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In Situ Stress at the Lucky Friday Mine
(In Four Parts)
2. Analysis of Overcore Measurement From 5300 Level

1

By J.K.Whyatt, F. M. Jenkins, and M. K. Larson

ABSTRACT

The U.S. Bureau of Mines conducted an overcore stress measurement on the 5300 level of the Lucky Friday
Mine, Mullan, ID, to investigate the stress regime around an experimental stope in a rock-burst-prone mine. The
result indicated a stress field with unexpected magnitude and orientation135 MPa (19,600 psi) oriented S*80
W]. An unusual amount of rock-burst activity was encountered during subsequent excavation. A careful review
of the overcore data suggested the overcore strain measurements were valid. Moreover, concentrated rock-burst
activity suggested that the measured stress field did exist, but was localized and therefore did not represent the far-
field in situ stress field.

'Mining engineer, Spokane Research Center, U.S. Bureau of Mines, Spokane, WA.



INTRODUCTION

The in situ stress measurement described in this Report ¢iVhyatt andBeus, 1995). The resulting reanalysis provided a
Invedigations (RI) was undertaken as part of a field trial of an modified estimate of in situ stress magnitude, but in general,
undehand longwall mining method for mechanized mining of confirmed stress orientation. It also suggested that the measure-
rock-bust-prone ground. Thé&).S. Bureau of Mines (USBM) ment site was not as homogeneous as previously assumed.
conducted this study as part of its rock-burst safety research pro- While the stress field in the Coeur d'Alene Mining District was
gram. The trial took place in a stope, known as the Lucky Friday being reexamined, the LFUL stope was developed as planned.
underhand longwall (LFUL) stope, at the Lucky Friday Mine in Awvdstigation of the ground control aspects of LFUL stope
the Coeur d'Alene Mining District of northern Idaho (figure 1). performance has been completed (Pariseau and others, 1992;
This mine has a long history of rock-burst activity (McMahon, Scott, 1993; Whyatt and others, 1992a; Whyatt and others,
1988), and the underhand longwall method was specificalld992b; Williams and others, 1992), based on the existing
designed to control rock bursting in mine pillars. knowledge of insitu stress in the district. During the interim,

This measurement was undertaken between October 1986 and excavation continued at the 5300-level mesits)resttery
January 1987 tamprove the existing estimate of in situ stress inoff heavy rock-burst activity. The bursts severely damaged the
the Coeur d'Alene Mining District (Whyatt, 1986), which in turn opening and forced its abandonment, lending credence to the
would be used in aanalysis of the LFUL stope. However, an accuracy of the 5300-level stress measurement.
examination of the measurement data indicated a stress field This report, the second in a series covering measurement and
significantly different from previous measurements, especially a interpretation of in situ stress at the LuckWiredaylimited
similar one undertaken by Allen (1979) on the 4250 level of the to description and analysis of the stress measurement at the 5300
same mine, andstimates of overburden stress. The unexpectedevell The first report (Whyatt and Beus, 1995) provides an
results ofthe 5300-level measurement cast doubt on its accuracypdatedreanalysis of an overcore measurement obtained on the
Further examination of these discrepancies led to the recognitioh250 level of the Lucky Friday Mine. The third repqivhyatt
that there were significant shortcomings in the analyticaland ohers, 1995a) provides a reanalysis of an overoogas-
techniques applied to earlier stress measurements in the district amcement fom the nearby Star Mine. The final report [part 4
that furthermore, significant errors existed in some stress estimatg®Vhyatt and others, 1996b)] seeks to integrate these overcore

This erosion of confidence in existing in situ stress information measurements of in situ stress with other indications of stress field
led to a reanalysis of the measurement from the orientation into an overview of the mine-wide in situ stress field.
4250 level, which is reported in part 1 of thiseries

FIELD MEASUREMENT

Site-selection criteria for this stress measurement were very pct of in situ levels (agPendixe crosscut was sufficiently
similar to Allen's (1979) when he chose his site on the 4250 levelevelgped to allow future extension without interfering with
(reviewed inthe first report of this series), except that a location haulage operations but was far short of its planned length.
in the vicinity of the experimental LFUL stope was desired. The The crosscut stub was mapped for geologic structure, and four
common criteria included finding competent rock to provide boreholes were laid out (figure 4).
adequatediamond drill core recovery in a mine notorious for

poor core recovery and avoiding mining-induced stress to Table 1.—Overcore borehole orientations
provide a clear picture of the natural in situ stress state.
The end of the 101 crosscut stub on the 5300 level was chosen Borehole Azimuth, deg Dip, deg
as the measurement site.  This site was about 45 m 1o, 126.4 -35
2 216.5 -71.0
3. 173.0 -4.5
4 i 805 -2.7

*This design was described inpapé, "Underhand Stoping at the Lucky
Friday Mine,” by R. R. Noyes, G. Rohnson, and S. DLautenschlager,
presented atthe 94th annual meeting of the Northwest Mining Association, Dec.
2, 1988, in Spokane, WA.

(150 ft) from the vein and 60 m (200 ft) below active mining
(figures2-3). Mining-induced stress was estimated at less than 5
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The horizontal boreholes were drilled with a slight inclination
to aid in keeping the boreholes clean and drained. Each borehole
was driven through the crosscut's stress concentration zone
(approximately one crosscut diameter) before investigators
looked for potential doorstopper installation sites. Borehole
orientations are listed in table 1 and doorstopper cell locations are
shown in figure 5.

OVERCORE METHOD

The Council for Scientific and Industrial Research (CSIR)
biaxial strain cell, commonly known as a doorstopper, was
chosen tomeasure overcoring strains. The doorstopper cell
consists of a four-element strain gauge rosette (figure 6) mounted
in a waterproof package that is glued to the polished end of a
borehole. The cell measures deformations that accompany
unloading of the rock as the cell is overcored. This type of cell
was chosetecause it is particularly well suited for sites where
core recovery is a problem, since only ab@l8 cm (3 in) of
overoore is needed for a successful measurement (Jenkins and
McKibbin, 1986). This method also uses a smaller diameter
borehole than alternative methods.

Installation of doorstopper cells was limited to sections of the
borehole that produced sufficiently long pieces of core to ensure
that successful measurements could be made. Once a

potential location was identified, the end of the borehole was
polished to accept the doorstopper cell and inspected with &
borehole television camera. The location was eliminated if frac-
urest orother features were observed that would distort stress
measurements. This procedure minimized the number of cell
installations that were invalidated by the presence of undetectec
fractures.

The doorstopper cell was not included in the International
Society for Rock Mechanics (ISRM) standard test procedures for
overcorestress measurements (ISRM, 1987), but the procedure

did not deviate significantly from ISRM procedures for similar
er@oring instruments or from the manufacturer's recommended
procedure. Extensions of these procedures were devised in an
effort toimprove the accuracy of overcore strain measurements.
A battery-operated data acquisition system (DAS) was de-
veloped to monitor strain through an instrument cable carefully
rungtthrough the drill rods, drill head, and water swivel to the
DAS. Care had to be taken to maintain a slight amount of
tension on theable during drilling to avoid cable damage.
heFdetails on the DASdoorstopper cell wiring, and cable
routing were reported by Jenkins and McKibbin (1986). This
arrangement was used to monitor the complete history of each
doorst@per strain gauge during overcoring. The strain changes
resulting from overcoring are listed in table 2.

