic system utilization in the field under operational emergency
conditions. Specifically, the participating consultants were: F. Crowley,
Air Force Cambridge Research Laboratories; W. Dean, Teledyne Geotech,
Alexandria Laboratories; R. Greenfield, Pennsylvania State University;

J. Kuo, Columbia University; D. Peters and R. Crosson, University of
Washington; and F. Pilotte, U.S. VELA Seismological Center. The principal
ADL participants were J. Ginty, R. Lagace, M. Roetter, and R. Spencer.

+ Westinghouse Contract H0210063 with the Bureau of Mines.
* Coal Mine Rescue and Survival System.,

1.1
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Guidance and assistance related to the general suitability and applic-
ability of recommended techniques and procedures to actual mine environ-
ments were provided by H. Parkinson and J. Powell of U.S. Bureau of Mines

Pittsburgh Mining and Safety Research Center.

The overall objective of the Phase III effort was to perform a short
intensive study to identify what could be done by seismic methods and

systems, and how well, to:

e detect live signaling miners

® locate such miners to within the confines of a
600-by-600 foot section; and

e locate such miners to within a 15-foot entry width.

Both general and specific ground rules were established, with the assis-
tance of the Bureau, to focus the study on the primary and fundamental
aspects of the miner detection/location problem. The general ground
rules are listed in Table 1 below for convenient reference. The specific
ground rules related to the miner and his signal, the signal transmission
path and noise environment, and the signal detection/location activity

on the surface, are given in Part Twelve of this Volume.

Table 1

SEISMIC DETECTION AND LOCATION SYSTEM

General Ground Rules

. System hardware field suitable and rapidly deployable.
System constrained to present state-of-the-art techniques
and hardware.
. System operation from the surface.
. System self-contained in its operation and calibration.
System capable of producing timely location estimates.
. System operation compatible with and complementary to overall
rescue effort.
Signal sources readily available and reasonable - no special
devices carried by the miners.
. No wide-area search required by the surface team - likely areas
for trapped miners given.
. Surface team will have benefit of mine maps.

1.2
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Specific task areas, including output objectives and corresponding
input components, were also defined, as outlined in Table 2, and assigned
to the study participants. These ground rules and tasks allowed the
project team to:

. obtain "best'" estimates, based on available data, of the
ability to detect and locate miners trapped beneath real
mine overburdens;

. define the requirements imposed on the surface seismic
system by operational field conditions for successfully
executing the detection and location operations;

. assess how the above estimates are influenced by system
complexity and cost; and

. determine what is still needed in terms of basic data,

analyses, and experiments to improve and/or verify these
estimates.

Parts Two through Six of this Volume address in detail the major
output objectives of detection, arrival time estimation, location, and
field utilization. Similarly, Parts Seven through Eleven treat the in-
put components -- seismic signal source and transmission characteristics,
earth models, seismic noise, signal-to-noise improvement techniques, and
seismic detection/location instrumentation, which influence the ability
to achieve the above output objectives. Part Twelve presents copiles of
the visual aids used in the initial ADL briefing given to the seismic
consultants regarding the relevant background, ground rules, major prob-
lem components, and identification of specific tasks to be addressed; and
those used in the ADL oral presentation of results of this study to PMSRC.
The authorship of each Part is designated to appropriately acknowledge the
major contributions of each seismic consultant. Consultant F. Crowley
also provided key assistance to ADL in its role of overall definition,
coordination, and integration of the study effort within the compressed
time schedule. The following sections of this Part briefly summarize
the principal findings and conclusions of the study regarding the main
objectives of detection and location of isolated miners. These findings

and conclusions are supported in the subsequent Parts of this Volume.
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TABLE 2

TASK AREAS

OUTPUT
COMPONENTS-LB2ECTIYES THED
4 -+ DETECTION PARAMETER ESTIMATION LOCATION UT{EIZATION
MAJOR INPUT COMPONENT CHARACTERISTICS AFFECTING OUTPUT OBJECTIVES
SIGNAL SOURCES
Fn of: Type e Strength e Strength ¢ Directional e Site
: Man e Directional and e Directional and Charac. Environment
: Impact Area Coherence Charac. Coherence Charac. - Physical
: Tunnel e Pulse Shape e Pulse Shape - Operational
® Rep. Rate ® Rep. Rate o Field Crew
TRANS. MEDIUM. o Attenuation o Attenuation o Earth Model o Parjeare ¢
CHARAC. e Signal Modification | e Signal Modification (Detailed) and Operation
Fn of: Layers - Freq. Response ..~ Freq. Response Procedures
(Type, Thick, - Time Domain - Time Domain o Overall
Ang]e, etc,) - Spat1a] Coh. - Spat1a1 Coh. Rescue
NOISE o Spectrum Levels e Spectrum Levels e Noise Weighting Operations
Fn of: Sources e Time Charac. e Time Charac. of Parameters
- Sig. Induced i.e. Stationarity .i.e. Stationarity
- Rescue Sources Impulsiveness Impulsiveness
- Basic Bgrd. e Spatial Coherence e Spatial Coherence
- Altered Mine
- Message
- System
SENSORS e Sensitivity ® Sensitivity e Array Geometry
Fn of: Depth e Array Gain/ e Array Gain/ and Location
: Coupling Directionality Directionality
e Dynamic Range o Dynamic Range
e Polarization e Polarization
SIGNAL PROCESSING e Candidate e Candidate
Detection Methods Estimation Methods
DATA PROCESSING e Location
AND COMPUTATION Algorithms
e Mine Maps Y




II. SUMMARY OF RESULTS

A. DETECTION OF A MINER

A surface deployed seismic system utilizing conventional signal-to-
noise ratio improvement techniques can provide the capability of detect-
ing miners signaling with timber or sledge sources, to slant ranges on
the order of 1000 feet, under most natural seismic noise conditions in
which no man-made noise sources are present. Under such noise conditioms,
these ranges should allow more than adequate coverage of typical mine
sections. However, to obtain these noise conditions, surface rescue
operations and activity in the vicinity of the detection area must be
severelyrestricted and possibly prohibited. This may not be compatible
with present mine rescue operations. Though more experimental noise
data must be obtained and analyzed before definitive estimates can be
made of the reduced detection ranges in the presence of man-made noise
of the type and level present during uncontrolled rescue operations, it
is highly likely that the presence of such noise will make the detection

of a signaling miner impossible with a surface seismic system.

The dependence of detection range on the type of signaling source
and on the levels of naturally occurring seismic noise is shown in Figure 1.
Figure 1 depicts the variation of received signal strength with type of
source and slant range above the source, derived from data taken at
several mines. The horizontal lines denote signal detection thresholds .
for three representative natural noise conditions; with and without the
benefit of a conservative 10 dB improvement in signal-to-noise ratio.
These natural noise conditions are based on published data taken at
several locations other than above mines. Only a limited sample of
suitable noise data taken above mines at quiet times was available for
comparison. These noise levels at mines were not inconsistent with the

more comprehensive natural noise data used.

1.5
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Detection ranges are obtained by noting the intersection of the
signal curves with the corresponding detection thresholds of interest in
Figure 1. Noise levels and corresponding detection thresholds for un-
controlled rescue operations are expected to far exceed those for the
very high natural noise condition, thereby drastically reducing detection
ranges to unacceptable levels. Table 3 presents, for convenient reference,
a summary of detection ranges derived from the curves of Figure 1. Table 4
summarizes those signal-to-noise improvement techniques judged most and

least useful for detecting and locating isolated miners.

To improve these detection range estimates and to better evaluate
the utility of the signal-to-noise improvement techniques identified as
most useful, a series of careful seismic noise and signal strength
measurements should be performed in Eastern coal mining regions by field
crews well-experienced in seismic and geophysical field work. This work
should be supported by theoretical analyses to better understand the
generation and propagation behavior of signals produced by practical
signaling sources available to miners during emergencies in coal mines.
Detailed treatments on detection range estimation and signal-to-noise

improvement techniques are found in Parts Two and Ten, respectively.

B. LOCATION OF A MINER

The above described detection process, being inherently limited to
slant ranges on the order of 1000 feet, in itself provides a coarse loca-
tion of a trapped miner that in many cases may be sufficient to direct the
efforts of a rescue team. However, should greater accuracy be required,
location of a miner to within a section is a realistic objective. In
fact, location accuracies to within 100 feet for miners down to depths
of 1000 feet appear attainable with surface deployed systems, but only
when the required conditions are met. Namely, when an adequate seismic
representation (model) of the earth beneath the surface seismic system
is available, the depth of the miner is known from a good mine map, and

as in the case of detection, the surface rescue operation and activity

1.7
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TABLE 3
MAXIMUM SLANT RANGES (In Feet) FOR DETECTION-UNDER
NATURAL NOISE CONDITIONS**

8T

Source Low Noise High Noise Very High Noise
Strong W/O-S/N 1*] W-S/N | W/O-S/N | | W-S/N | W/O S/N T | W-S/N 1
Thumper >2000 >2000 1400 2000 950 1400
Strong
Timber >2000 >2000 1050 >1500 650 1050
Sledge >1500 >2000 900 1250 550 900
Weak
Timber 1100 >1500 550 800 375 550
Sledge ﬂ 900 >1400 450 625 300 450

U9 anyuy

* W/O - S/N | = Without 10dB Signal-to-Noise Improvement
W - S/N | = With 10dBSignal-to-Noise Improvement

** No obvious manmade noise sources




Table 4

SIGNAL-TO-NOISE IMPROVEMENT TECHNIQUES

Most Useful

For Detection For Arrival Time Estimation
. Bandpass Filtering . Same as for Detection

. Burial of Sensors . Summing (Stacking) of

. Subarrays: Repeated Signals

—~ size optimization
- delayed or direct sum
- weighted sum

Least Useful

For Detection and Arrival Time Estimation

. Remode Processing :

. Linear Phase Filtering of Multicomponent Data

. Matched Filtering

. Multichannel Maximum Likelihood Array Processing

. Multichannel Wiener Filtering

. Single and Multichannel Prediction Error Filtering

1.9
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in the vicinity of the location area has been severely restricted and
possibly prohibited, which again may not be compatible with present
rescue operations. 1Indeed, for accurate miner location, signals will
have to be received on several seismometers surrounding the miner's
location, and signal-to-noise ratios well in excess of those for
detection will also be required to adequately estimate to sufficient
accuracy the signal arrival times needed for computing location coor-
dinates. Specifically, the above estimate of location accuracy applies

only to favorable, controlled conditions:

. when the signals are strong enough to allow arrival times
to be measured to within 1-5 milliseconds, and

. when the earth at the local mine site can be adequately
represented by a set of laterally homogenous horizontal
layers with different seismic velocities, and these par-
ameters can be specified to within about 5% by refraction
surveys from the surface.

Though available geological information tends to support the reasonable-
ness of the type of seismic earth model assumed, data from refraction
surveys performed directly over representative coal mines, together with
controlled location experiments using strong signal sources, are still
needed to confirm the general applicability of this kind of model.
Figure 2 is an example of the location error contour maps generated
during the study to form a basis for drawing conclusions on attainable
location accuracy with surface seismic arrays. These contours are based
on an error analysis applied to the well-established location method of
non-linear, least squares iterative inversion. The contours in each
square represent the estimated standard location errors in x, y, and z
(one standard deviation, ¢, of a normal distribution) for a source so

located relative to the array geometry.

The location results indicate that earth model errors of 5% will be
the dominant contributors to miner location errors when arrival time
errors fall between 1-5 milliseconds, but that arrival time errors become

the major contributors and seriously degrade location accuracy when these

1.10
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FIGURE 2 EXAMPLE OF LOCATION ERROR CONTOUR MAPS
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timing errors reach 15-20 milliseconds. Errors of this magnitude can be

introduced by low signal-to-noise ratios and by the variable thickness of
low—-velocity weathered layers under different seismometers in the location
array. Hence it is important to account for such sources of large timing

errors in the field.

The further objective of directly locating a signaling miner to
within an entry width with a surface seismic system appears to be an un-
realistic goal. Only under the most favorable but improbable circumstances,
namely, noise conditions similar to or better than those described above,
and an even more accurate representation of the earth or shallower mine
depth (300 feet or less), do location accuracies of about 30 feet appear
attainable. With the aid of a good mine map, these accuracies could allow
the surface team to identify the entry in which the miner is located.
However, the only method that is likely to produce accuracies of this
order in practice is a more costly reference event method. This method
relies on the prior calibration of the seismic properties of the earth
over the mine by initiating and recording seismic reference events on a
regular periodic basis. Detailed  treatments of the location algorithms
examined in this study; namely, non-linear least squares iterative
inversion, Westinghouse program '"Miner'", and reference events, together
with the suggestion of even more advanced algorithms that allow iterative
improvement of the earth model as well as the predicted location, are

found in Parts Three, Four, Five and Seven.

C. FIELD UTILIZATION

The nature of mine emergencies, the experience gained with the
present interim seismic location system, and applicable experience of
our consultants related to the deployment of small, highly mobile, oper-
ational seismic teams, lead to several guidelines and recommendations
regarding the field utilization of the seismic equipment and the compo-
sition of the seismic team. The seismic system should be transportable
and deployable in various configurations, depending on the mine location

and on the needs of the detection and/or location operations. The range

1.12
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of field requirements extend from the need for simple detection processes
in quiet remote locations, to complex detection and location processes

in areas of relatively easy access with unfavorable noise environments.

