
R I  9 6 6 1
Report of Investigations/2004

G e o p h y s i c a l  M e t h o d s  t o  D e t e c t  

S t r e s s  i n  U n d e r g r o u n d  M i n e s

Department of Health and Human Services
Centers for Disease Control and Prevention 
National Institute for Occupational Safety and Health



Report of Investigations 9661

Geophysical Methods to Detect Stress 
in Underground Mines

Douglas F. Scott, Theodore J. Williams, Douglas Tesarik, 
David K. Denton, Steven J. Knoll, and John Jordan

U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES
Centers for Disease Control and Prevention 

National Institute for Occupational Safety and Health 
Spokane Research Laboratory 

Spokane, WA

M a rch  2 0 0 4



ORDERING INFORMATION
Copies o f National Institute for Occupational Safety and Health (NIOSH)

documents and information 
about occupational safety and health are available from

NIOSH-Publications Dissemination 
4676 Columbia Parkway 

Cincinnati, OH 45226-1998

FAX: 513-533-8573
Telephone: 1-800-35-NIOSH

(1-800-356-4674) 
E-mail: pubstaft@cdc.gov
Web site: www.cdc.gov/niosh

This document is the public domain and may be freely copied or reprinted.

Disclaimer: Mention o f any company or product does not constitute endorsement by NIOSH.

DHHS (NIOSH) Publication No. 2004-133

mailto:pubstaft@cdc.gov
http://www.cdc.gov/niosh


Abstract .................................................................................................................................................... 1
Introduction ..............................................................................................................................................  2
Validation of seismic tomography.................................................................................................................  2

Site geology...........................................................................................................................................  2
Ultrasonic core velocity measurements......................................................................................................  3
Finite-difference analysis ........................................................................................................................  3
Seismic wave analysis.............................................................................................................................  5
Seismic refraction survey ........................................................................................................................  5
Discussion............................................................................................................................................. 6

Investigation of electromagnetic emissions ..................................................................................................... 8
Background...........................................................................................................................................  8
Previous studies...................................................................................................................................... 8

EM source mechanisms ......................................................................................................................  9
Earthquakes ...................................................................................................................................... 9
Laboratory tests ................................................................................................................................. 9
Theoretical work................................................................................................................................. 10
Underground...................................................................................................................................... 10

Technical approach................................................................................................................................. 11
Results..................................................................................................................................................  12

Waveform identification......................................................................................................................  12
Downhole antenna without filters..........................................................................................................  13
Downhole antenna with filters .............................................................................................................  13
Suspended antenna without filters ........................................................................................................  13
Suspended antenna with filters.............................................................................................................  13

Discussion............................................................................................................................................. 13
Conclusions ..............................................................................................................................................  14
Acknowledgments ...................................................................................................................................... 14
References ................................................................................................................................................  15
Appendix A: Pressure cell installation ..........................................................................................................  17
Appendix B: Slot development....................................................................................................................  18

ILLUSTRATIONS

1. Location of Edgar Experimental Mine .................................................................................................. 2
2. Plan view of Edgar Mine p illa r............................................................................................................  3
3. Geology of Edgar Mine .....................................................................................................................  4
4. P-wave velocities...............................................................................................................................  4
5 Creating a source of seismic waves.......................................................................................................  5
6. Recording seismic waves.....................................................................................................................  5
7. Source locations.................................................................................................................................  6
8. Receiver locations.............................................................................................................................. 6
9. Tomogram taken after flatjack installation ............................................................................................. 7

10. Tomogram taken at pressure cell reading of 20.7 MPa.............................................................................  7
11. Tomogram comparing differences between figure 12 and figure 11.............................................................  8
12. Location of Galena Mine..................................................................................................................... 9
13. Data acquisition system setup..............................................................................................................  11
14. Plan view of downhole antenna location ................................................................................................  11
15. Waveform generated by air door........................................................................................................... 12
16. Waveform generated by barbeque lighter..............................................................................................  12
17. Possible EM waveform....................................................................................................................... 13
18. Summary of waveforms collected.........................................................................................................  14

C O N T E N T S
Page



ILLUSTRATIONS-Continued

Page

A1. Installed pressure cell ........................................................................................................................  17
A2. Hydraulic jack connected to pressure c e ll..............................................................................................  17

TABLES

1. P-wave velocities from core samples...................................................................................................... 5
2. Material properties used in finite-difference analysis ...............................................................................  6
3. Summary of 1998 P-wave seismic data..................................................................................................  6
4. Attenuation of EM emissions ..............................................................................................................  12

UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

cm centimeter MPa megapascal

cm3 cubic centimeter mV millivolt

cm2 square centimeter V volt

g/cm3 gram per cubic centimeter in inch

Hz hertz in2 square inch

kHz kilohertz in3 cubic inch

kg kilogram ft foot

km kilometer ft/s foot per second

km/s kilometer per second lb pound

m meter lb/ft3 pound per cubic foot

MHz megahertz mi mile

m/sec meter per second psi pound per square inch

mm millimeter



GEOPHYSICAL METHODS TO DETECT ST R E SS  IN UNDERGROUND MINES

By Douglas F. Scott,1 Theodore J. Williams,2 Douglas Tesarik,3 David K. Denton,2
Steven J. Knoll,4 and John Jordan5

ABSTRACT

Highly stressed rock in stopes continues to be a primary safety risk for miners in underground mines 
because this condition can result in failures of ground that lead to both injuries and death. Personnel from the 
Spokane Research Laboratory of the National Institute for Occupational Safety and Health studied two methods 
for identifying stress in rock. A seismic tomographic survey, finite-difference analysis, laboratory 
measurements of compression wave (ultrasonic) velocities in rock cores, and site geology were integrated to 
evaluate the use of seismic tomography for identifying induced pressures in an underground pillar at the Edgar 
Mine, Idaho Springs, CO. Electromagnetic (EM) emissions were also investigated in the Galena Mine, a deep 
underground mine in Idaho, in an effort to determine if  these emissions could be used as indicators of 
impending catastrophic ground failure.

Results of this research indicated that (1) seismic tomography appears to be a useful tool for determining 
relative stress in underground pillars, while (2) EM emissions do not appear to be significant precursors of 
impending catastrophic ground failure.

1G eologist, Spokane R esearch Laboratory, N ational Institute for O ccupational Safety and H ealth, Spokane, WA.
2M ining engineer, Spokane Research Laboratory, N ational Institute fo r O ccupational Safety and H ealth, Spokane, WA.
3M echanical engineer, Spokane R esearch Laboratory, N ational Institute fo r O ccupational Safety and H ealth, Spokane, WA.
4R ock  bu rst technician , G alena M ine, W allace, ID.
5M ining engineer, Stillw ater M ine, N ye, MT.
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INTRODUCTION

This Report of Investigations describes two types of 
geophysical studies conducted by researchers from the Spokane 
Research Laboratory (SRL) of the National Institute for 
Occupational Safety and Health (NIOSH). In the first study, a 
series of measurements was collected from the Edgar Mine, Idaho 
Springs, CO, to determine if

changes in seismic velocity correlated with stress changes in a rock 
mass subjected to known induced pressures. In the second study, 
measurements of electromagnetic (EM) emissions were collected 
at the Galena Mine, Wallace, ID, to determine whether these emis
sions were valid precursors to imminent ground failure.

VALIDATION OF SEISMIC TOMOGRAPHY

Previous seismic tomographic studies (Friedel and others, 
1995a; Friedel and others, 1996, 1997; Jackson and others, 
1995a; Jackson and others, 1995b; Scott and others, 1997a; 
Scott and others, 1997b; Scott and others, 1998) have shown 
that seismic tomography can be used to determine relative 
stress. Friedel and others (1995b) explained the use of seismic 
tomography as follows:

The increase in velocity is related to the closure of 
void space, e.g., pores and cracks. In general, the rate 
of velocity increase is nonlinear and greatest with an 
early incremental increase in stress. As stress increases 
further, the rate at which velocity increases is reduced 
in response to the formation of new cracks (yield 
point) parallel to loading. These observations suggest 
that regions of high velocity are likely to indicate 
zones of high stress concentration, whereas low- 
velocity regions indicate zones of stress relief.

However, to date, no researchers have attempted to validate 
the use of seismic tomography to map stress in an underground 
mine by comparing pressure changes (induced pressure) in a 
pillar to velocity changes in settings where geologic features, 
such as differing rock types, fractures, and stress, can influence 
velocity. Neither have induced stress, predictive models, ultra
sonic core velocity measurements, and geology been integrated 
with each other to quantify the relationship between seismic 
tomography and stress.

Researchers from the Spokane Research Laboratory (SRL) 
of the National Institute for Occupational Safety and Health 
(NIOSH) used different techniques to collect a series of 
measurements at the Edgar Mine, Idaho Springs, CO (figure 1), 
to see if  changes in seismic velocity correlated with stress 
changes in a rock mass subjected to known induced pressures.