Table 2.—Results of overcore measurements with doorstopper cells

Strain gauge orientation, pe

Borehole

Doorstopper cell - - Notes
+45° -45° Vertical Horizontal depth, m

Borehole 1:

3 420 927 -369 2,021 74 Vitreous quartzite.

4 161 1,856 189 2,127 7.6

[ T 146 1,390 -155 2,077 7.7

6 .. 324 697 508 522 7.9

21 495 555 503 912 12.2

22 2,720 958 528 3,798 12.2

23 666 489 214 885 125 Vitreous quartzite.
Borehole 2

24 85 1,135 748 587 5.6

25 483 1,261 1,473 231 5.8

26 .. 592 2,014 2,097 663 5.9

27 519 2,441 1,151 1,833 6.0

28 . 465 1,383 775 1,092 6.2 Super-vitreous quartzite.
Borehole 3

T -126 1,764 862 1,007 6.4 Hard sericitic quartzite.

8 1,216 3,871 2,597 2,339 6.5

9 288 1,928 713 1,136 6.5

10 ..o 618 1,154 940 1,094 6.6 Hard sericitic quartzite.

11 ..o 563 148 928 9 6.7
Borehole 4

12 .o 346 1,196 227 1,156 9.8

13 .. 459 1,631 841 1,709 9.9

NOTE.—Several doorstopper cells failed and are not included in these results. These were doorstoppers 1 and 2 (glue problems),

15 and 17 (electrical problems), and 16 and 18 (face-polishing problems).
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The considerable contrast in temperature between mine rock [44 angthstreThese samples indicated that the overcored portions of
*C (112 °F)] and mine service water [1TC (50 °F)] at the site bolwles 1, 2, and 3 were drilled in vitreous quartzite, super-vitreous
raised concerns that the drill water would influence overcore strain quartzite, and hitedgserizite, respectively (figure 7). Samples from
measurements. The effect of temperature on strain gauges is widely bonebrendt available. Elastic properties for these rocks (estimated
recognized and has been dealt with in a numbewafs. For inppendix C) are summarized in table 3.
example, Allen (1979) used a compensating doorstopper cell

mounted on asimilar piece of rock in his mounting device. Table 3.—Estimated rock properties

However, the cool drill water can also induce thermal strains

around the borehole that could distort overcore measurements. Rock type Young's modulus : Poisspn's
For this measurement, a system was designed to minimize GPa 10° pS! ratio

temperature effects by maintaining drill water at rock temperature.arg sericitic quartzite . . . 48 7 02

A thermistor mounted in the cable bundle just behind thevitreous quartzte . ... ... 69 10 0.1

doorstopper cell was used to provide the control signal to a simpl8uper-vitreous quartzite . 90 13 0.1

heater system that warmed the drill water to rock temperaturéSite average ........... 69 10 01

Cooling of drill water was accomplished by adding cool mine

water. This system was able to maintain the water within about 1 MINING EXPERIENCE

“C (2°F) of rock temperature (Jenkins and McKibbin, 1986).
Excavation inthe vicinity of the measurement site ceased until

SITE GEOLOGY the nearby 5210-101 crosscut was developed in November and
December1989. This crosscut was driven approximately 30 m
The aosscut stub was developed into the edge of a hard§l00 ft) above the measuremesite. Shortly thereafter, idanuary
quartzite subunit of the Lower Revett Formation (figure 2) to 1990, excavation in the 5300-101 crosscut stub (the stress
reveal massive, sulfide-altered vitreous quartzite, called "blue rockMeasurement site) resumed as miners attempted to gain access to
by miners. The structure of the subunit, as projected from drillinghe vein.
and nearbyopenings (see figures 4 and 5 and appem)ixis The first round was taken without incident [approximately 2.5
summarized in figure 7. Rocks in this subunit ranged from hardn (8 ft) of advance], although increased seismic activity was noted.
sericitic quartzite to super-vitreous quartzite. Argillite and softerThe following round, fired at the end of the day shift on January
sericitic quartzites common in other parts of the Revett Formatiof0. 1990, triggered a major rock burst measuring 79 mm on the
are generally absent from this subunit. mine's seismograph (a local relative measurement of intensity) with
A number of workers have reported on the elastic properties N estimated local magnitude (M) b#. Forty metric tons (forty-
Revett quartzites, including Skinner and others (1974), Chafive short tons) of rock collapsed into the 5300-101 crosscut,
(1972), and Ageton (see report by Beus and Chan, 1980). The'éating a 2- by 2- by 6-m (6- by 6- by 20-ft) long void in the roof.
most relevant tests were conducted by Allen (1979) on rocnother 135 t (150 st) of rock collapsed into the 5210-101 ramp
samples taken from a vitreous quartzite bed of the Revett at hfiirectly above. A map of this damage is provided in figure 8.
4250-level stress measuremesite. The original testplan After repairs were completed, a third round was shot on January
depended on estimates of material properties derived from thedd. 1990, triggering a burst measuring 31 mm on thiee
earlier studies and assumed fairly uniform geology throughout thgeismograph and estimated to be less than,1 M. This burst took
measurement site. out the right rib of the 5300-101 crosscut, releasing 65t (72 st) of
The subsequent reanalysis of Allen's (1979) 4250-levefOCK. Subsequent seismic activity continued at high levels. Figure
measurement showed that variations in properties were systemafihows the enlarged crosscut after broken rock was removed.
within a geologic structure rather than the result of random error. Intense seismic activity continued into the following day,
Thus, a program of geologic classification and rock testing wadanuaryl8, causing mine personnel to abandon repair activities in
initiated for the 5300 site well after completion of the overcoreth® 5300101 crosscut. Shortly after the crosscut was evacuated,
measurements. Unfortunately, only five doorstopper cells wittt 8:09a.m. and without further warning, a rock burst occurred.
attached rock core had been saved. These rock samples were clHS rock burst measured 72 mm on the mine seismograph and was
sified as hard sericitic quartzite, vitreous quartzite, and supef@Stimated ai.2 M,. Theburst expelled 135 t (150 st) of rock from

vitreous quartzite in order of increasing stiffnesst h e r i g h t ri b
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and back. This burst was particularly dangerous ascdurred
on-shift without warning, whereas the previous bursts had
occurred with blasting, when the mine was evacuated. Mine
management decided to abandon the 5300-101 crosscut after this
final burst and to develop an alternative accessway in a safer
portion of the rock mass.

The eergy released by these three bursts (JanL@yyl7,
and 18,1990) was not measured directly, but was estimated at
85 to 170 Musing conventional methods (appen@i)x If the
source ofenergy is assumed to be stored elastic strain energy in
rock loaded to the measured stress level, these bursts would des-
tress an estimated 86 to 172 m (3,000 to 6,000 ft) of rock, or
a spherebetween5.5 and 7 m (18 and 23 ft) imiameter. By
comparison, the damage reports estimate that about 375 t

13

i
Figure 9.—Crosscut after removal of debris from January 17, 1990, rock burst. Original dimensions were 3 by 3 m.