Therefore, the system should be configured in modular form that
allows deployment in phases. For example, on notification of a mine
emergency, the initial deployment could include only a simple portable
detection system capable of being easily transported by commercial or
private aircraft, automobile, or a small truck to the mine, and back-
packed to specific locations over the mine workings if necessary. This
simple detection system would be composed of a small array subsystem,
an array control unit, an oscilloscope, and possibly a multichannel
strip chart recorder. These units are sufficient to obtain not only
initial detection of miners, but also first-order location of these
miners in the vicinity of the sites chosen for initial investigation.
A more comprehensive, easily transportable, van processing center and
additional subsystems could be deployed shortly thereafter, or as re-

quired by the particular emergency situation.

The equipment must be made simple, weather tight, rugged, modular,
and temperature insensitive. In addition, because the location of miners
requires calibrated signals and test and repair facilities may not be readily
available, calibration and check-out of the system must be easy to do on site.
Since power may not be available, battery operation is a must for the
portable field equipment. Furthermore, because emergency conditions re-
quire quick response, not only must the equipment be quickly and easily
deployable at the site, but speed in the acquisition and processing of
the seismic data is essential once the system has been deployed. Indeed,
overall processing times of received data should be measured in minutes
rather than hours. Table 5 summarizes some of the important hardware
requirements for a flexible, fieldable seismic detection and location
system. These requirements can be met by appropriately integrating and

packaging present off-the-shelf components and equipment.

1.13
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Table 5

HARDWARE REQUIREMENTS FOR SEISMIC DETECTION/LQCATION SYSTEM

. Compact light-weight, rugged, modular, proven hardware

. Simple and easily deployable

. Combination vertical seismometer/amplifier unit capable
of burial

. Water proof non-ambiguous cabling and array control unit
Seismometer calibration device

. 12-channel tape recorder

. Multichannel hard-copy-output recorder

. Accurate, recoverable time codes on tape, or paper output

. Continuous time reference on tape, or paper output

. Selectable time base displays

. Variable filtering and gain

. Battery operation of portable subsystems

. Radio communication for crew

. Tools ,

. Van processing center with disk pack and mini-computer

The final essential element required to ensure the successful utili-
zation of the system during a mine emergency is the composition and
experience of the seismic team. The minimum requirement is a three-man
cadre that is trained to work together under such emergency conditions,
being completely familiar with all aspects of the system and its opera-
tion and each others duties. This cadre should include an operator/analyst
an electrical technician, and a field technician. The operator/analyst
will be the team chief and should also be an experienced geophysical
engineer. This cadre would utilize additional but inexperienced mine
personnel at the site to expedite deployment of the system. The key man
of this cadre is the team chief who should also be a mature individual

who is thoroughly familiar with mining operations and practices, can

interface effectively with the overall resuce coordinators, and success-
fully direct the seismic detection/location operation in the face of con-
fusion and possibly conflicting rescue requirements. Detailed treatment
of the instrumentation and its field utilization requirements will be

found in Parts Six and Eleven.
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IIT. CONCLUDING REMARKS

As stated in the Purpose and Approach Section of this Part, the
purpose of this study was to provide results to help the Bureau of Mines
in the formulation of future policy and plans of action related to the
detection and location of isolated miners by the application of seismic
methods. In this regard, an additional.question was posed by the Bureau,
for consideration by the ADL seismic team during the course of this task.
Namely, which of the following alternative courses of action appear to be
most feasible and appropriate at this time:

e Abandon the seismic system and rely on electromagnetic
or other methods?

e Change the performance requirements of the seismic system -

for example, by only requiring positive location to within
the dimensions of a working section?

e Improve the system and seismic methods employed?
Figure 3 summarizes the three alternatives and the corresponding ADL

responses in a graphic format. Expansions on these responses follow.

No, it would not be appropriate to abandon seismic detection and
location methods at this time, in spite of their shortcomings. Until
viable electromagnetic miner location equipment is developed, produced in
quantity, and utilized by the mining industry, seismic methods still
remain the only means presently available for detecting the presence of

live signaling miners and determining their location from the surface.

Yes, it is definitely feasible and appropriate to change the per-
formance requirements for a seismic system, particularly regarding the
required accuracy of location. Location accuracies to within one or two
coal pillars, and even to within dimensions of a working section, when
used in conjunction with a good mine map, will be extremely valuable and
in many cases, be more than sufficient to direct the efforts of both in-
mine rescue teams and surface drilling crews. However, it should be
remembered that rescue operations and activity in the vicinity of the
location area may have to be severely restricted, and possibly prohibited

temporarily, to achieve these location results.
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Yes, it is definitely required, feasible, and appropriate to improve
the system and seismic methods employed to detect and locate isolated
miners. However, the type and extent of these improvements need to be
determined by the Bureau in the context of its overall plans and associated
time frames related to its miner location programs. In this regard, the
Bureau will find that some quick-fix and minor improvements will be suited
to 3-6 month schedules, while others that are major or that require addi-

tional fundamental investigations may require schedules of 1 to 3 years.

Each of the improvements referred to above will require investments
of one kind or another that will impact on both cost and performance.
Table 6 briefly summarizes the expected impact on system performance and
cost for several possible kinds of investments. Finally, in order to more
accurately estimate the performance limits and potentials of seismic miner
detection and location systems, further investigations are still required
to characterize the following items in a more quantitative manner:

® Seismic signals from sources available to miners.

® Seismic noise in coal mine regions.

e Seismic propagation attributes of coal mine overburdens.

These investigations will be largely based on experimental work in the
field.* Several of these are described in more detail in the body of this

Volume.

Selected improvements in the seismic system hardware have since been
made by PMSRC, and experimental investigations related to the above
three areas have been conducted by Continental 0il Co. for the Bureau
of Mines under Contract HO0133112.
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Table 6

EXPECTED IMPACT OF INVESTMENTS
ON SYSTEM PERFORMANCE AND COST

Increasing
Overall
Cost

Improving
IMPACT Overall
of on —p» Performance
Truly Fieldable Hardware High
Trained Experienced
Field Crews » High
Site Pre-Calibration
Preparation#* High
Improved Seismic .
Earth Models* High
Conventional S/N ‘
Enhancement Methods High
Sophisticated S/N
Enhancement Methods Low
Controlling Site Man-
Made Noise High

Low

Moderate

High

Low

Low

High

Low

Applicable mainly to miner location, as opposed to miner

detection and location.
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PART TWO
DETECTION RANGE AND ARRIVAL TIME ESTIMATES

Roy Greenfield
Pennsylvania State University
L. SUMMARY
Estimates are given for the distance from a seismometer at which a miner
can probably be detected. The procedure in making these estimates was to
first establish the natural noise levels at the output of a surface seismometer
for the 25 to 100 Hz frequency passband. The noise levels give the range of

values which may be expected in areas with no man-made noise. For each noise

level, we give the detection threshold which, when exceeded, indicates that
a signal has been received. Based on the signals recorded by Westinghouse,
curves are given which show the peak signal amplitude as a function of source-
to-receiver distance (slant range). Curves are given for the Westinghouse
seismic thumper, a 50-pound timber, and a sledge. For a given type of source,
the receive signal strength depends more strongly on slant range than on any
other factor. However, there is approximately a five~to-one scatter in the
amplitudes. Thus, further study of factors affecting the signal amplitude
might allow better estimates to be made for any particular geological setting.
Combining the signal amplitude with the detection thresholds for the dif-
ferent noise conditions gives the distances at which a miner should be detected.
These are given in Table 1* below.

Table 1
Maximum Range (in Feet) at Which a Miner Could be Detected

For a Single Sensor--Before Signal-to-Noise Improvement Techniques
(Natural Noise and Average Signal Strength Assumed)
Natural Noise Condition

Source Type Low High Very High
Thumper 1600 1000 700
Timber 1400 800 500
Sledge 1200 700 400

The text also gives the increase in detection ranges which should occur
if steps are taken to increase S/N by 10 dB. We feel that 10 dB is a con-
servative estimate of the improvement possible.

During an actual rescue operation, the seismic crew and system should be
capable of making on-site estimates of their detection capability, based on

measurements of the site noise, and upon the best available estimates of the

* References tc Figures, Tables, and Equations apply to those in this Part
unless otherwise noted.
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signal strengths to be expected. This will allow the seismic rescue crew to
estimate the likely coverage area of the seismic system, for detection of a
signalling miner under the prevailing noise conditions, which will in turn
assist the rescue team to determine appropriate search strategies for the
entrapped miners.

The effects of noise on the estimates of signal arrival times are also
discussed. The arrival times should be picked by an analyst from stacked sig-
nals from all available signal repetitions. It is shown that for low to mod-
erate noise situations, the signal arrival time at each subarray can be deter-
mined to within a few milliseconds. However, when the noise is comparable to
the signal, errors of 10 to 15 milliseconds can occur, and in some cases, it
might be possible to pick a signal arrival time which is 50 to 100 milliseconds

after the true arrival time.
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II. INTRODUCTION

In this Part estimates, based on experimental data, are made of the
natural noise levels encountered for surface seismometers, and a model for
signal levels, based on Westinghouse daté,*is developed as a function of
slant range and source type. The natural noise level estimates are applicable
to the range of conditions encountered when no man-made noise sources are
present. These natural noise levels may be representative of the levels
experienced during a mine emergency rescue operation at those times when
care has been taken to control the rescue activity's seismic disturbances.
Further experimental data is needed in order to characterize the man-made
noise environment created by rescue operations.

Using the above results, estimates have been made for the detection range
which can be obtained. All work is done for a 25 to 100 Hz bandpass. Most
of the signals observed by Westinghouse have most of their energy in that band.
It remains (as noted in Part Nine) to determine the noise levels above
100 Hz before it is possible to determine if the band above 100 Hz will aid
in detection. Initially detection ranges are determined for a single sensor
with no signal processing. Some estimates also are made of detection ranges
if signal enhancement is successful. After the detection discussion,a chapter
will consider how noise levels affect estimates of signal arrival times for

use in the subsequent location process.

IT1I. NOISE LEVELS

We desire to determine a detection threshold, which when exceeded indi-
cates that a signal is present at the output from a single sensor. In the
Appendix to this Part, we show a reasonable detection threshold level as
3 times the noise RMS level. This will lead to approximately 1 false alarm
each 100 seconds on a single trace, and very rare false alarms if coincidence
detection is used on the outputs of several subarrays.

To estimate, within the time available, the surface noise levels to be
expected, we concentrated on the noise data of Frantti(1) 1963 rather than
the noise measurements made by Westinghouse. This was done because the con-
tamination of the Westinghouse earth noise data by system noise weakened our
confidence in their noise data (see Parts Nine, Ten). The Frantti data

are for locations free of obvious man-made noise sources. Frantti measured

peak-to-peak average envelope values at the output of a 1/3 octave filter.

In cases where this envelope average was compared to the RMS noise level, the

* Westinghouse Contract H0210063 with Bureau of Mines.
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envelope average was slighly higher. 1In (A 6) of the Addendum we show
this is to be expected, but the difference, a factor of 1.7, is not important
because RMS noise levels can be expected to fluctuate over more than an order
of magnitude at different times and locations.

We used 47 of Frantti's noise curves (data for deep mines and a site near
the ocean were excluded). For each curve the spectral level was read at 25,
50, and 100 Hz., Histograms (Figures 1, 2, and 3) were formed for each fre-
quency. The RMS noise levels exceeded 75% of the time (low noise) were deter-
mined for each frequency, and marked on the histograms. This was also done
for the RMS noise levels exceeded only 25% of the time (high noise). As a
comparison, the range of levels found by Westinghouse during their mine field
test program are also included on these Figures. The Westinghouse levels are
not inconsistent with the levels predicted by Frantti.

To proceed from the RMS noise spectral estimates to the noise RMS output

level of a 25 to 100 Hz filter, we used

_ 100 ,2 1/2
RMS_., = [/p5 A" (f) df] (1)

for the "low noise'" level condition. The RMS (amplitude) spectrum, A(f),
used is plotted on Figure 4. The signal detection threshold was then set at
3 times the noise RMS output level. The same calculations were made for the

(25%) "high noise" level condition. The results are given in Table 2.

Table 2
RMS Noise OQutput and Detection Threshold
Of a 25 To 100 Hz Filter

(uIPS)
RMS Level Exceeded 75% of Time 0.22
(Low Noise)
RMS Level Exceeded 25% of Time 1.5
(High Noise)
Detection Threshold (Low Noise) 0.66
Detection Threshold (High Noise) 4.5

IV. SIGNAL LEVELS

The basis of our estimates of the seismic signal levels is the Westing-
house data. The maximum zero-to-peak amplitude levels for the signals are
plotted as a function of slant range in Figure 5. The sources of data are

given in the Figure. Curves have been drawn as estimates of the strong
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and weak signals for the thumper, timber, and sledge sources. These curves
enclose the majority of the data, and are the basis of the detection range
discussion in the next chapter. We believe that Figure 5 represents the
best estimates of signal level that we can make at this time, based on
experimental data available to us.

A scatter of a factor approximately 5 exists in the amplitude data. How-
ever this is not unexpected. Scatter of this magnitude is quite common in
seismic data around 1 Hz, and can reflect any one of a number of factors. In
the case of the Westinghouse data these factors probably include source
coupling, propagation effects, the source radiation pattern, and variation
of the low velocity alluvium thickness at the seismometer.