The Edgar Mine is located about 55 km (34 miles) west of 
Denver, CO, and is owned and operated by the Colorado School 
of Mines (CSM), Golden, CO. The mine portal (Miami Tunnel) 
is at an elevation of 2,405 m (7,890 ft) (CSM, 2003). Workings 
consist of 305 m (1,000 ft) of crosscuts and drifts that access 
several silver-gold veins. Widths of crosscuts and drifts average 
about 3 m (10 ft), and overburden above the pillar tested is 
estimated to be 120 m (400 ft). The pillar studied is 43 m (140 ft) 
long and 23 m (75 ft) wide (figure 2). Access around the pillar 
is nearly complete, except for 8 m (26 ft) in the northeast part.

The slot cut for the pressure cell (figure 2) is 0.9 m (3 ft) high 
and 0.2 m (0.5 ft) wide and is cut 3 m (10 ft) into the pillar.

SITE GEOLOGY
The mine is developed in Precambrian metamorphic and 

granitic rocks of the Colorado Front Range. Specifically, the 
rocks are assigned to the Idaho Springs Formation. Rocks in the 
pillar (figure 3) include biotite schist, biotite microcline peg
matite, biotite-hornblende schist, quartz-feldspar-biotite gneiss, 
and migmatized gneiss. The biotite schist is black to dark gray 
and well bedded and contains numerous pegmatite dikes up to 
5 mm (0.2 in) thick. The biotite microcline pegmatite is com
posed mostly of large, white feldspar crystals up to 3 cm (1.2 in) 
long with large pieces of biotite as much as 3 cm (1.2 in) across. 
The pegmatite is blocky in appearance and lacks fractures. The 
biotite-hornblende schist lacks visible bedding and is dark black, 
very hard, and massive. The quartz-feldspar-biotite gneiss is 
white-and-black banded with distinct layers of biotite, feldspar, 
gneiss, and quartz. Migmatized gneiss is dark black and has a 
mottled appearance; it is found adjacent to the pegmatite. Based 
on geologic mapping done during this study, the volume of 
rocks is estimated as quartz-feldspar-biotite gneiss, 35%; biotite 
microcline pegmatite, 30%; biotite schist, 25%; biotite-horn
blende schist, 7%; and migmatized gneiss, 3%. From softest to 
hardest, rock hardnesses range from biotite schist, quartz- 
feldspar-biotite gneiss, biotite microcline pegmatite, biotite
hornblende schist, and migmatized gneiss. The slot for the 
pressure cell was cut in the migmatized gneiss.

F ig u re  1 .-Lo ca tio n  o f  E d ga r Experim en ta l M ine.
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The geology o f  the in terio r o f  the p illar is inferred on the 
basis o f  geologic m apping along openings around the pillar. The 
p illar is cut by two right-lateral, strike-slip faults that have 
d isplaced rocks laterally; these faults are oriented roughly  N 50°E  
and dip 55° northw est. They are filled  w ith quartz, sulfides, 
b reccia, and gouge. Fractures in the p illar w ere also m apped.

ULTRASONIC CORE VELOCITY MEASUREMENTS

Two sets o f  ultrasonic velocity tests were done in the laboratory 
on core samples EM -1, EM -2, EM -3, and EM -4. EM-1 is a dark- 
to black-banded, biotite-hornblende schist containing several quartz 
veins less than 5 m m  (0.2 in) long. EM -2 consists o f  a white, 
m edium -grained pegm atite with feldspar clasts less than 5 mm  
(0.2 in) long. The sample lacks biotite, bu t contains about 5% 
epidote and less than 2% small pyrite clasts. EM -3 is a white peg
m atite containing coarse feldspar clasts longer than 5 mm  
(0.2 in) and thin seam s o f  biotite. EM -4 contains a dark, fine
grained, biotite-hornblende schist with about 2% fine-grained pyrite.

The first test w as done by  CSM  person n el on all four 
sam ples under a cond ition  o f  no load. T ab le  1 sum m arizes the 
P -w ave ve locities  obta ined .

The second tes t w as com pleted  by T erra -T ek ,6 Salt Lake 
C ity, U T , and co nsisted  o f  com pressio n  tests on sam ples EM -3

6T he m ention o f  specific p roducts and m anufacturers does no t im ply 
endorsem ent by  the  N ational Institu te for O ccupational Safety and  H ealth.

Table 1.-P-w ave velocities from core samples.

Sample
number P-wave velocity Rock type

EM-1 . . . . 5.42 km/s (17,782 ft/s) Biotite-hornblende schist
E M -2 ___ 4.75 km/s (15,584 ft/s) Pegmatite
E M -3 ___ 4.72 km/s (15,485 ft/s) Pegmatite
EM-4 . . . . 5.00 km/s (16,404 ft/s) Biotite-hornblende schist

and E M -4. The cores w ere 5 cm  (2 in) in d iam eter and 10 cm 
(4 in) long. A x ial loads rang ed  from  1.4 to 52 M P a (200 to 
7 ,500 psi). F igu re 4 show s ax ial stress d ifferences and P -w ave 
velocities . The h ig h er ve locities  in the pegm atites  cou ld  be 
ex p la ined  by the fact tha t the m ica in the sch ist m ay allow  the 
ro ck  to deform  elastically  w hen pressu re  is exerted .

FINITE-DIFFERENCE ANALYSIS

The test p illa r w as analyzed  w ith  the th ree-d im ensiona l, 
fin ite-d ifference program  F ast L agran g ian  A nalysis o f  C ontinua 
in T hree  D im ensions (F L A C 3D) (Itasca, 1998) and a M o h r
C oulom b failure criterion . The pu rpose  o f  this analysis w as to 
com pare the ex ten t o f  the num erically  ca lcu lated  stress zone in 
the p illa r to ac tual seism ic ve lo city  co n tou rs  w hen ho rizo n ta l 
stress w as app lied  to the u nd erg rou nd  p illa r by  a p ressu re  cell. 
The finite-difference m esh consisted  o f  cubes w ith 0.3-m  (1 -ft-) 
sides. M ateria l p roperties  for the m od el w ere based  on a lim ited 
nu m ber o f  unco n fin ed  co m p ressio n  tests on the b io tite  m ic ro 
cline pegm atite  and b io tite -ho rnb len d e schist, un d erg rou nd
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Figure 3.— Geology of Edgar Mine.

observations, and tex tbook values (table 2) (Farm er, 1968; 
G oodm an, 1980). The vein was given low m aterial property  
values to sim ulate a d iscontinuity  in the continuum  (G oodm an, 
1980). The m odeling sequence consisted  of applying initial 
stresses using gravity, running the m odel to equilibrium , fixing the 
vertical velocities at the top o f  the p illar and horizontal velocities 
at the northeast corner o f  the pillar, excavating the slot for the 
pressure cell, grouting the bottom  and collar o f  the slot, applying 
20.68 M P a (3,000 psi) o f  pressure to the slot w alls, and finally 
running the m odel to equilibrium  again.

R esults from  the finite-difference program  indicate that ho r
izontal stress in the rock at m id-height to the pressure cell decays 
to the in situ stress value at approxim ately  4.6 m  (15 ft) on a line 
perpendicu lar to the longitudinal axis o f  the pressure cell. S im ilar 
results are obtained using B ouussinesq ’s contours o f  equal stress 
p roduced by applying a load on a 0.9- by  0.9-m  (3- by 3-ft) square 
foundation resting on a sem i-infinite, hom ogeneous, isotropic, 
elastic solid (Sow ers, 1979). These contours indicate that only 2% 
o f  the applied load w as presen t 4.6 m  (15 ft) from  the surface.

AXIAL STRESS DIFFERENCE, MPa

F ig u re  4.— P-w ave v e lo c it ie s .
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SEISMIC WAVE ANALYSIS

T he m ethod  requires striking a source (figure 5) w ith  a 4.5-kg 
(9.9-lb) sledgeham m er fitted w ith  a trigger connected  to a 
seism ograph and then record ing the first arrival o f  the seism ic 
w ave at stations w here receivers (geophones) have been installed.

G eopho nes are m o u n ted  to a rib using  ro ck  bo lt p la tes tha t 
are d r ille d , tap p ed , and surveyed  into the m ine coord inate  
system . E ach  geophone is h oo k ed  to a seism ic cab le  connec ted  
to the se ism og rap h , and  a tw o -p a ir sh ielded  cab le  is used  bo th  
fo r co m m un ica tion  and as a tr ig g er fo r the seism ograph . A  
signal-stack ing  seism ograp h  (figure 6) is u sed  to reco rd  P -w ave 
a rriv a ls , and all seism ic da ta  are  tran sfe rred  from  the 
se ism ograph  to a p e rso n a l com puter (PC ). T ravel tim es (first 
a rrivals) are “p ick ed ” o r selec ted  from  the seism ic reco rd s. A ll 
rece iv e r and source location  co o rd in ates  (x ,y ,z) are inpu t into a 
sp read shee t, and trav e l tim es are en tered  into a softw are 
p rogram  (G eo T o m A n) for reconstruc tion . F inally , co n touring  
softw are is used  to sm ooth  the tom o gram s and ad d  tex t for final 
p resen ta tio n  and in te rp re ta tion .