(400 st) of rock collapsed during the three rock bursts. At a lab-
oratory densBy7afini (see appendixC), this rock has a
volume of about 2140 m (5,000 ft). Volume and tonnage
estimates from the first rock burst suggest a lower in situ densit
of ab®ut/n?, which would suggest that about 200°m
(7,000 ft ) of rock collapsed. Thus, destressing a volume of rock
equivalent to the volume of collapsed rock could supply enough
energy for the three rock bursts. This implies that only the
immediate vicinity of the crosscut was destressed, and it was
unlikely that the rock mass was sufficiently destressed to allow
completion of the crosscut without additional rock bursts.
ockRoursts are often associated with pockets of highly
stressedock.  For instance, Leighton (1982) reported a
corrdation between high local stresses and rock bursting
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in his study of a stope pillar at the nearby Galena Mine. He  and periodically released by a series of rock bursts. The major
measured stress in the pillar with vibrating-wire stressmeters as fferehce between Leighton's study and this investigation is the
mining narrowed the pillar and concentrated stress in the relative remoteness of the 5300-101 crosscut measurement site
remnant.  The concentration of stress was not uniform. from mining.

Localized concentrations of stress were built up during mining

STRESS FIELD ESTIMATE

An accurate estimate of the in situ stress field depends on simple screen consists of simply solving for the stress field
determining which of the many doorstopper cell measurementsS,, S, and®)’ measured by each of the various sets of three
were reliable and then applying statistical procedures and accuratrain gauges in each doorstopper cell and comparing the results.
stress concentration factors to minimize estimate error. ldeallyd sound doorstopper overcore measurement should produce
the rock mass at the site would be homogeneous and isotrogi¢bstantially the same stress field regardless of which gauges are
and would not be influenced by mining. Such an estimate woulghosen. Local solutions for the overcore strains shown in table 2
represent the far-field stress loading mine openings. are derived imppendix E. The relative quality of each solution

Stress estimates were calculated from strain data using théas defined byassigning it to one of five arbitrarily defined
computer program STRESsOUT (Larson, 1992). STRESsOU®Broups (table 4) based on the extent of the range of solutions
uses a standard set of assumptions to develop estimates of in g¥@duced (table 5).
stress from overcore strain measurements by minimizing the
squarederror for each strain measurement. By treating all
measurements throughout the test site equally, it was assumed that
(1) stress and material properties at a site were homogeneous and  Quality

Table 4.—Ranking criteria for quality designation ~ *

Maximum percent of variation

. L2 3 4

(2) therock mass was linearly elastic and had no discontinuities- Orientation S S,
The program is capable of providing— Excellent ......... 1 5 5
prog P P g Good ............ 3 10 10
istical fd | . Acceptable ........ 5 15 15

1. Statistical treatment of data—A least squares routing,,, 10 20 20

ensures equal (or specified) weighting of all data points. Thigag . ............. >30 >20 >20
program runs on 8088 or better DOS-based personal compute for explanationof S . .d S
in a matter of minutes, providing the capability to conductza(g;z”gongteg P e
parametric studies if needed. T 1s0. 100
2. Improvedcomputations for the induced stress field of a
borelole—Advanced modeling techniques have led to the § - S, .
devebpment of more exact stress concentration factors that——=% 1@ a0
include the effect of Poisson's ratio. The program uses stress Slmax
concentration factors specified by the user. g _ s
2 max

EVALUATION OF STRAIN DATA S

2min . 100.

1 max

The evaluation of straidata, especially the identification of
invalid measurements, is a critical step in estimating the in sit
stress field. Field notes describing difficulties with the instru-
ments, bad glue joints, or rock defects are the most important, ) .

. . . . S, ard S, are nonstandard notations fo€ thrincipal stress components on
source ofinformation. Further mSIQ_ht can be gained by applymgthe end of éorehole (standard notations aseands,). These nonstandard
a number of screens that numerically test the overcore straif§tations are needed to emphasize that they aréandield in situ stress
against various criteria. components. In the equations in table 4, the "min” and "max" subscripts refer
to the range okstimatesproduced. Four estimates arproduced by each
doorstopper cell.

A related screen checks for the self-consistency of strain
Veadings inanother way. Theelf-consistency of a doorstopper



15

cell can be tested by determining whether all four gauges of a cell
are measuring the same strain field. This "strain test" takes Table 6.—Measurement quality as classified by strain screen
advantage of the fact that any two perpendicular measurements_of

normal strain define the center of a Mohr's circle in strdinus, Door- Strain test |
each oftwo pairs of perpendicular gauges in a doorstopper cell stopper Summation, pe Difference Qiu; ’
should sum to the same total strain. If the sums are drastically cell +45° Horizontal + vertical  pe pct
different, the doorstopper cell is failing to measure a single straiggenole 1:
field at the end of the borehole. This failure may be attributable 3 . . 1,347 1,652 305 15 o
to a number of factors, including an electrical fault, the presences .. ... 2,017 2,316 299 13 @)
of a fracture on or near the face, a poor or nonuniform glue joint, 5 .. ... 1,536 1,922 386 20 @)
or improper centering of the cell. However, this method will not 6 ..... 1,021 1,030 9 1 @)
characterize the source of the strain state, including whether or not21 """ 1,050 1,415 %5 6 ()
isotropic elastic rock is present. Lo 3678 4,326 648 5 (2)
A large difference between the sums for a single cell suggesg%rehc')l'e'é:' 1155 1,099 %6 5 0
that the cell should be considered suspect in estimating the in situ,, 1,220 1,335 115 9 0O
stress field. However, defining "large" proved to be problematic. 25 . . .. 1,744 1,704 40 2 6]
The definition of large was chosen arbitrarily as being a difference 26 ... .. 2,606 2,760 154 6 ®
greaterthan either 30Que or 20 pct of the largest sumThis 27 ... 2,960 2,984 24 1 @)
definition was taken from a reanalysis of the 4250-level 28 ----- 1848 1.867 19 10
measurement in the first Rl of this series, where it proved to b% rehole 3: 1638 1.869 231 12 )
convenient. The strain-screening process and resulting straln-8 . 5087 4.936 151 3O
screened data set are summarized in table 6. This screen iy .. . .. 2,216 1,849 367 17 o
generally consistent with the first screen, except for doorstopper 10 ..... 1,772 2,034 262 13 ®
10, which passes this screen, while failing the first (table 7). 1 ... 711 937 226 24 @)
Borehole 4:
Table 5.—Measurement quality as classified 12 ..... 1,542 1,383 159 10 ®
by range screen * 13 ..... 2,090 2,550 460 18 @)
'Bad reading; test valU® Was above limits.
Percent of variation 2 *Good reading; both test values were below limits.

Doorstopper cell Quality
Orientation S, S,

NOTE.—Numbers in bold indicate values outside test limits.