We have attempted to assess the source radiation pattern effect using the
data from Field Report 8%, Copper Queen Mine, Figures 2.4.3 and 2.4.4, compiled
in Table 2.4f3 of that report. 1In Table 3, we show their amplitude readings
for both first motion and for maximum trace amplitude. Only the vertical
seismometer is used. Also shown is the theoretical amplitude, Vm’ of the
vertical component for a point vertical source in an infinite medium. The Vm
for such a source is of the form (Love, 1944, p. 304-305).

Vm = -% cos2 ] ' (2)
where r is slant range

6 is the angle between the vertical and the
source—to-receiver direction

and A is a constant

The formula given is strictly valid only if the receiver is many wavelengths
from the source. This requirement is not well met in the present experiment.
We have set A to fit the observed amplitude at the seismometer on the surface
directly above the source, receiver 1. The source and receiver locations are
shown in Figure 6. Values for a 1l/r variation are also given. Again we norma-
lized to receiver 1.

The results in the Table are not conclusive. However in general, the 1/r
fit is closer than the Vm fit. The Vm often greatly underestimates the
amplitude.

The data, on Figure 5 obtained from plot 38 of Field Report 8%, (plot 38
is reproduced here as Figure 7a) is of interest. These data were obtained

for a thumper source put in the Copper Queen Mine, 900 feet below the surface.

* Thid.
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Table 3

Source Pattern Effects (Copper Queen Mine)

a) First Motion Peak (pIPS)

Receiver
1 2 3

Source (1), Timber

Observed 54, 11.8 6.7

Theory, V 54. 5.3 0.58

1/t Variation 54. 24, 13.
Source (2), Thumper

Observed 26 .6 20. 8.6

Theory, V 26.6 8. 2.6

1/r Variation 26.6 17. 11.6

b) Maximum Trace Amplitude (uIPS)

Receiver
1 2 3
Source (1), Timber
Observed 58.3 29.8 27.1
Theory 58.3 5.6 0.67
1/r Variation 58.3 26. 14,2
Source (2) Thumper
Observed 38.0 20.0 26.6
Theory 38.0 17.0 3.7
1/r Variation 38.0 34.0 17.

2.11
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Seismometers were at the 700', 400', 300', 200', and surface levels directly
above the source., The fall-off of amplitude is slightly greater than 1/r.
Another important observation is that the surface seismometer has a peak fre-
quency of about 50 Hz while the peak frequency on the below-surface seismometer
(at 200 feet) is about 100 to 125 Hz.

The amplitude on the surface seismometer is only about 1/3 that of the
seismometer at the 200' level. The reason for the change in amplitude may
be either attenuation in the low velocity surface layer or a resonance effect
on the waves due to the low velocity surface layer. There is some indication
that the latter is the major factor. Namely, plot 39 of Field Report 8%
(reproduced as Figure 7b) reveals that an initial 100 Hz signal is propagated
downward through the surface layer from a surface source to the below-surface
seismometers. However, the initial part of the signals are followed in time
by ~40 Hz energy leaking downward from the resonant surface layer.

It is felt that further systematic experiment, and theoretical analysis
of relevant models of source and propagation effects, are required to improve

estimates of the signal strength and character in various mine situations.

V. DETECTION RANGES - BASED ON EXPERIMENTAL DATA

The initial discussion of detection range will be for a single sensor.
It is based on Figure 5 which gives estimated signal levels and the detection
thresholds required under two noise conditions. The detection level is set
to give one false alarm every 100 seconds on a single subarray trace, so at
this level it will be necessary to detect on perhaps three subarrays to
safely conclude that a true signal has been received. Consistent relative
arrival times on the subarrays will be a strong indication of a repeated
source at a fixed location.

In Table 4 we give the maximum slant ranges for detection for different
combinations of source and noise conditions. The values in the Table are
the best estimates of detection range we can make at this time based on the

experimental data available.
* Ibid
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Table 4

Maximum Slant Range for Detection (Feet)

For a Single Sensor--Before Signal-to-Noise Improvement Techniques
(For Natural Noise Conditions)

Natural Noise Condition

Low (75%) High (257%)
Source Threshold Threshold
Strong Thumper Signal > 2000. 1400.
Weak Thumper Signal 1300. 700.
Strong Timber Signal > 2000. 1050.
Weak Timber Signal 1100. 550.
Strong Sledge Signal > 1500. 900
Weak Sledge Signal 900. 450.

At this point we make some speculative estimates of the detection thresh-
olds required under conditions for which the noise data base is weak, namely
for "maximum" natural noise conditions. By inspection of Figures 1, 2, and 3,
it appears that the natural noise level rarely rises about 3 times the 25%
detection threshold of Figure 5. This threshold,denoted as Max., is shown
on Figure 8. Also shown are the signal level curves. We speculate that S/N
improvement techniques can give a gain of 10 dB at all three noise levels.

The figures of 10 dB would be the S/N gain against uncorrelated noise for a

10 element subarray. Gain obtained by burial could also be significant. 1In
high levels of natural noise due to wind or rain the gain by burial could be
considerably above 10 dB. Since there is pfesently no data to assess these
gains we have taken the modest value of 10 dB between the two. On this basis
we also put curves for the three noise level conditions with 10 dB S/N improve-
ment on Figure 8. For these conditions, the estimated detection ranges are
given in Table 5.

Further experimental data must be analyzed before we can make any esti-
mate of the detection ranges in the presence of man-made noise of the type
and level which might be present during uncontrolled rescue operations. How-

ever it is highly probable that heavy man-made noise would make detection

impossible, using only surface seismometers, if the signaling miner is more

than tens of feet to a few hundred feet from the seismometer.
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Table 5

Maximum Slant Range for Detection (Feet)

(For Natural Noise Conditions Only)

Natural Noise Conditions

Source Max. Max. + 25% + 757 +
Strong Thumper Signal 950 1400 >2000 >2000
Weak Thumper Signal 425 700 1000 >2000
Strong Timber Signal 650 1050 >1500 >2000
Weak Timber Signal 375 550 800 >1500
Strong Sledge Signal 550 900 1250 >2000
Weak Sledge Signal 300 450 625 >1400

(+) Indicates: +10 dB S/N Improvement

VI. EFFECT OF NOISE LEVELS ON ARRIVAL TIME ESTIMATION ACCURACY -
BASED ON EXPERIMENTAL DATA

The two limits on the accuracy of the location of the miner are the

accuracy of the velocity model and the accuracy of the reading of the
arrival time of the P wave. The effects of deficiencies in the velocity
models are discussed elsewhere. Here we concentrate on errors in arrival
time measurement due to the presencé of seismic background noise. Higher
signal-to-noise ratios are needed for accurate estimates of arrival times
than that needed to simply detect a miner-generated signal. Therefore, it
is assumed that the signal-to-noise ratio is improved by stacking repeated
signals, if signal repetitions have been received.

We discuss the errors in arrival time with reference to the schematic
generalized signal shown as Figure 9. This signal illustrates several
features of the signal waveforms which can affect the measurement of signal
arrival time. Several examples of these features are shown in Figures 10a,
b, and c, which are tracings of actual seismic signals taken from the
Westinghouse Field Reports* (see Table 6 for identifications). The signal
in Figure 9 has a frequency of 50 Hz (period, T = 20 ms) which is an average
frequency for the signals observed by Westinghouse.

* Ibid
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FIGURE 9 SCHEMATIC GENERALIZED SEISMIC SIGNAL
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Table 6
Legend for Tracings of Actual

Summed Signals Shown in Figures 10a, b, & ¢
Tracing

1. Plot 23 F.R. 6 - 13 element subarray, 30 blows —

2. Plot 35 F.R. 4 - 7 elements , 50 blows

3. " " - 1 vertical , " blows :

4, 37 - 1 vertical , 30 blows K» Figure 10(a)
5. Plot 37 F.R., 7 - Array (subarray?) 2, 30 blows K

6. Plot 41 " -  Array 7, 30 blows \

7. Plot 42 " -  Not known 30 blows i

8. Plot 29 " - Array 5 " blows __,/‘

Ty pee 3w v 2 wibiews N

10, Figure 17, F.R. 2, ch. 5, South, 100 blcws

11. TFigure 22, F.R. 2, ch3, 19 Hex array 31 blows \

12, Figure 24, F.R. 2, 7 elerents 100 b%ows ) Figure 10(0)
13. Plot 15, F.R. 8, ch 5 15 blows

14. " " ch 2 " blows E

15 " " ch 7, Horizontal " -
16. Plot 17 "  ch 7, 30 blows ﬂ
17 " i ch 4, " ]
18. Plot 55 " ch 6, 25 blows

FigurelO(c)

19. Plot 57 " ch 3, Arcay K, 700' level, 29 blows /
20. Plot 33 " comparison of small arrays and single gzeophone,

a) single chanmnel, b) parallel, ¢) series cerractios

N
[
tdg
'.J
(o]

rt
[
w
e
)

. 8, ch 2 and 3, horizoatal and vertical, 15 blows
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We assume that the arrival time is picked by a trained analyst, and we
discuss the arrival time errors which might arise for different levels of

noise. The true arrival time of the signal is T [TA is the time of the

A

signal at point A and the other times used (TB, T TD) are similarly

defined.] If the noise level is very low, the anglyst will pick the arrival
time, denoted by AT, within 1 ms of TA. The first peak B of the signal is
usually small compared to the second peak C. If the noise level is only low
enough to recognize peak B, then he picks TB as the arrival time. This
gives an error of about 4 ms. However, it would be better to assume that
TB = TA + T/4. 1If this is done the error in AT will probably be reduced to
on the order of 2 ms.

A much larger error in arrival time can occur in cases when peak D is
larger than peak C, and the noise level is such that the analyst misses
peak C, but can pick pesk D. Examples of signals where peak D is larger
than peak C are shown in Figure 10 as traces 6, 8, and 13. Peak D may be
6 dB above peak C. By picking TD’ several cycles of the signal have been
missed and the error in arrival time will be 50 to 100 ms. If Tc is picked
on some subarrays and TD on others, very poor locations will result.

There are fortunately some telltale indications if the initial few
cycles of the signal have escaped detection, and TD was picked as the arrival
time by mistake. First if TD is picked on only one or two of seven subarrays,
these times will show up as large, late residuals on the least squares fit
for the source location. A second indication is that a very large signal

may occur on the horizontal seismometers at T An example of this large

horizontal motion is shown on Figure 10, traczs 13 and 15 and 21. We believe
the large late arrivals may be the direct S (shear wave), or a shear wave
generated when the P wave hits the base of the alluvium layer below the
receiver. A better understanding than we presently have might allow a better
possiblity of telling whether the first arrival picked by the analyst is a

TD type late arrival.

VII. EFFECT OF ALLUVIUM ON ARRIVAL TIME ESTIMATION ACCURACY

The surface alluvium has a very low P wave velocity. The velocity can be
2000 feet/sec. or even less. Suppose at a mine we have 50 feet of alluvium
under subarray A and no alluvium under subarray B. Let the rock P wave

velocity be 10,000 feet/sec. Then the traverse time through the alluvium at
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subarray B will be 5 ms. Thus if a location is made with these arrival
times with no correction for the presence of the alluvium at A, the 20 ms
extra delay at A will have the effect of a 20 ms arrival time reading error.

A example of this delay can be observed directly in Figure 11. In Field
Report 8%, data is given for a source at 900 feet depth with receivers at
various depths and on the surface. In our figure the arrival times are plot-
ted versus distance from the source. If the travel time curve is extrapolated
from the straight line fit to the last 3 underground arrivals, the time pre-
dicted for the surface arrival is 16 ms earlier than the observed arrival
time at the surface.

This problem of the error in arrival time due to the alluvium can be
corrected by determining the thickness and velocity of the alluvium at each
subarray. This can probably best be done by an easily run shallow refraction
survey using either a timber or perhaps a seismic thumper as a source. Reflec-
tion seismic methods, using special equipment, might also be useful. Another
method which might prove useful,which we have used at Penn State,is to use the
dispersion properties of the Rayleigh waves set up with a sledge source.

VIII. RECOMMENDED PROJECTS

In order to improve the performance estimates presented in this Part;
to better evaluate the utility of signal-to-noise improvement techniques such
as seismometer burial, bandpass filtering, subarrays, and signal stacking;
and to develop more effective signaling and detection strategies; the follow-
ing experimental and theoretical efforts are recommended.

® Perform a series of careful seismic noise and signal strength measure-

ments in Eastern coal mining regions. These measurements should be performed
by crews well-experienced in seismic and geophysical field work. At each of
the sites care should be taken to determine the geological/seismic structure
of the overburden material, so that the experimental results can be compared
with those predicted by different theoretical models.

- Seismic noise measurements should be performed in representative Eastern
mining areas that are '"quiet', i.e. not dominated by manmade noise sources;
and in areas and under circumstances that are representative of those encount-
ered during mine emergencies or disasters. Noise spectrum levels should be
obtained up to a frequency of 300 Hz. The spatial coherence properties of
the noise should be studied as a function of seismometer spacingEA’S) together
with the utility of looking at individual seismometer outputs as opposed to

that from a whole subarray. The impact of the depth and method of seismometer
* Ibid
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burial on the received seismic noise should be examined by careful experiments
at sites with different surface materials. At sites over mines where both
signal and noise measurements are planned, the effect of seismometer burial

on both received signal and noise levels should be determined. Lastly, repre-
sentative manmade sources encountered during mine emergencies should be char-
acterized, together with some of the likely disaster noise sources in the
mine, such as fires, running water, cracking rocks, and roof falls.