Tw o seism ic surveys w ere  co m pleted  in N o v em b er o f  1998. 
T ab le  3 sum m arizes the pressu res exerted  on the pressu re  cell 
and  the m ean  P -w ave ve loc ity  fo r each  survey.

SEISMIC REFRACTION SURVEY

R esearchers  from  C SM  (unpub lish ed  report) repo rted  on  a 
seism ic re frac tion  survey  in the floo r o f  the E d gar M ine 
w ork ings tha t show ed the floo r to be d istu rbed  to a dep th  o f  
ab ou t 0.6 m  (2 ft). V e loc ity  equaled  0.83 km /s (2 ,727 ft/s).
A s dep th  increased , v e loc ities  increased  to ab ou t 3.7 km /s 
(12 ,000  ft/s).

Seism ic da ta  co llec ted  from  bo reh o les  by  Jessop and o thers 
(1992) ind icated  the m axim um  v e lo c ity  o f  shear w aves w as 3.5 
km /s (11,600 ft/s). U sing  a ratio  o f  shear to co m pressional w ave 
ve lo c ity  o f  no t less than  0.58 gave an  u p p er lim it o f  6.1 km /s 
(20 ,000  ft/s). T he u pp er lim it w as v e rif ied  by m easu rin g  the 
ve lo c ity  in  an in tact co re cu t as a sphere, w h ich  also ind icated  
6.1 km /s (20 ,000  ft/s).

Seism ic P -w aves in  in tac t gran ite  range from  5.5 to 6.0 km /s 
(18 ,044  to 19,685 ft/s) (G oodm an , 1980). B ased  on these data 
and the w o rk  o f  Jessop and o thers (1992 ), an y  read ing  o f  a P- 
w ave v e loc ity  g rea te r th an  6.1 km /s (20 ,000  ft/s) w ou ld  be 
questionab le . G lo b a l co nstrain ts p laced  on the 1998 seism ic 
in version  w ere a m in im um  P-w ave ve loc ity  o f  3.1 km /s (10,000 
ft/s) and a m axim um  o f  6.1 km /s (20,000 ft/s).

Forty-tw o sources (figure 7) and 48 rece ivers  (figure 8) 
w ere used  to ob ta in  a ca lcu la ted  w aveleng th  o f  4.9 m  (16 ft) 
from  an av erage P -w ave ve lo c ity  o f  5.9 km /s (18,684 ft/s) from  
the two surveys. Source and rece iv er locations w ere spaced  
abou t 3 m  (10 ft) apart, and g lo b al co nstra in ts  fo r reco n stru c tio n  
w ere 3,000 to 6 ,000 km /s (~10 ,000  to ~ 20 ,000  ft/s).

F igure 9 is a seism ic P -w ave tom ogram  tak en  after the slot 
had been  cu t and the p ressu re  cell in sta lled  (X =110; Y  = 257). 
It is obv ious th a t the area  defined  by  low er velocities  had  been  
de-stressed  because  o f  b lasting  and drilling . F rom  the southw est 
p a rt (X = 95; Y  = 255) to the n o rtheast p a rt (X = 120; Y  = 280) 
o f  the tom ogram  the re  appears  to be a ro ug h  “b re a k ” in 
ve locities , w h ich  co incides w ith  a fau lt m apped  along  the 
sou thw est edge o f  the  p illa r and again  along  the  n o rth east edge. 
F u rtherm ore, there  ap pears  to be an  a rea  o f  h igh  ve lo c ity  from  
X  = 110; Y  = 260 to X  = 100; Y  = 275 . W hy  the h igh -v elocity  
area  ex ists is n o t know n; how ever, it cou ld  be a con tin ua tio n  o f  
the v ery  ha rd  m igm atized  gneiss (the h a rd e r gneiss should  have 
h igh er ve locities).

Figure 5.— Creating a source of seismic waves.

F ig u re  6 .-R e co rd in g  s e ism ic  w aves.



6

Tab le  2.— M ateria l p ropertie s  used  in fin ite -d iffe ren ce  ana ly s is

Rock type
Modulus of 

deformation, 
MPa (psi)

Poisson's
ratio

Angle of internal 
friction, deg

Cohesion, 
MPa (psi)

Tensile 
strength, 
MPa (psi)

Density, g/cm3 
(lb/ft3 )

Biotite-hornblende 
schist ........................

Biotite m icrocline 
pegmatite .................

72,395
(10,500,000)

48,667
(7,058,600)

0.14

0.19

35

30

50 (7250) 

30 (4350)

35 (5,076) 

20 (2900)

2.803 (175) 

2.594 (162)

M igmatite gneiss . .  .  .

Quartz-feldspar biotite 
g n e is s ........................

43,115
(6.253.300)

35,365
(5.129.300)

0.14

0.25

30

30

30 (4350) 

7 (1015)

20 (2900) 

5 (725)

2.803 (175) 

2.947 (1840)

Biotite s c h is t .............. 22,063
(3,200,000) 0.25 30 2.5 (363) 0.5 (973) 2.947 (184)

Vein ............................. 134
(19,500) 0.30 30 0 0 2.082 (1300)

G ro u t............................. 11,721
(1,700,000) 0.25 35 11.5 (1670) 4.4 (640) 2.403 (150)

Table 3.-S um m ary of 1998 P-wave seismic data

Survey Pressure from pressure cell Mean P-wave velocity
0k 0 5.6 km/s (18,373 ft/s)
3k 20.7 Mpa (3,000 psi) 5.79 km/s (18,996 ft/s)

F igure 10 is a seism ic P -w ave tom ogram  taken  w hen the 
p ressu re  ce ll w as read ing  20.7 M P a (3 ,000 psi). A n area o f  very 
h igh  v e lo c ity  has dev e lop ed  near the n o rthw est tip o f  the slot 
(X ~ 107; Y ~ 2 5 8), w hich, acco rd in g  to the fin ite-d ifference 
m odel, should  be in ten sion  an d  ac tually  have low er velocities. 
H ig her ve locities  can  be seen ex tending  to the northw est p a rt o f  
the p illar. O th er areas o f  change in the tom o gram  w o uld  no t be 
asso c ia ted  w ith  the p ressu re ce ll because  the fin ite-d ifference 
m od el p red ic ted  tha t the p ressu re  exerted  by  the p ressure cell 
w o u ld  retu rn  to the 0k values 4 .6  m  (15 ft) from  the cell.

Figure 11 is a difference tom ogram  that com pares the tom o
gram  shown in figure 9 to the tom ogram  in figure 10. Two areas o f 
velocity change can be seen, one just w est o f  the pressure cell (X 
= 110;Y = 255), which shows an increase o f  as m uch as 2.4 km/s 
(8,000 ft/s), and one ju s t east o f  the pressure cell (X = 1 15;Y = 257), 
which shows a decrease o f  as m uch as 2.4 km/s (8,000 ft/s).

DISCUSSION

S tresses w est and east o f  the p ressu re ce ll re tu rn e d  to 
b ack g ro un d  levels o f  1.38 M P a (200 psi) w ith in  4.6 m  (15 ft) o f  
the cell w h en  the cell w as load ed  to 20.7 M P a (3 ,000  psi), in 
d icating  tha t the effects o f  indu ced  stress w ere lim ited. H o w 
ever, ve locities  w est o f  the ce ll increased  by  ab o u t 2.4 km /s 
(8 ,000 ft/s), w hile velocities  east o f  the p ressu re  ce ll decreased  
by  2.4 km /s (8 ,000 ft/s). It is hyp o th esized  tha t the h a rde r rock 
w est o f  the p ressu re  ce ll (a m assive, un frac tu red  b io tite  m ic ro 
cline pegm atite ) re ta in ed  stress, w hile the softer rock  east o f  the 
ce ll (a m assive, b io tite  sch ist w ith  num erous fractures) w as able 
to squeeze and absorb  stress. H ow ever, this scenario  is inco n 
sistent w ith  the w o rk  o f  F riede l and o thers (19 97 ), w ho found 
tha t as p ressu re was ex erted  on fractures, the fractu res c losed  
an d  velocities  increased .

-COORDINATES
Figure 7.— Source locations.

-COORDINATES
Figure 8.— Receiver locations.
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Figure 9.— Tomogram taken after pressure cell installation.
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F igu re  10.— Tom ogram  taken at p ressu re  ce ll read ing  o f 20.7 M Pa .
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Figure 11.— Tomogram comparing differences between figure 9 and figure 10.

In sum m ary , geo log ic structure (faults and  som e rock  types) 
w as re flec ted  re la tiv e ly  w ell in the tom o gram s. A t a sm all scale 
(9.2  m [30 ft]), stress changes w ere seen bo th  in  the tom ogram s 
and  the fin ite-d ifference  m odel. U ltrason ic  ve lo c ity  m easu re
m ents on co re specim ens w ere sim ilar to the ve loc ity  m easu re
m ents seen in  the tom ogram s.