Borehole 1:
3 4 17 16 Poor.
g i ;g ig ngerz_ptable' A widely used screen that is included in the STRESsOUT
6 1 1 1 Excellent. data-reduction program identifies outlying strains. These are
21 o 25 39 30 Bad strains that deviate substantially from the average and greatly
22 5 18 17 Poor. increase the squared error of the least squares fit estimate of the
Bo?ghéiéé """"" s 6 6  Good stress field. The governing assumption in this approach is that
o4 3 9 10 Good outlier data points are attributable to error and are not real
25 1 3 3 Excellent. conditions. Outlier data can be examined by comparing the
26 . 2 7 7 Good. results of the screening procedure described earlier with the outlier
27 1 1 1 Excellent. elimination routine in STRESsOUT. The strain screen was used
Bofghd‘e“s """"" ! ! 1 Excellent to eliminate the same number of strain gauges as were eliminated
7 4 12 12 Acceptable. in the strain-screening processs., 7 doorstopper cells, or 28
8 i 2 4 4 Good. gauges, about 37 pct of the total. The first 28 strain gauges
9 7 20 19 Bad selected by the STRESsSOUT program as outliers are listed in
0. 14 1720  Bad bold italics in table 6 for comparison with range- and strain-
Boghd'e' 4« 6 % 25 Bad screen-passed dagats. Only 12 strain gauges were eliminated by
2. 3 12 13 Acceptable. both outlier and strain screens. By comparison, if both of these
13 0o 16 35 35 Bad. screens were essentially random, the expected overlap in
1See text footnote 3 for explanation of S 5,d'S selections would be between 10 and 11 strain gauges. This inde-
*See table 4. pendence suggests that the outlying strains were valid

measurements.
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Table 7.—Comparison of screen results

Doorstopper Strain gauge orientation, pe Quiality
cell +45° -45° Vertical Horizontal Strain screen’ Range screen?

Borehole 1:

3. 420 927 -369 2,021 Bad. Poor.

4 ... 161 1,856 189 2,127 Good. Acceptable.

5. 146 1,390 -155 2,077 Bad. Poor.

6 ... 324 697 508 522 Good. Excellent.

21 ... 495 555 503 912 Bad. Bad.

22 ... 2,720 958 528 3,798 Bad. Poor.

23 ... 666 489 214 885 Good. Good.
Borehole 2:

24 ... 85 1,135 748 587 Good. Good.

25 ... 483 1,261 1,473 231 Good. Excellent.

26 ... 592 2,014 2,097 663 Good. Good.

27 o 519 2,441 1,151 1,833 Good. Excellent.

28 ... 465 1,383 775 1,092 Good. Excellent.
Borehole 3:

T -126 1,764 862 1,007 Good. Acceptable.

8 .......... 1,216 3,871 2,597 2,339 Good. Good.

9 ... 288 1,928 713 1,136 Bad. Poor.

0 ......... 618 1,154 940 1,094 Good. Bad.®

5 563 148 928 9 Bad. Bad.
Borehole 4:

12 ... 346 1,196 227 1,156 Good. Acceptable.

13 ......... 459 1,631 841 1,709 Bad. Bad.
1See table 6.
See table 5.

*0Only disagreement between strain and range screens.

NOTE.—Numbers in bold italics indicate a STRESsOUT-screened strain reading.

STRESS FIELD SOLUTION The dscrepancies between the 4250- and 5300-level measure-
ments that prompted this study are preserved by solutions for data
Stress estimates were developed using stress concentration sets developed by all the screening methods. The best estimate

factors developed by Rahn (1984) and laboratory values of rock probably arises from the most impartially screened data set. Thus,
elastic properties [Young's modulus of 69 GPa (10 million psi) the authors have selected the strain-screened data set (estimate F
and Poisson's ratio o®.1]. Stress field estimates for the full and in table 8) to represent the best solution. This solution is pre-
variously screened data sets are presented in table 8 along with the sented in map coordinates in table 9.
best stress field estimate from the 4250-level measurement site.



Table 8.—Stress field estimates

Magnitude

Stress component } Bearing Plunge
MPa psi

A. 4250-level best estimate:
o 91 13,200 N40° W 13°
g e e e 55 7,900 S41°* W 33°
g et e e e 37 5,400 S68° E 54°
o 45 6,600

B. All data:
) e e e 126 18,300 S65° W 23°
g e e e 92 13,300 N11* W 28°
g e e e e 68 9,800 S58° E 52°
B e e e 82 11,900

C. Range-screen-passed data:
o 143 20,800 S83° W 36°
g e e e e 74 10,700 N 5° E 16°
g e e e e e e 67 9,700 S65° E 49°
By e e e 94 13,600

D. Strain-screen-passed data (best estimate):
o 135 19,600 S80° W 34°
o 73 10,500 N 4° W 9°
g e e e e 69 10,000 S81°E 54°
By e e e 90 13,100

E. STRESsOUT-screen-passed data (outlying 28

gauges removed):

o 93 13,600 S84° W 27°
By e e e e 56 8,100 S84° E 63°
g e e e e 55 8,000 S 3°E 5°
B e e e e 64 9,200

F. Strain-screen-passed data with an additional

eight outlying gauges removed:

o 99 14,300 S78° W 27°
Ottt e 62 9,000 S24° E 23"
g e e e e 56 8,100 N32° E 54°
[ 65 9,500

NOTE.—Empty cells in columns intentionally left blank.

Table 9.—Best estimate of stress field in map coordinate system

Magnitude
Stress component
MPa psi
L« B R 74 10,700
o 113 16,400
Lo 90 13,100
Tosfow + « @ e e e 7 1,100
Tewiy « « v et e -30 -4,400
ThSly ottt e -5 -700

17
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STRESS FIELD CHARACTERIZATION

The stress field at the measurement site is fully described byandom errors. The potential for real variability in stress
the in situ stress estimate in only the most ideal of cases. That feeld and/or rock mass properties throughout the measure-
the rock mass and stress field may be considerably more complexent site raises two important issues: assessment of local
than the assumptions implicit in STRESsOUT calculations astress field variability and the potential for sampling bias.
both doorstopper-cell and measurement-site scales. This sectidissessment of local stress variability is needed to determine if
attempts to go beyond these assumptions to better characterize tteviations from ideal conditions are significant to engineering
stress field. design. Thatis, it must be determined whether the pattern
and/or degree of stress variability is sufficient to create
ground control problems, including rock bursting, if not
dealt with explicitly. Furthermore, sampling procedures need

The rock immediately surrounding a doorstopper cell waso be evaluated in light of any stress field and/or rock
assumed to be homogeneous, continuous, isotropic, and lineagyoperty variations to ensure that a valid estimate of average
elastic. A uniaxial compression test showed the rock to bestress conditions is attained.
linearly elastic, although some hysteresis at low loads was noted.
The available information was not sufficient to determine whether
there was any anisotropy of elastic properties, but rock samples
inspected appeared to be isotropic and did not show any structure The degree of local stress variability can be investigated by
on the scale of a doorstopper cell. Homogeneity amdinuity ~ examining outlying measurements and the consistency of local
were fairly well ensured by carefully inspecting the borehole withstress measurements. Under ideal conditions, there should be
a camera to detect and avoid fractures and bed interfaces. Thiistle variability among doorstopper cells installed in a single
the doorstopper cells were probably mounted inside the thickésoretole far from the influence of mine openings. Ideal
beds. However, there would be no way to tell if there were @ondtions arerare. Thus, the evaluation process becomes an
fracture in the rock far enough from the doorstopper cell to elud@gwvestigation of the validity, and reasdor, outlying strain
detection but still close enough to affect the stress field around imeasurements.