- Controlled, systematic seismic signal experiments should be performed
with the thumper, timber, sledge, and perhaps other practical sources, in
several Eastern coal mines that are representative with respect to depth,
overburden geology, and surface topography. Signal properties, such as
strength and frequency content, of single source blows or pulses should be
examined as a function of type of source, entry cross-sectional dimensions,
position and composition of the impact area in the entry, source and seismome-
ter depths,slant range, near-surface layers, and seismic velocity profile.

The measurement band should extend up to a frequency of about 300 Hz, to check
whether useful signal frequency content above 100 liz may have been masked
by system noise or lossy surface layers in past measurements.

® Perform supporting theoretical analyses to better understand the signal
generation and propagation behavior expected for practical miner sources
in coal mines. Items of particular interest are: the efficiency of seismic
signal excitation, the effect of the mine entry cavity and the source impact
point in it, the effects of layering in general and the surface layer in
particular. Preliminary analysis indicates that it should be possible to
model the mine entry problem as a point source applied to the surface of a
cylindrical cavity; and that surface layering effects can be examined using
Haskelf6%atrix techniques.

@ Develop automatic detection procedures that will choose only the most
"interesting' seismic energy arrivals, or probable miner signals, for detail-
ed examination by a trained analyst. An automatic detection or event screen-
ing procedure need not be complex, and in its simplest form could be based
on the exceedance of a preset threshold on one or more seismometers or sub-
arrays, and set according to the prevailing noise condition. This should
ease the large data processing burden that otherwise would be imposed on
analysts under emergency conditions. However, it is not intended to replace
the trained analyst, for he is the one who will be best qualified to assess

the likely cause of the received waveform, and to subsequently ascertain its
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"arrival time", after any required signal-to-noise ratio enhancement.

@ Develop an ability to determine, in a timely manner on site, the thick-
ness and seismic P-wave velocity of the alluvium directly under each of the
subarrays. This is needed in order to compensate the signal arrival times
for the likely substantial and different amounts of time the signal has spent
in this low-velocity, variable-thickness, surface layer to get to each sub-
array.
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APPENDI¥

RELATION OF PEAKS OF NOISE ENVELOPE TO RMS LEVELS

The envelope of narrowband noise is given by the Rayleigh distribu-
tion (e.g. Horton, 1969, p. 96). The results we give below have experimental-
ly been found to fit wideband seismic data, (see Capon et al. 1969) The

probability density function is given by:
R 2,, 2 p
P(R) =5 exp (-R/2") (A1)
g

where R is thc zzro to peak amplitude of the envelope.
Over one cycle, the mean square (MS) value is

2

1 T 2 1
—foy (t)dt=-2—R A 2)

T
Thus the MS value of narrowband noise is

MS = E [yZ ()] - %r: &%) .
_ 1l 2
= 3 fo P (R) R dR
= 202 - (A 3)

VE—TU (A &)

The probability of R exceeding Ro is

or RMS

) .
P[R >RO] = e_Ro /202 (A 3)
If we take R0 = 3 RMS

P [R>(3RMS)] = e = .000123 @ 6)
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Then the chances of the envelope exceeding 3 RMS on a single trial
is about one in .000123. We take 3RMS as a reasonable single channel
detection threshold. We note that for a bandwidth of 75 Hz we get an
independent sample of R every 1/75 sec. Therefore we go about 100 seconds
between false alarms on each channel.

A useful relationship in evaluating Frantti's (1963) method of spectral

estimation is that

E [2R]/E [RMS] 2 f: R P(R) dR/E [RMS]

VT o= 1.77 a7)
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PART THREE

ESTIMATES OF MINER LOCATION ACCURACY:

ERROR ANALYSIS IN SEISMIC LOCATION PROCEDURES FOR TRAPPED MINERS

Robert S. Crosson
David C. Peters
University of Washington

I. SUMMARY

A method of error analysis has been applied to the location technique
of mon-linear least squares iterative inversion in order to evaluate the
resolving power of several seismic array configurations with various assumed

earth models and errors and inaccuracies in arrival times.

The results obtained demonstrate that lateral accuracies of location
are improved significantly when the depth of the miner is known. Lateral
location to within 100 feet appears achievable in many instances. If it is
possible to refine earth models significantly beyond what has normally been
assumed in this work by the use of on-site data, or if the mine is shallow

(300 feet or less), accuracies of -about 30 feet or so may be attainable.

Inaccuracies in earth models of about 5% are found to contribute much
more heavily to these location inaccuracies than errors of a few milliseconds
in picking arrival times; however, arrival time errors of 15-20 ms or above

will dominate these model inaccuracies.

The expected accuracy of location is found to fall off very rapidly
as the miner moves outside the array. The strength of this effect depends
markedly upon the geometry of the array configuration and can be reduced by
careful design. Also, as the size of the array is increased, expected loca-
tion errors within the array are not altered much, but continue to match the
error associated with the smaller array over a larger area (assuming that

all stations can still pick up the miner's signals).

Better location accuracy, especially with respect to depth control is
achievable in an earth where the velocity is depth-dependent (increasing with

depth) than in one which is homogeneous. This is an advantage since the
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actual earth is clearly closer to the former situation. Models where the
seismic velocity increases linearly with depth can be found which are excel-

lent approximations to a layered earth for the purposes of location.

It has to be emphasized that the location accuracies predicted in
this work are subject to the major assumption that the actual behavior of
the earth can be represented reasonably accurately by the models selected. 1If
this is not the case, then location inaccuracies resulting from the use of
these models may be much larger than those predicted here; new classes of

models may have to be developed.

It can be concluded, however, that the location accuracies predicted
for the non-linear least squares iterative inversion technique make it appear
promising for use as a miner location algorithm. Alternative and potentially
better location techniques remain subjects for future investigation. These
may, for example, include different weighting schemes for the seismometers
in an array, or allow the poésibility of iterating and improving the earth

model used, as well as the predicted location.

II. INTRODUCTION

Procedures for determining the location of impulsive seismic sources
in the earth have been the object of studies by seismologists for many years.
Recent expansion of the use of dense networks of detection stations and high
frequency sensors and recording apparatus, particularly for the study of very
small earthquakes, has stimulated the development of high-precision location
techniques. The accuracy and resolving ability with which a given array of
sensors can locate a seismic source depend on the closeness with which the
model represents the real earth as well as on the array configuration; errors
in the input parameters such as arrival times; and the particular algorithm
used in the calculations. For the standard technique of non-linear least
square iterative inversion, a method of error analysis has been developed
which is very useful in evaluating the resolving power of a given station
configuration with known model and arrival time errors (Peters and Crosson,

1972) . The method is based on a procedure known as prediction analysis
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(Wolberg, 1966), and it allows error predictions to be made without actually
carrying out the inversion calculations. For the seismic location problem
it is convenient to diagrammatically represent the error structure by mapping

the errors onto the array geometry by means of contour maps.

The work reported in this Part is a direct application of the error analysis
procedure to the problem of locating a trapped miner who is able to communi-
cate seismically with the surface by means of producing small impulsive
seismic disturbances. Given basic input data such as the arrival times of
a discrete event at a series of detectors located at the surface, and known
input in terms of an earth model, the problem is virtually identical to the
local earthquake problem except for scaling. In the case of the trapped
miner, source depth may be known quite accurately and the earth model may

also be known relatively well compared to the typical earthquake investigation.

The limited objectives of this Part are to evaluate the
effects on location errors of such factors as model uncertainties, timing
errors, array geometry, and different classes of models. To carry out such
evaluations we have calculated standard error maps, contoured in the horizontal
plane, for three classes of models, three array geometries, and various
combinations of input parameter errors. The results should be interpreted
not so much as absolute error predictions but as resolution maps showing the
relative effects of various assumptions. Caution 1s required in interpre-

tation because systematic bias in, for example, model assumptions with

respect to the real earth,may produce systematic errors not accounted for by

the error analysis. On the other hand, relative resolving power of the

given configuration is properly indicated.
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IIT. METHOD OF CALCULATION AND PRESENTATION

The method of error prediction is described by Peters and Crosson
(1972). A velocity model is chosen from which pulse travel times can be
calculated. The normal equations are formed for the non-linear least
squares solution for the source at a given location, and the source location
errors are calculated. The process is repeated for a number of locations

in an x-y grid and the resultant values are contoured.

Statistical weighting is used so that data with large relative errors
do not influence the calculations as strongly as data of higher accuracy.
Thus, in the least squares method each station in the array is weighted with
the reciprocal of the square of its associated uncertainty, which is a func-
tion of the errors in the model parameters and the derivatives of the travel
time to that station with respect to these parameters. All velocity models
used in these calculations are laterally homogeneous, velocity varying only
with the z coordinate. The catalog of resulting contour maps numbered 1
through 24 is included in this Part. A standard format with four machine-
plotted maps for each case is presented. The four plots are respectively
T cy representing rms error in x and y coordinates, oz representing rms

error in z when z is not fixed, and o representing the rms error in all

tot
three coordinates.

= 2 2 2 *
=y o ¢+ + 1
ot \/ < o o (L)

The o's are to be understood as estimated standard errors or one standard
deviation of a normal distribution, so that the probability is 687 that the
estimated value lies within o of the true value (and 95% that it lies within
20 of the true value). The x coordinate 1s toward the top of each diagram and
y is toward the right side. Where cz contours are not plotted, the depth
was assumed known and fixed at 600 feet. All calculations are based on a
source depth of 600 feet. A scale in feet 1is indicated on each diagram and
all error values are in feet. Crosses mark 500 feet from the array center
in both x and y for each diagram,and squares indicate station locations.
Contours are labeled with their respective error values and it should be
pointed out that contour intervals are variable to better illustrate a

wide range of error characteristics. Thus, care must be exercised in directly

* References to Figures, Tables, and Equations apply to those in this Part
unless otherwise noted.
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comparing different diagrams. Contours are plotted in multiples of 10, 25
or 100 feet. Thus, for example, if the minimum error contour in a plot is
40 feet, the error never falls to 30 feet, but may be as low as 31 feet at
some points.+ Each diagram is labeled as to the velocity model used and the
errors incorporated into the calculations. Note that where a 5% model error
is used it means that 5% error was assumed in all model parameters. For
example, with a layered model both layer velocities and interface depths

are included. For the linear velocity model both the surface velocity and
the velocity gradient are included. An error of p%Z in the data means tHey

are assumed to have been selected from a normal distribution about the

true value which has a standard deviation of pX%.

+ The minimum total error is shown in each plot.
Note: Due to an error in scaling for the plotter, the x and y scales

in Runs 1, 2, 5, 6,.8, 9 and 12 differ by a ratio of 5:4.
This is of no significance in interpretation.
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IV. DISCUSSION OF ERROR MAPS

Run 1 shows the error distribution for a constant velocity model with
no model error and 1 millisecond time error. It is useful for comparisons
with other cases utilizing the hexagonal array. Errors increase rapidly
outside the array margin. Differences in x and y plots result from small
differences in the symmetry about these two directions. The general features

of Run 1 are found in all the hexagonal array analyses.

A. Time Errors

If there are no model errors, i.e., the model is known exactly, then
the relative effect of arrival time errors is large. For example, a compari-
son of Run 9 with 5 millisecond time error and Run 1 with 1 millisecond time
error shows, as would be expected, an increase in location error by a factor
of 5. On the other hand, if model error is present, a change from 1 to 5
millisecond time error has a much smaller net effect, as illustrated by a
comparison of Runs 10 and 3 for a linear velocity case. The conclusion to
be drawn is that compared to probable model errors, a few milliseconds of

arrival time error have a small effect.

However, once arrival time errors rise to 10 ms and above, they begin
to dominate model errors. Location inaccuracies again rise roughly linearly

with arrival time errors once these have risen to 15-20 ms or so (Runs 21-23).

B. Model Errors

Model errors exert strong control on the resolution capability of a
given configuration. Comparison of Runs 1 and 12, where the only differences
are in error assigned to the constant velocity model, illustrates this feature.
Similarly, a comparison of Runs 2 and 3 illustrates the same effect for the
linear velocity model. The total error almost quadruples at the array margin

when going from no error to 5% model error.

C. Model Differences

The differences in error structure as a function of changing models are
not large in most cases. Generally, models with velocity increasing with

depth, such as a linear velocity or layered model, offer superior resolution
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compared with a constant velocity halfspace, especially with respect to depth.
Since the real earth is perhaps closer to the linear or layered models, some
advantage is gained. The total error diagrams for Runs 1 and 2 illustrate

the model dependent effect between the constant-velocity and linear-increase
models, when the models are assumed to be exact. Note that the linear velocity
increase model yields better resolution within the array proper than the
uniform halfspace model; however the rate of deterioration of location accuracy
outside the array is more rapid than for the halfspace. Examination of the
layered model results of Run 14 shows behavior similar to that of the linear

model.