B ased  on this research , the use o f  seism ic tom o graph y  to 
iden tify  stress g rad ien ts  in  an u nd erg round  ro ck  p illa r is 
va lida ted . F urtherm ore, the use o f  seism ic tom o g rap hy  to de tec t 
m ine w o rk ing s  could  be va luab le  in locating  ab ando ned  m ine 
open ings in coal or hard  rock.

INVESTIGATION OF ELECTROMAGNETIC EMISSIONS

BACKGROUND

F ield  studies to co llec t data on e lec trom ag netic  (E M ) 
em issions at th e  G alena M ine, W allace , ID (figure 12), w ere 
co nducted  to de term ine i f  such em issions w ere v a lid  precurso rs  
to im m in ent g round  failu re . Iden tify ing  such an associa tio n  
could  be usefu l as an in d ica to r o f  p o te n tia l rock  failu re  in u n 
derg rou nd  m ines.

A coustic  (includ ing  m icroseism ic  and seism ic) m on ito ring  
o f  a rock  m ass to  de tec t g roun d  m ov em en t in deep u nd erg round  
m ines has been  done successfu lly  for severa l years. V arious 
earthquak e research ers  have n o ted  th a t o ccasiona lly  the num ber 
o f  EM  em issions w ould  increase p rio r to a large earthquake.

EM  em issions have also been  p roven  to be associa ted  w ith  rock  
failu re  in co n tro lled  lab o ra to ry  re sea rch ; how ever, to da te , EM  
em issions have  n o t b een  used  successfu lly  to d e tec t im m inent 
g round  failure in deep u nd erg ro un d  m ines.

PREVIOUS STUDIES

L ight em issions and low -frequency electrical phenom ena 
associated  w ith seism icity in underground  m ines and earthquakes 
have been reported  for hundreds o f  years (B rady  and R ow ell, 
1986). M ost o f  this w ork involved the identification o f  EM  
em issions as an indicator o f  earthquakes. EM  frequencies in  both 
earthquakes and labora tory  tests range from  0.01 H z  to 30 M Hz.
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Figure 12.— Location of Galena Mine.

EM Source Mechanisms

• B rady  and R ow ell (1986 ) sum m arized  four m echan ism s 
th a t cause ligh t to be em itted  from  fractu ring  rock : (1) rock  
fragm ents fric tio na lly  h ea ted  to incandescence , (2) e lec tro 
static d ischarg e p ro d u ced  by  the de fo rm ation  o f  p ie z o 
electric  m inera ls o r charge separa tio n  on frac tu red  surfaces, 
(3) p lasm as p ro d u ced  by  rap id  and in tense h eating  o f  rock  
m ateria l, and (4) ex cita tion  o f  the am b ien t a tm osphere  by 
partic le  (e lec tro ns or positive  or negative ions) b o m b ard 
m en t. B rady  and R ow ell co nc lud ed  th a t the ligh t em itted  
from  test rocks in the lab o ra to ry  w as cau sed  by  excita tion  
o f  the am bien t a tm osp here by  partic le  b o m bard m en t.

• Z i-q iang  and o thers (1988 ) ex am ined  th ree sources o f  light:
(1) h ea t rad ia tion  from  fric tion , (2) e lec trosta tic  d ischarg es 
p ro d u ced  by  p iezoelectric  effects o r charge separa tion  on 
frac tu red  surfaces, and (3) excita tion  o f  the am b ien t a tm os
ph ere  by  p a rtic le  bom b ard m en t. B ecause  ligh t em issions 
w ere observed  on ly  a t the m om ent w hen  e lec trons struck air 
m o lecu les, the au thors conclud ed  th a t the m ost likely  source 
o f  E M  em issions w as excita tion  o f  the am bien t a tm osphere 
by  partic le  bo m bardm en t.

• B rady  (1996) de tected  e lec trica l signals in the frequency  
b and  o f  900 to 5 ,000  H z using  bo th  co il and m o n opo le  an 
ten n as . E M  em issions co incided  w ith  the final failu re  o f  an 
unconfined rock  sam ple . B rady then  concluded that the low - 
frequency  signals (900 to 5 ,000  H z) reco rd ed  after rock  
failu re  w ere caused  by  the ro ta tio n  and v ib ra tio n  o f  charged  
ro ck  frag m en ts . H is observ a tion  w as consisten t w ith  the 
h yp o thesis  th a t no lo w -freq u en cy  E M  em issions should  
occu r i f  frac tu ring  w as co nfined  (thus m aking  partic le  
m o tio n  im p o ssib le ). H e no ted  th a t no em issions w ere ev i
den t at frequencies g rea ter than  10 kH z and tha t em issions 
w ere ev iden t on ly  in the near field  and no t the far f ie ld .

Earthquakes

M artn e r and S parks (1959) no ted  e lec trica l p o ten tia l p rio r
to the arriv al o f  seism ic w aves a t the surface o f  the  g rou n d .

A b o u t 30 m inutes p rio r to the arrival o f  m ain  earthquak e shocks, 
G o khberg  and M o rg o u n o v  (1982) reco rd ed  E M  em issions at 
frequencies o f  27, 81, and 1.5 kH z and 1.63 M H z. Later, 
M ig un o v  and others (1984 ) docum en ted  E M  em issions in the 
frequency  ran ge  o f  0.5 to 50 kH z tha t w ere associa ted  w ith 
seism icity  from  earthquakes. F u jin aw a and T ak ah ash i (1990) 
o bserved  EM  em issions in the  0 .01 - to 12-H z and 1- to 9-kH z 
frequency  bands hou rs be fo re  earth quak e ac tiv ity  in Ito, Japan. 
F u jinaw a an d  K um agai (1992) o bserved  u ltra lo w -freq uency  
(0.01 to 0.6  H z) to very  low -frequency  (1 to 3 kH z) e lec trica l 
em issions befo re , during , and after v o lcan ic  eruptions.

Laboratory Tests

• T u ck  and  o thers (1976 ) tested  a cube o f  quartz ite  co up led  
w ith  a quartz  crystal to de term ine p iezoe lec tric  em issions 
w h en  a 0 .5-kg  (1 .1 -lb) ham m er w as used  as a seism ic 
source. T hey  concluded  th a t no p iezoe lec tric  fabric  w as 
fo un d ; th e re fo re  it w ou ld  be d ifficu lt to use EM  em issions 
for the ex p lo ra tion  o f  ore bod ies.

• N itsan  (1977 ) frac tu red  quartz  crystals, tou rm aline  crystals, 
and quartz -bearing  rocks and reco rd ed  EM  em issions in the 
frequency  range o f  1 to 10 M H z. H is in te rp re ta tion  o f  the 
source o f  the em issions w as p iezoelectric ity .

• G on ch aro v  and o thers  (1980 ) tes ted  severa l large (0 .55 by 
0.55 by  0.65 m  [19 .4  by  19.4 by  22.9 ft]) b locks o f  concrete  
contain ing  p ieces  o f  granite by  ap ply ing  load  and reco rd 
ing bo th  EM  and acoustic  em issions as the co ncrete  failed . 
T h e y  re c o g n iz e d  th e  fu n d a m e n ta l  p ro b le m  o f  
sim ultaneously  reco rd in g  b o th  EM  and  seism ic em issions 
and co n clu d ed  th a t the n um ber o f  EM  em issions decreased  
as th e ir  am plitude  increased . T hey  also  found tha t the ratio  
o f  EM  to acoustic  em issions p o st-frac tu ring  w as 20:1 . P rio r 
to fracturing  (in itia l load ing), the ra tio  had  been  7:1.

• In 1981, B ishop  stud ied  p iezo e lec tric  effects in quartz -rich  
rocks. U sing  a lab o ra to ry -d esig ned  system , he a ttem pted  to 
pro ve  tha t the axis o f  the quartz  crystals w as a fac to r in EM  
em issions. H e found  th a t a re la tio nsh ip  ex isted  be tw een  
EM  em issions and p red ic tion s  o f  the c-ax is o rien ta tion  in 
quartz  crystals.

• H anson  and R ow ell (1982) tested  quartz ite  from  the G alena  
M ine, W allace , ID . EM  em issions p eak ed  sharp ly  below  40 
kH z on th ree an tennas, lead ing  them  to co nclud e  th a t (1) 
fracture form ation  co incided  w ith  EM  em issions, (2) EM  
em issions fell into a frequ ency  range o f  less than  40 kH z,
(3) EM  em issions seem ed to be d irec tional, and (4) the 
am plitude  o f  EM  em issions seem ed in depen den t o f  stress, 
bu t no t ind epen d en t o f  stress drop.

• K h atiashv ili (1984 ) show ed tha t as the size o f  fractured  
crystals increased , e lec trica l po ten tia l also increased .