Tests for outlying strains and measurement validity were
developed earlier in the course of the average stress field
estimation procedure. During this process, a discrepancy was
noted between the strain and range screens that examined
doorstopper cell self-consistency and the identification of outlying
strain readings. This discrepancy is examined in greater detail in
table 10. Ofparticular interest are the strain readings that are
clearly self-consistent but also identified as outliers. These strains
can bedescribed as good outlying strains and appear to represent
local conditions. Their existence suggests that real variations are
present athis measurement site. The locations of gootlying
strain measurements are indicated in table 10. Stress estimates for
the set of good outlying strains (estimate B in table 11) and the
remaining strains (estimate C in table 11) show considerable

DOORSTOPPER-SCALE ASSUMPTIONS

Local Stress Variability

SITE-SCALE ASSUMPTIONS

Assumptions on the scale of the measurement site are
particularly important when using two-dimensional cells,
which are capable of measuring stress only on the face at the
end of a borehole. This two-dimensional local stress field has
three components, but it is determined by four components
of the in situ stress field. Thus, the in situcomponents
are underdetermined and additional information from bore-
holes in other directions are needed before in situ conditions
can be estimated. Data from doorstopper cells in three
nonparallel boreholes are necessary to estimate the three-
dimensional stress state.

The least squares procedure followed in the previous
section assumes that all doorstopper cells were installed in a
homogeneous material experiencing uniform loading. Any
deviations from the average of measured material properties
or the stress  field estimate  are  considered

differences in magnitude but remarkably similar orientations.
Both estimates show a strongly biaxial stress field, with the maxi-
mum principal stressa() oriented roughly perpendicular to
bedding. Since many doorstopper cells produced strains for both
data sets, the spatial significance of this result is not clear.
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Table 10.—Location and number of good outlying overcore strain measurements

Strain-screen- STRESsSOUT- Gauges Good .
Location* Total number passed screen-passed passing both outlier Good outlier Rock type
of gauges gauges, pct
gauges gauges screens gauges
la ........ 16 8 7 5 2 29 Vitreous quartzite.
b ... 12 8 2 2 0 0 Vitreous quartzite.
2 20 0 6 0 6 100 Super-vitreous quartzite.
3. 20 8 9 3 6 67 Hard sericitic quartzite.
4 ... 8 4 4 2 2 50 Unknown.
ISee figure 7
Table 11.—Stress estimates exploring good outlying strain measurements
Magnitude .
Stress component - Bearing Plunge
MPa psi
A. Strain-screen-passed data:
o 135 19,600 S80° W 34"
o 73 10,500 N 4°* W 9°
o 69 10,000 S8l° E 54*
o 90 13,100
B. Outlying strains only:
o 188 27,300 S73* W 34°
T o e e e e e e e 93 13,500 N49° E 55*
g e 76 11,100 S22°E 7°
o 85 12,300
C. Strain-screen-passed data with outlying strains removed:
o 90 13,100 S84* W 21°
) e e e e e 55 7,900 S34° E 51°
o 53 7,600 N 7°E 31"
LoV PP 59 8,500
NOTE.—Empty cells in columns intentionally left blank
The spatial variation of stress can be examined more clearly by terms). These variations may be showing changes in stress.

examining data from each borehole, and each doorstopper cell, as
a unit. The influence of each borehole on the stress estimate can
be evaluated by taking advantage of the extra borehole at the site
to estimate stress using data from various combinations of three
boreholes (tabld?2). The results show that removing datan
boreholes 1, 2and 4 (estimates B, C, D, and E, respectively, in
table 12) nudges the estimatgs, butremoving borehole 3 data
reduces the estimate. Significantly, though, the difference is
primarily in the magnitude of stresses, not in rotation of the
maximum principal stress direction.
The spatial variation of stress can also be examined within a

Alternatively, they may be showing a homogeneous stress field
with variations in elastic properties along the basemaes, or
combination of these alternativesasé) dreyassumption of

a uniform rock mass under uniform loading is violated. The

variation in borehole 2 is especially significant because it is
repeated by two successive doorstopper cells. Local variations in

stress direction are also evident in boreholes 1 and 2, but these
variations do not correspond to variations in stress magnitude.

If all of the highly stressed doorstopper cells sample stress

condtions caused by local but common mechanisms (hard

inclusion effect in a stiff bed, etc.), a composite stress estimate can

borehole. The stress field on the end of the borehole at each deéxsdoped. A similar approach might provide a view of the
doorsbpper cell location (S, .S, an®) can be estimated general background stress regime. For instance, doorstoppers 8,
independently (appendixE). These solutions are plotted 226, and 27#vould be a solvable high stress data set while the
individually in figure 10 and summarized in figutd. Large remainder of cells could be assigned to an average or background
local variations in stress magnitude are evident in three of the four De®trstopper 12 could be added to the high stress data set to
boreholes, although the high stress doorstopper cell in borehole include measurements from all four boreholes.

1 failed to make the strain screen (in absolute, but not relative,
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Doorstopper 3 ‘ \\_-

Doorstopper 4 \
&)
Doorstopper 5

Doarstopper §

g 15 3.0

L1 1
Doorstopper 21 Scale, MPa

Borehole 1

W

Doorstopper 23 —

Figure 10.—Local stress field on end of borehole for each doorstopper cell. Plots show orientation of principal axes of stress ellipse.
Boxes show ranges of magnitudes and orientations for each axis calculated from various combinations of three of four doorstopper strain
gauges.
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Doorstopper 26

Doorstopper EGX

21

Doorstopper 27

Doorstopper 28

0 15 3.0

I
Scale, MPa

Borehole 2

Figure 10.—Continued. Local stress field on end of borehole for each doorstopper cell. Plots show orientation ofprincipal axes of
stress ellipse. Boxes show ranges of magnitudes and orentations for each axis calculated from various combinations of three of four

doorstopper strain gaugues.
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Up

Doorstopper 7 Doorstapper 10

Doarstoppar 8 Coorstopper 11

O 15 3.0
I I
Scale, MPa

Borehole 3

Docrstopper 9
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Doocrstoppar 12

Doorstepper 13

Figure 10.— Continued. Local stress field on end of borehole

magnitudes and orientations  for each axis calculated
three of four doorstopper strain gauges.

Table 12.—Stress estimates developed from strain-screened data from various combinations of three of four boreholes

o 15 30

L1 1
Scale, MPa

Borehole 4

for each doorstopper
cell. Plots s how orientation of principal axes of  stress ellipse. Boxes show ranges of
from various combinations of

Magnitude

Stress component Bearing Plunge
MPa psi

A. Strain-screen-passed data:
o PP 135 19,600 S80° W 34°
o P 73 10,500 N 4° W 9°
o 69 10,000 S81° E 54°
o PP 90 13,100

B. Strain-screen; borehole 1 data removed
o PP 145 21,000 S75° W 44°
o 81 11,800 S50° E 31°
g e e e e e e e e e 59 8,600 N20° E 31°
o P 106 15,400

C. Strain-screen; borehole 2 data removed
o PP 161 23,400 N84° W 28°
o 113 16,300 S 6°E 20°
g e e e e e s 81 11,800 N53° E 54*
o P 103 15,000

D. Strain-screen; borehole 3 data removed
o PP 113 16,400 S72° W 18°
o 68 9,900 S32° E 14*
o PP 57 8,300 N31° E 67°
o P 63 9,100

E. Strain-screen; borehole 4 data removed
L et e e e e e e 140 20,300 S85° W 36°
g et e e e e 11,200 N21° E 31°
o PP 61 8,900 S41° E 39°
o 93 13,400

