
UNDERGROUND MINE PILLAR DESIGN UTILIZING ROCK MASS

PROPERTIES, MARBLE PEAK, PIMA COUNTY, ARIZONA

by

D avid Emery N icholas

A T hesis  Subm itted to  the  Facu lty  of the

DEPARTMENT OF MINING AND GEOLOGICAL ENGINEERING

In P artia l Fulfillm ent of the  Requirem ents 
For the D egree of

MASTER OF SCIENCE
WITH A MAJOR IN GEOLOGICAL ENGINEERING 

In the  G raduate C o llege 

THE UNIVERSITY OF ARIZONA

1 9  7 6



STATEMENT BY AUTHOR

This th e s is  has been  subm itted  in p a rtia l fu lfillm ent of r e ­
quirem ents for an  advanced  degree a t The U n iversity  of Arizona and is 
d e p o sited  in  the U n iversity  Library to  be made ava ilab le  to  borrow ers 
under ru les  of the L ibrary.

Brief quo tations from th is  th e s is  are a llow able w ithout sp e c ia l 
p e rm iss io n , provided th a t accu ra te  acknow ledgm ent of source is  m ade . 
R equests for pe rm iss ion  for ex tended  quo tation  from or reproduction  of 
th is  m anuscrip t in whole or in  part may be gran ted  by the head of the 
m ajor departm ent or the D ean o f the G raduate C ollege when in h is  judg ­
ment the proposed u se  of the m ateria l is  in  the in te re s ts  of sc h o la r­
sh ip . In a ll  o ther in s ta n c e s , how ever, perm ission  m ust be ob tained  
from the a u th o r.

SIGNED:

\

APPROVAL BY THESIS DIRECTOR 

This th e s is  has b een  approved on the da te  shown below :

RICHARD D . CALL 
L ecturer in  M ining and 
G eo log ica l Engineering

^  a *  ti— —\  ^  1 ^  to
Date



ACKNOWLEDGMENTS

The author would like to  ex p ress  h is  ap p rec ia tio n  to  the  m anage­

ment of C on tinen ta l C opper, I n c . , O ra c le , A rizona, for providing fin an ­

c ia l a s s i s ta n c e ,  d a ta , a c c e s s  to  i ts  mining f a c i l i t ie s ,  and rev iew  of the  

m anuscrip t. S pec ia l g ra titude  is  ex tended  to  John R o sco e , Mine M anager, 

and John F r i t ts ,  Mine G eo lo g is t.

The au thor is  indeb ted  to  D r. Richard D . C a ll ,  the  th e s is  d ire c ­

to r , and D r. John F . A bel.for th e ir  con tinued  g u id an ce , encouragem ent, 

and co nstruc tive  c ritic ism  throughout th is  s tu d y . Review of the  m anu­

sc rip t and su g g estio n s  from members of the exam ination  com m ittee. Dr. 

W illiam  C . P e ters and D r. C harles E . G la s s ,  proved to  be in v a lu ab le .

i i i



TABLE OF CONTENTS

LIST OF ILLUSTRATION............................................ .....................................  v ii

LIST OF TABLES..................    x

ABSTRACT.............................................................................................   x ii

1 . INTRODUCTION..............................................................................................  1
<

2. GEOLOGIC SETTING........................................................................................  3

G eneral Geology . . . .
G eology of Study Area 
M ining H isto ry  . . . . .

3 . STRUCTURE ANALYSIS............................................... .................................. . 10

M ajor S tru c tu re ..................................................   10
D ata  C o l l e c t i o n ...........................................................................  10
F a u l ts ......................   10
B edding ..............................................................................................  14
F o l d s .................................................................................................  14
D ik e s .....................................   14

Rock F a b r i c ..................   19
D ata C o l l e c t i o n ............................................................................ 19
Jo in t S et D a ta .................................................................................. 19

D e ta il Line D a t a .....................................................................................  23
S tructura l C o n t in u i ty ...........................................    27

4 . ROCK SUBSTANCE PROPERTIES............................     34

Sample C o l le c t io n ..................................................................................  34
U n iax ia l C om pression  S tren g th ......................................................... 35
T ensile  S t r e n g th .....................................................................................  38
S ta tis t ic a l  A nalysis of Population  S im ila r i ty ............................. 38
In ta c t Rock Shear S tren g th ..................................................................  42
R ock-on-R ock Shear S tre n g th ............................................................  46

5 . ROCK MASS PROPERTIES..............................................   52

C la s s if ic a tio n  of Rock M a s s ............................................................  52
E stim ate of Rock M ass S t r e n g th ........................   57

Failure M o d e s ............................................................................... 57
Step Path M o d e l ............................................................................ 62
R esu lts of Step Path A n a ly s is ................................................... 63
Strength  C a lc u la t io n .....................................................  64

Page

iv

CO CO CO



V

6 . ESTIMATION OF IN SITU STRESS FIELD......................... .................. ... . 68

M ethods for M easuring  S t r e s s ........................................................  69
R esidual S tre ss  R elief A n a l y s i s ...................................................... 71

A ssum ptions..................................................................................... 71
Sample C o llec tio n  and T esting  P ro c e d u re .........................  72
T est R e s u lts ..................................................................................... 73

Estim ate o f S tre ss  F ie ld  Based on G e o lo g y ................................ 79
Input P a ra m e te rs ...........................................................................  80
S tructu ra l H isto ry  o f M arble P e a k .........................................  82
E stim ate of in  Situ  S t r e s s ......................................................... 86

In  Situ S tre ss  F ie ld  for P illa r  A n a ly s is .........................................  89

7 . STOPE AND PILLAR ANALYSIS.....................................    91

P illa r  O r ie n ta t io n .................................................................................. 91
Room D im e n s io n s .................................................................................. 94

In term ediate  R o o f ........................................................................  95
Im m ediate R o o f............................................................................... 95
S tab ility  A nalysis of the Roof..................................................  100

M easure of P illa r  S t a b i l i t y ...............................................................  105
Safety  F a c t o r .................................................................................. 105
P robab ility  o f F a i lu r e ..................................................................  108

C a lc u la tio n  o f Load on P i l l a r ............................................................ 108
C om parison of M ethods for C a lcu la tin g  the

L oad-carry ing  C ap ac ity  o f a P i l l a r ............................................  I l l
The O bert, D u v a ll, and M errill M e th o d ............................. 113
The. Skinner M e th o d ..................................................................... 115
The B ieniaw ski M ethod. ............................................................  122
The Salam on and Munro M e th o d ............................................  125
The W ilson  M e th o d .....................................................................  129
S u m m ary ...........................................................................................  134

P illa r-w id th  N o m o g ra p h .....................................................................  138

8 . SUMMARY AND CONCLUSIONS........................................................   140

Rock M ass S trength  and in  Situ S tre ss  F i e l d ............................. 140
Stope and P illa r A n a l y s i s ..................................................................  140
Recommended Future W ork ..................................................................  142

APPENDIX A: METHOD OF STRUCTURAL DATA COLLECTION
AND ANALYSIS..................................................................  144

APPENDIX B: STANDARD PROCEDURES FOR TESTING ROCK
CORES AND CALCULATING ROCK SUBSTANCE. 
PROPERTIES........................................................................  148

TABLE OF CONTENTS —C ontinued

Page



TABLE OF CONTENTS—C ontinued

Page

APPENDIX C: ADDITIONAL DATA ON PHYSICAL
ROCK PROPERTIES............................................................ 153

APPENDIX D: SAMPLE COLLECTION AND TEST PROCEDURE
FOR RESIDUAL STRESS RELIEF......................................  160

APPENDIX E: A GUIDE TO THE ESTIMATION OF
IN SITU STRESSES............................................................ 163

REFERENCES.......................................................................................................  171

vi



LIST OF ILLUSTRATIONS

1. L ocation map of C ontrol P r o p e r ty ...................................................... 4

2 . G eneral geology of the Santa C a ta lin a  M o u n ta in s .........................  5

3 . G eneral geology of the M arble Peak a r e a ........................................  6

4 . Schm idt p o la r p lo ts  of f a u l t s ...............................................................  12

5. Schm idt po lar p lo ts  of bedding ............................................................  15

6 . Schm idt po lar p lo ts of d i k e s ...............................................................  17

7 . Location of d e ta il  lin es A, B, and C and o rien ted
b lock  for re s id u a l s tre s s  a n a l y s i s ...............................................  20

8 . Schm idt po lar p lo ts  of j o i n t s ...............................................................  21

9 . Schm idt po lar p lo ts  of d e ta il  l i n e s ...................................................  24

10. D istrib u tio n s o f dip, ro u g h n e ss , len g th , and spacing  for
the  Bedding fracture  s e t .....................................................................  28

11. D istrib u tio n s o f d ip , ro u g h n e s s , le n g th , and spacing  for
th e  N ortheast F la t fracture  s e t ...................................................... 29

12. D istrib u tio n s of d ip , ro u g h n e ss , len g th , and spacing  for
the  N ortheast fracture  s e t ...............................................................  30

13. D istrib u tio n s o f d ip , ro u g h n e s s , len g th , and spacing  for
the  N orthw est frac tu re  s e t ........................    31

14. D istrib u tio n s o f d ip , ro u g h n e s s , len g th , and spac ing  for
the E as t-W est frac tu re  s e t ...............................................................  32

15. Mohr c irc le s  for ABC zone and upper A b r ig o ................................ 44

16. Failure s tre s s  v e rsu s  confining s tre s s  for ABC zone
and upper A b r ig o .................................................................................. 45

17. Failure s tre s s  v e rsu s  confin ing  s tre s s  for com bined
rock  u n i t s .................................................................................................. 47

Figure Page

v ii



v iii

Figure Page

18. R ock-on-rock  d irec t sh ear for ABC z o n e .........................................  49

19. Strength m odulus p lo t for ABC z o n e , upper A brigo,
and M artin ..............................................................................................  55

20. Rock streng th  v e rsu s  struc tu re  o r i e n t a t i o n .......................................  58

21 . Geom etry o f a s tep  p a t h ........................................................................  61

22. Example d is trib u tio n s  o f p e rcen t in ta c t rock and beta
an g les  from minimum re s is ta n c e  s tep  path  p ro g ram .............  65

23 . M edian and 20% and 80% cum ulative frequency va lues
for p e rcen t in ta c t rock  and b e ta  a n g l e s ...................................... 66

24. Summary o f in  situ  s tr e s s  m easurem ents made in
v irg in  ro c k ..............................................................................................  70

25. C hanges in s tra in  read in g s v e rsu s  tim e for th ree  d ifferen t
p lan es  on one b lock  of rock  from the ABC zone . . . .  in .p o ck e t

26 . Stereo n e t p lo t of s t r e s s  f i e l d ............................................................  90

27. R ela tionsh ip  betw een  c r i t ic a l  s tru c tu res  and
p illa r  o r ie n ta tio n ........................................................................  92

28. Proposed p ressu re  a rch es formed in  a room -and-
p illa r  d e s i g n ........................................................................................  96

29. Maximum ex p ec ted  p ressu re  arch  d is tan ce  v e rsu s
d e p t h ........................................................................................................ 97

30 . Uniform ly loaded fix ed -en d  beam a n a ly s is  u se d  to
estim ate  room w id th ............................................................................ 99

31 . Axial beam  s tre s s  v e rsu s  room w id th ............................ 101

32 . D epth v e rsu s  room w id th ......................................................................... 103

3 3 . H istogram  of sa fe ty  fac to rs  for ex is tin g  c o a l p i l l a r s ......................107

34 . M ethod of c a lcu la tin g  p robab ility  of f a i l u r e ................................ 109

35. T ribu tary -area  l o a d ..................................................................................  110

36 . Square p illa r  s treng th  b a sed  on the  Skinner m ethod ....................... 119

LIST OF ILLUSTRATIONS—C ontinued



ix

Figure Page

37 . R ectangular p illa r  streng th  b ased  on the Skinner method . . . 121

38 . U n iax ia l com pressive s treng th  of coal v e rsu s  side
length of cu b e -sh a p ed  s a m p le s .....................................................  123

39 . S trength of a o n e -fo o t cube b a sed  on the  Skinner method . . . 128

4 0 . W ilso n 's  concep t of how p illa rs  carry  l o a d ...................................130

LIST OF ILLUSTRATIONS—C ontinued

4 1 . Nomograph to p red ic t p illa r  w idth using  the W ilson  method . 139



LIST OF TABLES

1. M odal o rien ta tio n s of s ig n ific an t fau lt s y s te m s .........................  13

2 . M odal o rien ta tio n s  of b e d d in g ............................................................ 16

3 . M odal o rien ta tio n s  o f s ig n if ic an t dike s y s t e m s .........................  18

4 . M odal o rien ta tio n s o f s ig n if ic an t jo in t s e t s ................................ 22

5 . Fracture s e t  c h a ra c te r is tic s  for d e ta il  lin es  A, B, and C . . . 25

6 . F racture s e t  c h a ra c te r is tic s  for com bined d e ta il  l i n e s ...............  26

7 . Bedding a n g le , fa ilu re  m ode, fa ilu re  c o n tro l, and
ultim ate  streng th  for u n iax ia l com pression  t e s t ......................  36

8 . M ean , standard  d e v ia tio n , and 95% confidence
in te rv a l for u ltim ate  s tre n g th , s t i f fn e s s ,  and
P o is so n 's  r a t i o .....................................................................................  37