• O gaw a and o thers (1985) u sed  b a ll an tennas covering  the 
frequency  range o f  10 H z to  100 kH z to m easu re EM  
em issions from  crustal rocks b ro ken  in the laboratory . 
T h ey  found tha t sed im entary  rocks co n ta in in g  less silica 
em itted  less e lec tro m ag netism  and con c lu d ed  th a t the 
source m echan ism  for EM  em issions w as e ith er co n tact or 
separa ting  elec trifica tion  and p iezoelec trifica tion .
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• Z i-q iang  and o thers (1988) frac tu red  gran ite  in the lab o ra 
to ry  and fou n d  th a t the m ost in tensive ligh t pu lse  and 
acoustic em issions w ere reco rd ed  sim ultaneously  at the 
m om ent o f  ro ck  frac tu re .

• Y am ad a and o thers (1989) also frac tu red  gran ite  in the 
lab o ra to ry  and reco rd ed  E M  em issions in  the frequency  
range o f  80 kH z to 1.2 M H z. T hey  co n clu d ed  that, based  
on th e ir w o rk , the source o f  E M  em issions w as n o t a 
p iezoelectric  effect, bu t w as re la ted  to n ew  surfaces created  
by  cracks.

• W eim in  and o thers (1991) frac tu red  quartz , lim estone, and 
gran ite  sam ples and rep o rted  tha t reco rd ed  EM  em issions 
w ere a resu lt o f  rock  frac tu res.

• R ab ino v itch  an d  o thers (1995) tested  g ran ite  and reco rd ed  
EM  em issions in  the 100-kH z ran g e . T hey  also d o cum en t
ed EM  frequencies o f  as m uch  as 10 M H z in  quartz  
porphyry . Tw o types o f  EM  pulses w ere no ted , “ short” 
pu lses o f  1-3 m ic roseconds and “len g th y ” pu lses o f  m ore 
than  400 m ic roseco nd s.

Theoretical Work

• R ab ino v itch  and o thers (2000) attem pted  to ex p la in  the 
m echan ism  for EM  em issions and concluded  tha t fo llow ing 
early  p o re  closure, m ic roc rack in g  and p oss ib ly  coalescen ce  
o ccurred , w hile ju s t  be fo re  peak  stress w as reached , the 
rock  co llapsed . A  sum m ary  o f  in fo rm atio n  abou t the f re 
quency  and w aveleng th  o f  EM  em issions show ed th a t the ir 
frequency  range w as 1 kH z (w ith a w aveleng th  o f  300 km  
[186 m i]) to 10 M H z (w ith a w aveleng th  o f  30 m  [98 ft]).

• G o ldbaum  and o thers (2001) iden tified  fou r d istinct EM  
em issions w av efo rm s: short single pu lses, a short chain  o f  
single pu lses, an  ex tend ed  chain  o f  pulses, and a new  group, 
pu lses along base lin e  vo ltage  changes. S ign ifican t to the ir 
w ork  w ere EM  frequencies reach ing  25 M H z (fo rm erly  
be liev ed  to be on ly  up to 10 M H z).

• R ab ino v itch  and o thers (2001) con tinued  investigating  
m echan ism s fo r EM  em issions and co nclud ed  tha t the 
m echan ism s for earth quake EM  em issions w ere the sam e as 
for m icro frac tu ring  in lab o ra to ry  tests. T hey  stud ied  the 
G u tenb u rg -R ich te r type and B en io ff  stra in -re lease  re la tio n 
ship for earthquakes and found  the rela tionsh ip  ex tended  to 
the m ic ro leve l.

Underground

• S obolev  and o thers (1984) tested  the va lue o f  co llec ting  
EM  em ission  da ta  as a m ethod  o f  p ro sp ec tin g  for quartz  
veins and b ase-m eta l su lfid es . T hey  d e tonated  ex plosive 
charges and m easu red  the EM  em issions genera ted  by  the 
excited  m inera ls. T he ir tests show ed EM  signals generated  
by  quartz  veins at the G ian t Y ellow k n ife  M ine (C anada) 
w ere  in the range o f  abou t 8 kH z, w h ich  w as sim ilar to 
em issions from  quartz  b roken  in  the  lab ora to ry . F urther 
tests in a su lfide ve in  at the S ullivan  M ine (C anada) also 
p rod u ced  EM  em issions as h ig h  as 350 kH z. T heir co n 
clusions w ere tha t quartz  and sulfides such as galena,

sphalerite , and pyrrho tite  em it EM  w aves along th e ir  grain  
bou ndaries .
N esb itt and A ustin  (1988) reco rd ed  seism ic and EM  
em issions at a dep th  o f  2.5 km  in an un d erg rou nd  m ine. 
T h ey  found  th a t EM  em issions p reced ed  the seism ic w ave. 
O ’K eefe and T h ie l (1991) reco rd ed  EM  em issions a s 
socia ted  w ith  b lasting  in ro ck  q u a rrie s  in  A u stra lia  and 
reco rd ed  signals in the 20-H z to 20-kH z range.
R ussell and B arker (1991) investiga ted  expected  EM  em is
sion am plitudes in ex p lo ra tion  and found  tha t the id en 
tifica tio n  o f  tru e  p iezoelectric  responses w as d ifficu lt b e 
cause the ir da ta  acqu isition  system  reco rd ed  bo th  acoustic  
and p iezoelectric  signals as pa rt o f  the sam e w aveform . A t 
best, they  p resum ed  th a t a po rtio n  o f  the s ignal co llec ted  
w as p iezoelec tric .
B u tle r and o thers (1994) successfu lly  m app ed  stra tig raphic 
b o u n d arie s  using em issions responses. T hey  found  they  
co u ld  m ap a bo u n dary  be tw een  g lacial till and organ ic-rich  
fill by  co llec ting  em issions w aveform s genera ted  by  e ith er 
a sledgeham m er o r b lasting  caps as a seism ic source. T heir 
w o rk  show ed that it w as the b o u n d ary  o r in terface o f  the 
g lac ia l till and the  o rgan ic-rich  fill tha t w as resp on sib le  for 
the  em issions co n version  and n o t the w ater tab le.
W o lfe  and o thers (1996) used  em issions studies in  an  a t
tem p t to iden tify  the dep th  o f  the w a te r tab le. U sing  se is
m ic re frac tion  surveys and dc res istiv ity  surveys in  two drill 
ho les as a ba se lin e , they  show ed a co nsisten t dep th  to the 
w a ter tab le  as co m pared  to the b ase lin e  da ta . T hus the ir 
s tudy d em o nstra ted  th a t em issions da ta  could  be acqu ired  
in  an ou tw ash  plain .
R ussell and o thers (1997) used  em issions techn iqu es to 
iden tify  quartz  and su lfide veins in  th ree  un d erg round  
m ines. T hey  w ere successfu l in iden tify ing  quartz  veins, 
su lfide veins, and the b ou ndaries  be tw een  fo rm ations w ith  
d iffering  perm eab ilities  using d a ta  from  EM  em issions. 
F rid  (1997 b) co nclud ed  th a t EM  em issions in  coal m ines 
lay  in a narrow  band  from  30 to 150 kH z. H e used  100 kH z 
as the m ost conven ien t frequency  w hile  exam ining  EM  
em issions (1 997a). H e also conclud ed  tha t the h igh er stress 
a ssocia ted  w ith  rock  n ear m ine w ork ings increased  na tu ra l 
EM  em issions.
F rid  (1999 ) used  EM  em issions to de lineate  stress in coal 
seam s. H e m easu red  EM  ac tiv ity  du ring  bo reh o le  drilling  
and found  tha t a ho le  nearing  a stress peak  excited  a sharp 
increase in  EM  activity .
F rid  and o thers (2000) co n tinued  the ir w ork  in  the lab 
o ra to ry  and a ttem pted  to co rre la te  EM  em issions w ith  crack  
d im ensions. T hey  found  th a t the am plitudes o f  EM  em is
sions and th e ir changes w ith  load ing  w ere indepen den t o f  
bo th  ten sile  and shear fa ilu re  and tha t they  w ere depend en t 
on ly  on the area  o f  the en tire  crack.
F rid  (2001) reco gn ized  the value o f  using  EM  em ission  c ri
te ria  to fo recast rock  b u rs t hazards in co al m ines by  using 
the lim iting  va lue o f  b rok en  coal volum e, m ine w ork ing  
w id th , co al seam  th ickness, and co al elastic  p roperties. 
Sines and K no ll (unpu b lished  o ra l conversation , 200 0) used  
a da ta  acqu isition  system  to co llec t bo th  seism ic and EM
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em issions on the 4600 level o f  the G alena M ine. T hey 
sam pled  at a rate  o f  ab o u t 7 ,200  sam ples per second  (a 
N y qu is t frequency  o f  3 ,500 H z) using  two m on opo le  
an tennas 12.5 and 15.2 m  (41 and 49.9  ft) long. T hey  used  
no filters to elim inate low -frequ ency  em issions and found  
num erous triggers  on the EM  an ten na , w hich w ere in itia lly  
th ou g h t to be co in c id en t w ith seism ic activity . H o w ev er, 
w hen  the EM  and seism ic w aveform s w ere an a ly zed , they 
found  th a t m ost o f  the seism ic em issions had  actually  
p reced ed  the EM  em issions, w hich is physically  im possib le . 
F urther evaluation  o f  the co llec ted  w aveform s show ed th a t 
m ost o f  the EM  em issions w ere caused  by  m ine cu ltu ra l 
no ise , w hich inc luded  the opening  and closing o f  air doors 
(60-H z so leno id), locom otive  ac tiv ity , and chute loading.