23
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NOTE.—Empty cells in columns intentionally left blank.
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The resulting stress estimates (table 13) show a surprising Sampling
decaupling of stress fields and the only marked change in stress o S )
direction noted in any of the alternative stress estimates. The high Estimation of a true average stress field for this site is seriously
stress estimate, with and without doorstopfrhasrotateda, to ~ complicated by the presence of real variations in stress and/or rock
the northwest-southeast while dramatically increasing stres@roperties. The spatialistibution of measurements was not a great
magnitudes concemn as long as each measurement could be considered an

The background or average stress estimate has rotated furtheri%iependent’ rlomly selegted data point. But now that _s,patiaJ erend-
the southwest-northeast and is lower in magnitude. The less&PC® of stressnelfor material properties has been established, increased

principal and vertical stress components are still significantlyﬁ"ttent'On must be paid to the actual posmop of measurements.
greater than the 4250-level estimate, but the greatest principal stre_ssThe measurable anhmeasurable sections in each borehole are shown

estimate at this level is not supportable by the background strefy ﬁgure 5. Doorstopper core recovery reqw_rements disqualified a !ar_ge
estimate. That is, the northwest component of the background portion of each borehole. Whether fractures in the core were preexisting

stress estimatas() is about 25 pct less than the northwest Compo_features orvere caused by driling is unclear. (Core discing was ruled out

nent ofthe 4250-level stress estimats)( However, a weighted by the shape of cofeagments.) In either case, the unmeasured sections

average of these two stress field estimates could easily carry tl‘l)éObably represent zones of tietely weak, soft rock with relatively lower

levels of stress.
necessary stress. ; L .
. - o . . Obviously, then, measurements at this site were concentrated in space.
Itis clear that significant local variations in overcore strains Werq:0

. - . r example, seven measurateen borehole 1 were concentrated in two
measured. Moreover, these strains had a significant impact on th . . :
) . . ST S short setions comprising only 0.8 m (2.5 ft) of the available 10 m (30 ft).
stress field estimate. The next logical step in this analysis might

. . . Furthermore, glot of the competent borehole sections on a geologic map
to develop a test site model as was attempted in part 1 of this Se”gl?ggests that the five measured haee segments actually measured
(Whyatt and Beus, 1995) for the 4250-level measuremsite.

h ) h ohysical i . condiions in only three stratigraphic intervals (figure 7). Thus, this
H.oweve.r, there is not er.10.ug P ysica property. mfo.rn.latlon Yneasurement waseelly biased by concentrated sampling. This biased
differentiate between variations in overcore strain arising frongamp"ng could easily account for at least part of the unusually high stress

changes in rock properties from those variations reflecting a truRyels, espedigt the unusually high magnitude of the vertical component.
change in stress regime.

Table 13.—Stress estimates from high stress and average stress data sets

Magnitude

Stress component - Bearing Plunge
MPa psi

A. Strain-screen-passed data:
Lo 135 19,600 S80° W 34°
)t e e e e e e 73 10,500 N 4° W 9°
gt e e e e e e 69 10,000 S81° E 54°
By e e e e e 90 13,100

B. High stress data set only:
Lo 299 43,300 N22° W 48°
g e e e e e e 231 33,500 S60° W 7°
g e e e e e e e e e 70 10,100 S35°E 41°
Gy e e e e e e e 200 29,000

C. High stress data set plus data from doorstopper 12
Lo 214 31,000 S63° E 8°
By e e e e e e e 167 24,300 N12° W 63°
g e e e e e e e e 120 17,400 S31°E 26°
o 159 23,100

D. Average stress data set:
o 100 14,500 S48° W 25
B e e e e e e e 73 10,600 N 35" W 15°
g+ e e e e e e e 55 8,000 N84° E 60°
Lo PP 64 9,300

NOTE.—Empty cells in columns intentionally left blank.
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DISCUSSION AND CONCLUSIONS

The stress estimate derivddom the 5300-level overcore fothe development of a complex naturstressfield. Energy
measurement siteas beerconsidered suspect, fitst glance, by calculationshow that theextent of local stress concentrations
anumber of researchers active in the Coeur d'Alene Mining Districtould be quite limited, othe order ofonly ahundred or s@ubic
including the authors, for three reasons. First, ldttge magnitude meters, andtill contain sufficient strain energy mwer the three
of o, does not fall in line with previous measurements in thenajor rock bursts on January 10, 17, and 18, 1990. The stress field
district. Second, the rotation of, from the generallyaccepted ~ rotation was remarkably stable throughout the screening and sorting
northwest quadrant tessentiallyeast-west does nobrrelate with ~ Processes, and mawell exist throughoutthe site. However,
previous measurements in the district or the generally accepted viglgcomposition ofhe straindatainto high stress and average stress
of recentright-lateralmovement on the east-westnding Osburn  datasets, and apparenttation of stressrientations irtwo of the
Fault (Hobbs and others, 1965). Third, #stimate of vertical boreloles suggeshat stres®rientation isiocally variable, ateast
stress is greater than twice the overburden weight. to a smalldegree. This apparent rotationtb& overall stress field

However,careful reviewand screening othe overcorestrain ~ should beapparent in thggeomechanical behavior of surrounding
data demonstrated that the measurements vedickand accurate. Mine openings. Someindications of astressfield rotation have
Furthermore, theinusual concentration abck burstssuggested been noted irbored raises near thaxial plane ofthe Hook
that the rockoriginally contained an unusuallfigh density of ~ anticline. Theseindicationsand therelationship of thisstress
elasticallystored energy.This is possible considering the unusually measurement to mine-widgressconditionsareexplored inpart 4
strong, stiffrock at the site. At the same time, however, theséWhyatt and others, 1995) of this series of reports.
stresslevels donot appear to be representative of the overall stress

condition at the mine. Table 14.—Best estimate of average stress conditions
The crux ofthe problem with this measurement, then, is proper at measurement site

interpretation of these good overcore strain measurements. .

Application ofthe conventionalpproach tanalysis ofthese data Stress component M Bearing Plunge

encounters someserious problems. For instance, there is MPa psi

substantial evidencthat thesite was nothomogeneous ieither o, -=--ovveeeeenns 135 19,600 S80° W 34°

material properties or stres§ield. Furthermore, the apparent Tz «-«:.vcovvvint. 73 10,500 N4® W 9°
69 10,000 S81°E 54°

sampling bias toward strongstiff rock probably increased stress @z ««---coeaeee s % 13100
estimate magnitudes. Integration ofnzore sophisticated rock T eeerssseeeeenss - —

. R . NOTE.—Empty cells in columns intentionally left blank.
property and in situ stress model into the analysis could account for
these factors. Two such models were proposed and used to ) _
explorealternativestress estimatefsr the 4250-level measurement ~ This overcore stress measuremaggestshatlocalizedstress
site in part 1 of this series (Whyatt and Beus, 1995). Unfortunate|9,0nmntratlons in a naturadtressfield were associatedvith a
expectations of a uniform sitéor this measuremented to concentration of rock-burstctivity that interferedwith excavation
insufficient attention togeologicinformation, and laboratory testing 0f development openings.Similar observations between natural
of rock saampleswasneglectedThus, it isnot practical to pursue and excavation-inducestress concentratiorasd rock bursts have

alternative models for this site. beenreported throughouthe world. Further work needs to be
Based on thavailable informationthe beskstimate of stress done to identify whichgeologicstructures and strata are prone to
conditions at the measurement site is given in table 14. naturally concentratingstress to a degrewifficient tocause rock