9 . Angle of loading to bedd ing , ang le  of loading to
major f ra c tu re s , fa ilu re  co n tro l, and te n s ile
streng th  for B razilian  d isk  te n s io n  t e s t ......................................  39

10. M ean, stan d ard  d ev ia tio n , and 95% confidence
in te rv a l for B razilian  d isk  te n s io n  s t r e n g t h ............................. 40

11. S ta tis t ic a l  a n a ly s is  to  ev a lu a te  population
s im ila ritie s  of rock  u n i t s ..................................................................  41

12. M ean and standard  dev ia tio n  o f com bined rock
p ro p e r tie s .................................................................................................  42

13. Angle of bedding  to  v e rtic a l ax is  of c o re , failu re
co n tro l, confining s t r e s s ,  and fa ilu re  s tre s s
for tr ia x ia l  com pression  t e s t ............................................................  43

14. In te rna l fric tion  ang le  and in ta c t rock c o h e s io n ................  48

15. R ock-on-rock  fric tio n  ang le  and cohesion  for ABC zone . . . .  51

16. Engineering c la s s if ic a tio n  of r o c k s , a fte r  D eere (1968). . . .  53

17. E ngineering c la s s if ic a tio n  of rocks , a fte r  C o a tes  (1970) . . .  54

Table Page

x



LIST OF TABLES--C ontinued

Table Page

18. Rock qu a lity  d es ig n a tio n  for s ix  d rill h o les  in  ABC zone . . .  57

19. B earing , p lu n g e , and d ihed ra l angle of*potential w edges . . .  60

20. Summary of re s id u a l s t re s s  re lie f  a n a l y s i s ................................... 74

21 . S tandard equations for p rin c ip a l s tre s s  and s tra in
ca lcu la tio n s  for a th ree -g ag e  45-degree r o s e t t e ...................  76

2 2 . R esu lts of th ree -d im en s io n a l re s id u a l s t re s s  a n a ly s i s .......................  78

23 . Input param eters required  for A bel's method of
estim atin g  in  s itu  s tre s s  f ie ld ......................................................... 81

24. Summary of fillin g  ty p es  and p e rcen t filling  of jo in t s e ts  . . .  84

25. Probable fau lt type for each  fau lt s y s t e m ....................................... 86

26. P o ssib le  s tre s s  f ie ld s  b a sed  on a m etam orphic rock  type . . .  87

27 . P o ssib le  s tr e s s  f ie ld s  b a sed  on a sedim entary  rock type . . .  88

28. B asic  input param eters for p illa r  d esig n  c o m p a r is o n ................  112

29 . E ffect of s iz e  on com pressive s treng th  for a n h y d r i te ................116

30 . C orrec ted  com pressive s tren g th s and a s so c ia te d
cum ulative p r o b a b i l i t i e s ..................................................................  118

31 . W ilso n 's  equations for c a lcu la tin g  load -carry ing
c ap a c ity  of p i l l a r s ....................................................................   131

32 . L oad-carry ing  c a p a c itie s  and  sa fe ty  fac to rs b a sed  on
d ifferen t p illa r  d esig n  m e th o d s .....................................   135

xi



ABSTRACT

Rock m ass p roperties and the in  s itu  s tre s s  f ie ld  were u sed  to  

compare d ifferen t s to p e -a n d -p illa r  d esig n  m ethods a t  the C on tinen ta l 

C opper, In c . C ontro l P roperty , loca ted  in  the  n o rth -ce n tra l portion  of 

the  Santa C a ta lin a  M o u n ta in s , Pima C o u n ty , A rizona. C opper m ineral­

iza tio n  occurs in  a sequence  of hydrotherm ally a lte re d  lim estones .

Rock m ass p roperties  were estim ated  by te s tin g  core sam ples 

and by m easuring the eng ineering  c h a ra c te r is tic s  of the  s tru c tu ra l fe a ­

tu re s .  A model w as developed  th a t  in fers th a t a s tep  fa ilu re  p a th  w ill 

have 20 p ercen t in ta c t ro ck . E stim ated  rock  m ass s treng th  is  620 p s i  

+ t a n 3 7 ° . The in  s itu  s tre s s  f ie ld  w as e stim ated  by two in d irec t 

m eth o d s, re s id u a l s t re s s  fie ld  and co rre la tio n  with geo logy , which p re ­

d ic t sim ila r o rien ta tio n s  for the in s itu  s tre s s  f ie ld .

A s to p e -a n d -p illa r  d e s ig n  co n ta in s  two m ajor e lem en ts: roof 

s ta b ili ty  and p illa r  s ta b il i ty . The maximum roof w idth was determ ined 

by c a lcu la tin g  the  bending s tre s s  a t  the cen te r of the uniform ly lo ad ed , 

fix ed -en d  roof beam and com paring i t  w ith the in  s itu  s tre s s  ac tin g  in  

the sam e d ire c tio n . A number of m ethods to  ca lcu la te  the load -carry ing  

c ap a c ity  of a p illa r  were ana lyzed  to  determ ine which m ethod ta k e s  in to  

accoun t the way th a t a p illa r  c a rries  the  load  w ith re sp e c t to  i ts  geom ­

e try , the rock m ass s tre n g th , and the in  s itu  s t r e s s  f ie ld .

x ii



CHAPTER 1

INTRODUCTION

The d esig n  o f underground openings is  becom ing more c rit ic a l  

a s  the  grade of mined d ep o sits  becom es low er, in itia l investm en ts in ­

c re ase  , ore depth  in c r e a s e s , ad d itio n a l sa fe ty  regu la tions come into 

law , and in c reased  ore recovery  is  requ ired  for co n serv a tio n  of m in e ra ls . 

The s ta b ili ty  of th e se  openings is  dependent upon the streng th  of the 

rock  m ass and the  in  s itu  s tr e s s  f ie ld .

Rock m ass com prises the rock  su b stan ce  (so lid  b locks of rock) 

and the s tru c tu ra l fea tu res  (fau lts , jo in t s , bedd ing , e t c . ) .  In m o s t 

c a s e s ,  i t  is  not p o ss ib le  to  t e s t  the  rock  m ass b ecau se  the volume of 

m ateria l needed  would ex ceed  the c a p a c ity  and c ap a b ility  o f any te s tin g  

equipm ent p resen tly  a v a ila b le . In ad d itio n , the c o s t in  a ll  p robab ility  

would exceed  the  value  of inform ation o b ta in ed . T herefore , the two 

segm ents of the rock  m a ss , rock su b s tan ce  and s tru c tu ra l fe a tu re s , 

g en era lly  m ust be te s te d  independen tly  and the  re s u lts  com bined to  e s t i ­

mate the s treng th  of the  rock  m ass i t s e l f .  Rock su b s tan ce  p roperties 

m easured to  e v a lu a te  the  streng th  of the rock  m ass are  com pression  

s tre n g th , te n s ile  s tre n g th , s tif fn e ss  (Young's m odulus), P o is so n 's  ra t io , 

in te rn a l ang le  of f r ic t io n , in ta c t rock  c o h es io n , ro ck -o n -ro ck  fric tion  

a n g le , and ro ck -o n -ro c k  c o h es io n . The m ajor c h a ra c te r is tic s  of the 

s tru c tu ra l fea tu res  m easured to  ev a lu a te  the rock  m ass stren g th  are 

struc tu re  ty p e , o rien ta tio n , ro u g h n e ss , len g th , sp a c in g , and f i ll in g .

1



I

At the p re sen t t im e , there  is no g en era lly  accep ted  method of com bining 

the rock  su b s tan ce  p roperties  w ith the c h a ra c te r is tic s  of the  s tru c tu ra l 

fea tu res  to  c a lc u la te  the stren g th  of the rock  m a s s .

The s tre s s  fie ld  is  defined  in term s of its  p rin c ip a l o rien ta tio n s 

and th e ir  m agn itudes. M ethods e x is t  th a t "d irec tly "  m easure the in  s itu  

s tre s s  in com peten t, re la tiv e ly  m assive  ro c k s . These m ethods are in tr i­

ca te  and c o s tly  to  employ and were therefo re  not u sed  in th is  s tu d y . The 

p re-m ine s tre s s  fie ld  can  a lso  be ev a lu a ted  by m easuring the re s id u a l 

(locked-in) s t r e s s e s  and co rre la ting  them  with s tru c tu ra l fe a tu re s .

B ecause there  is  no unique value  for rock  m ass streng th  and in 

s itu  s tr e s s  f ie ld , it  is  im portant to  know th e ir  v a ria tio n s  and to accoun t 

for th e se  v a ria tio n s  in the d esig n  o f underground o p e n in g s . The d esig n  

method th a t b e s t  f i ts  the cond ition  or includes as many v a riab le s  a s  p o s ­

s ib le  should be c h o se n . The purpose of th is  th e s is  is  to  ev a lu a te  the  

rock  m ass streng th  and in  s itu  s tre s s  f ie ld  and u se  th e se  v a lu es  to  com­

pare a num ber of p illa r  d esig n  m ethods. B ecause o f the broad nature of 

th is  s tu d y , some a sp e c ts  have not been  covered  in  g rea t d e ta i l .  All d a ta  

were c o llec ted  a t  the  C ontrol Property o f C on tinen ta l C opper, I n c . , near 

T ucson , A rizona, where a stop ing  sy stem  em ploying p illa rs  is  being  con­

s id e re d .
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CHAPTER 2

GEOLOGIC SETTING

The Control Property is  lo ca ted  in  the w e s t-c e n tra l p a rt of T . 11 

S . ,  R. 16 E . , in the n o rth -ce n tra l portion  o f the Santa C a ta lin a  M oun­

ta in s  (Fig. 1 ). The M ount Lemmon road connecting  O ra c le , A rizona, 

w ith Summerhaven is  the  main a c c e s s  to  the  a re a .

The a rea  is  m oun ta inous, w ith an  average e le v a tio n  of 6 ,500  

fe e t and slope ang les ranging betw een  11 and 27 d e g re e s . The h ig h e s t 

poin t in  the a rea  is  M arble Peak a t  7 ,670  fe e t .  R ainfall av erag es 21 

in ch es per y e a r , w hich su s ta in s  v eg e ta tio n  ranging from scrub  oak  to 

ponderosa p in e .

G eneral G eology

The follow ing b rie f d isc u ss io n  of the geo log ic  h is to ry  o f  the  

Santa C a ta lin a  M ountains is  tak en  from work by W allace  (1954), Peirce 

(1958), DuBois (1959), H anson (1966), and Braun (1969). For the d i s ­

c u ss io n  below , re fe r to  the geology map of the Santa C a ta lin a  M ountains 

(Fig. 2) and of M arble Peak (Fig. 3).

During the PreCam brian, sed im en ts were d ep o sited  and the  

gran ite  w as em p laced . Peirce (1958) in te rp re ts  the  g ran ite  to  have been  

formed from the P inal S c h is t . After form ation o f the  g ra n ite , a period  of 

e ro s io n  occurred  follow ed by a d e p o sitio n a l p e rio d . The S can lan  Con­

glom erate , P ioneer S h a le , Barnes C ong lom erate , D ripping Spring q u a rtz ­

i te ,  and M esca l Lim estone (all of the Apache Group) were conform ably

3
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Figure 2 . G eneral geology o f the Santa C a ta lin a  M ountains— 
After W ilso n , M oore, and Cooper (1969)
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Figure 3 . G eneral geology of the M arble Peak a re a —After 
C reasey  and Theodore (1975)
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Yo Precam brian.O racle  granite

C o n tac ts  / 4 s Bedding O rien tation

'-■'jA- Syncline

F au lts
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d ep o sited  during th is  p e rio d . O nly sm all probably  rem nants o f the M es­

c a l Lim estone e x is t  in  the M arble Peak a rea  (W allace , 1954). The 

Apache Group w as then  cu t by d iab ase  s i l ls  and d ik e s , a lso  b e liev ed  to 

be of Pre Cambrian a g e .

U nconform ably overly ing  the M esca l Lim estone is  a se r ie s  of 

P a leozo ic  se d im e n ts . The definab le  u n its  are the Cam brian Bolsa Q uartz ­

ite  and Abrigo L im estone, the  D evonian  M artin  L im estone , the  M is s is s ip -  

p ian  E scab rosa  L im estone , and the P ennsy lvan ian  H orquilla  L im estone.

In the M arble Peak a re a , th e se  u n its  a re  capped by 1 0 0 -fo o t-th ick  

q u a rtz ite  u n it,  w hich is  p a rt of the N aco Group (Horquilla L im estone).

I t  is  b e liev ed  th a t d ep o sitio n  stopped  or th a t a period  o f e ro s ion  occurred  

betw een  the Cam brian and D evon ian . P eirce  (1958) p roposes th a t m eta­

morphism occurred  during the  Laramide o rogeny . This m etam orphism  was 

c au sed  by both h ea tin g  a t  dep th  and a n o rth -so u th  com pressiona l fo rc e . 

The Pre Cambrian g ran ite  w as m obilized  and portions o f the overly ing  s e d i­

m ents were re c ry s ta l l iz e d . The Leatherw ood Q uartz D iorite in truded the 

P a leozo ic  sed im en ts during Laramide tim e and w as c lo se ly  follow ed by 

in tru s io n  of the C a ta lin a  g ra n ite . Braun reports the age o f the  L ea th e r- 

wood Q uartz D iorite  a s  2 6 .6 + 0 .9  m . y . , which was determ ined by K-Ar 

dating  of a  b io tite  c ry s ta l .  Pegm atite d ik es were em placed  during or 

a fte r  the  in tru s io n  of the C a ta lin a  g ra n i te .