• B u tler and o thers (2001) conduc ted  fie ld  stud ies at the 
B ru nsw ick  N o. 12 M ine in C anad a in an a ttem pt to link  EM  
em issions w ith  seism ic ac tiv ity  and also to de lineate  sulfide 
ore. T hey  used  variou s an tennas covering  a range o f  
frequencies from  1 H z to 4.5 M H z. T h ey  found  tha t 
b ro ad b an d  EM  em issions w ith  frequencies up to 800 kH z 
could  be indu ced  by seism icity  and blasting . H o w ev er, 
resu lts  d id  no t confirm  th a t EM  em issions p reced ed  
seism icity .

• V o z o ff  (2002) a ttem pted  to dem onstra te  the use o f  EM  
m on ito ring  as a w arn ing  system  for r o o f  failure in a large 
coal seam  in A u stra lia . H e co llec ted  th ree com plete  data 
sets and co nclud ed  tha t o f  the th ree , one set co incided  w ith  
a ro o f  fall and w as co rre la ted  w ith EM  ac tiv ity , one set 
m igh t have had  a “w eak  co rre la tio n  at b e s t,” and one set 
had  no EM  co rre la tions w ith  ro o f  falls.

TECHNICAL APPROACH

A s no ted  ab o ve , m any research ers  have a ttem pted  to 
cap tu re  EM  em issions b e fo re , d u rin g , or after g roun d  failure 
(i.e ., rock  bu rsts) in underg ro un d  m ines. H ow ever, to  date, none 
have conclusively  linked  ro ck  b reak ing  und erg ro un d  w ith  EM  
em issions. T he fo llow ing  w o rk  describes the m ethods and re 
sults o f  a study at the G alena M ine, W allace , ID . It bu ild s on 
the w o rk  o f  p rev ious re sea rch ers , b u t uses new  m ethods in an 
attem pt to cap ture  EM  em issions from  eith er b lasting  or rock  
bursting .

T he eq u ipm ent used  inc lu ded  an ESG  da ta  acqu isition  
system , U L T R A Q , capable o f  sam pling  up to 10 m illion  sam ples 
pe r second  (N yq u ist frequency  o f  5 m illion  sam ples pe r second) 
on four channels and a P en tium  166 com puter. T he system  w as 
en closed  in a box  to keep it as clean and dry as po ssib le ; fans 
w ere insta lled  to keep air m o v in g  in the box. V o ltages for 
tr iggering  the system  could  be set as low  as 1 m V . F igu re 13 
show s the setup for da ta  acquisition .

Tw o m onopo le  an tennas co nstru c ted  o f  so lid  copper w ire 
and enclosed  in p lastic  p ipe  sealed  at b o th  ends w ere used  to 
co llec t EM  em issions data. The f irs t, 91 m  (300 ft) long and 
hav ing  a reso nan ce frequency  o f  821 k H z , w as in serted  into a 
drill ho le  ex tending  from  the 5500 level dow n tow ard  an active 
stope (figure 14). T he second , 3.8 m  (12.5 ft) long and hav ing  
a resonance frequency  o f  19,737 kH z, w as suspended  from  the

EM
an tenn a

Figure 13.— Data acquisition system setup.

Figure 14.— Plan view of downhole antenna location.

back  above the da ta  acqu isition  system  ab ou t 91 m  (300 ft) from  
an active stope.

B ased  on the w ork  by  H anson  and R ow ell (1982 ), the  ideal 
an tenna length  for EM  data  co llec tion  (co nside rin g  EM  
frequencies o f  abou t 107 kH z) w o u ld  be ab ou t 700 m  (2 ,297 ft), 
w h ich  com pared  closely  w ith EM  frequencies (100 kH z) 
o b ta ined  in  lab ora to ry  ex perim en ts from  b reak in g  rock. A 
“w o u n d ” an tenna w as also dev elo p ed  in the labora to ry ; 
how ever, th is an tenna failed  to p ick  up EM  w aveform s.

In itia lly , filters w ere no t installed ; how ever, bo th  h igh-pass 
(2 .56 kH z) and low -pass (102.4  kH z) filters w ere used  after the 
firs t tests to trap  a “ran g e” o f  frequencies and elim inate  any 
triggers  th a t m igh t be re la ted  to com m on e lectrica l in te rferen ce 
in the m ine in the 60- to 120-H z range. A fter severa l da ta  sets 
w ere co llec ted , use o f  the low -pass filter w as d iscon tinued , and 
only  w aveform s w ith  frequencies above 2.56 kH z w ere co llec ted  
and analyzed.

In an e ffo rt to elim inate g round ing  prob lem s in the m ine 
stem m ing  from  the m ine 's ac pow er source, an in depen den t dc 
po w er source w as tried . H ow ever, the no ise  genera ted  by the dc 
p o w er source w as too in tense and au tom atically  tr ig gered  the 
system . T herefo re , the m ine 's ac pow er was used  to opera te  the 
da ta  acqu isition  system .
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EM  em issions decay  at a rap id  ra te  in  rock  (tab le  4), so 
a ttenuation  w as also a concern . A s frequency  increases, the 
d istance the  w aveform  can trav e l from  the EM  source to the 
an ten na decreases. T herefo re , i f  the frequency  o f  an  EM  
em ission  is h igh  (2.56 M H z), the d istance from  the an tenna to 
the EM  em ission  source w ou ld  be 3.5 m  (11.5 ft), w ith  v irtua lly  
no energy  left. H ow ever, i f  the  EM  em issions w ere at a m uch 
low er frequency  (500 H z), the d istance b e tw een  the  an tenna and 
an em ission  source w o u ld  have to be nearly  79 m  (260 ft), w ith  
abou t 64%  o f  the en ergy  left.

D ifferent settings w ere configured in an attem pt to record EM 
em issions. The EM  source was a striker com m only used for 
igniting barbecue grills. The striker gives o ff a short EM  emission.

R ESU LTS  

W aveform  Identification

Figures 15 and 16 show  w aveform s co llec ted  w ith  the  sy s
tem . F igure 15 is a w aveform  co llec ted  from  the air d oo r so le 
no id  (60 H z), and figure 16 show s an  EM  w aveform  w here the 
striker w as used  as a source. T he tw o w aveform s are d is tinc tly  
d ifferen t. T he EM  w aveform  has a h ig h -am p litud e  spike 
fo llow ed by  sm aller spikes orig ina ting  from  the striker. T he air 
d oo r w aveform  has a large spike tha t is fo llow ed  by c lo sely  
spaced  decay ing  spikes. T he a ir do o r w aveform  (and  all 
e lec trica l noise and g rounding  effects) is alw ays ch aracte rized  
by  four to five clo sely  spaced  spikes fo llow ing  an  in itia l spike.

Table 4.—Attenuation of EM emissions (resistivity of the rock at 125 ohm/m)

Frequency (kHz) Skin depth, m (ft) Attenuation (% of energy left)
5 ...................................... 79.1 (259.4) 64.20
1 0 .................................... 55.9 (183) 53.50
2 0 .................................... 39.5 (130) 41.30
4 0 .................................... 27.9 (92) 28.60
8 0 .................................... 19.8 (65) 17.00
160 ................................. 13.9 (45.9) 8.20
320 .................................. 9.8 (32.4) 2.90
640 .................................. 6.9 (22.9) 0.70
1280 (1.28 M H z ) ......... 4.9 (16.2) 0.08
2560 (2.56 M H z ) .......... 3.5 (11,2) 0.00

Figure 15.-W aveform generated by air door.

F ig u re  16.— W avefo rm  generated  by  barbeque  lighter.
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D ow nhole  A ntenna W ithou t Filters

Several different voltages, ranging from  10 m V  to as m uch as 
1 V , w ere tested  as triggers; 50 m V  was selected as the final 
triggering threshold  at a sam pling rate o f  1 M H z. D ata w ere 
co llected  for 5 days. The num ber o f  events triggered  ranged  from  
900 per 24-hour period  to as m any as 1,589 per 24-hour period, 
w ith  an average o f  1,236. A ll the events w ere identified  as 
electrical m ine noise; no E M  activity  occurred  during blasting.

D ow nhole  A ntenna with Filters

T est vo ltages ranged  from  10 m V  to 1 V. A ll vo ltages from  
400 m V  or less au tom atica lly  tr igg ered  the d a ta  acqu isition  
system ; there fo re , the trigg er th resho ld  w as set at 400 m V  at a 
sam pling  ra te  o f  1 M H z. D ata  w ere  co llec ted  fo r 21 days. T he 
nu m ber o f  events reco rd ed  p e r  24 -ho u r perio d  decreased  w hen 
the filters w ere in p lace  and rang ed  from  281 pe r 2 4-ho ur period  
to as m any  as 581 p e r  2 4 -ho ur period , w ith  the average b e ing  
332 events p e r  day. As w ith  the un filtered  an tenna, the events 
co llec ted  w ere iden tified  as e lec trica l m ine no ise , and no EM  
ac tiv ity  w as reco rd ed  during  b lasting .