D. Depth Known

Several cases were calculated to show the resultant increase in resolu-
tion when it is assumed the depth is known, as it could well be in the case
of trapped miners known to be at specific levels. Run 4 compared with Run 3
shows the fairly marked effect of fixing depth for two otherwise identical
cases. Resolution within the boundaries of the array becomes very uniform.
Comparison of Otot for these two cases is not really meaningful since Otot
for the z unknown case is dominated by g, The same kind of improvement

is noted for all fixed vs. free depth comparisons such as Runs 14 and 16,

and Runs 7 and 8. However, this result, as discussed in Section V-G,

appears to be invalid if a homogeneous earth model is used, when a variable

depth allows a better lateral location accuracy to be achieved.

E. Changing Array Dimensions

Previous resolution studies suggest that improved control may be
obtained if an array does not have a high degree of symmetry. The ex-
planation for this phenomenon is that arrival time data from a highly
symmetrical array may be largely redundant and thus lacking in location
"information'". Less symmetrical configurations are illustrated in Runs
11 and 13, both for a linear-velocity model, and in Run 15 for a layered-
model. In Run 11, a modified "H" array shows significant improvement
over the highly symmetric hexagonal array used in Run 3. Similarly, the
"stretched" hexagonal array used for Run 13 shows slight improvement
over the hexagonal array of Run 3. Thus array configuration is an

important factor in the design of the system.
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F. Layered Models

Runs 14 through 19 are comparative cases run on both 2- and 4-layer
models. The results are not dramatically different from similar cases
run with the linear model which was chosen as a reasonable representation
of the 4-layer model. Since, for all cases, the source lies in the deepest
layer, the improved depth control effects noted in earthquake studies when
refractions occur (Peters and Crosson, 1972) are not observed here. How-
ever, in contrast to the linear model, model errors varying as a function

of depth could be represented effectively in a layered model.

G. Calibration of Earth Models

A relative calibration of earth models is exhibited in the results
of computed locations shown in Table 2. Arrival times from seismic events
at a fixed depth of 600 feet but varying lateral positions relative to the

hexagonal array were generated using a 4-layer model as follows:

TABLE 1
4-LAYER MODEL
Depth P-Wave Velocity
0
¥ 2,000 fps
10
¥ 4,000
100
4 8,000
300
12,000
half-space

The locations for these events were then computed using two simpler

"best fit'" models.

8,500 fps
4,200 + 500z fps

(i) Homogeneous half-space, Vp

I

(ii) Linear velocity model, Vp

The term 'best fit" in this context means that these models best
fitted a travel time curve for the 4-layer model in a least-squares sense

over distances of interest to this experiment.
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It can be seen from Table 2 that the linear velocity model pro-
vides an excellent fit to the "real" 4-layer earth both inside and out-
side the hexagonal array; the homogeneous half-space is a much less
satisfactory approximation for location purposes, deteriorating particu-

larly rapidly at the boundaries of the array. Interestingly, the

homogeneous half-space model always provides a more accurate lateral
fix when the depth of the seismic event is allowed to vary from its
true value rather than when it is fixed. This is only true for the
linear velocity model when the seismic event falls within the array.
When the depth is allowed to vary, there is a corresponding inability
on the part of the approximate models to match the true tfme of occur-

rence of the seismic event, as shown in Table 2.

Preliminary conclusions that may be drawn from these results
are that in practical terms‘a linear velocity earth model, which is
computationally much easier to handle, may be used to represent a
layered earth for location purposes without introducing serious errors;
secondly, if a homogeneous earth model is used, it may be wiser to
let the depth vary even if it is known, since errors in arrival times will
predominantly introduce an error in the computed z coordinate which, if not
left free to 'compensate' for this, will cause larger errors in the x
and y coordinates. (As the seismic event moves away from the center of
the array, arrival times become more sensitive to the x and y coordinates;
hence, this reasoning eventually breaks down, as shown by the results

obtained for the linear velocity model.)

V. REFERENCES

Peters, D.C. and Crosson, R.S. (1972). Application of Prediction
Analysis to Hypocenter Determination Using a Local Array, Bull.
Seis. Soc. Am., v. 62., pp 775-788

Wolberg, J.R. (1967). Prediction Analysis, D. Van Nostrand Co.,
Inc., Princeton, N. J.

3.9
Arthur D Little Inc



TABLE 2

COMPARISON OF LOCATION ERRORS FOR TWO APPROXIMATE MODELS

Arrival Times Generated Using 4-~Layer Earth Model-Event
Locations Computed Using '"Best Fit' Constant Velocity
Half-Space and Linear Velocity Models with Assumed

Location Array:
Hexagonal Array:

Actual Event

Location (feet)

Model Errors of 5%

7 Seismometer

Depth Varied Depth Fixed Depth

600 ft. side
Computed Event Location (feet)
Const. Vel. Const. Vel. Lin. Vel. Lin. Vel.

Varied Depth Fixed

N X TN X (a3 SIS NS N

N X

100
0
600
0

300
0
600
0

500
0
600
0

700
0
600
0
900

600

secs

secs

secs

secs

secs

92
0
694
-0

291.

0

706.

-0

523.

0

717.

-0

758.

0

724,

-0

955.

0

729.

-0

.8

.9
.009

86.9
0
600
0

258.2
0
600
0

423.4
0
600
0

599.0
0
600
0

781.2
0
600
0

.10

100.5
0
632.3
~-0.001

301.1
0
629.1
-0.001

495.3
0
613.6
0

666.7
0
587.3
0

818.0
0
554.3
0.006

97.8
0
600
0

291.6
0
600
0

485.6
0
600
0

683.8
0
600
0

913.4
0
600
0
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TABLE 3

SUMMARY OF ERROR DIAGRAMS

Run # Array Station
Iype Spacing,
ft.
1 Hex 600
2 Hex 600
3 Hex 600
4 Hex 600
5 Hex 1200
6 Hex 1200
7 Hex 1200
8 Hex 1200
9 Hex 600
10 Hex 600
11 H 600
12 Hex 600
13 Mod Hex 450
14 Hex 600
15 H 600
16 Hex 600
17 Hex 600
18 Hex 600
19 Hex 600
20 H 600
21 Hex 600
22 Hex 600
23 Hex 600
24 Hex 600

* indicates depth fixed for error computatiomns.

Velocity

Model

Con
Lin
Lin
Lin
Con
Lin
Lin
Lin
Con
Lin
Lin
Con’
Lin
2 Lay
2 Lay
2 Lay
2 Lay
4 Lay
4 Lay
Lin
Lin
Lin
Lin
Lin

3.11

Parameter Error

Depth

v (%)

5%
5%

5%

.001
.001
.001
.001
.001
.001
001
.001
.005
.005
.001
.001
.001
.001
.001
.001
.005
.001
.005
.001
.010
.015
.020
.005

Fixed?

Gt(sec.)

Arthur D Little Inc.



TABLE 3 (Continued)

Con —-- Constant Velocity Model: Vp

Lin -- Linear Velocity Model: Vp

= 5,000 + 18 fps

2 Lay -- Two-Layer Model: Depth, ft.

0-200
200 +

4 Lay —-- Four-Layer Model: 0-10
10-100
100-300

300 +

3.12

= 12,000 fps

Velocity, f

pPsS

6,000
10,000

2,000
4,000
8,000
12,000

Arthur D Little Inc



X NOTE: Vertical and Horizontal
Scales are Different
in the Ratio of 5:4
on Some Runs
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——__ 60
/ 50\ !
3 3 ~ ] +
40
30

i

~

O omin.
=46.4
MODEL: Constant Velocity Note Large Effect of
v =12000 fps Time Error when
0, = 0% Model is Known
at =1 ms
RUN 1
ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET .
Arthur D Little Inc.
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- {
0 500 ft.
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70 &0 . )
S
50
R
40 o
= + . + ' 70
/' 30 &0
- 50
i// 20 40
: 30
20
10
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, 7 N

Ototmin.
=279
4'1\\\ ///
MODEL: Linear Velocity Linear Velocity
v =5000+ 18z Gives Much Better
0,=0 Depth Control
0y = .001
RUN 2
ERROR CONTOURS IN FEET i
SOURCE DEPTH — 600 FEET Arthur D Little Inc
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v =5000 + 18z
ov=5%
o, =.001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 3

3.15

Oy0qmin. = 77.6
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ototmin. =43.7

=5000 + 182
o, =5%
o, =.001

v

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 4
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AN

v =12000 Expanded array
g,=0 ) Compare 1o 1;°totm'"' =259
g, = .001

RUN 5
ERROR CONTOURS IN FEET ,
SOURCE DEPTH — 600 FEET 3.17 Arthur D Little Inc
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SOURCE DEPTH - 600 FEET

RUN 6
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v =5000 + 182
g, = 5%

o, =.001

Depth Fixed

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 8
3.20

Expanded Array
Compare to 4; "totmi”' =540
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T

1
Y 0 500 ft.

[ N i \L. : T
v =12000 Oy, =5x0, (plot1)
o,=0 o|min—2IS19
= t cT ‘
0, = .005 ot
ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET RUN 9
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L I o

i 3 + ) 300
i 0, min. = 56.0
{

P —
100

- ,/'//,::‘;gg =
N

éo"~

7

3

7

G
300

e

283
+ 3
gymin. =560

v =5000+ 18z

g, = 5%
= .005
ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET
RUN 10
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in. =156.0
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v =5000+ 18z OyotMin. = 67.7
o, = 5%
0, = .001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 11

3.2
> Arthur D Little Inc



v =12000 Compareto 1,3,9
o,=5% . OsotMin. = 136.2
0, = .001

ERROR CONTOURS IN FEET RUN 12
SOURCE DEPTH — 600 FEET
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5000 + 18z
5%
001

Ve

t =

Q Q <

ERROR CONTOURS IN FEET )
SOURCE DEPTH — 600 FEET

RUN 13
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2 Layer Model
o,=5%
0y = .001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 14
3.26

Utotmi"- =952
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2 Layeor Model OgotMin. = 93.4
o,= 5%
0, = .001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 15
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2 Layer Model 0, .min.=41.8
- 5% tot
0y = .001

ERROR CONTOURS IN FEET -
SOURCE DEPTH — 600 FEET

RUN 16
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T ) N
; e 0, min. = 45.5 200

, \
P £ + &) \\ \
:’/ //// 0 min. = 48.8 \\ 754 100
' B 50
&+ < 25 + 3 Qi+ =3 + 3

2 Layer Model ) Ototmin. =66.7
o,= 5%
0y = .005

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 17

3.29 Arthur D Little Inc.



4 Layer Model Utotmin. =41.0

o, = 5%
0y = .001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 18
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Oymin. =52.3

B

€]

4 Layer Model
6,=5%
=.005

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 19
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v =5000+ 18z Ototmin. =51.0
o, = 5%
0= .001

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 20
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< <

v =6000 + 18z

g, = 5%
0,=.010

ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET

RUN 21

3.33

%ot min.=141.6
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v =5000 + 18z TyotMin. = 207.2
g =5%
=.015
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v =5000 + 18z
0,= 5%
o, =.020

ERROR CONTOURS IN FEET
SOURCE DEPTH —- 600 FEET

RUN 23

3.35

OyotMmin. = 273.8
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v =5000+ 18z
O,\l: 1%
0y = .005
RUN 24
ERROR CONTOURS IN FEET
SOURCE DEPTH — 600 FEET
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PART FOUR

ESTIMATES OF MINER LOCATION ACCURACY:
WESTINGHOUSE LOCATION PROGRAM ''MINER"

Arthur D. Little, Inc.

I. INTRODUCTION

Crosson and Peters treat the errors that result in miner location due to
errors in the overburden earth model used for computing location. A parallel
effort by J. Powell of PMSRC is discussed here, where the location method
used is that of the Westinghouse location program — 'Miner'. This location
program was tested by Powell by using arrival times generated from the over-
burden earth model of Table 1* rounded to the nearest millisecond. Location
computations were then made using 3 geophones at a time. The average loca-
tion is tabulated for all geophone triplets except when 3 geophones are in
line. Geophone arrays were as shown in Tables 2 and 3. The manner in which

the test was done is illustrated in Figure 1.

II. SUMMARY OF RESULTS

The arrival time differences, based on the Table 1 earth model, together
with geophone locations based on the array geometries of Tables 2 and 3, were
entered into the computer, together with a stated depth of 700 feet and an
estimated overburden seismic velocity of 10,000 feet per second. These para-
meter values were processed by the location program - "Miner'. Figure 2
illustrates the interpretation of the plots and data. The tabular data and
plots of Table 4 and Figures 3, 4, and 5 illustrate the location error results
obtained.

These plots indicate that for sources within the array, the errors are
considerably less than the measured errors obtained during field tests of
the present location system. The possible reasonsvfor this discrepancy are

noted in Part Eight (Earth Models).

*References to Figures, Tables, and Equations apply to those in this Part
unless otherwise noted.

4.1
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The work summarized here is based on arrival time differences result-
ing from one particular representation of the earth. Other representa-
tions of the earth will yield other results. When hard data has been
developed on the real seismic properties of coal mine overburdens, much
more definitive results concerning the location accuracy of program
"Miner" can be developed.

It is further noted that the present test of "Miner" did not make
any use of the overspecification of location that results from the use of
seven arrival times to vary the model velocity used in computation.
Figure 5 does illustrate the behavior of errors for an array judged to
be too small for the known depth of source. For this example the depen-

dence of location error on input velocity is shown.
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Layer

Number

Surface

1

2

Source

Table 1

Earth Model

Layer
Thickness
(ft.)