D ating of the fau lting  is  d iff ic u lt. Sometime a fte r  the  em p lace­

ment of the C a ta lin a  g ra n ite , a m ajor e a s t -w e s t  fau lt sy stem  was p ro­

d u ced . The G ees man fau lt is  p a rt of th is  system  and forms one o f the  

m ajor s tru c tu re s  in the a r e a , w ith a  v e rtic a l d isp lacem en t o f 3 ,000  fee t 

(P eirce , 1958).
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G eology of Study Area

The m inera liza tion  in  the P a leozo ic  rocks w as p o ss ib ly  formed 

during the Laramide m etam orphism  and in tru s ion  o f the igneous m a te ria l. 

D eposited  in  frac tu res and d issem in a ted  in  the ro ck , the  m ineralized  

zones have a tab u la r shape w hich g en era lly  p a ra lle ls  the  bedd ing . 

L ocated in  the  upper 65 fee t of the A brigo, M artin , and E scab rosa  u n i ts ,  

th e se  ta b u la r  b od ies  range in  th ic k n e ss  from 10 to  70 fe e t and have a 

s trike  length  from 100 to  1 ,000  fe e t w ith a dip leng th  o f 300 to 900 fe e t .

This study  d e a ls  w ith one o f th e se  tab u la r bod ies defined  as  the 

ABC m ineralized  b e d . The ABC zone is  loca ted  m ainly in the upper Abrigo 

and c ro s se s  in to  in ten se  a lte ra tio n  zones o f the M artin  L im estone. The 

main gangue m inerals are d iops id e , ep id o te , and garnet with minor 

am ounts o f m agnetite  and q u a r tz . The o rig ina l upper Abrigo Lim estone 

w as a  lim estone w ith sh a ley  in te rb e d s . The a lte red  bu t unm ineralized  

upper Abrigo has undergone only  p a rtia l rep lacem en t, while in the  m in­

e ra liz ed  zone there  is l i t t le  of the o rig in a l lim estone rem ain ing . The 

b a sa l 10 fe e t of unm ineralized  M artin  L im estone is  a m assive  c le a r lim e­

s to n e , w hich is  a lso  lo ca lly  re p la c e d . Throughout the  rem aining portion  

of th is  p a p e r, th e se  rock  u n its  w ill be referred  to a s :

ABC m ineralized  zone = ABC zone

U nm ineralized  upper Abrigo Lim estone = upper Abrigo

B asal 10 fee t unm ineralized  M artin  Lim estone = M artin .

M ining H isto ry

Previous mining in  the a rea  occurred  along the co n tac t betw een  

the  Leatherwood Q uartz  D iorite and P a leozo ic  s e d im e n ts , where copper
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su lfide  outcrop w as v is ib le .  M ining was lim ited to  five sp e c if ic  p roper­

t ie s :  L eatherw ood, Hartm an-Hom e s ta k e , S tra tto n , D a ily , and G eesm an 

(Fig. 3 ). Production s ta rte d  in the early  1900's and con tinued  in te rm it­

ten tly  through 1970. Copper was the main oi*e m ined , with g rades ran g ­

ing betw een  2 .5  and 3 .5  p e rc e n t. M inor am ounts o f s i lv e r , g o ld , and 

z in c  were a lso  p roduced . Braun (1969) reports th a t 92 ,400  tons of 3.25%  

Cu w as mined out of the G eesm an claim s from 1906 to 1946 and 20 ,000  

tons of 2.5%  Cu was mined from the  D aily  mine betw een  1937 to  1940. 

The new ly defined  m inera liza tion  in the P a leozo ic  rocks was d iscovered  

through geophysics (m agnetics), d e ta ile d  geo log ic  m apping, and e x te n ­

sive diam ond d r ill in g .



CHAPTER 3

STRUCTURE ANALYSIS

The struc tu re  a n a ly s is  w ill be d isc u sse d  in  two se c tio n s : major 

stru c tu res  and rock  fa b r ic . M ajor s tru c tu res  are  th o se  th a t are continuous 

and have a trace  length  in  the  sam e order a s  th a t of the  m ineralized  z o n e . 

The rock  fab ric  are th o se  s tru c tu re s  th a t are d iscon tinuous but have a 

high frequency of o c cu rren c e .

M ajor Structure

D ata C o llec tio n

M ost da ta  u sed  to  eva lua te  the m ajor s tru c tu re s  were ob tained  

from surface  and underground geo logy  maps of C on tinen ta l C opper, In c . 

(1974a, 1974b). D ata were a lso  ob ta ined  from Peirce (1958) and Braun 

(1969). The m ajor struc tu re  da ta  were p lo tted  and contoured on a lower 

hem isphere e q u a l-a re a  Schmidt n e t .

The m ajor s tru c tu re s  ana lyzed  were bedd ing , fa u l ts ,  d ik e s , and 

fo ld s . To determ ine if the  s tru c tu ra l system  was con tinuous through the 

P a leozo ic  sed im entary  ro c k s , m ajor s tru c tu res  were an a ly zed  by rock  

type  and by lo c a tio n , th a t i s ,  su rface  da ta  v e rsu s  underground d a ta .

F au lts

The G ees man fau lt (Fig. 3) is  the  m ajor fau lt in the  a rea  and 

s tr ik es  N . 70° W . and d ips 75° SW . C utting  nearly  through the ABC zone 

are a se r ie s  of f a u l ts ,  strik ing  g en era lly  N . 3 0 °W . and dipping s te e p ly .

10
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The Schm idt contour p lo ts  of the fau lts  are shown in Figure 4 by 

rock  ty p es and lo c a tio n . The m odal o rien ta tio n  of the fau lt s e ts  is  g iven  

in  Table 1. The su rface  da ta  from the H o rq u illa , E scab ro sa , and M artin  

a ll  show the follow ing fau lt sy s tem s:

G eneral Strike G enera l Din Set Name

N . 30° W . 40° NE. Bedding

N . 55° E. 45° NW. N ortheast F la t

N-S 90° N orth-South

E-W 85° SW . E as t-W est

N . 50° w . 75° SW . N ortheast

N . 40° E . 85° SE. N o rth east

The Abrigo su rface  d a ta  only  show  the  N ortheast and  E as t-W est fau lt 

s e ts ;  how ever, there  were only e ig h t fau lts  o b se rv ed  "for the  Abrigo su r­

face  d a ta .

The m ost obvious d ifference betw een  the underground d a ta  and 

the  su rface  da ta  is  in  the p resen ce  of an underground system  strik ing  

n o rth east and dipping 35° to  55° NW . This can  be exp la ined  b ecau se  

the s e t  is  "fla t"  and not id e n tif ia b le . The E scab rosa  underground data  

do not show  the strong  N orth-South  o r E as t-W est s e ts  th a t the su rface  

data ' show s . This d ifference  is  probably  due to lack  o f underground d a ta . 

The M artin  underground d a ta  su g g e s t the e x is te n ce  of the  E as t-W es t and 

N orthw est s e t s ,  bu t the  lim ited  number of o b se rv a tio n s p reven t any con­

c lu s io n s . The Abrigo underground d a ta  show  the  N orth-South  and N orth­

w est s e ts  and a lso  ind ica te  a N o rth east s e t .
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Table 1 . M odal o rien ta tio n s of s ig n ifican t fau lt system s

Percentages of points making up sets are given under orientations. Data are from Continental Copper, Inc.'s (1974a, 1974b) 
geology maps.

Horquilla Escabrosa Martin Abrlgo

Set Name
Surface 

(111 obs)
Surface 

(123 obs)
Underground 

(95 obs)
Surface 
(29 obs)

Underground 
(13 obs)

Surface 
(8 obs)

Underground 
(22 obs)

Bedding N 30 W 45 NE 
(6.2%)

N 28 W 24 NE 
(7.3%)

N8E 38 SE
(9.3%)

N 30 W 3SNE 
(10.4%)

Northeast Flat N 52 E 53 NW 
(14.0%)

N56E 44 NW 
(50.0%)

N60E 38 NW 
(56.0%)

North-South N-S 85 E
(21.6%)

N-S 90
(12.2%)

N10E 85 SE 
(6.9%)

N-S 74 W
(20.8%)

East-West N82E BOSE 
(25.7%)

N 78 W 81 SW 
(14.6%)

N 88 W 80 SW 
(27.6%)

Northwest N5SW 75 SW 
(22.6%)

N 32 W 85 SW 
(15.4%)

N 58 W 85 SW 
(23.2%)

N 56 W 60 SW 
(10.3%)

• N 40 W 66 SW 
(12.5%)

Northeast N50E 85 SE 
(12.4%)

N30E 82 NW 
(25.2%)

N26E 60 SB 
(30.2%)

N55E 55 SB 
(10.3%)

N42E BOSE 
(37.5%)

Other N30W 50 NE 
(7.0%)
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Bedding

The bedding s tr ik e s  g en era lly  n o rth -so u th  to  N . 15° W . and 

d ips betw een  25° to  45° E . Figure 5 show s the Schm idt con tour p lo ts  of 

the bedding d a ta . The contour p lo t of the H orquilla (Fig. 5) b e s t  d is ­

p lays the v a ria tio n  of the bedding o rien ta tio n . This v a ria b ility  may be 

due to folding; how ever, there  is  no apparen t fold ax is  show n by the  

b ed d in g . The modal o rien ta tio n s  are lis te d  in Table 2 .

Folds

C on tinen ta l C opper, I n c . 's  (1974a) su rface  geology map show s 

a m ajor sync line  in the a rea  w ith a f la t plunge g en era lly  bearing  105 d e ­

g re e s . This fold approxim ately  p a ra lle ls  the G eesm an fau lt (Fig. 3 ).

Drag fo lds e x is t  in the a re a . Braun (1969) show s two folds 

bearing  g en era lly  north and plunging 5 deg rees and one fold bearing  231 

d eg rees and plunging 35 d e g re e s . Peirce (1958) m apped a se r ie s  of drag 

fo lds in the  Bear W allow  area  th a t b ear g en era lly  90 deg rees and plunge 

15 d e g re e s .

D ikes

D ikes in the  area  g en era lly  follow  the f a u l t s . Figure 6 show s 

the Schm idt contour p lo t of the d ik es and Table 3 l is ts  the modal o rien ­

ta t io n s . The d ikes appear to  fo llow  a ll  m ajor fau lts  s e ts  ex cep t the Bed­

ding and N ortheast s e ts ;  how ever, b ecau se  o f the lim ited number o f ob ­

se rv a tio n s , no d efin ite  c o n c lu sio n s  can  be reached  about p referred  dike 

o r ie n ta t io n s .
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Table 2 . M odal o rien ta tio n s  o f bedding

P ercen tages of po in ts making up s e ts  are g iven  under o r ie n ta t io n s . 
D ata are from C on tinen ta l C opper, I n c . 's  (1974a, 1974b) geology m aps.

Rock Type
Predom inant
O rien ta tion O ther O rien ta tions

H orguilla

Surface 
(108 obs)

N-S 3 0 E 
(43.5%)

N 5 0 E  70SE N 72 W 5 4 SW 
(3.7%) (5.6%)

N 78 W  38 NE 
( 5 .6%)

E scabrosa

Surface 
(107 obs)

N-S 10E 
(49.5%)

Underground 
(14 obs)

N 40 E 14 SE 
(66.7%)

M artin

Surface 
(25 obs)

N 30 W 35 NE 
(52.0%)

N 80 E 70 SE 
(8 . 0%)

Underground 
(4 obs)

N S W  5 0 NE 
(100 . 0%)

Abrigo

Surface 
(16 obs)

N -S 35 E 
(54.6%)

E-W  SOS 
(36.4%)

Underground 
(9 obs)

N 10W  4 5 NE 
(100 . 0%)
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ABRIGO
UNDERGROUND

I Obs.

ESCABROSA 
SURFACE 
13 Obs. 14 Obs.

N

HORQUILLA 
SURFACE 

I Obs.

N

ESCABROSA
UNDERGROUND
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C ontour ln t e r v a l= 0 ,2 ,4 ,8  8  16 % 
(If num ber of observations 

is less than 10, 
contour in terval5 0 8 1 6 % )

Figure 6 . . Schmidt po lar p lo ts of d ikes



Table 3 . M odal o rien ta tio n s  of s ig n ifican t dike system s

Percentages of points making up sets are given under orientations. Data are from Continental Copper, Inc.'s (1974a, 1974b) 
geology maps.

Horquilla Escabrosa Martin Abrlgo

Surface Surface Underground Surface Underground Surface Underground
Set Name (14 obs) (13 obs) (7 obs) ( l obs )  (0 obs) ( lobs)  (I obs)

Bedding

Northeast Flat N30E 55 NW 
(7.7%)

N62E 56NW 
(100%)

N 56 E 55 N W
(100%)

North-South HIDE 90 
(21.4%)

N SW 90 
(7.7%)

East-West N 80W 70SW 
(7.1%)

E-W 75 N
(7.7%)

•

Northwest N 35 W 80SW 
(50.0%)

N40W 90 
(7.7%)

N 48 W 48 SW 
(100%)

N 70 W 50 SW 
(100%)

-

Northeast

Other
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Rock Fabric

D ata C o llec tio n

The rock  fab ric  d a ta  w as com piled from C on tinen ta l Copper 

I n c . 's  (1974a, 1974b) su rface  geology map and underground geology map 

and c o llec ted  by d e ta il  line mapping on the 6400-fo o t lev e l (Fig. 7 ). The 

method of d e ta il  line d a ta  c o lle c tio n  is  d is c u s se d  in Appendix A.