Al indicationsare that these measured stresses did exist, at ledd¢rsts athe LuckyFriday Mine. This information couldthen be
locally, and were the driving force behind the unusually severe rockised to place development openinggeiatively rock-burst-safe
burst activity. The contrasts in roclelastic propertiesand the  Portions ofthe rock mass.Finally, it is cleartthat overcore stress
proximity of thesite tothe axis ofthe Hookanticlineand afault ~ measurements in the Luckyiday Mine shouldchot beconsidered
provide nore thansufficient opportunity t0 be routinetests. Rather, each measuremeshbuld be

approached as geomechanical experiment in a compleck
mass.
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Interpretation of in situ stress at the site was hampered by the the tremendous difference between measured and expected values.
limited information collected on rock properties as part of the Furthermore, stress estimation techniques for doorstopper cells
measurement effort. But the information indicates that some and other two-dimensional cells need to be developed in which
assumptions implicit in the stress estimation procedure were more sophisticated site models are incorporated to allow for
violated. In the future, widespread and thorough testing of rockariations in physical properties and stress. Additional research
propeties and mapping of geologic structure should be carried on the type and degree of natural stress variations that can be
out, especially if a heterogeneous site is suspected. Analysis ekpeded in typical geologic settings would also be useful for
available information showed that while violations of underlying developing site models and evaluating the difficulty of estimating
assumptions were sufficient to erode confidence in the stress stress at potential overcore sites.
measurement, they were not sufficient to explain
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APPENDIX A.—MINING-INDUCED STRESS AT OVERCORE SITE

The level of mining-induced stress at the measurement site was  Table A-1.—Mining-induced stress at measurement site

estimated with a MINSIM-D boundary-element model of the

Lucky Friday Mine. Model runs conducted with an arbitrary in  gyess .

Mining-induced

situ dress field and without backfill were used to generate thecomponent stress : stress without baCKf.'”
estimates oftress presented in tabdel. The magnitudes of MPa ps! MPa ps!
stress components are less than 5 pct of horizontal in situ stre8s. """ 84.24 12,200 2.02 290
Th inina-induced str hould not hav maior influencd” 84.24 12,200 -0.20 -30
us, mining-induced stress should not have a majo uencg” . 1212 6.100 102 150
on the measured in situ stress. Backfill, if included in the modey _______ 0 0 -1.36 ~200
el, would reduce the estimate of mining-induced stress further. 7, ....... 0 0 -152 -220
Tp oeeaen. 0 0 -0.78 -110

NOTE.—Compressive strength is positive.
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APPENDIX B.—DRILLING NOTES ON GEOLOGY*

The following information was collected during borehole borehole (0 to 3@t). A fault zone wa®ncountered at about 28
drilling and doorstopper cell installation at the Lucky Friday (46 to 30ft). The borehole had to be cleaned of rabkps
Mine. Measurements are provided WhS. customary units before nstalling the first doorstopper gauge. The borehole had

because the original measurements were in inches and feet. been t¢eaned at the end of the previous week when the initial 30
ft of borehole had been completed.
Borehole 2 (up): The rock atdoorstopper 12 (first in this borehole at 822-

3/4 in) was described as "good rock" with 1/2- to 1-in pieces of
Argillite interbed just beyond doorstopper 24 striking about core recovered.

307 to the borehole. A soft "talcy" fault paralleling the borehole was encountered
with doorstopper 20 (36 ft).
Borehole 3 (right): Ambient borehole temperatures for overcoring the various

boreholes were—
Doorstgper 9 was recovered with only a 1/4-in stub and had

cubic pyrite crystals in the face of teub. The next 6 in (21 ft, Borehole 4 (left), 1T0.
4 in to 21 ft, 10 in)were "very fractured with closely-spaced Borehole 1 (center);E10
micro joints. The rock is quartzite and looks solid." Borehole 3 (right),”F10

Borehole 2 (up), 106 to 107F.
Borehole 4 (left):
tJeff Johnson, mining engier at the USBM's Spokane
Audible popping of rock along the borehole was noticedResearch Center, collected the information in this section.
during pauses during drilling the initial section of the
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APPENDIX C.—ROCK PROPERTIES

Rock properties for the measurement site were estimated from These properties are similar to those reported by Allen (1979)
geologic observations, laboratory tests on suitable survivingor sulfide-altered quartzite at the 4250 level. His results for three
samples, and reports of laboratory testing of similar Revetamples are given in table C-2.

Quartzite samples.  Five samples saved from the field Sericitic quartzite samples taken from the Revett Formation in
measurement program form the foundation for these estimates, Qﬁe Crescent and_Lucky Friday Mines were some_vv_hat softer_ (table
of which were glued to doorstopper cells. Two of these sampleg':g)' On the basis of these results, the hard sericitic quartzite was

| ht ide test . ¢ i ial estimated to have a Young's modulus of 48 GPa (7 million psi)
were fargeé enough 1o provide test Specimens 1or uniaxial Comg,y 5 pojsson's ratio 6f2. Elastic properties for each rock type
pression testing. Information gleaned from these samples is SUJ; 4 the site as a whole are estimated in table 2. A review of

marized in tableC-1. Observations of rock types are plotted by Coeur d'Alene rock properties, including all of these results, has
location in figures 5 and 7. been compiled by Whyatt (1986).

Table C-1.—Rock type and results of uniaxial compression tests

Young's modulus i ' Strength ity,
Doorstopper cell* - Poisson’s De/ns't%/ Rock type
GPa 10° pSi ratio MPa psi glcm

3 69 10 0.10 324 47,000 2.7 Vitreous quartzite.
T ND ND ND ND ND ND Hard sericitic quartzite.
10 ... ND ND ND ND ND ND Hard sericitic quartzite.
23 ND ND ND ND ND ND Vitreous quartzite.
28 90 13 0.10 310 45,000 2.7 Super-vitreous quartzite.

Average ...... 79 115 0.10 317 46,000 2.7
ND  Nodata.

'Sample recovered from numbered doorstopper cell.

Table C-2.—Measured rock properties of sulfide-altered quartzite, 4250 level, Lucky Friday
Mine (after Allen, 1979)

Young's modulus Poisson's Strength
Sample - .
GPa 10°psi ratio MPa psi
1o 65.5 9.5 0.14 470 68,300
2 60.7 8.8 NR 415 60,200
3 68.9 10 NR 460 66,700

NR  Not reported.

Table C-3.—Properties of Revett Formation rocks from various locations in Coeur d'Alene Mining District

Site —Young's modulus_ P0|ss_on s __Stength Rock type Reference
GPa  10° psi ratio MPa psi

Lucky Friday 4240 level . 54.8 7.95 0.22 310 45,000 Sericitic quartzite. Allen (1979).

Crescent 3300 level . . ... 50.0 7.1 NR 185 26,900 Sericitic quartzite. Skinner and others (1974).
Galena ............... 50.3 7.3 0.27 224 32,500 Sericitic quartzite. Chan (1972).

Galena ............... 44.1 6.4 NR 116 16,800 Revett Quartzite. Ageton (in Beus and Chan, 1980).
Galena ............... 60.7 8.8 NR 290 42,000 Competent quartzite. Royea (in Beus and Chan, 1980).
Galena ............... NR NR NR 199 28,800 Incompetent quartzite. Royea (in Beus and Chan, 1980).

NR  Not reported.