15
30
50
lQO
200

300

4.3

Layer
Velocity

(ft/sec)

1,500
2,000
3,000
4,500
6,000
8,000

11,000

Arthur D Little Inc



Table 2

"L-Feet Hexagon' Array

Geophone No. X Y
1 0 0
2 L 0
3 L/2 .866 L
4 -L/2 .886 L
5 -L 0
6 ‘ -L/2 -.886 L
7 L/2 -.886 L

‘>_-<

4 3
® ®
5 1 2
2 & 8 > x
6 7
® ®
4.4

Arthur D Little Inc



Table 3

'""L-Feet Double-Square' Array

Geophone No. X Y
1 0 0
2 L L
3 0 2L
4 -L L
5 L -L
6 0 -2L
7 -L -L

y
A
3
P
4 2
® ®
¢ - x
1
7 ® ® s
®
6
4,5

Arthur D Little Inc.



Input Source
Coordinates

Earth Model —
Geophone
Locations >
Computed

Travel Times

i

Computed Source
> Coordinates

i

Compare Computed
and Input
Source Coordinates

FIGURE 1 BLOCK DIAGRAM OF COMPARISON TEST
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y /
} of
’< @ Input Source Location
® ® // eg., 707,707
/
/
£ £ X
Ry $ had > @ Computed Location
e.g., 550,575
X Geophone
Note that:
1. The origin of the coordinate system is at the center of the array
2. The origins, |, and C are almost in a straight line
3. The distance from origin to | exceeds the distance from origin to C, so error is negative.

FIGURE 2 NOTATION USED IN ERROR GRAPH
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Table 4

Error Data From '"Miner" Location Program

Assumed Velocity = 10,000 Ft/Sec
True Depth = Assumed Depth = 700 Ft
D Refers to Error as Source Moved Along a Diagonal
X te Error as Source Moved Along X Axis
Y to Error as Source Moved Along Y Axis

a) Errors for 300 Feet Double Square Array

Source
Distance (Feet)
From Array Error (Feet) in Computed Location

Center D X X
2000 -1010 -354 -503
1400 154 -143 -123
1000 64 43 64
700 72 103 91
450 62 63 59
300 59 . 55 52
200 28 24 26
150 19 14 17
100 14 7 14
50 4 -2 -2
5 2 -7 -2

b) Errors for 400 Feet Hexagon Array

Source
Distance(Feet)

From Array Error (Feet) in Computed Location
Center D X X
2000 -373 -569 -532
1400 -106 -51 -124
1000 57 99 44
700 98 112 69
450 77 84 85
300 57 56 59
200 31 34 ’ 35
150 27 31 32
100 16 18 20
50 7 5 10
5 -5 - -5

4.8
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Table 4 (Continued)

Error Data From ''Miner'" Location Program

X Errors (Feet) for 3 Different Assumed Velocities
As Source Moved Along X-Axis
True Velocity Less than 8000 Ft/Sec
True Depth = Assumed Depth = 700 Ft

c) Effects of Assumed Velocity on Location Error for 150 Ft
Double Square Array

Source
Distance(Feet)

From Array Assumed Velocity in Ft/Sec
Center 10,000 - 8,000 6,000
2000 =534 -1263 -1540
1400 -163 -713 , ~963
1000 -10 ’ ~407 -610

700 147 -143 =330
450 93 =55 =175
300 63 =31 -108
200 35 -21 -70
150 29 -12 =50
100 26 -3 -30
50 1 -13 =4

5 -5 -7 -8

4.9

Arthur D Little Inc



U] '8[11!"1 qanyay

0tT"%

Error (feet)

70

60

50

40

30

20

10

—-10

¢
- ° A
X
A
For:
- ® Diagonal Path
X X X-Axis Path
x A Y-Axis Path
x X Input Velocity = 10,000 fps
x .
®
hd 1 l l | |
A ¥ | | | | |
X 100 200 300 400 500
— Offset from Center (feet)

FIGURE 3 “MINER” LOCATION ERROR
300 FOOT DOUBLE SQUARE



IT'Y

o ¥t} ‘9[11['] g anyuy

Error (feet)

2
80|—
[ J
70—
60— A
*
50—
40
Q For:
30— Q ® ® Diagonal Path
® X  X-Axis Path
A v Axis Path
20— A
3 Input Velocity = 10,000 fps
10— A
®
X .
| ]
0 | : | | |
fo) 0 200 300 400 500
Offset from Center (feet)

FIGURE 4 “MINER” LOCATION ERROR
400 FOOT HEXAGON



34VvNOS 3719Nn0a LOO04 0S1

HOHYHI NOILVIO1 ,HINIA.,, S IHNOIL

Yied SIXy-X 10} Pal1o|d $10413

(193}) 491U WO} 18540

_oX |

X

—1 0¢

oL-

1 i i
1 1 1
0[0)7 00g 00Z
095/14 000'8 = A1190j3A Indu| X

035/14 0000l = AM00J3A Indu| @

1104

O g
—

—0!l

oc

—10¢

oY

0§

09

0L

Arthur D Little Inc

4,12

(198}) 40443



PART FIVE

THE REFERENCE EVENT METHOD OF SEISMIC
LOCATION FOR MINE RESCUE SYSTEMS

Arthur D Little Inc



PART FIVE

THE REFERENCE EVENT METHOD OF SEISMIC
LOCATION FOR MINE RESCUE SYSTEMS

TABLE OF CONTENTS

Page
List of Tables 4,111
List of Figures 4.1v
I. SUMMARY 5.1
II. INTRODUCTION 5.2
III. THEORY . 5.2
Iv. VELA UNIFORM EXPERIENCE 5.5
V. FIELD METHODS FOR MINE RESCUE 5.6
VI. FIELD EXPERIMENT ‘ 5.12
VII. CONCLUSIONS 5.15
VIII. REFERENCES 5.17

Arthur D Little Inc



PART FIVE

THE REFERENCE EVENT METHOD OF SEISMIC
LOCATION FOR MINE RESCUE SYSTEMS

LIST OF TABLES

Table No. Title
1 Seismic Location Methods
5.,iii

Page
5.13 & 5.14

Arthur D Little Inc




f
f

Figure No.
1

PART FIVE

THE REFERENCE EVENT METHOD OF SEISMIC
LOCATION FOR MINE RESCUE SYSTEMS

LIST OF FIGURES

Title

Location Error Versus Number of Recording
Stations

Location Error Versus Azimuth Aperture

Location Error Versus Network Azimuth
Aperture

Page

5.8

5.9

Arthur D Little Inc |



PART FIVE

_THE_REFE EISMIC

LOCATION FOR MINE RESCUE SYSTEMS

Wm. C. Dean
TELEDYNE GEOTECH
Alexandria Laboratories

I. SUMMARY

The location of trapped miners from their seismic signals will be in-

accurate if we assume the P-wave propagation velocity is a constant. P-
wave velocities are anythingbut constant in regions about mines, so some
calibration is necessary to obtain more accurate seismic locations,

The reference event method compares the time arrivals of signals generated
bv the miners with those previously recorded from a reference or calibra-
tion event in the vicinity of tﬁe miners. This method locates the miners'
position relative to the calibration source. Hence, the location of the
miners is absolute if the reference event position is known absolutely,
usually from surveys and mine maps.

Advantages resulting from the system,besides greater accuracy, are
locations independent of the velocity model assumed, the same solution from
the full array and from any subset of four or more seismometers in the array
(three if the miners' depth is known), fewer seismometers required, and no
complex computers required for analysis.

VELA Uniform experience shows that the accuracy of locations of tele-
seismic explosions and earthquakes is improved by an order of magnitude
over locations computed from average travel time curves.

Each calibration event is applicable only over a limited range. We
recommend a field test of the method at a mine to measure its location
accuracy, the range of effectiveness for each calibration event, the number
of seismometers needed, and the number of reference events required per mine.

From these experiments we could decide whether the reference event
method was useful and, if so, what form a practical rescue system would

take.

5.1
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IT. INTRODUCTION

To date the seismic location system for locating miners trapped under-
ground has been applied assuming a uniform isotropic earth. The use of
this assumption leads to errors of one to several hundred feet in the seis-
mic locations (Westinghouse 1972).* Under favorable conditions we should
expect time reading errors on the order of one tenth of a cycle of the
dominant signal period. With the 80 Hz to 100 Hz signals, the 1 to 2 milli-
second time reading errors could account for mislocations on the order of
10 to 20 feet, assuming no errors in the earth model. Thus the errors
experienced by Westinghouse can only be accounted for by the inappropriate
velocity model of the geologic region around the mine.

If seismic locations to within less than a few hundred feet are to be
attained, then one of two approaches must be followed. Either the geologic
structure defining the velocity about the mine must be determined by a
refraction survey or some other means, or reference events must be used
to calibrate the P-wave travel fimes to pre-set seismometer locations.

The purpose of this work is to develop the reference event theorv and dis-
cuss its application for the mine rescue systems; refraction survevs and

more sophisticated velocityv models are discussed elsewhere in this report.

ITI. THEORY

The concept of the relative event approach is fairly simple. Since
accounting for the variations in the velocity of propagation is necessary
for accurate seismic locations, why not measure the signal delays from
source to seismometers directly with a test event? Repeated sources from
the same location will reproduce the same propagation delays. Moreover,
sources only slightly displaced from the reference event location will nearly
reproduce the same propagation delays. To compute the change in location of
the new (unknown) event from that of the reference event, we can use any
velocity model we wish since most of the path (and hence, most of the prop-
agation delay) from source to seismometer almost duplicates that from the
reference event. Thus by computing the small displacement accurately from
the known test event, we can determine accurately the location of the

unknown event.

* Westinghouse Contract H0210063 with Bureau of Mines.
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In earthquake seismology the standard location method (Geiger 1910)
minimizes the sum of the squares of the residuals between measured P-wave
arrivals, ti, and the calculated arrivals, Fi’ based upon some velocity
model

t., - F.(u) =e i=1,2, .. .., . n. (L)*
1 1

i
The calculated time, Fi’ for a P-wave to travel from some particular
.th , . . .
event to the i— seismometer is a function of the event coordinates, u,
. th .
9 T Vg U3 T 2, and u, = to) and the i— seismometer
coordinates Xis Yis z,, as well as well as the P-wave velocity between the two.

(actuallyu, = X, u

Fi(u) = F, (xo, Voo Zg» to/xi, Yi,zi) (2)

Fi is a non-linear function of the space and time coordinates of the
seismometers and events. This is true even if the velocity is assumed to
be uniform. Hence, the equations are easier to solve in . a least squares

sense if we expand Fi in a Taylor's series and neglect the higher order

terms.
F(U) = F * + —a-F— u - * oF 9F
(u ) aul 1 ul_) + auz (uz - u’é) + -a-u_(u3 - ug (3)

+

aF
3u4(u4 S up) o+,

The approximation is good when the new location, u, is in the vicinity
of u* for which F(u*) is presumably known.

Now the equation (1) can be written as

4 oF, L ¢ () - R
Lomm Ot U T R T i )

* References to Figures, Tables, and Equations apply to those in this Part
unless otherwise noted.
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or in matrix form
B S =R (5)

where B is the condition matrix

SF, 8F, SF, &F,
i i i i

(6)
éul 6u2 6u3 6u4

§ is the displacement vector between a new (u), and our original (u*) source

position.
5 = 4ty ®
u2“u2*
u3—u3* (7)
u _UQ*

and R is the vector of residuals between the calculated and measured time
arrivals, t -F.% = e,.
i i i

The least squares solution of these equations is

s = (8'B) ““B'R, (8)
For the development of the method and its associated errors see Flinn (1965).

To apply the Geiger method we merely have to choose coordinates of an
arbitrarv event location, u® = (xo*, Yo*, ZO*, to*), and perform the matrix
multiplication iteratively until the solved-for-displacement vector, §, goes
to zero.

In the usual case the least squares solution still leaves us with
residuals ( Zi Rzi ) which are too large. Moreover the resulting location
estimates from any of tle n-1 or n-2 subsets of the seismometer network can
be quite different than the location estimate of the fulil n-seismometer

network. Consequently, weak sources and strong sources with identical lo-

cations are apt to be located apart from each other.

5.4
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The situation is quite different if the first location estimate, (u* =
xo*, yo*, zo*, to*) is from a calibration source in the vicinity of the un-
known. In this case several advantages result:

1. The least square residuals are small.

2. The accuracy of the method is relatively independent of the velocity
model we assume in the vicinity of the source.

3. Any subset of four or more seismometers in the network give a loca-
tion as accurate as the full network. As a result weak event locations are
frequently as accurate as those of strong events.

4., Fewer seismometers are needed in the network to yield accurate
locations.

5. The waveforms at a particular seismometer from the calibration event
and the unknown event often are quite similar to each other. Thus relative
timing between the events is much easier since it is not limited to first
motions but can make use of large dominant features later in the P-wave
train.

6. Utilizing the reference event method a computer can identify which
of n seismometers have had reading-errors and by how much, as long as no

more than a third of the seismometer readings are in error.