S uspended  A ntenna W ithou t Filters

W e co n c lu d ed  tha t m ine e lec trica l g rounding  in the ro ck  
c rea ted  vo ltage  read ings up to 1 V  th a t w ere n o t EM  related . 
W e then  tried  a secon d  ap proach , w h ich  w as to suspend  an 
an tenna from  the back  w here the an tenna cou ld  no t be grounded .

T rig ger vo ltages rang in g  from  10 to 30 m V  w ere tested  at 
a sam plin g  ra te  o f  3 M H z and a trig ger th resho ld  o f  30 m V . 
D ata  w ere co llec ted  fo r 5 days. T he num b er o f  events ranged  
from  two p e r 2 4-ho ur period  to as m any as 24 p e r  24 -hour 
period , w ith  a to ta l num b er o f  52 and an average nu m ber o f  10 
events p e r 24 -hour period . As befo re , these  events w ere 
iden tified  as e lec trica l m ine noise.

System  settings w ere then  changed  to a sam pling  rate  o f  4 
M H z and a trig ger th resho ld  o f  25 m V . S eventy-three events 
ranging  from  one p e r  24 -h o u r period  to as m any as 43 p e r 24- 
h ou r pe rio d  w ere reco rd ed  o ver a 9-day period , w ith  an  average 
nu m ber o f  e ig h t events reco rd ed  p e r 2 4 -ho ur period . T hese 
events again  w ere c lassified  as e lec trica l noise.

U sing  a sam pling ra te  o f  10 M H z and a trigg er th resho ld  o f  
25 m V , the system  reco rd ed  107 events. O v er a 7 -day  period , 
the  num b er ranged  from  two p e r 2 4 -ho u r p e rio d  to as m an y  as 
24 pe r 2 4 -ho ur period , w ith  an av erag e  p e r  day o f  15. A gain, 
w aveform s co llec ted  w ere c lassified  as e lec trica l no ise. N o EM  
ac tiv ity  occurred  during b lasting . H ow ever, the resu lt w as a 
m ark ed  decrease  in  the  am ount o f  m ine e lec trica l no ise  reco rd ed  
by  the da ta  acqu isition  system  co m pared  to the 24 -ho u r period  
o f  sam pling (w ith  o r w ith o u t filte rs) in  the dow nhole .

S uspended  A ntenna with Filters

U sing inform ation from  w ork by H anson and R ow ell (1982), 
we installed  a h igh-pass (2.56 kH z) filter that allow ed EM  
w aveform s w ith frequencies above 2.56 kH z to be collected . EM  
em issions w ere recorded  for 17 days at a sam pling rate o f  10 M H z 
and a 25-m V  trigger threshold . T w enty-eight w aveform s w ere 
collected , o f  w hich nine occurred  during blasting . Figure 17 is 
one o f  the w aveform s and is possib ly  an  EM  em ission associated  
w ith  seism icity. This was im portant because only  w aveform s as
sociated  w ith  blasting w ere possib ly  associated  w ith  seism icity  or 
ro ck  breaking. Figure 18 sum m arizes the num ber o f  events 
co llected  using d ifferent m ethods.

D ISCUSSION

C ultu ra l noise associa ted  w ith  EM  em issions in  a deep 
u nd erg round  m ine is caused  by, bu t is n o t lim ited  to , b lasting , 
drilling , m oto rs, a ir doors, ven tila tion  fans, shaft noise, chute 
activ ity , po w er too ls , w eld ing , p o w er surges, variou s types o f  
p o w er to o ls , and w a ter pum ps. Seism ic ac tiv ity  can also be a 
source o f  EM  em issions. A  g roun ding  effect caused  by  the 
m ine 's po w er source crea tes as m uch  as 1 V  o f  e lec trica l 
in te rferen ce  in the m ine rock . T he effect o f  the in te rferen ce  on 
an  an tenna installed  in  a drill ho le  w as enough  to trig g er the data 
acq usitio n  system ; the re fo re , nearly  all m ine e lec trica l no ise w as 
reco rd ed  and m ixed  w ith  po ssib le  “tru e” seism ic-gen era ted  EM  
em issions. V ario us trig g er vo ltages and the use and nonuse o f  
the low -pass and high -pass filters p ro v id ed  a w ide range o f  data. 
T he b est EM  data  cam e from  the suspended  an tenna u sing  a 
h igh -pass filter.

time start -  Q s 
time stop = 0.000'

1 1 1 1 1 1
1095 s

1 ........................ ........  ............ A  ___ „ ............. .............. ...................  \  .

1 1 t i i i i i

time (s)

F ig u re  17.— P o s s ib le  EM  w ave fo rm .
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Figure 18.-Sum m ary of waveforms collected.

H ow ever, resu lts  to da te suggest tha t (1) the  num ber o f  EM  
em issions p rio r  to reco rd ed  seism ic ac tiv ity  does n o t increase,
(2) som e EM  signals are genera ted  during  b lasting , (3) 
in te rferen ce  from  m ine e lec trica l sources m ask  true EM  signals,
(4) EM  em issions do no t give enough  w arn ing  (com p ared  to 
seism ic m on ito ring) to p e rm it m iners to leave a stope, (5) the

d istance  an EM  signal can trav e l in the rock  is be tw een  18 and 
40 m  (58 and 130 ft), and (6) cu rren t data acq u is ition  system s do 
n o t d ifferen tia te  be tw een  EM  signals genera ted  from  seism ic 
ac tiv ity  and random  m ine e lec trica l noise. In  sum m ary, these 
resu lts  p rec lud e m on ito ring  EM  em issions as p recu rso rs  o f  
im pend ing  ca tastro ph ic groun d  failure.

CONCLUSIONS

T his R eport o f  Investiga tions describes two geophysica l 
m ethods exam ined  by N IO S H  research ers  to iden tify  and 
ch aracte rize  co nd itions tha t m igh t lead  to g round  failure in 
h ig h ly  s tressed  ro ck  in un d erg rou nd  m ines. Such studies are 
im po rtan t in  that id en tifica tio n  o f  p recurso rs  to ro ck  failure 
cou ld  lead  to m easures that cou ld  reduce or p reven t in juries and 
deaths am ong m iners.

K ey findings concern ing  the use o f  seism ic tom ography  
w ere th a t (1) seism ic tom o gram s show ed th a t seism ic velocities 
in rock  ad jacen t to m ine open ings w ere low , (2) a d ifference 
tom ogram  in w h ich  in situ stresses on  the east and  w est sides o f  
the slot w ere co m pared  show ed th a t ve lo c ities  inc reased  w est o f  
the slot, b u t d ecreased  east o f  the slot, (3) geo log ic features 
(rock  types and a fault) iden tified  th rou g h  geo lo g ic  m apping  
w ere reco gn izab le  in  the seism ic tom ogram s, (4) u ltrasonic

v e lo c ity  m easu rem en ts  on  the rock  cores ag reed  w ith  seism ic 
v e lo c ity  m easu rem en ts  in  the tom ogram s, an d  (5) resu lts  from  
the fin ite-d ifference  analysis co m pared  w ell to the seism ic 
tom ogram s w est o f  the slot, bu t no t east o f  the slot.

R esu lts from  stud ies o f  the use o f  EM  em issions as 
p recu rso rs  to seism ic ac tiv ity  ind icated  tha t (1) the  num b er o f  
EM  em issions does no t increase p rio r to reco rd ed  seism ic 
ac tiv ity , (2) som e EM  signals are genera ted  during  b lasting ,
(3) in te rferen ce  from  m ine e lec trica l sources m ask  se ism ic
g en era ted  EM  signals, (4) EM  em issions do no t give enough  
w arn ing  to p e rm it m iners to leave a stope, (5) the d is tance  an 
EM  signal can trav e l in rock  is be tw een  18 an d  40 m  (58 and 
130 ft), and (6) cu rren t data acq u is ition  system s do not 
d iffe ren tia te  be tw een  EM  signals genera ted  from  seism ic 
ac tiv ity  and random  m ine e lec trica l noise.
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APPENDIX A: PRESSURE CELL INSTALLATION

T he D epartm en t o f  M in ing  E ng ineering  at CSM  w as 
co n tacted  by research ers  from  N IO S H  to assist in  va lidating  
seism ic tom ograph ic  m ethods by  co nduc ting  severa l seism ic

Figure A1.— Installed pressure cell.

tom o graph ic  surveys using co n tro lled  p ressu re . T he ap p ro ach  
w as to p lace  a p ressu re  ce ll in a slo t d rilled  into an ex isting  
p illa r at the  E d gar E x perim en ta l M ine. T he p ressu re  ce ll m e as
u red  81.3 cm 2 by  1 cm  (32 in2 by  0.38 in) an d  w as used  to 
induce pressu re  against the w alls o f  the slot.