Toint Set D ata

The d a ta  c o lle c te d  from the geology maps were seg reg a ted  by 

rock type and by lo ca tio n  (surface v e rsu s  underground) to ev a lu a te  s tru c ­

tu ra l con tinu ity  in the  P a leozo ic  u n i t s . The contoured  Schm idt p lo ts  of 

the jo in t s e ts  are show n in  Figure 8 . Table 4 l is ts  the modal o rien ta tio n  

for each  Schm idt p lo t.

The su rface  da ta  from the H orqu illa , E sc ab ro sa , and M artin  a ll  

show  s te e p ly  dipping jo in t s e ts  w ith the  follow ing o rien ta tio n s : n o rth - 

so u th , e a s t -w e s t ,  n o r th e a s t, and n o rth w est. The Abrigo su rface  d a ta  

show only  the N orth-South  and N o rth east s e t s . This is  probably  due to 

the lim ited number of o b se rv a tio n s .

The E scab ro sa  underground d a ta  rev ea l the  N ortheast and N orth­

w est s e t s . The N orth-South  s e t  may be p re se n t bu t s lig h tly  ro ta ted  to 

the e a s t .  The E a s t-W e s t s e t  is  a b s e n t. No co n clu sio n s can  be made 

from the  underground M artin  d a ta  b e ca u se  o f the  lim ited  number of ob ­

se rv a tio n s  . The underground Abrigo d a ta  show a ll  of the  s te e p ly  dipping 

fracture  s e ts  p lu s a N o rth east F la t frac tu re  se t d ipping 45° NW .
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Table 4 . M odal o rien ta tio n s  o f s ig n if ic an t jo in t s e ts

Percentages of points making up sets are given under orientations. Data are from Continental Copper; Inc.'s (1974a, 1974b) 
geology maps.

Horquilla Escabrosa Martin Abrigo

Set Name
Surface 
(72 obs)

Surface 
(236 obs)

Underground 
(216 obs)

Surface 
(20 obs)

Underground 
(3 obs)

Surface 
(6 obs)

Underground 
(58 obs)

Bedding

Northeast Flat N 55 E 30 NW 
(12.1%)

North-South N-S 85 E
(29.2%)

N-S 90
(33.1%)

N18E 85 NW 
(6.6%)

N-S 90
(26.7%)

N15E 80 NW 
(33.3%)

N-S 90
(33.3%)

N 15 E 60 NW 
(18.0%)

East-West E-W 90
(20.8%)

E-W 80 N
(11.6%)

E-W 90
(13.3%)

N70E 75 SE 
(66.7%)

N 85 W 70 SW 
(5.2%)

Northwest N 35 W 80 NE 
(12.5%)

N 32 W 85 SW 
(13.1%)

N 43 W 75 SW 
(28.3%)

N 40 W 80 SW 
(6.7%)

N 55 W 80 SW 
(66.7%)

N45W 75SW 
(17.2%)

Northeast N SOB 65NW 
(11.1%)

N28E BOSE 
(28.8%)

NS0E 65 NW 
(45.3%)

NS0E 80NW 
(40.0%)

N 56 E 85SE 
(17.2%) '

Other
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D eta il Line D ata

The contoured  and po in t Schm idt p lo ts  of the th ree  d e ta il  lin es  

(Fig. 9) rev ea l a maximum of sev en  jo in t s e ts  o f w hich five are  common 

to  a l l  th ree  l in e s .  These jo in t s e ts  are defined  b a sed  on d es ig n  co n s id e r­

a tio n s  . W ithin  one d esig n  jo in t s e t  there  may be more th an  one geo log ic  

jo in t s e t;  how ever, to  d e s ig n  for each  geo log ic  se t is  not r e a l is t ic .  The 

m ean vec to r o rien ta tio n s and the  c h a ra c te r is tic s  of each  fracture  s e t  for 

each  line are  g iven  in Table 5 . Although each  line h a s  i ts  own fra c tu re -  

s e t  c h a ra c te r is t ic s , the  lin e s  have b een  com bined for the  follow ing 

re a so n s ;

1. The rock  p roperties of the  ABC zone and M artin appear to be 

from the  sam e p o p u la tio n .

2 . All struc tu re  da ta  in d ica te  th a t the upper Abrigo, M artin , and 

E scab rosa  form ations have the  sam e major struc tu re  o r ie n ta tio n s .

3 . The d ifference  in  f ra c tu re -s e t  c h a ra c te r is tic s  for a frac tu re  s e t  

found in  each  line is  not u n re a l is t ic .

4 . I t  is  no t r e a l is t ic  a t  th is  po in t to  su g g e s t a d e s ig n  for each  rock  

un it b e ca u se  of the lim ited  da ta  a v a i la b le .

The com bined Schm idt contour and po in t p lo ts  are show n in  

Figure 9 . The fracture  c h a ra c te r is tic s  of each  jo in t s e t  for the  com bined 

lin es  are g iven  in  Table 6 . B ecause the mean v a lu es  for the  f ra c tu re -s e t  

c h a ra c te r is tic s  (leng th , sp a c in g , ro u g h n e ss , and dip) do not illu s tra te  

the  d is tr ib u tio n  of th e s e  c h a ra c te r is t ic s ,  curves were f itted  to  the d a ta .  

The dip v a lu es  b e s t f it a norm al d is tr ib u tio n , w hile the  len g th , sp a c in g , 

and roughness fit a neg a tiv e  e x p o n en tia l. The norm al d is tr ib u tio n  is
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Table 5 . F racture s e t  c h a ra c te r is t ic s  for d e ta il  lin es  A, B, and C

Mean Vector Rough- Filling (%)a Length (feet) Spacing (feet)
Observa- ness -----------------------------  -----------------------

Set Name tlons (%) Strike Dip (mean) N CL 0

Detail Line A

Bedding 21 N13E 47SE 2.8 57 19 10

Northeast Flat 21 N16E 35NW 6.5 60 25 20

East-West 24 N86E 81SE 2.6 25 4 8

Northwest 6 N44W 56SW 2.6 80 0 0

Northeast 9 N30E 81NW 1.9 33 0 0

Detail Line B 

Northeast 41 N53E 84SE 4.8 60 5 3

Northwest 26 N36W 79SW 4.8 52 4 12

Northeast Flat 9 N63E 18NW 5.3 78 0 0

Bedding 6 N11E 60SE 4.3 67 0 0

East-West 5 N73W 82SW 1.4 80 0 0

Northeast 45 3 N25E 43NW 10.7 67 0 0

Detail Line C

Bedding 38 N5B 37SE 7 .6 50 18 0

Northeast 45 26 N19E 46NW 7.7 60 13 0

East-West 12 N67W 78SW 4.1 71 0 0

Northeast 9 N56E 62NW 6.2 40 60 60

C M E Fe G Mean Mode Max. Mean Mode Min.

14 5 10 0 0 5.7 10.0 13.0 0 .9 0.4 0.1
.3

25 20 5 0 0 4.2 2.0 15.0 .6 .4 c . l

8 17 63 0 0 1.9 1.0 5.0 .6 .1 < .1

0 0 20 0 0 2.2 1.0 6.0 2.4 .2 .1
.6

56 11 0 0 0 1.1 1.0 2.5 2.7 .2 .2
.6

28 5 8 3 0 3 .0 1.0 12.0 1.0 0 .5 0.1

36 4 20 0 12 4 .2 1.0 11.0 .5 .2 .1

0 0 11 0 11 3 .7 10.0 1.0 .7 .1

0 17 17 17 17 4 .8 10.0 4.3 .2 .2

20 0 0 0 0 2 .8 5.0 .7 .2

0 33 0 0 33 5.7 1.0 15.0 4.0 .2

36 5 0 0 0 3 .8 1.0
1.5
4 .5

12 0.7 0 .2
.6

0.1

40 0 0 0 0 2.8 .5 15 .1 .1 .1

29 0 0 0 0 2.1 2.0 4 .5 1.5 .1

40 0 40 0 0 2.4 .5 7.0 .5 .1 .1

a . N = none; CL « chlorite; Q » quartz; C = calclte; M » mineralized; E = epldote; Fe = Iron oxide; G = garnets
to
cn



Table 6 . F racture  s e t  c h a ra c te r is t ic s  for com bined d e ta il  lin es

Mean Vector Rough- Filling (%)a Length (feet) Spacing (feet)
Observe- ness

Set Name tions (%) Strike Dip (mean) N CL 0 C M E Fe G Mean Mode Max. Mean Mode Min.

Bedding 14 N11B 46SE 4.5 55 16 4 24 6 6 2 2 4 .7 1.0 13.0 1.2 0.4 0.1
4 .0

Northeast Flat 17 N2SE 33NW 6.0 68 20 17 22 15 S 0 5 3 .6 1.0 15.0 .9 .1 < . l

Northeast 26 NSOE 83SE 4.3 64 7 2 29 3 2 0 0 2.9 1.0 15.0 1.0 .1
.2

.1

Northwest 21 N38W 67SW 4.0 54 2 7 35 4 10 0 0 2.9 1.0 11.0 1.3 .1 .1

East-West 18 NB7W 85SW 2.8 36 9 4 11 13 43 2 0 2.2 1.0 12.0 1.3 .1 < . l

a , N » none; CL® chlorite; Q « quartz; C  « calcite; M « mineralized; E ® epldote; Fe « iron oxide; G « garnets
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defined  by the  m ean and standard  d e v ia tio n , and the ex ponen tia l is  of the 

form Y = Ae~BX. The cum ulative exponen tia l curves are forced  through 

100% a t  the  X value  equal to  zero  re su ltin g  in  an  equation  of the fo llow ­

ing form:

Y = 100e~BX. (1)

The d is trib u tio n s  o f the s e t  c h a ra c te r is tic s  for each  frac tu re  s e t  are g iven  

in F igures 10 through 14. B ecause Table 6 co n ta in s  an  abundance o f in ­

form ation , only  the  main co n clu sio n s are d is c u s se d  be low .

The Bedding and N o rth east F la t fracture  s e ts  have p o ten tia lly  

the low est sh ea r streng th  p re s e n t . Both s e ts  have m inimal amount of 

fillin g  and th ey  are the m ost co n tin u o u s, thereby  having the  low est sh ea r 

s tre n g th . The E as t-W est s e t  has  the  h ig h es t sh e a r streng th  b ecau se  

over 50 p e rcen t of the  frac tu res are f illed  w ith ep ido te  and it is  the m ost 

d iscon tinuous s e t .  The N ortheast and N orthw est frac tu re  s e ts  have sh ea r 

streng th s betw een  th o se  o f the above two jo in t s e t s .  These two se ts  are  

le s s  th an  50 p e rcen t f i l le d , w ith the N ortheast hav ing  the  c lo s e s t  sp a c ­

ing of a ll  s e t s .

S truc tu ra l C ontinu ity

It is  apparen t from th is  a n a ly s is  th a t there  are s ix  m ajor jo in t 

s e ts  in  the P a leozo ic  se c tio n  on M arble P eak . C erta in  s e ts  are  m issing  

for each  co n d itio n , i . e . ,  rock  ty p e s , loca tion ; how ever, th is  m ay b e  

a ttrib u ted  to lack  of d a ta  or lo ca l v a r ia tio n s . One exam ple of th is  is  the  

m issing  N orth-South  s e t  in  the  d e ta il  line d a ta  th a t  e x is ts  in  the su rface  

d a ta . One c a se  th a t cannot be ex p la in ed  w ithout further work is  the 

N ortheast F la t s e t .  This s e t  obv io u sly  e x is ts  in  the underground d a ta
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but is  lack ing  in  the su rface  d a ta .  R ecent work by F ritts  (1974a) has 

shown a th ru s t fau lt system  e x is ts  ju s t  above the m in e ra liza tio n . Be­

cau se  the N o rth east F la t s e t  w as observed  in  the ABC z o n e , i t  w ill be 

included  as p art of the  s tru c tu ra l sy s te m .



CHAPTER 4

ROCK SUBSTANCE PROPERTIES

Rock su b s tan ce  and fracture  streng th  p roperties  were ob ta ined  

from u n iax ia l com pression , tr ia x ia l  com pression , B razilian  d isc  te n s io n , 

and d irec t sh e a r  te s ts  . Laboratory p rocedures for th e se  m ethods have 

been  d is c u s se d  by H awkes and M ellor (1970, 1971), Handros (1959), 

D onath (1966), and C oulson (1970). The rock  su b s tan ce  p ro p erties  th a t 

were m easured  or c a lc u la te d  in the  te s tin g  program included  com pression  

s tren g th , te n s ile  s tre n g th , s tif fn e ss  (Young's m odulus), P o is so n 's  r a t io , 

in te rna l ang le  o f f r ic tio n , in ta c t rock  co h es io n , ro ck -o n -ro c k  fric tio n  

a n g le , and ro ck -o n -ro c k  c o h e s io n . Appendix B o u tlin es  the  procedure 

for c a lcu la tin g  the rock su b s tan ce  v a lu es  and ex p la in s  the laboratory  

m ethods u se d  for th is  s tu d y .