NOTE.—Poisson's ratio not measured in some test programs.
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APPENDIX D.—ROCK-BURST ELASTIC ENERGY RELEASE

The energy released by three rock bursts on January 10, site, assuming a local magnitude of 0.5 for the second burst, gives
17, and 18, 1990, was not measured directly but can be a total seismic energy release of approximate®y3 MJ. A
estimated from a relationship between local magnitude (M) sourceenergy of 19 to 37 MJ can be estimated using a seismic
and energy () (equation D-1) below: efficiency for strain bursts of 30 to 60 pct (Hedley, 1992).

The volume ofrock destressed by these events can be
estimatedfrom equation D-2 (see below) if the source of energy
is assumed to be primarily stored strain energy (Hedley, 1992).
A strain energy density (u ) of approximatedyl7 MJ/m?® is

. . . . . based on overcore and laboratory measurements of elastic rock
This relationship was developed for California earthquakes y

. ) ._properties. Depending on the seismic efficiency, these events
(Gutenburgand Richter, 1956) and has been confirmed for mlneD .
. ! . . 1 2 , , f
tremors in the Republic of South Africa by Spottiswoode anddestressed an estimated 100 to 200 m (3,500,800 ff) o
McGarr (1975). Application of this relationship to the three large
bursts at the measurement seessescee

log W, =15 M, - 12. (D-1)

1 2 2 2
UM:E Oy + Oy + O, —2\:(0102+0203+o301>]. (D-2)
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APPENDIX E.—DOORSTOPPER CELL LOCAL SOLUTIONS

Local deviation in stress field can be examined by developing Goodman, 1980). Local stress solutions are listed in table E-1 for
independent stress estimates for each instrument location. The various sets of three strain gauges for a Young's modulus of 6.9
strain field measured at tlead of a borehole by any combination GPa (1 million psi). The range of solutions is summarized in
of three of the four strain gauges can be converted to stress using table E-2 and plotted in figures 10 and 11.

Hooke's law (for example, see

Table E-1.—Principal stress solutions for stress on end of borehole

Stress attributes® Solution 1 Solution 2 Solution 3 Solution 4
Doorstopper 3:

o,deg........... 171 173 178 175

S,MPa ......... 14.37 11.97 14.01 13.68

S,,MPa ......... -0.13 -0.36 -0.23 -2.07
Doorstopper 4:

2,deg........... 157 157 162 161

S,MPa ......... 17.97 15.47 16.84 16.76

S, MPa ......... 1.99 1.92 3.12 0.63
Doorstopper 5:

S,deg........... 162 163 169 167

S,MPa ......... 16.23 13.02 15.16 14.95

S,,MPa ......... 0.34 0.22 141 -1.71
Doorstopper 6:

o,deg........... 136 135 136 137

S,MPa ......... 5.54 5.48 5.49 5.48

S,,MPa ......... 3.34 3.33 3.39 3.32
Doorstopper 21

2,deg........... -23 -27 18 -2

S,MPa ......... 7.79 4.74 7.57 6.76

S,,MPa ......... 441 431 4.63 2.30
Doorstopper 22

S,deg........... 9 17 18 12

S,MPa ......... 28.57 24.93 30.32 28.20

S,MPa ......... 8.72 6.77 6.97 351
Doorstopper 23

S,deg........... 10 7 5 8

S,MPa ......... 6.78 7.13 6.70 6.82

S,,MPa ......... 2.70 2.83 2.78 3.14
Doorstopper 24

2,deg........... 131 128 130 134

S,MPa ......... 9.13 8.37 8.48 8.28

S,MPa ......... 2.37 2.14 3.03 2.24
Doorstopper 25

S,deg........... 105 106 107 106

S,MPa ......... 11.50 11.63 11.62 11.83

S,MPa ......... 3.19 3.40 3.07 3.21
Doorstopper 26

S,deg........... 114 111 111 114

S,MPa ......... 18.02 17.36 17.40 16.73

S,,MPa ......... 5.77 5.11 6.39 5.74
Doorstopper 27

2,deg........... 145 144 145 145

S,MPa ......... 18.79 18.59 18.66 18.64

S, MPa ......... 6.94 6.92 7.07 6.88
Doorstopper 28

S,deg........... 144 144 145 145

S,MPa ......... 10.89 10.74 10.79 10.77

S, MPa ......... 5.21 5.19 5.31 5.16
Doorstopper 7:

a,deg........... 137 134 138 141

S,MPa ......... 14.17 12.50 12.84 12.59

S,,MPa ......... 1.92 1.62 3.27 1.52

See footnote at end of table.
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Table E-1.—Principal stress solutions for stress on end of borehole—Continued

Stress attributes® Solution 1 Solution 2 Solution 3 Solution 4
Doorstopper 8:

S,deg........... 132 134 132 131

S,MPa ......... 28.51 29.57 29.37 29.65

S,,MPa ......... 14.04 14.29 13.18 14.21
Doorstopper 9:

o,deg........... 144 148 141 136

S,MPa ......... 11.83 14.78 13.86 14.27

S,,MPa ......... 412 4.32 2.08 4.83
Doorstopper 10

a,deg........... 140 129 150 154

S,MPa ......... 11.10 9.21 9.67 9.59

S,,MPa ......... 6.43 6.07 7.86 5.69
Doorstopper 11

S,deg........... 84 80 73 75

S,MPa ......... 6.74 6.57 7.26 5.39

S,,MPa ......... 1.34 -0.43 0.82 0.74
Doorstopper 12:

o,deg........... 162 161 156 156

S,;, MPa 9.29 10.61 9.90 9.94

S,,MPa ......... 2.63 2.68 2.02 3.35
Doorstopper 13:

a,deg........... 151 145 173 165

S,MPa ......... 16.30 12.57 14.22 14.10

S,,MPa_......... 5.68 5.44 7.77 3.92

'See text foothote 3.

Table E-2.—Range of individual doorstopper cell solutions for stress on end of borehole

Orientation of S,, d€d s,, MPa s,, MPa
Doorstopper cell — - — - — -
Minimum Maximum Minimum Maximum Minimum Maximum
Borehole 1:
3 171 178 11.97 14.37 -2.07 0.23
4 157 162 15.47 17.97 0.63 3.12
5. i 162 169 13.02 16.23 -1.71 141
6 ... 135 137 5.48 5.54 3.32 3.32
21 o -27 18 4.74 7.79 2.30 2.30
22 o 9 18 24.93 30.32 351 8.72
23 5 10 6.70 7.13 2.70 3.14
Borehole 2
24 ... 128 134 8.28 9.13 2.14 3.03
25 105 107 11.50 11.83 3.07 3.40
26 ... 111 114 16.72 18.02 5.11 6.39
27 144 145 18.59 18.79 6.88 7.07
28 .. 144 145 10.74 10.89 5.16 5.31
Borehole 3
T o 134 141 12.50 14.17 1.52 3.27
8 . 131 134 28.51 29.65 13.18 14.29
9 . 136 148 11.83 14.78 2.08 4.83
10 ... 129 154 9.21 11.10 5.69 7.86
11 ... 73 84 5.39 7.26 -0.43 1.34
Borehole 4
12 ... 156 162 9.29 10.61 2.02 3.35
13 ........... 145 173 12.57 19.44 212 8.92

INT.BU.OF MINES,PGH.,PA 30129
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