To m ax im ize  the area  affected  by  the pressu re  cell and to 
redu ce  the effects o f  frac tu res c rea ted  during  b lasting , a slo t w as 
drilled  3 m  (10 ft) into the  p il la r , and the  p ressu re  cell was 
in sta lled  to a dep th  o f  2.1 m  (7 ft). G rou t w as pum ped  around 
the  p ressu re  cell to allow  it to press against the w alls o f  the slot 
w ith o u t expand ing  excessively . F igu re A1 show s the  installed  
p ressu re  cell, and figure A2 show s the hy d rau lic  ja c k  a ttached  
to the p ressu re cell.

Figure A2.— Hydraulic jack connected to pressure cell.
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APPENDIX B: SLOT DEVELOPMENT

S everal m ethods for cu tting  the slot w ere  investig ated . The 
first ap p ro ach  w as to use a d iam on d  saw. H ow ever, even the 
sm allest com m ercia l saw av ailab le  p ro ved  to be too  large to fit 
th roug h  the E d g a r M ine porta l. T he second app ro ach  w as to 
create  the slo t by  using  a d iam ond  drill and o verlapp ing  the 
ho les. T o crea te  ad equa te  c learance  in  the slo t fo r the pressu re  
ce ll and a g rou t cap su le , it w as decided  to d rill N X -sized  holes 
7.6 cm  (2.98 in) in  d iam eter on  6 .4-cm  (2 .5-in) centers.

DRILL HOLE DEVIATION
T he p rim ary  co ncern  w as th a t d rill ho le  dev ia tion  cou ld  

create  areas w here a w eb o f  rock  w ou ld  be left in the  slot, w hich 
co u ld  cause pro tru d in g  po in ts in the  slo t to pun ctu re  the pressu re  
cells as they  expand ed  u nd er loading.

To m in im ize  ho le dev iation , a tw o -p ost and sing le-bar 
m ou n t for the  d iam ond  drill w as used. P reco lla ring  the drill 
ho les w as accom p lished  w ith  a ju m b o -m o u n ted  pe rcu ss ion  drill. 
A  w o od en  tem plate  w as b u ilt w ith  2 .5 -cm  (1-in) ho les on  6 .4-cm  
(2 .5-in) cen ters. T his tem plate  w as th en  w edged  into p lace  as 
close to the face as po ssib le  and used  to co n tro l co llar placem en t 
o f  the 2 .5 -cm  (1-in) p ilo t holes, w h ich  w ere d rilled  to a dep th  o f  
45 .7  cm  (18 in).

Reaming
A p ercuss io n  d rill fitted  w ith  a bu tto n -b it ream er hav ing  a 

30 .5-cm  (12-in) long, 2 .5 -cm  (1-in) in d iam eter p ilo t lead  w as 
used  to ream  the holes. T he p ilo t lead  w as inserted  into the hole 
and the feed shell lev eled  and aligned  using plum b bobs. The 
p ilo t ho les w ere  then  ream ed  to a dep th  o f  abou t 15.2 cm  (6 in) 
to crea te  a fu ll slot 15.2 cm  (6 in) deep.

T his technique w orked so w ell tha t w e considered creating 
the entire slot using the percussion  drill. This w as attractive for 
two reasons: first, it w ould  be m uch faster than d iam ond drilling, 
and second, the overlapping holes had a tendency to crum ble at 
the points o f  overlap so that there w ere no sharp points that m ight 
puncture the pressure cell. To test this approach, the top four 
p ilo t holes w ere ex tended to a depth  o f  1.2 m  (4 ft) and ream ed to 
a d iam eter o f  7.6 cm (3 in) in 15.2-cm  (6-in) stages. H ow ever, 
this approach  did no t w ork  because w hen the hole approached  a 
depth  o f  30 cm (12 in), it becam e obvious that the p ilo t holes had 
d iverged from  each other and w ould  never m aintain alignm ent 
w ell enough to be able to com plete the slot to the desired  depth  o f  
3 m  (10 ft). This approach  w as then  abandoned.

DRILLING PROBLEMS
U nfo rtunately , the 1 .2-m (4-ft) p ilo t holes p rev io usly  drilled  

becam e a p rob lem . P ossib ly  due to the left-han d  ro ta tio n  o f  the 
p e rcu ss ion  drill, the p ilo t holes had  a ten d en cy  to d rift o f f  to the 
righ t side o f  the slot. T he d iam ond drill holes w ere d rilled  w ith  
a righ t-hand  ro ta tio n  and ap p eared  to have a ten d en cy  to d rift to

the left. T hus, the  p ilo t ho les w and ered  out o f  the drill pa th  as 
they  w ere ex tended . T his caused  irregu la r p ieces o f  rock  to 
b reak  into the  co re b a rre l and p lu g  the b a rre l as the  slo t was 
ex tended . T his w as ov ercom e by constan tly  pu lling  the b a rre l 
and clean ing  and rep lacin g  it.

W hen using the diam ond drill and starting at the bottom  o f  the 
slot, the b it used was found to be poorly suited to the rock, w hich 
caused the drill to bind and allowed the hole to w ander off-line.

A lte rn ating  holes w ere then  drilled  from  the bo ttom  to the 
top o f  the  slot. D rilling  th en  p ro ceed ed  be tw een  the in terven ing  
w ebs. T he m a jo r p rob lem  en cou n tered  w as tha t the a lte rn ating  
layers o f  m ica and quartz  in  the gneiss cau sed  enough  dev ia tion  
fo r the ho le  to w ander off-line, in  som e cases leav ing  a w eb o f  
in tac t rock  in the slot. In two ca se s , an  ad d itio n a l h o le  was 
ta rge ted  at the w eb s , and they  w ere rem o v ed  w ith  the d iam ond 
drill. H ow ever, in two o th e r cases, the loss o f  ro ck  at the top 
and bo tto m  o f  the ho le  w o u ld  no t allow  deve lo p m en t o f  enough  
o f  a shoulder to keep the  d rill string on-line, and it becam e 
ap p aren t that the d iam o nd  d rill w o u ld  n o t be successfu l in 
rem ov ing  them . A t this poin t, the slo t w as 3 m  (10 ft) deep, but 
h ad  tw o w ebs o f  ro ck  in the m idd le  tha t p rev en ted  insertion  o f  
the pressu re  ce ll m ore than  1.7 m  (5.5 ft) into the slot.

F inally , a 12 .7-cm  (5-in) in d iam eter ream er for the 
p e rcu ss io n  drill w ith  a 7 .3 -cm  (2 .8 -in) in d iam eter p ilo t lead  w as 
built. U sing  this re am er, the  w ebs o f  ro ck  w ere  rem o v ed  to a 
dep th  o f  2.3 m  (7.5 ft). H ow ever, a second  p ass w ith  the 
d iam ond  drill w as needed  to rem ov e the w eb, and there  w as no t 
enough  shou lder in  the ho le  to allow  the ream er to stay on 
course. It ju m p ed  o ff  track  a t 2.3 m  (7.5 ft), and no efforts to 
h o ld  it on course w ere  successful. A t this po in t, it w as ap paren t 
the p ressu re  ce ll cou ld  no t be successfu lly  insta lled  to a dep th  o f  
3 m  (10 ft) in the slot; therefo re , the p ressu re  ce ll w o u ld  be 
insta lled  at a dep th  o f  2.1 m  (7 ft).

GROUTING
T he rem ain ing  w ork  invo lved  grouting  the pressu re  ce ll in 

p lace. T he pressu re  ce ll w as inserted  into the slot, w ed ged  into 
p lace  w ith  w o oden  w edges to m ain ta in  a lignm en t w hile the 
grou t w as pum ped, and surveyed  to d e term ine its exact position . 
Tw o suppo rt beam s w ere bo lted  to the face u sing  H ilti-sty le  
ex p an sion  bo lts, and a re ta in ing  w all w as bu ilt to ho ld  the grout 
in  the slot. R ags w ere used  ad jacen t to the w all to seal the 
cracks, and w et sand w as p ack ed  against the rags to p reven t the 
grou t from  getting  to the rags. H ow ever, the sand  was 
in e ffec tiv e , and g rou t reach ed  the  w all. L eaks w ere sealed  w ith  
m in im al grou t loss. T he w all w as in itia lly  0.6 m  (2 ft) h igh  and 
w as ra ised  in  stages as the grou t p o u r filled  the slot. A  co ncrete  
v ib ra to r w as used  to p rev en t a ir pockets  from  form ing  in  the 
g ro u t, and the w o od en  w edges w ere rem ov ed  as the slo t filled. 
T he p ressu re  cell w as then  h oo ked  to a hand  pum p fitted  w ith  a 
gauge tha t co u ld  induce p ressu res rang in g  from  0 to 68.95 M Pa 
(0 to 10,000 psi).