Sample C o llec tio n

NX core specim ens o f the ABC zone , upper A brigo, and M artin  

were c o llec ted  from seven  d rill ho les in  the a re a  of the  ABC z o n e . Be­

cau se  m ost o f the  d rill core from the m ineralized  zone w as sp lit  for a s ­

sa y in g , b lock  sam ples were c o lle c te d  from two c ro s sc u ts  on the  6400- 

foot le v e l .  These b lock  sam ples were cored in lab o ra to ry .

Table C - l  (Appendix C) l is ts  the  specim en  num ber, diam ond 

d rill hole num ber, dep th  below  c o lla r , rock  ty p e , and h e ig h t- to -d ia m e te r  

ra tio  for the u n iax ia l com pression  t e s t s .  T ables C -2  and C -3  (Appendix

34
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C) l is t  the sam e inform ation for the B razilian  d isc  te n s io n , tr ia x ia l  com ­

p re s s io n , and d irec t sh e a r  t e s t s .

U n iax ia l C om pression  S trength

A l is t  of specim ens te s te d ,  the angle betw een  bedding and the 

v e rtic a l ax is  of the  c o re , fa ilu re  m ode, failu re  co n tro l, and u ltim ate  

u n iax ia l com pression  stren g th  for the three rock  u n its  is g iven  in Table 

7 . Failure mode w as d iv ided  into th ree  c a teg o rie s : v io len t (V), in d ic a t­

ing the specim en  exploded; m oderate (M ), m ean the specim en  broke into 

many p ie c e s ; and p a ss iv e  (P), m eaning the specim en broke into two or 

th ree  p ie c e s .  Failure con tro l is  c la s s if ie d  a s  (1) s tru c tu ra l con tro l (SC), 

with fa ilu re  occurring  on an e x is tin g  p la n e , and (2) no s tru c tu ra l contro l 

(NSC).

P lo ts o f the v e rtic a l s t r e s s  v e rsu s long itud inal s tra in  and la te ra l 

v e rsu s long itud inal s tra in  were recorded  during the com pression  t e s t .  

From th e se  g ra p h s , the u ltim ate  s tre n g th , s t if fn e s s  (Young's modulus) 

w ith i ts  s t r e s s  ra n g e , and P o is so n 's  ra tio  w ith i ts  s t re s s  range can  be 

ca lcu la te d  (Table C -4 , Appendix C ). The m ean standard  d ev ia tio n  and 

95% confidence in te rv a l for the u n iax ia l t e s t  are  g iven  in  Table 8 . Rock 

s tif fn e ss  and P o is so n 's  ra tio  were se le c te d  a t 50% of fa ilu re .

In c a lcu la tin g  the  m ean u ltim ate  s tre n g th s , specim en  D - 6  was 

excluded  from the  M artin  un it b ecau se  of its  anom alous value  (greater 

than  2 tim es the stan d ard  d e v ia tio n ) . Specim en D -6  could be included  in 

the  mean c a lc u la tio n , if s tren g th s of the core th a t was a lread y  broken in  

the core box could be in c lu d ed . I ts  e x c lu sio n  re s u lts  in  a more re a l is t ic  

estim ate  of the m ean. Due to te s tin g  erro r, rock  s tif fn e s s  was not
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Table 7 . Bedding a n g le , fa ilu re  m ode, failu re  c o n tro l, and u ltim ate  
s treng th  for u n iax ia l com pression  t e s t

Specim en
N o.

Angle o f Bedding 
to Core

Failure 
Mode a

Failure 
C ontrol b

U ltim ate U n iax ia l 
S trength (psi)

ABC Zone 

A -l none p re sen t V NSC 28,000
B-2 42° V SC 20 ,500
B-3 15 V SC 33 ,500
B-4 55 V SC 17,300
B-5 35 V SC 33 ,100
B-6 25 V SC 20,400

U nm ineralized  Upper Abrioo U nit 

C - l  70 M SC 15,000
C -2 65 M SC 16,100
C -3 25 M SC 24 ,500
C -4 55 M SC 15,000
C -5 60 M SC 13,000
C -6 50 M SC 14,500

U nm ineralized  M artin  U nit 

D - l  65 M SC 10,500
D -2 60 M NSC 13,500
D -3 60 V SC 26,600
D -4 60 M SC 16,700
D -5 30 M s c 20 ,500
D -6 55 V NSC 39 ,000

a .  V = v io len t; M = m oderate; P = p a s s iv e .

b .  SC = s tru c tu ra l con tro l; NSC = no s tru c tu ra l con tro l



Table 8 . M ean , standard  d e v ia tio n , and 95% confidence in te rv a l for u ltim ate  s tre n g th , s t i f fn e s s ,  and 
P o is so n 's  ra tio  .

X = m ean; SD = standard  dev ia tion ; C l = confidence in te rv a l .

U ltim ate S trength  (psi) S tiffn ess  (psi) P o is so n 's  Ratio

Rock U nit X SD 95% Cl X SD 95% Cl X SD 95% Cl

ABC Zone 25 ,500 7 ,0 0 0 + 7 ,400 1 4 .Ox 106 3 . Ox 10® ± 3 .2 x 1 0 6 0 .2 7 0 .1 7 ± 0 .1 8

Upper
Abrigo 16 ,400 4 ,1 0 0 ± 4 ,3 0 0 10.6 2 .9 ± 3 . 6 .26 .12 ±  .31

M artin 17 ,600 6 ,3 0 0 ± 7 ,8 0 0 11.0 6 .2 ± 6 . 4 .28 .13 1+
 h—• xj



38

ca lcu la te d  for specim en  C -2  and P o is so n 's  ra tio  was not c a lcu la te d  for 

specim ens C - l ,  C -2 , and C - 6 .

The ABC m ineralized  zone is  the s tro n g e s t and s t i f fe s t  u n it 

te s te d .  The M artin  is  s lig h tly  stronger th an  the upper A brigo. This d if­

ference occu rs b ecau se  the M artin  is  a m assive  lim estone while the 

upper Abrigo is  a  lim estone con ta in ing  sh a ley  in te rb e d s .

T ensile  Strength

T ensile  fa ilu re  during a B razilian  d isk  te n s io n  t e s t  is  c au sed  by 

an  ap p lied  com pressive  s tre s s  th a t induces a  te n s ile  s t r e s s .  This mode 

of te n s ile  failu re  is  p robably  the  sam e a s  the mode of underground te n ­

s ile  fa i lu re s . W ork by Hardy and Jayaram an (1970) in d ic a te s  th a t the  

"true" te n s ile  streng th  is  0 .6  to  0 .9 3  of the B razilian  te n s ile  s tre n g th . 

Vouille (1964) found the  "true" te n s ile  stren g th  to be 0 .5  of the  B razil­

ian  te n s ile  s tre n g th . H ow ever, b ecau se  the d isk  te n s io n  t e s t  s im u la tes  

the m ost probable mode of te n s ile  fa ilu re , the  B razilian  d isk  te n s ile  

s treng th  w ill be u se d  as  the ro c k -su b s ta n c e  te n s ile  s tre n g th .

T ables 9 and 10 give the re s u lts  for the  B razilian  te s ts  for the 

th ree  u n i ts .  G en era lly , te n s ile  streng th  is  0 .1 0  to  0 .2 0  of the u n iax ia l 

com pressive s tre n g th , and te n s ile  stren g th s of the  ABC z o n e , the upper 

Abrigo and the M artin  fa ll w ith in  th is  ra n g e . No re la tio n sh ip  betw een  

te n s ile  s tren g th s and fa ilu re  con tro l is  show n.

S ta tis t ic a l  A nalysis of Population  S im ilarity

To determ ine if  the ro ck  ty p es  are s im ila r, a s ta t i s t ic a l  a n a ly s is  

w as m ad e . The two s ta t i s t ic a l  te s ts  u se d  to ev a lu a te  sam ple s im ila rity  

were the  S tu d en t's  t  t e s t ,  w hich com pares popu lation  m eans, and the
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Table 9 . Angle of loading  to  bedd ing , angle of loading  to m ajor fra c ­
tu res  , fa ilu re  co n tro l, and te n s ile  streng th  for B razilian  d isk  
te n s io n  te s t

Specim en
N o.

A ngle, Loading 
to Bedding

A ngle , Loading to  
M ajor F ractures

Failure D isk  T ension  
C ontrol3 S treng th , p s i

ABC Zone 

M -l 90° NSC 2 ,640
M -2 0 SC 710
M -3 0 NSC 480
M -4 0° 0 NSC 2 ,200
M -S 90 0 SC ‘ 1 ,720
M -6 90 SC 1,150
M -7 0 0 NSC 2 ,060
M -8 0 SC 780
M -9 90 0 NSC 1,440
M -10 0 SC 760

U nm ineralized Upper Abrioo

N - l 0 SC 410
N -2 90 0 SC 1,060
N -3 45 90 SC 550
N -4 0 SC 1,810
N -5 90 90 NSC 1,360
N -6 0 90 SC 1,110
N -7 30 0 SC 660
N-8 90 NSC 2,280
N -9 0 SC 2,460
N -10 0 SC 2 ,030

U nm ineralized  M artin

O - l 0 NSC 1,040
0 - 2 90 NSC 1,430
0 -3 90 SC 1,900
0 - 4 0 SC 2,290
0 - 5 0 NSC 2 ,140
0 - 6 90 NSC 2,090

a .  SC = s tru c tu ra l con tro l; NSC = no s tru c tu ra l co n tro l.
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Table 10. M ean , standard  d e v ia tio n , and 95% confidence in te rv a l for 
B razilian  d isk  te n s io n  streng th

Rock U nit n X s 95% C onfidence In terva l

ABC Zone 10 1 ,390  p s i 740 + 530 p s i

Upper Abrigo 10 1 ,370 740 + 530

M artin 6 1 ,820 480 + 510

F t e s t ,  w hich com pares the shape o f the sam ple d is trib u tio n  c u rv e s . In  a 

s tr ic t  s ta t i s t ic a l  a n a ly s is  two rock  u n its  can  be considered  from the same 

popu lation  if  a ll  t  and F te s ts  are  p a s s e d .  Table 11 show s the  re su lts  of 

the t  and F t e s t s .

W ith in  the 95% confidence le v e l, i t  can  be inferred  th a t the 

ABC zone and upper Abrigo and the upper Abrigo and M artin  are from the 

sam e popu lation  o f rock  p ro p erties  . The ABC zone and M artin  could  a lso  

be inferred  to  be from the  sam e popu lation  ex cep t th e ir  te n s ile  s tren g th s 

do not p a s s  the  t  t e s t .  C ochran e t  a l .  (1954, p .  19) s ta te s  "the step  

from sam pled popu lation  to ta rg e t popu lation  is  b a sed  on su b je c t-m a tte r  

knowledge and s k i l l ,  g en era l inform ation and in tu itio n  but not on s t a t i s ­

t ic a l  m eth o d o lo g y ." T herefo re , b a se d  on eng ineering  judgm ent and su b ­

je c t  m atter know ledge, the com bined p h y s ic a l p roperties  of a ll  th ree  

u n its  w ill be u se d  in  the d e s ig n  a n a ly s i s . The re a so n s  for com bining 

th e se  u n its  a re :

1. Only one t e s t  fa iled  and it  was by a sm all m argin.

2 . The sep a ra tio n  of the ABC zone and the  upper Abrigo in  the 

d esig n  is  not rea so n ab le  a t  th is  tim e .



Table 11. S ta tis t ic a l  a n a ly s is  to  ev a lu a te  popu lation  s im ila r itie s  of rock u n its

The f ir s t  num ber is  the  c a lc u la te d  t  or F v a lu e ; the second  number is  tab le  t  or F v a lu e .

ABC Zone + U pper Abrigo ABC Zone + M artin  U pper Abrigo + M artin
Property

t  t e s t F te s t t  t e s t F t e s t t  t e s t F te s t

C om pressive
Strength P ass

(0 .0 6 -2 .2 3 )
P ass

(1 .0 0 -7 .1 5 )
P ass

(1 .9 5 -2 .3 6 )
P ass

(1 .2 5 -9 .3 6 )
P ass

(0 .3 9 -2 .3 6 )
P ass

(2 .3 2 -9 .3 6 )

S tiffness P ass
(1 .9 0 -2 .2 6 )

P ass
(1 .0 7 -7 .3 9 )

P ass
(1 .0 5 -2 .2 6 )

P ass
(0 .2 3 -7 .3 9 )

P ass
(0 .1 3 -2 .3 1 )

P ass
(0 .2 2 -9 .6 0 )

P o is so n 's  Ratio P ass
(0 .0 9 -2 .3 6 )

P ass
(2 .0 1 -3 9 .3 )

Pass.
(0 .1 1 -2 .2 6 )

P ass
(1 .7 1 -7 .3 9 )

P ass
(0 .2 2 -2 .4 5 )

P ass
(0 .8 5 -3 9 .2 )

T ensile
S trength P ass

(1 . 68- 2 . 10)
P ass

(0 .8 9 -4 .0 3 )
Fail

(3 .0 4 -2 .1 4 )
P ass

(2 .1 3 -4 .4 8 )
P ass

(1 .3 2 -2 .1 4 )
P ass

(2 .3 8 -4 .4 8 )



42

The rock  p roperties for the com bined ABC z o n e , upper A brigo, and M artin  

rock  u n its  are l is te d  in Table 12 .