IV. VELA UNIFORM EXPERIENCE

For several years the VELA Uniform program has made use of the refer-
ence event method for locating teleseismic earthquakes and underground
explosions. In a study using various networks from 4 to 13 stations, Chiburis
1968, compared the accuracy of teleseismic locations both with and without
travel time corrections for 17 underground explosionsvat the Nevada Test
Site. The stations ranged from 2000 to 9000 kilometers from the epicenter.
Chiburis compared both the travel time residuals, which is the method we have
described in the previous section, and travel time anomalies, which calibrates
the difference in arrival times between pairs of seismometers using reference
events. The accuracies of the travel time anomaly method and the travel
time residual method are essentiallv the same. There are operational advan-
tages to travel time anomalies, since the method is independent of the time

origin of either the reference event or unknown event.
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Figure 1 shows the location error in kilometers for 17 NTS explosions
versus the number of recording stations both with and without travel time
corrections. These results imply that the location accuracy is independent
of the number of stations.

Figure 2 shows the location errors for NTS explosions versus the azimuth
of the network. The network azimuth is measured as the widest angle drawn
from the epicenter to all pairs of stations. Location accuracy improves as
network azimuth increases both with and without travel time corrections.
Similar data for Asian explosions and earthquakes in Figure 3 show the same
trends. These experiments show that the reference event method improves
locations by an order of magnitude over the uncalibrated least squares lo-
cations.,

We can make an estimate of the ultimate accuracy attainable for relative
locations of teleseismic earthquakes from the spectral considerations. For
wide-aperture networks the timing accuracies of signal arrivals are approx-
imately 0.1 second with the signal spectra peaked near 1.0 Hz.

From the timing error and velocity we have

dt = 0.1 seconds, expectad timing inaccuracy.
v = 15 km/sec, apparent (average)

P-wave velocity at earth's surface.

1}

du

Thus the 1-to 2-kilometer relative location accuracy achieved by the

v dt = 1.5 km, expected location error.

wide-aperture VELA networks as indicated in Figure 3 approaches the asymptotic

limit of location accuracy we can expect.

V. FIELD METHODS5 FOR MINE RESCUE

We consider here three ways in which the influence of the earth may be

accounted for in computing the location of trapped miners seismically: 1)
the uniform velocity approach; 2) the refraction survey approach; and 3)
the reference event approach. Each method may be applicable in different
circumstances.

The first approach involves little sophistication in attempting to
improve the seismic location accuracy. Upon detecting seismic signals from
trapped miners, the approximate location of their source is computed assuming

a uniform, isotropic earth. Then if the seismic array does not surround the
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miners' position, or if the dimensions of the seismic array are too large,
the seismometers may be redeploved in a smaller array surrounding the miners.
Subsequent signals from the miners may then provide a more accurate location
estimate. However, we would not place any confidence in the seismic loca-
tion for positioning a drilling rig for a life-support hole. Rather the
drilling rig location would be based onlv upon mine maps and companion sur-
veys on the surface of the ground. Seismic locations would indicate approx-
imate locations of trapped miners. In this way seismic location errors as
large as 200 feet or more may be acceptable.

Advantages of this approach are that it is simple and that it requires
no precalibration of the mine.

Disadvantages of this approach are that rescue operations may have to
depend upon a more accurate seismic location and that there may not be time
nor subsequent signals from the trapped miners to make redeployment of the
seismometers practical.

The second approach is to calibrate the geology surrounding the mine
with a refraction survey. Then the uniform isotropic earth assumption is
discarded fora more realistic model. Powell (1972) illustrated the magni-
tude of location errors arising when a uniform velocity was used instead
of the true structure in a few three-layer models. In optimum cases we
mav improve the location accuracy by an order of magnitude, but perhaps
somewhat less in practice. The reason is that, although the refraction sur-
vey may describe the first order variations in the seismic velocities about
the mine, it may not be detailed enough to measure the secondary features
(velocity anomalies, faults, fractures, etc.) in the vicinity of the seis-
mometers. These secomdaryvariations in geology may cause the test array of
seismometers to behave differently than the array deployed in an emergency.

There are trade-offs to be considered in this situation, in terms of
the complexity of the velocity model envisaged and the extent and analysis
of the refraction survey required. The size of the uncertainties remaining
in coal mining environments will have to be resolved by experiment. If the
refraction survey is carried out at the mine following a disaster rather
than in a pre-calibraifor exercise,the importance of having trained, exper-
ienced personnel to perform it cannot be underestimated. For the interpfe—

tation of the data, they will require at least a general knowledge of the
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geological structure of the region. In principle, it is also possible to
improve the location accuracy by iterating the velocity model as a result
of a preliminary location; the improvements obtainable with this approach
remain to be determined.

Advantages of approaches relying on calibrated geology are that a
reduction of the expected seismic location errors by factors of 2 to 5
may provide sufficient accuracy for positicning a drilling rig in the most
favorable circumstances or at least allow a miner to be located to within
a dimension of a pillar. However, several actual or potential disadvantages
still remain, The locations may still be inaccurate but the inaccuracies
unknown. The proper velocity model may be applied inaccurately, perhaps
due to the lack of trained personnel, during an actual emergency. Finally,
the emplacement of seismometers during the refraction survey may be sufficiently
different from those used during the location procedure, that the velocity

model may not apply well enough to the location array.

The third approach is the reference event method which requires a
seismic array permanently installed (or seismometer positions chosen in
advance of disasters) and pre-di' aster calibration of the mine with seismic
signals from different parts of the mine.

Advantages of this approach include improved location accuracy by at
least an order of magnitude over uniform velocity models, elimination of
the need of refraction surveys, and no fancy data processing techniques.

Disadvantages of the method include the need for precalibration of
the mine, permanently installed seismometers (or permanently assigned seis-
mometer locations), and perhaps more calibration signals than we might
wish, especially as the mine dimensions increase.

The density of calibration signals required, the number and placement
of seismometers, and the costs of the method are questions to be resolved
by experiment.

Several designs of the seismic location system utilizing the reference
event approach are possible. One is to install seismometers, cables and
recording instruments permanently around the mine. Fire drills (test seis-

mic signals) are taken periodically from different parts of the mine as
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the mine dimensions expand. These recordings, clearly labeled as to source
location, can be reproduced on clear plastic overlays for easy comparison
with signals recorded during an emergencv. In this wav good seismometer
locations would be assured (buried for improved signal-to-noise ratio) and
the equipment would demonstrate its reliabilitv as calibration (reference)
events were recorded about the mine. Signals could be read and approxi-

mate locatdions determined by analysts without the need for a computer. With

or without a computer, mine personnel could acquire training in operating
the system as calibration data were collected.

A second design would be to locate test seismic sources (small explo-
sives or weight drops) throughout the mine which can be triggered from the
surface. When a seismometer arrav has been deployed during an emergency,
and an approximate location of trapped miners determined from their signals
assuming a uniform velocity model, then test seismic sources would be set
off in that section of the mine. The signals from the miners and those
from several test sources would be compared. Then the relative location of
the trapped miners would be determined from the test signals which most
closelv matched those generated bv the miners.

The characteristics of the three types of systems, utilizing the uniform
velocitv, the refraction survey, and the reference event methods, are sum-

marized in Table 1.

VI. FIELD EXPERIMENT

The reference event method should be tested bv a controlled experiment

at a mine. The Westinghouse data taken to date do not provide data from a
multitude of close to widzly spaced sources received by a fixed seismometer
array. The objectives of such an experiment will be (1) to demonstrate whether
the relative event method, which has been so successful for locating tele-
seismic earthquakes, can also be applied to seismic sources in mines, and
(2) to determine the calibration range of applicability of the reference events.
The field experiment should comprise from 10 to 15 well-placed seismo-~
meters. These sensors should be buried below the weathering laver in drill
holes if necessary. Everv effort should be made to attain good signal sensi-

tivity on single sensors so array summations are not necessary. Different
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Features:

Advantages:

Disadvantages:

Features:

Advantages:

Disadvantages:

Features:

TABLE 1

SEISMIC LOCATION METHODS

1. Uniform Velocity Method

Installation ~ after disaster is reported
Precalibration - none

Location Accuracy - several hundred feet

Drill Locations By - mine maps for precise placement,

seismic locations indicate
section of mine.

Simple

No precalibration

No capital outlay prior to disaster
Minimum training of mine personnel required

Seismic locations can indicate only general area of miner

Deployment of extra seismometers after first signals
detected may be desirable

2. Refraction Survey Method

Installation ’ - after disaster is reported

Calibration - refraction survey to model
velocity structure around mine

Location Accuracy - will vary on complexity of

geology and thoroughness of
refraction survey; probably to
within 100 feet

mine maps for precise placement,
seismic locations narrow search.

Drill Location By

More accurate locations than uniform velocity model
Location accuracy may be unknown

Velocity model may be incorrectly applied in an emergency
Calibration required

3. Reference Event Method

Installation - predisaster; permanent
Precalibration - tests made throughout mine as
mine dimensions expand
Location Accuracy - 10 to 50 feet with high confidence
Drill Locations By - mine maps and seismic locations
jointly
5.13
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TABLE 1 - Continued

3. Reference Event Method - Continued

Advantages: Accurate locations
No refraction survevs required
Data processing required fairlv simple
System in place when emergency arises
Mine personnel familiar with system from mine
Calibration tests

Disadvantages: Predisaster mine installation, tests, and costs
Necessarv system tests required as mine dimensions expand
Some mine personnel must be trained on svstem

5.14
Arthur D Little Inc



types of sources should be used (e.g., timber on mine floor, sledge on roof
bolts) at each source location so the method can be demonstrated with ref-
erence and unknown events of the same and different types. Minimum source
displacements mav be on the order of 25 to 50 feet. Maximum source dis-
placements should be 1000 feet or more if possible. Different sections of
the mine should be tested including ones for which the seismometer array
surrounds the event location (360O aperture) and ones for smaller apertures.
One value of having a sufficient number of seismometers is that partial
arrays (but more than 3 or 4 sensors) with varying apertures can be compared
with the full array.

Costs of running seismic exploration crews within the United States
average between $30,000 and $50,000 per month including costs for dynamite
and drilling shot holes. Although we propose to use 10 to 15 sensors all
in bore holes, the holes will not be deep (average depth 50 feet) so drilling
costs for the mine tests should not exceed those of a normal exploration
crew. The cables, sensors, and instruments required would be available
or easily obtainable by an exploration crew. Hence, a geophysical service
company should be able to conduct a field test of the relative event method
for $1,000 to $2,000 per day and complete it within two to four weeks.

As a result of this experiment we should be able to indicate:

1) whether the reference event method works in mines,

2) over what range a reference event is applicable,

3) the source location accuracy of the method,

4) the number of reference events needed per mine,

5) the minimum number and placement of sensors required in

a workable field system,
6) the analysis procedures to be followed, and
7) an estimate of the capital and operational (emergency,

calibration, and testing) costs in a practical field system.

VII. CONCLUSIONS

1. We have considered two alternative seismic approaches to improve
the accuracy of seismic locations for miners trapped underground over methods
which assume a uniform P-wave velocity in the earth. The first approach uses

seismic measurements, such as a refraction survey, to calibrate the velocity
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structure about the mine. The second approach calibrates the source-to-
seismometer travel paths with reference events at known locations in the
mine.

2. The method vielding the most accurate seismic locations is the
reference event method. When the displacement between the unknown and
reference events is small, the location accuracv will be limited only by
the timing accuracv of the signals.

3. The reference event method provides absolute rather than merely
relative locatim accuracy since calibrations are tied to surveyed (non-
seismic) locations. Methods based upon purely seismic measurements may
provide accurate relative locations (small least squares error) but still
contain absolute biases (lateral shifts between true and calculated loca-
tions).

4. The reference event method has the disadvantages of requiring
calibration events, permanently installed seismometers or prelocated cali-
bration sources triggered from above ground, and several reference events
per mine for complete calibration.

5. A field installation utilizing the method has several operational
advantages. As well as accuracy, these include readiness in the event of
a disaster, fire-drill testing of the svstem bv calibration events,
familiarity with the svstem on the part of mine personnel, and no complex
computers or analvsis required.

6. We recommend field tests to verify the method. Key questions to
be answered include the range of effectiveness of each reference event
and the number of reference events required to completelv calibrate a mine.

7. A field test could be conducted at a mine over a period of two to
four weeks for costs not exceeding those incurred by Westinghouse in previ-
ous seismic experiments at a mine. Total costs should be in the $25,000

to $50,000 range,or less.
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PART SIX

FIELD UTILIZATION OF SEISMIC SYSTEMS

Frank Pilotte
VELA Seismological Center
Alexandria, Virginia

_I. SUMMARY

Proper design characteristics for a seismic system to locate miners dur-
ing a mine disaster are considered in terms of a total system concept. Field
hardware, processing equipment, operating personnel, deployment, training,
and supportive R and D are necessary elements of the total system. Each of
these elements is discussed and an indication given as to the requirements
necessitated by each one.

Hardware must be portable, rugged, and fieldworthy. Processing equipment
must be simple to operate, expandable for future processing improvements, and
ruggedized for field use. A small well-trained team must be available for quick
response in times of emergency. Alternative deployment procedures are necessary
to allow for a variety of situations including both ground and air delivery.

Supportive R and D is used to support training and upgrading of the system.
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ITI. INTRODUCTION

Here we discuss a set of design characteristics that would result in
an improved seismic system for miner location following a mine accident.

The system, when implemented as proposed, will be an adaptable multi-
purpose seismological array packaged in hand-portable sized containers for
use under severe field conditions. The system will be capable of monitoring
up to 12 individual sensors, recording on magnetic tape, providing visual
displays, and accomplishing some data processing and analysis.