Table 12 . M ean and s tandard  d ev ia tio n  of com bined rock  p roperties

C om pressive P o is so n 's T ensile
S trength S tiffn ess Ratio S trength

M ean 19,920 10 .84  x 10G p s i 0 .2 7 1 ,480  p s i

S tandard D ev iation  6 ,970 4 .5 7 0.12 690

In ta c t Rock Shear Strength

Table 13 l is ts  the specim en  num bers, angle betw een  bedding 

and v e rtic a l a x is  o f c o re , failu re  co n tro l, confin ing  s t r e s s ,  and fa ilu re  

s t r e s s . Only specim ens in  the  ABC zone and upper Abrigo were te s te d  

tr ia x ia l ly . Specim ens were not te s te d  beyond a  confin ing  s tre s s  of 2 ,000  

p s i b ecau se  of lim ita tions in  the  te s tin g  equ ipm ent.

Assum ing a M ohr-Coulom b failu re  en v e lo p e , the a cc ep ted  

method of c a lcu la tin g  the  in te rn a l angle of fric tio n  and the  co h esio n  is 

to co n stru c t a Mohr c irc le  for e a c h  t e s t  and to connec t the common ta n ­

gen ts of th e se  c i r c le s .  B ecause the  rock  is  such  a va riab le  m a te ria l, the  

Mohr c irc le s  are d ifficu lt to  connec t (Fig. 15). An a lte rn a te  method of 

ca lcu la tin g  the in te rn a l fric tio n  ang le  is  p lo ttin g  the fa ilu re  s tre s s  

a g a in s t confining s tre s s  and c a lcu la tin g  the b e s t f it s tra ig h t line for the  

p o in ts  (Fig. 16). The in te rn a l ang le  of fr ic tio n  (0) and co h esio n  (c) are 

then  found by u sin g  the  slope  o f the  line m in  the  follow ing form ulas
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Table 13. Angle o f bedding  to v e rtic a l ax is  of c o re , failu re  c o n tro l,
confin ing  s t r e s s ,  and fa ilu re  s tre s s  for tr ia x ia l  com pression  
t e s t

Specim en Bedding Failure Confining Failure
N o. Angle C ontrol . S tress S tress

ABC Zone

A-2
T-3 40°

NSC
SC

500 p s i  
500

29 ,100  p s i  
30 ,600

T-2 40 SC 1,000 21,000
T-4 40 NSC 1,000 34 ,000
B-7 25 NSC 1,000 37 ,600
T - l 40 SC 1 ,500 38 ,600
B-2 42 SC 1 ,500 31 ,000
T-5 25 SC 2,000 40 ,600

Upper Abrigo

C -7 55 SC 2 ,000 13,000
C -8 65 SC 1,000 31 ,000
C -9 35 SC 2 ,000 15 ,800
C -10 35 SC 500 21 ,500
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ABC MINERALIZED ZONE

20001

1000 '

496

UNMINERALIZED UPPER ABRIGO
20000-1

10000 -

2170

10000 20000 30000
PRINCIPAL STRESS (P S I )

40000

Figure 15. Mohr c irc le s  for ABC zone and upper Abrigo
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ABC UNMINERALIZED ZONE4 0 0 0 0  -1

3 0 0 0 0  -

FAILURE STRESS = 2 5 4 1 5  +
6 . 6 1  (CO NFIN ING  S T R E S S )

2 0 0 0 0  - 3

1 0 0 0 0
5 0 0  1 0 0 0  1 5 0 0
CONFINING STRESS ( P S I )

2 0 0 0

UNMINERALIZED 
UPPER ABRIGO

3 0 0 0 0

FAILURE STRESS 1 6 2 0 0  +
1 3 . 9 8  (C O N F IN IN G  S T R E S S )

2 0 0 0 0 -

1 0 0 0 0 -

FAILURE STRESS = 0 + 7 . 2 0 (CON­
F IN IN G  S T R E S S )

5 0 0  1 0 0 0  1 5 0 0
CONFINING STRESS ( P S I )

2 0 0 0

Figure 16. Failure s tre s s  v e rsu s  confin ing  s tr e s s  for ABC 
zone and upper Abrigo
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(Obert and D u v a ll, 1967):

0  = ta n - * (2)
2vrm"

q _  u n iax ia l com pression  
2V~m

The mean and 95% confidence in te rv a l for the  in te rn a l ang le  of 

fric tion  and co h esio n  of the ABC zone and upper Abrigo is  g iven  in  Table 

14. Two re s u lts  have b een  reported  for the upper Abrigo b ecau se  sam ples 

C -7  and C -9 , w hich fa ile d  a long  m ajor s tru c tu re s , p robably  had litt le  to  

no co h es io n . If th is  assu m p tio n  is  c o rre c t, the fric tio n  angle for th e se  

co h es io n le ss  sam ples is  w ith in  the  range of the  fric tio n  ang le  of the  r e ­

m aining upper Abrigo sa m p le s .

In the p rev ious se c tio n  i t  w as concluded  th a t  the  th ree  rock  

un its  could  be considered  a s  onfe for th is  in it ia l  d e s ig n . Combining a ll  

sam ples ex cep t C -7  and  C -9 , the in te rn a l ang le  of fric tio n  is  5 5 .6 °  and 

the mean co h esio n  is 3 ,090  p s i  (Fig. 17, Table 14).

Rock-on-Rock Shear Strength

The re s u lts  of a d ire c t sh e a r  t e s t  from a rock-on-rock cu t f ra c ­

ture rep re se n ts  the sh e a r stren g th  of an  u n filled  p lan a r f ra c tu re . This 

sh e a r stren g th  is  u se d  to  c a lc u la te  the  rock-on-rock fric tio n  ang le  and 

rock-on-rock c o h e s io n . Two specim ens from the  ABC zone were t e s te d .

The normal s tr e s s  v e rsu s  sh e a r s tre s s  cu rves for the specim ens are  show n 

in Figure 18. T hese cu rves in d ica te  th a t the sh e a r  stren g th  is  not lin ear 

above 225 p s i .  The pow er curve proposed  by Jaeg er (1971) may be a b e t­

te r  rep re se n ta tio n  o f the  sh e a r s tren g th  curve (Fig. 18); how ever, the
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#  ABC ZONE

X UNMINERALIZED UPPER ABRIGO

A m a r t i n

4 0 0 0 0

3 0 0 0 0

FAILURE STRESS = 2 0 1 5 6  +
•  1 0 . 4 2  (C O N F IN IN G  S T R E S S )

2 0 0 0 0

1 0 0 0 0

1 0 0 0  1 5 0 0
CONFINING STRESS ( P S D

2 0 0 0

Figure 17. Failure s tre s s  v e rsu s  confin ing  s t r e s s  for com bined 
rock un its



Table 14. In te rn a l fric tio n  angle and In tac t rock coh esio n

In tern a l F ric tion  Angle In tac t Rock C ohesion

95% C onfidence Limit 95% C onfidence Limit

Rock U nit n M ean U pper Lower M ean Upper Lower

ABC Zone 13 4 7 .5 ° 5 7 .7 ° 7 .7 ° 4 ,9 6 0  p s i 11 ,100 p s i 3 ,690  p s i

Upper Abrigo 1 a 7 60.11 67 .1 50 .9 2 ,170 5 ,130 1 ,390

U pper Abrigo 2 b 2 4 9 .1 — —— 0 — —

M artin  c 5 — — — — — — — —

Com bined ABC 
Z one, U pper 
Abrigo 1, and 
M artin 25 5 5 .6 6 0 .8 4 5 .9 3 ,090 4 ,0 4 0 2 ,590

a .  Sam ples C -8  and C -1 0 .
b . Sam ples C -7  and C -9 , which fa iled  along m ajor s tru c tu re s .
c .  M artin  te s te d  a t  zero  confin ing  s tr e s s  o n ly . ►b.

CO
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SPECIMEN 1

T = 2 . 7  + N(TAN 2 7 . 7 )
. (ONLY FOR N < 200 P S D

I 200 3
NORMAL STRESS, N ( P S D

SPECIMEN 1

T = 5 . 2  + N(TAN 2 8 . 3 )  
(ONLY FOR N < 200 P S D

1 0 0 “

I 200 3
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Figure 18. R ock-on-rock  d ire c t sh e a r for ABC zone
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design  a n a ly s is  is not p re se n tly  equ ipped to  handle th is  re la tio n sh ip . 

The m ean and 95% confidence in te rv a l of the ro ck -o n -ro c k  fric tio n  angle 

and cohesion  are g iven  in Table 15 for each  sp ec im en . Combining the 

two sp e c im e n s , the average ro ck -6 n -ro c k  fric tion  angle is  28 deg rees 

and the average ro ck -o n -ro c k  c o h esio n  is  4 .0  p s i  (Table 15).



Table 15. R ock-on-rock  fric tion  angle and co h esio n  for. ABC zone

R ock-on-R ock F ric tion  Angle R ock-on-R ock C ohesion

n 95% C onfidence Limit 95% C onfidence Limit
Specim en

N o.
(normal
loads) M ean U pper Lower M ean U pper Lower

1 4 2 7 .7 ° 3 0 .9 ° 2 4 .4 ° 2 .7  p s i 12 .3  p s i - 7 .0  p s i

2 4 28 .3 3 0 .3 26 .2 5 .2 11 .4 - 1.1

Com bined 2 8 .0 2 9 .8 26.1 4 .0 9 .5 - 1 .6



CHAPTER 5

ROCK MASS PROPERTIES

Having te s te d  the rock  su b s tan ce  and c a lc u la te d  the c h a ra c te r­

is t ic s  of the s tru c tu ra l fea tu res  i t  is  n e c e ssa ry  to in teg ra te  the two and 

describe  the rock m ass p ro p e rtie s . The e x a c t method of in teg ra ting  the 

rock su b s tan ce  s tren g th  w ith the frac tu re  stren g th s is  not w ell d e fin ed . 

One approach is  to  c la s s ify  the  rock  accord ing  to  its  s treng th  and s tru c ­

tu ra l p ro p e rtie s . Another approach is  to model the rock  m ass and d e te r­

mine the  am ount o f in ta c t rock and the  amount of frac tu red  ro ck . The 

main problem  w ith the c la s s if ic a tio n  approach is  th a t m ost d e s ig n  

a n a ly se s  require  sp e c if ic  streng th  p ro p e rtie s . C la s s if ic a tio n  does how ­

ever provide a m eans of q u a lita tiv e ly  describ in g  the rock  m a ss . The 

model method does provide a sp e c if ic  rock m ass streng th (s) bu t no 

sing le  model in c lu d es a ll  v a r ia b le s .

C la s s if ic a tio n  of Rock M ass

M any m ethods of c la s s if ic a t io n  are a v a ila b le . For th is  study  

D e e re 's  (1968) (Table 16) and C o a te s ' (1970) (Table 17) c la s s if ic a tio n s  

are u s e d . U sing  D e e re 's  c la s s if ic a t io n  the rock  m ass a t  M arble Peak 

is  d esc rib ed  a s  fo llow s:

ABC Zone: A high to  very  high s tre n g th , a medium to  high

m odulus ra tio  (Fig. 19), and a c lo se  jo in t sp a c in g .

U pper Abrigo: A medium to  high s tre n g th , a h igh m odulus ra tio  

(Fig. 19), and a c lo se  jo in t sp a c in g .

52
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Table 16. Engineering c la s s if ic a tio n  of ro c k s , a fte r  D eere (1968)

I .  S trength C la s s if ic a tio n

D escrip tio n
U n iax ia l C om pressive 

S trength  (psi)

very  high streng th  
high streng th  
medium stren g th  
low streng th  
very  low stren g th  •

32 ,000
1 6 ,0 0 0 —32,000  

8 ,0 0 0 —16,000  
4 ,0 0 0 —8,000  

<  4 ,0 0 0

II . M odulus Ratio (E/<5yy) C la s s if ic a tio n  '

D escrip tio n M odulus Ratio

high m odulus ra tio  
average m odulus ra tio  
low m odulus ra tio

500
200—500
200

III. Jo int Spacing C la s s if ic a tio n  

D esc rip tio n Join t Spacing

very  c lo se  *< 2 in .
c lo se
m oderately  c lo se  
wide
very wide

2 i n . —1 ft 
1 ft —3 ft
3 ft —10 ft 

> 1 0  ft

IV. Rock Q uality  D esig n a tio n  (RQD) 

D escrip tion ROD (%)

very  poor
poor
fa ir
good
ex ce llen t

0—25
25—50
50—75
75—90
90—100
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Table 17. Engineering c la s s if ic a tio n  of ro c k s , a fte r  C oates (1970)

I .  Rock S trength C la s s if ic a tio n -

D escrio tio n
U n iax ia l C om pressive 

' S trength  (psi)

very  strong
strong
w eak
very w eak

> 2 5 ,0 0 0  
1 0 ,0 0 0 —25,000  

5 , 000—10,000  
<  5 ,000

n.  Rock D eform ation C la s s if ic a tio n  

D escrip tio n % S tra in

e la s t ic <25%  to ta l  s tra in  '•
irrevocab le

y ie ld ing >25%  to ta l  s tra in  
irrevocab le

I I I . C ontinuity  of Form ation 

D escrip tion Laver S pacina

m assive
layered

> 6  f t 
< 6  ft

IV. Fracture Spacing 

D escrip tio n Block Size

b locky 
broken 
very  broken

1 f t —6 ft 
3 i n . —1 ft 

< 3  in .
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Figure 19. S trength  m odulus p lo t for ABC z o n e , upper Abrigo 
and M artin



M artin: A medium to  very  high s tre n g th , a medium to high 

m odulus ra tio  (Fig. 19), and a c lo se  jo in t sp a c in g .