In selecting individual items, great emphasis should be placed on the
use of equipment which has been design tested and proven under operational
field conditions. Special design modifications should be used only as re-
quired to meet special needs of remote and severe field operations; for example,
the use of modular-type moisture-proof-container packaging for seismometers and
field amplifiers.

In order to specify the design of this equipment, it is necessary to
assume the following:

1. Optimum location accuracy requires calibrated and timed signals.

2. Power may not be obtainable at the various remote locations where

the system will be deployed.

3. Measurements will be made under field conditions where electronic
test and repair facilities are not readily available.

4. Emergency conditions will exist at the time of deployment and
quick response is absolutely essential.

5. Personnel making the measurements must be able to evaluate the
data within a short length of time.

6. The system should be expandable to meet future requirements of
improved analysis.

7. Maximum use of off-the-shelf components.

To operate under these assumptions, the system should have the following

features:

o The basic system should contain an accurate calibrating device. The
calibrator should apply an impulse of known polarity to verify seis-
mometer polarity, and sine waves of known amplitude at any desired
frequency to the seismometer calibration coil to obtain a frequency

response at a known gain.
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o The sensing system should be a vertical seismometer-amplifier
combination capable of direct burial. The seismic signals
would be fed to a recording and processing system powered by
the same source powering the amplifier.

o Monitoring and field analysis will require a playback unit
capable of producing the data at either .5mm/ms or 1.0mm/ms
on a paper strip recorder. A monitoring oscilloscope should
also be provided.

o The tape recorder should be able to record up to 12 channels
of data plus time and compensation channels. A time code
should be encoded on the tape. Additional design provisions
should be made for inserting operational amplifiers, modules,
attenuators, and filters as desired.

o The whole system should be as compact and lightweight as
possible, and sufficiently rugged to withstand transport under
the worst field conditions. Simplicity, mobility, ruggedness,
and ease of setup and operation are prime design goals.

ITI. REQUIREMENTS

To minimize the interference of nearby cultural (man-made) and weather-
induced noise, seismic surveys usually employ either seismometer burial or small
array techniques. In the mine disaster case, the rescue team will often be
hampered by the absence of favorable surface geology at the points where the
particular deployment must be made. Of the two possible techniques, seismo-
meter burial appears to be the simpler solution. A seismometer capable of
operating at shallow depth will enable the rescue team to pick any desired point
for measurement and then drill (possibly with a hand auger) until reaching some
suitable foundation materials. Even at the shallow depths reached by hand
drilling, the seismometer should have a considerably reduced response (compared
to a surface site) to locally induced cultural noise (seismic and acoustic).

In addition, if relatively solid foundation material can be reached, some signal
attenuation may be avoided.

In many situations, the simplest, most direct method to determine a location
will be for the operator analyst to read relative signal arrivals from the indi-
vidual array elements. Being able to record such signals from each element of

the array on an identical, selectable time basis will greatly improve the operator's
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response time and the precision of the location. The sought-after objective
is the ability to record under any field conditions with a completely inde-
pendent portable system capable of highly accurate, dependable results.

It is proposed that both the seismometer and amplifier be packaged in

the same case. This will result in a single, easily transportable instrument

package that can be placed in a constant environment away from molestation.

The time encoder should be a highly accurate digital device capable oi
providing several different frequency standards in order to broaden the overall
capability of the system. Of particular importance is a 100-Hz signal on the
compensation trace. This frequency is then used as a reference to obtain an
accurate time-based playout in high speed visual reproductions.

A properly equipped field analysis and processing center is essential if
rapid response and adaptability are to be provided to what will surely be a
fluid situation. During the course of a location attempt, it will frequently be
necessary to make judgments regarding seismometer emplacement and coupling,
noise characteristics in the area, transmission quality, and signal reception.
Thus, it may be necessary to vary bandpass filters and apply other processing
techniques. For this reason, inclusipn of a playback unit in addition to a
monitoring oscilloscope is necessary.

The package for the filters, attenuators, and operational amplifiers should
be designed with plug-in cards to provide for rapid changes in the data circuits.

Power will be provided by public power facilities when available; however,
battery backup should be provided to maintain system operation if the primary
power source fails or if a primary source is not used. The battery pack should
have sufficient capacity to maintain operation for at least twelve hours. A
battery charger should be included to recharge a fully discharged battery bank
within two hours.

All interconnecting cables should be prefabricated. Connections should be
waterproof and should be designed so that improper connections cannot be made.
System cabling should be designed for maximum portability.

Sufficient accessory items like hand tools, test equipment, and spare parts
should be carried to and from the field by operating personnel. The accessory
kit would possibly include its own power supply so that the operation of this

equipment would not use power from the principal source.
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A well-coordinated field exercise is impossible without reliable
communications. This factor is paramount where time is a critical factor
during an emergency. To meet this need, special radio communications can
be provided as part of the total system to assure efficient operation of
the crew.

Major attributes of a field system which have to be emphasized are
ruggedness, simplicity, portability, and reliability. While there need not
be a one-to--one correspondence, useful guidelines for the criteria to be
placed on a field system can be obtained from Military Specifications for
field equipment. The cost of a field system is likely to be on the order of
$100,000. '

The crew required to operate the seismic detection and location equipment
must be considered a part of the total system. As much care and attention
must be given to the selection and training of the team as to the design and
construction of the equipment.

IV. OPERATIONAL PERSONNEL

To successfully perform under emergency conditions, the seismic detection
and location equipment (SDLE) must be.manned by a team trained and experienced
with its deployment and use. As a minimum requivement, a three-man cadre
trained to work together who are completely familiar with all phases of the
equipment and its operation should be available to deploy the SDLE in the event
of an emergency. Additional men needed to expedite the setup and calibration
of the equipment could be provided by the mine company involved in the disaster.

The three-man cadre would consist of the following:

° An operator/analyst (team chief)
° An electronic technician(second in command)
° A field technician

The team chief should be a geophysical engineer or someone with an equiva-
lent background whose responsibility includes interfacing with the disaster/
rescuer coordinators (mining and/or Government officials), deploying the SDLE,
and making final processing and location decisions. He should be a mature
individual who is thoroughly familiar with mining operations and practices. The
overall success of the mission will depend on his ability to preserve the integrity

of the whole team and to direct its operation in a confused situation.
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The electronic technician should be qualified and trained to set up and
operate the entire field system. He must be able to troubleshoot and repair
most system electrical and mechanical malfunctions or failures. In the
absence of the team chief, he will substitute as data analyst.

The field technician should be experienced in geophysical field work and
capable of directing the efforts of temporary field workers acquired on site.
He must be familiar with the use of hand portable and light drilling equipment.
His principal responsibility will be to install the seismometers, lay cables,
and assist in setting up the analysis center.

Training and practical experience in the use of the seismic equipment are
the keys to successful field operations under emergency conditions. Selected
personnel should be trained to operate as a team and, as such, be deployed on
"operational" missions several times a year. As many of the pressures associated
with a real disaster as possible should be simulated during these training excercises.

V. DEPLOYMENT OF SYSTEM

Transportation from the staging area to the field presents special problems.
Emergencies may occur at any time and in the most remote areas. Several
different contingency plans are necessary to meet the demand for rapid deploy-
ment. For use near the staging areas, a suitable four-wheel-drive truck should
be available. The truck should be outfitted with appropriate racks and accessory
gear such that the field equipment could be installed within one-~half hour and
dispatched to the field. In addition, the field equipment should be so packaged
that it could also be hand portable or cart portable for air movement by either
commercial or private aircraft. Consideration should be given to the use of
contract or military helicopter for direct delivery to the field site. On
delivery to the field, a truck might be made available or the packing crates used

to form the analysis center enclosure.
VI. SUPPORTIVE R AND D

Field R and D should serve two purposes. Each R and D field trip could
start as a training exercise to improve the performance of the team and to
expose areas of weakness or deficiency in the operating procedures. The second
objective would be to test a new procedure or possibly gather data to evaluate
some point of theory. Certain ideas suggested elsewhere in this report need
clarification and evaluation. For example, more data are needed to estimate the
calibration range and absolute location accuracy associated with the reference event

technique, signal attenuation through various media, calibrated noise measurement

for optimization of signal passband, and efficiency of signal generators.
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PART SEVEN

THEORETICAL SEISMIC SIGNAL SOURCE AND TRANSMISSION CHARACTERISTICS

John T. Kuo
Columbia University

I. SUMMARY

The miner's seismic source strength can be approximately estimated on the
basis of a single force acting in an infinite medium. Because of the uncertain-
ty involved in estimating the amount of conversion from mechanical energy to
seismic energy, the source strength thus estimated may be in error by as much
as a half-order of magnitude. Calculations of wave transmission must take into
account geometrical spreading, dissipation of energy by internal friction, and
energy partition due to reflection and refraction of waves impinging on inter-
faces in the layered earth.

Theoretically derived peak-to-peak particle velocities in microinches per
second (uIPS) are given for two models; viz: (i) 50-feet thick and (ii) 100-
feet thick 4000 ft/sec layers with Q = 20, overlying a half-space of 10,000 ft/
sec material with Q = 503for the cases of a hammer blow and a timber impact,
at the frequencies of 50 Hz and 100 Hz. Comparison of the theoretically derived
peak-to-peak particle velocity with experimental data taken at the Copper Queen
Mine indicates that the theoretical particle velocity may be overestimated.

A discussion of the distortion of seismic wavefronts by mine tunnels
indicates that it is unfavorable to use a seismic source impact on the floor
of the tunnel, since deceptive delays in arrival time are liable to occur at
the surface.

A program of parallel theoretical and experimental work is required to
clarify uncertainties still associated with the nature and strength of the
miner's seismic source signal which cannot be resolved within the approximations

of this work. Its major components include theoretical investigations of the

(1) Wave diffraction and scattering of an impact source
on a face of a cylindrical cavity.

(2) 1Impact of an elastic object on an elastic medium.
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Experimental measurements of the signal spectrum under carefully controlled
conditions are also necessary in order that the frequency spectrum of the source
be determined accurately; it is virtually impossible to determine the source
strength near or at the source since the problem of the efficiency of conversion
of mechanical to seismic energy is extremely difficult to handle.

For the initial detection of a surviving miner in a disaster struck mine,
a "low-frequency' source of considerable strength is desired. It is proposed
that experimental efforts be devoted to the development and test of such a source,
in conjunction with the concept of a coupler to enhance the conversion of mechanical

energy into seismic energy.

II. INTRODUCTION

The thrust of this work is confined to the surface seismic detection and
location of trapped miners in a coal mine. It is imperative that the procedure
of locating trapped miners be as unsophisticated to operate as is feasible; the
final system should ideally be as close to a 'push button" type as possible.

The investigation of the problem of the detection and location of a trapped
miner starts from the following initial conditions:

(i) A relatively weak but high-~frequency seismic source

(ii) Seismic-wave transmission in an inhomogeneous medium generally

capped by an extremely lossy weathering layer of variable thick-
ness.

(iii) Relatively high background noise in the frequency band of the
signal.

(iv) Limitations in the resolution of currently employed seismic

methods in both the time and frequency domain.

The following analysis is designed to shed light on items (i) and (ii).

The results obtained in this investigation of seismic sources are consist-
ent with being able to detect miners at ranges up to on the order of 1000 feet,
and to measure arrival times to within a few milliseconds. Hence under the most
favorable signal-to-noise and geological conditions, it is conceivable (see
Appendix B) that the location of a miner to within 30 feet should be achieved
by seismic means, and a reasonable expectation in a range of situations would
be location accuracies to within 100 feet.

ITI. SOURCE STRENGTH AND SOURCE SPECTRUM

It is reasonably certain that the miner detection and location system has
to depend predominantly upon the compressional wave, certainly for location
purposes, as neither shear waves nor surface waves offer the necessary resolv-

ing power. Suppose that a hammer blow (or a timber impact) on the roof, rib
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or floor in a given mine can be approximated by a single force in an infinite
medium. Such an approximation is only good for estimating the order of magni-
tude of the source strength. More precise estimates demand a rigorous theoretic-
al treatment of the problem. Neglecting the distortion of the wave front, due

to a system of cavities, which will be discussed in a later section, the radial
component of the particle displacement for near-field, as shown by White (1965),

is given by

g(t- ) + 2 ghe- D+ i—z g (t- P W=

G cos ¢ (1
u = —— g
rV

T 4rpr ;5

where G is the magnitude of the force, p 1is the density of the medium, V is the
compressional wave velocity, and ¢ 1is the angle between the source and
the point of observation with respect to the vertical.

Fortunately, for the present application of Equation (1) to the seismic
detection and location of a miner, the distance from the source to the observa-
tion point is generally large, in the order of at least several wavelengths, e.g.,
a frequency of 75 Hz and a velocity of 8000 ft/sec corresponds to a wavelength of
106 feet, whereas the observation point is tvpically located at least 400 feet
away from the source. From that point of view, the first term in the right-hand
side of Equation (1) is predominant, as the second and third terms decay very
rapidly at large distances. However, the efficiency of the conversion of the
mechanical energy into seismic energy at the immediate point of impact is extremely
difficult to estimate accurately, as ain appreciable amount of energy is dissipated
at the point of impact due to fracture and plastic deformation of the rock.

For a crude estimate of the particle displacement at an observation point
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