In  a d d itio n , D eere proposed a rock  q u a lity  d e s ig n a tio n  (RQD), 

which is  a m odified core reco v ery . The RQD is  c a lc u la te d  by summing 

the core lengths g rea te r th an  tw ice  the  d iam eter (4 in . for the C ontrol 

Property) and dividing by the  to ta l  leng th  o f core in sp e c te d . A l is t  of 

diamond d rill h o le s , rock  ty p e s , footage in te rva l below  the c o lla r , and 

RQD is  reported  in Table 18. B ased on a w eighted a v e ra g e , the  re s u lts  

a re :

Rock Type % ROD

M artin  7 0

U pper Abrigo 70

U sing C o a te s ' c la s s if ic a tio n  the  rock  m ass a t  M arble Peak 

would be d escrib ed  a s  fo llow s:

ABC Zone: A strong to  very  s tro n g , e la s t ic ,  lay e red , and

broken to  very  broken ro c k .

U pper Abrigo: A s tro n g , e la s t ic ,  lay e red , and broken to  very  

broken ro ck .

M artin: A strong to  very  s tro n g , e la s t ic ,  lay e red , and

broken to  very  broken ro ck .

Although both c la s s if ic a tio n s  ex p ress  the rock  m ass q u a lita tiv e ­

ly , n e ith e r can  p re sen tly  be u se d  in  a d es ig n  c a lc u la tio n . As add itiona l 

inform ation is  ob ta ined  about p illa r  s ta b ili ty  and roof su p p o rt, it w ill be 

p o ss ib le  to develop  a d e s ig n  c la s s if ic a tio n  for the m ine.

56
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Table 18. Rock q u a lity  d e s ig n a tio n  for s ix  d rill ho les in  ABC zone

Diamond D rill 
Hole N o. Rock Form ation Footage In te rv a l RQD %

6 M artin 756—776 79
U pper Abrigo 776—790 88

37 M artin 286—300 60
U pper Abrigo 372—379 31

45 U pper Abrigo 674—689 82
U pper Abrigo 700—705 93

69 M artin 514—523 50
U pper Abrigo 523—539 81
U pper Abrigo 617—623 81

70 U pper Abrigo 502—509 40
U pper Abrigo 547—553 100
U pper Abrigo 553—568 46

72 M artin 237—240 100
U pper Abrigo 245—258 59
U pper Abrigo 336—341 60

E stim ate of Rock M ass Strength

Failure M odes

The rock m ass stren g th  is  not only  dependen t on the  rock su b ­

stance  and frac tu re  streng th  but a lso  the o r ie n ta tio n , le n g th , and spac ing  

of f ra c tu re s . S tud ies by D onath (1961) and John (1969) in d ica te  th a t a 

continuous struc tu re  o rien ted  approxim ately  30 deg rees from the d irec tio n  

of loading c a u se s  the  g re a te s t  w eakening of the rock  m a s s , while s tru c ­

tu res norm al or p a ra lle l to loading  have lit tle  e ffe c t on rock  streng th  

(Fig. 20). Assum ing the load on the  p illa r  to  be normal to the dip of 

bedding , a ll  but the Bedding fracture  s e t  have an  o rien ta tio n  th a t w ill
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CONFINING PRESSURE

3000- 500 BARS

105 BARS

<  2000 -

30 BARS

INCLINATION OF ANISOTROPY 
(DONATH, 1961)

(DEGREES)

P-.

X  ROCK SUBSTANCE STRENGTH 
(JOHN,1969)

Figure 20. Rock stren g th  v e rsu s  s tru c tu re  o rien ta tio n
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reduce the  p illa r  rock  s tre n g th . If the fracture  leng ths do not cu t com­

p le te ly  through the p i l la r ,  the  rock  m ass s treng th  w ill a lso  be determ ined 

by the percen tage  of in ta c t rock  a long the p la n e . The s tru c tu re  a n a ly s is  

re su lte d  in d is tr ib u tio n s  of frac tu re  leng ths (F igs. 10 through 14). The 

p robab ility  of a fra c tu re 's  length  being  g rea te r th an  10 fee t and g rea te r 

th an  20 fee t for the  predom inant jo in t se ts  is :

Set
P robab ility  

Le noth > 1 0  ft
P robab ility  

Length > 2 0  ft

Bedding 1 0 . 2% 2 . 6%

N ortheast F la t 9 .4 .9

E as t-W est 1 .6 .0

N ortheast 4 .5 .2

N orthw est 4 .8 .2

This a n a ly s is  in d ic a te s  th a t the chance of fa ilu re  on a con tinuous jo in t 

is  low for p illa r  w idths g rea te r than  20 fe e t .  F au lts  have h igher p roba­

b ili t ie s  for leng ths g rea te r th an  20 th an  do jo in t s , bu t fau lts  occur le s s  

frequently  th an  jo in t s . Although a sing le  jo in t may s ig n if ic an tly  reduce 

the rock  m ass streng th  for p illa r  w idths le s s  th an  20 f e e t ,  a com bination 

o f jo in ts  can  provide a more con tinuous fa ilu re  p a th . The two m ost prob­

ab le  geom etries formed from a com bination o f jo in ts  are the wedge and 

the step  p a th .

Table 19 l is ts  the  b e a rin g , p lu n g e , and d ihed ra l ang le  for the 

p o ss ib le  w edges formed by the  in te rse c tio n  of the predom inant fracture 

s e t s .  The s ize  of th e se  w edges depend  on the  d is tr ib u tio n  o f frac tu re  

le n g th s . S ince the p robab ility  o f frac tu re  leng ths g rea te r th an  20 fee t is
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Table 19. B earing, p lu n g e , and d ihed ra l angle of p o ten tia l w edges

Jo in t S ets Bearing Plunge D ihedral Angle

Bedding & E as t-W est 900 35° 90°

Bedding & N ortheast 53 29 116

Bedding & N orthw est 142 23 69

Bedding & N ortheast F la t 35 22 106

N orth-South & N ortheast 180 83 130

N orth-South & N orthw est 180 83 40

N orth -S ou th .& N ortheast F la t 0 44 64

E ast-W est & N ortheast F lat 270 34 51

N ortheast & E as t-W es t 90 82 140

N orthw est & E a s t-W e s t 270 83 130

N orthw est & N ortheast F la t 314 50 89

le s s  th an  1 p e rc e n t, the  wedge w ill have no more e ffec t on the rock 

streng th  than  the  s in g le  f ra c tu re . Four o f the  jo in t s e ts  have s te ep  dips 

resu ltin g  in  s te ep  p lu n g e s . These w edges w ill s lid e  out if  the fric tio n  

angle is  the only  r e s i s ta n c e . B ecause the  leng ths are d isc o n tin u o u s , 

"sm all"  to  "medium" Aize w edges can  be expec ted  to s lide  out and re ­

duce the  rock m ass s treng th  of the p i l la r .

The com bination of jo in ts  th a t  is  lik e ly  to  re s u lt  in the lo w est 

percen tage  o f in ta c t rock is  the s tep  p a th  (Fig. 21). The s tep  pa th  is 

defined by a s te ep  (45° to 90°) jo in t s e t  and a f la t (20° to  60°) jo in t s e t  

th a t have approxim ately  the same s tr ik e . The ang le  o f the s tep  path
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BETA ANGLE

SHEAR ROCK BRIDGE

TENSIO N  ROCK 
BRIDGE

PATH FOLLOWED

Figure 21. Geom etry o f a s tep  path
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(beta angle) and the  ex ten t of a con tinuous s tep  pa th  depend on the  d is ­

tribu tion  of fracture  d ip , len g th , and sp a c in g . This com bination of jo in ts  

w ill re su lt  w ith the low est percen tage  of in ta c t rock  and w ill therefore  be 

d isc u sse d  in  more d e ta i l .

Step Path M odel

A s tep  pa th  com puter model w as developed  by C a ll and N icho las 

(1974) for slope d e s ig n . The model determ ines the path  of low est sh ea r 

streng th  by random ly sam pling the d is tr ib u tio n s  o f fracture  le n g th s , 

sp a c in g s , and d ip s . W hen the fracture  length  is  short re la tiv e  to  frac ­

ture sp a c in g , rock  b ridges form (Fig. 21). For the  o p e n -p it slope  a n a ly ­

s i s ,  i t  is  presum ed th a t a rock  bridge under sh e a r s tre s s  w ill probably  

not fa il but th a t a bridge under te n s ile  s tr e s s  w ill fa il  b ecau se  the  te n ­

s ile  streng th  of the  rock  su b s tan ce  is  low er th an  the sh ea r s tre n g th . 

M oreover, if  th e  p illa r  core is  under a tr ia x ia l  s t re s s  f ie ld  (W ilson,

1972) the te n s ile  and sh e a r rock b ridges may have sim ila r s tre n g th s . 

T herefore, the  chance of fa ilu re  is  eq u a l for both ty p es of rock  b rid g e s . 

B ecause the d es ig n  a n a ly se s  are b a sed  on sh e a r fa ilu re , i t  w ill be a s ­

sume th a t both rock  b ridges w ill fa i l  in  sh e a r .

The assum ptions upon w hich the  minimum re s is ta n c e  s tep  path  

com puter program is  b a se d  a re :

1 . At le a s t  two frac tu re  s e ts  e x is t  th a t c h a rac te rize  a s tep  geom ­

e try . The s e ts  have s im ila r s tr ik e s  w ith one s e t  having a f la tte r  

dip (20°  to  600) with the  s te e p e r  s e t  d ipping 45° to  9 0 ° .

Fracture se t c h a ra c te r is t ic s —d ip , len g th , and sp a c in g —can  

each  be d e sc rib e d  by m athem atical d is tr ib u tio n s .

2 .
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3 . The overlap  of frac tu res  is  rep resen ted  by a uniform d is tr ib u ­

tio n  .

4 . The tw o-d im ensional a n a ly s is  rep re se n ts  the th ree -d im en sio n a l 

p ic tu re .

5 . Under a te n s ile  s t r e s s , a p reex is tin g  fracture  w ill propagate up 

to  the f ir s t  frac tu re  it  in te rse c ts  bu t not bey o n d .

6 . The f la t te s t  pa th  w ill be follow ed; th a t i s ,  the s tep  p a th  w ill 

follow  up a f la t jo in t to  the s teep  jo in t fa r th e s t ou t (Fig. 21). 

The path  w ill th en  tra v e l out the s tep  jo in t u n til i t  m eets a n ­

o ther f la t jo in t moves up th a t  jo in t (Fig. 21).

The input d a ta  required  to  generate  th e  model are:

1 . D istribu tion  o f frac tu re  len g th , sp a c in g , and dip for each  jo in t 

s e t .

2 . H eight of p it face  or p i l la r .

3 . Number o f i te ra t io n s .

4 . A se r ie s  o f random num bers.

O utput com prises the b e ta  ang le  and the sum to ta l  o f rock 

bridges th a t would have to  fa il by sh ear s t r e s s e s . W ith th ese  d a ta  p lu s 

the heigh t of the p illa r  the  p ercen tage  of in ta c t rock  is  e s tim a te d .

R esults of Step Path A nalysis

The M arble Peak a rea  has two p o ss ib le  s tep  p a th s : (1) the 

N ortheast and N ortheast F la t fracture  se ts  and (2) the N orth-South  and 

Bedding fracture s e t s . B ecause the  N orth-South  s e t  was m issing  in  the 

d e ta il  lines m apped, length  and spacing  d is trib u tio n s  do not e x is t  for
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th is  s e t .  T herefo re , the s tep  pa th  model w as run on only  the N ortheast 

and N ortheast F la t jo in t s y s te m s . To determ ine % in ta c t rock  for a g iven  

p illa r  h e ig h t, the model w as run a t  p illa r  h e ig h ts  ranging  from 5 to  50 

fe e t .  B ecause there  is  no unique s tep  p a th , 100 ite ra tio n s  were made 

for each  p illa r  h e ig h t. This re su lte d  in  the d is trib u tio n  of b e ta  an g les  

and % in ta c t rock  show n in  Figure 22 . Figure 23 show s the  m edian and 

20% and 80% cum ulative frequency lim its for b e ta  an g les  and % in ta c t 

ro c k .

The d is trib u tio n  of b e ta  ang les ranges betw een  lognorm al and 

normal (Fig. 22c). The m edian b e ta  an g les  range be tw een  5 0 .6  and 5 4 .7  

deg rees and appear to in c rease  w ith p illa r  he igh t up to a p illa r  he igh t of 

15 fe e t where th ey  becom e re la tiv e ly  c o n s tan t (Fig. 23b).

The % in ta c t rock  d is tr ib u tio n  ranges betw een  lognorm al and 

negative  exponen tia l o f the cum ulative frequency  (Fig. 22b). The m edian 

va lues range betw een  13 .3  and 2 3 .3  p e rcen t show ing a g en era l in c re a se  

in  % in ta c t rock with in c reased  p illa r  he igh t up to  20 fe e t and then  b e ­

coming re la tiv e ly  c o n s tan t (Fig. 2 3 a ). The average  of the  m edian % in ­

ta c t  rock is  20 p e rcen t with a standard  d ev ia tio n  of 4 p e rc e n t.

S trength C a lcu la tio n

G iven the re s u lts  in  the  above s e c tio n , an  e s tim a te  can  be 

made of the  rock  m ass s tre n g th . The value of the rock  m ass fric tio n  

angle can be e s tim a ted  by proportioning the in ta c t rock  fric tio n  angle 

and the fric tio n  angle  o f f ra c tu re . The follow ing equation  dem onstra tes 

how th is  is d one :

RxMff = (%IRx/100)(IRx$zO + (%Frx/100) (Fjzf) = 37° (4)
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RxMgf = rock  m ass fric tio n  angle 

%IRx = p e rcen t in ta c t rock = 20%

IRx^ = in ta c t rock  fric tio n  angle (in ternal ang le  of friction)

= 5 5 .6 °

%FRx = p ercen t of frac tu red  rock = 80%

Fgf = fric tio n  angle of fracture  = 3 2 ° .

The fric tion  angle of the fracture com prises the ro ck -o n -ro c k  fric tio n  

angle (28°) and the roughness ang le  (4°) m easured  in  the  s tru c tu ra l 

m apping.

The rock m ass co h esio n  is  c a lc u la te d  by a s im ila r equation : '

RxMC = (%IRx/100) (IRxC) + (%FRx/l00) (RRxC) = 620 p s i (5) 

if: RxMC = rock m ass cohesion

%IRx = p e rcen t in ta c t rock  = 20%

IRxC = in ta c t rock  co h esio n  = 3 ,090  p s i  

RFRx = p e rcen t frac tu red  rock  = 80%

RRxC = ro ck -o n -ro c k  co h esio n  = 4 p s i .

These re su lts  are only  e s tim a te s  and are b ased  on m edian v a lu e s  for the 

M arble Peak a re a . Therefore the d es ig n  should  accoun t for v a ria b ility  

of the rock m ass s tre n g th .



CHAPTER 6

ESTIMATION OF IN SITU STRESS FIELD

The pre-m ine s t r e s s , or in  s itu  s t r e s s , is  com posed of s t r e s s e s  

due to  g rav ity  and te c to n ic  fo rc e s . Voight (1967) p roposed th a t the in  

s itu  s tre s s  can  be c la s s e d  accord ing  to the follow ing segm ents:

1 . G rav ita tiona l 

a .  C urrent

2 . T ectonic

a . C urrent

b . R esid u a l.

The current g rav ita tio n a l s tre s s  is  the s tr e s s  due to  the w eight o f the  

overburden. C oates and G rant (1966) reported  m easurem ents show ing 

th a t the v e rtic a l s t re s s  is  g rea te r than  th a t p red ic ted  by the overburden . 

This su g g ests  th a t a re s id u a l g rav ita tio n a l s tre s s  segm ent should  be 

added to  the g rav ita tio n a l portion  of V oight's c la s s if ic a t io n .

If the g rav ita tio n a l s t r e s s  is co nsidered  the only  driv ing  fo rc e , 

assum ing a zero la te ra l  s tra in , the ho rizon ta l s tre s s  O'# p red ic ted  by 

e la s t ic i ty  is :

d"H = - y r V ^ o v b  (G)

where v* = P o is so n 's  ra tio

crovb "  d e n s ity  x overburden th ic k n e s s .

Because P o isso n 's  ra tio  g en era lly  ranges betw een  0 .1 5  and 0 .2 5 , the  

horizon tal s t re s s  should  range betw een  1 /3  to  1 /2  the v e rtic a l s t r e s s .

68
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Heim (1878) proposed th a t the  in  s itu  s tre s s  f ie ld  becom es h y d ro sta tic  

due to c re e p , th a t i s ,  Covb = = d e n s ity  x  heigh t of oberburden . I t

is  argued th a t a s  sed im ents are d ep o sited  the s tr e s s  f ie ld  is  h y d ro sta tic  

and therefore should  rem ain th a t w ay . A lso , since  an in tru s io n  is  p re ­

dom inantly liqu id  as i t  is  form ed> h y d ro sta tic  s tr e s s e s  are d ev e lo p ed .

C ontrad ictory  to the h y d ro sta tic  co n cep t, m easurem ents have 

shown the horizon tal s tre s s  is  genera lly  g rea te r th an  the v e rtic a l s tre s s  

(Fig. 24). The d ifference  betw een  the p red ic ted  ho rizon ta l s t re s s  by the  

above m ethods and those  m easured can  be exp la ined  by te c to n ic  s t r e s s e s .  

Current te c to n ic  s t r e s s e s  are d ifficu lt to  m easu re . Seism ic a c tiv ity  is  an 

ind ica tion  th a t a curren t te c to n ic  s tr e s s  e x is ts ,  but i t  is  not n e c e ssa ry  

(Voight, 1967). S tructure o rien ta tio n  is  a lso  thought to re la te  the  cu rren t 

te c to n ic  s tr e s s e s  but B ie len s te in  and E isbacher (1969) show ed th is  was 

not alw ays the  c a s e .  The re s id u a l te c to n ic  s t r e s s e s  are defined  by 

Voight (1967, p .  332) as " se lf-e q u ilib ra tin g  s tre s s  com ponents th a t  r e ­

main in  a struc tu re  if  ex te rn a l fo rces and moments are rem o v e d ." The 

ex is ten ce  of re s id u a l s t r e s s e s  is  b e s t  exem plified  by the  ex fo lia tio n  of 

the H alf Dome in YoSemite P ark , C a lifo rn ia .

M ethods for M easuring  S tre ss

In order to  d es ig n  a  mine i t  is  n e c e ssa ry  to  know o r e ls e  to  be 

ab le  to  reaso n ab ly  e s tim ate  the in  s itu  s tre s s  f ie ld , th a t i s ,  the loading 

cond ition  a n tic ip a te d . The b e s t  av a ilab le  techn ique  for m easuring the in 

s itu  s tre s s  is  one of the  overcoring  s tre s s  re l ie f  m e th o d s. This te c h ­

nique involves d rilling  th ree  ho les a t  le a s t  two tim es the  d rift w idth and 

then  overcoring th e se  h o le s , th a t  i s ,  re le a s in g  the  s tre s s  while
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Figure 24. Summary o f in  s itu  s tre s s  m easurem ents made in 
v irgin  ro ck —afte r Jaeger and Cook (1969)



monitoring the  s tra in . The overcoring s tre s s  re lie f  method requ ires s o ­

p h is tic a te d  equipm ent and is  e x p e n s iv e .

A sim ila r method is  to  overcore an  iso la te d  b lock  o f rock  and 

m easure the re s id u a l s tra in s  th a t are tra n s la te d  in to  re s id u a l s t r e s s e s . 

The concept of re s id u a l s t r e s s e s  is  not new bu t i ts  accep tan ce  is  not 

u n iv e rsa l. To determ ine the in  s itu  s tre s s  f ie ld s  Voight (1967) proposed 

th a t th ese  re s id u a l s t r e s s e s  can  be added to the  s t r e s s e s  p red ic ted  by 

g ra v ity . H ow ever, if  there  is  a current te c to n ic  s tre s s  p re se n t i t  w ill 

not be in c lu d ed . The re s id u a l s tre s s  method does have the advantage 

of low c o s t and is  re la tiv e ly  e a sy  to perform .

B ecause the geo log ic  struc tu re  is the re s u lt  of a ll  the s tr e s s  

fie ld s  th a t have ac ted  on the ro ck , it is  reaso n ab le  to  assum e th a t  the 

s tre s s  fie ld  could  be e s tim a ted  from the geo log ic  s tru c tu re . J .  F . Abel 

(oral com m un., 1974b)has developed  a flow  ch art to  e stim ate  the o rien ta ­

tio n  and m agnitude of the s tre s s  fie ld  g iven  the  rock type and b a s ic  

s tru c tu ra l d a ta . He developed  th is  flow chart by com bining the  th eo ries  

of fracture  p ropagation  and the  re s u lts  o f in  s itu  s tr e s s  m easurem ents 

and th e ir  co rre la tio n  w ith the geology (rock type and s tru c tu ra l fe a tu re s ) . 

As Abel a d m its , th is  method is only  an  e s tim a te , but for lac k  of any 

o ther d a ta , " I t 's  the  b e s t we g o t ."

R esidual S tre ss  R elief A nalysis

71

Assum ptions

The s t r e s s  re lie f  techn ique  e n ta ils  overcoring a s tra in  gage and 

m easuring the  change in  s t r a in .  The s tra in  m easurem ents made a fte r  co r­

ing are the re s u lts  of in s tan tan eo u s s tra in  recovery  and tim e-dependen t
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s tra in  re c o v e ry . H ow ever, a ll  the  s tra in  is  not recovered  as  long as the  

core is  in ta c t .

B ecause the  m agnitude and o rien ta tio n  of s t r e s s e s  are c a lcu la te d  

from the s tra in  m easu rem en ts , c r i t ic a l  a ssum ptions m ust be m ade. These 

assum ption  are (G entry, 1972, p .  22):

1. Probably a ll  rocks ex h ib it n o n -e la s tic  (tim e-dependent) 
s tra in .

2 . The to ta l  m easured  e la s t ic  and n o n -e la s t ic  s tra in s  are 
p roportional to the to ta l  s tra in  w hich e x is te d  in  the  rock  
p rio r to  s tre s s  re lie f  a s  long as  the  rock  can  be con ­
sidered  T heologically  iso tro p ic .

3 . The v a lu es of the M odulus o f E la s tic ity  and P o is so n 's  
ra tio  determ ined by  labora to ry  m ethods are id en tica l to 
the in s itu  v a lu e s .

4 . S train  and s tr e s s  e ll ip s e s  c a lcu la te d  from the  m easured 
'r e le a s e d ' s tra in s  are o rien ted  and o f proportional mag­
n itudes to  the  s tr e s s  fie ld  which e x is te d  in  the rock  
prior to  s t r e s s - r e l ie f  overco ring . This a lso  assum es the 
rock is  T heologically  is o tro p ic .

Sample C o llec tio n  and T esting  Procedure

An o rien ted  b lock  of approxim ately  0 .7  ft^ volume w as c o llec ted  

from the  ABC zone on the  6400-fo o t e le v a tio n  (Fig. 7 ). Three p lan es  on 

the rock  were m onitored w ith 45-deg ree  s tra in  r o s e t te s .  The o rien ta tio n  

o f the p lan es m onitored w ere:

Strike Dip Set

N . 2° E . 42° SE Bedding

N . 28° W . 62° SW N orthw est .

N. 62° w . 85° SW E as t-W es t (Northwest)
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The te s tin g  procedure u se d  w as s im ila r to  th a t u se d  by G entry 

(1972). A d e ta ile d  ex p lana tion  of th is  procedure is  g iven  in  Appendix D , 

but a b rie f exp lana tion  here is  n e c e ssa ry  for a b e tte r  understand ing  of 

the r e s u l t s . F o rty -fiv e -d eg ree  s tra in  gage ro se tte s  were g lued  to  the 

rock  on each  of the th ree  p la n e s . The s tra in  gages were read  u n til the  

s tra in  v a lu es s ta b iliz e d  and were th en  overcored  bu t not broken free from 

the ro ck . The gage and core on  the  bedding p lane  broke free from the 

b lock  b ecau se  of a f ra c tu re . Again s tra in  m easurem ents were made u n til 

the s tra in s  s ta b il iz e d . F in a lly , a l l  co res were broken free from the 

b lock  and s tra in  m easurem ents were made u n til  s ta b iliz a tio n  o ccu rred . 

W hile breaking the core from the b lock  the no rthw est p lane w as d e ­

stro y ed .

T e s t. R esu lts

Figure 25 (in pocket) show s the  s tra in  v e rsu s  tim e graph for 

each  of the  p lan es  m onitored. The N . 2 °E . and N . 2 8 °W . gages s t a ­

b iliz ed  w ith in  800 hours; how ever, th e  N . 6 2 °W . p lane  took 1100 h o u rs . 

The period of time th a t was u sed  to  c a lc u la te  the  average  s tra in  v a lu es  

before co ring , a fte r  co rin g , and afte r core re le a s e  are show n in Figure 

25. The average s tra in s  co rrec ted  for tem perature for th e se  periods are 

lis te d  in  Table 20 .

G iven the s tra in s  in  th ree  d ire c tio n s . Y oung's m odulus, and 

P o isso n 's  ra t io , the  s t r e s s  m agnitude and  o rien ta tio n  can  be c a lc u la te d  

for the p lane in which the  s tra in s  were m easu red . B ecause th e s e  s tre s s e s  

are c a lcu la te d  from s tra in s  on a s in g le  p la n e , th ey  are c a lle d  the  se co n ­

dary p rin c ip a l s t r e s s e s . The stan d ard  equations u sed  to  c a lcu la te  the



Table 20 . Summary o f re s id u a l s t re s s  re l ie f  a n a ly s is

Secondary Principal Stress 
Orientation (degrees)

Plane Average Strain Readings Secondary Principal
Monitored (temperature corrected) Stresses (psl) Max Min

Stabilization
Strike Dip Period M «2 63 Max Min Max Shear Bearing Plunge Bearing Plunge

N 2E 42SE Before coring -81 .36 29.33 -210.90 -401 -4483 2040 N 8W 9 N82E 42

After coring 13.83 135.80 -117.20 1303 -3031 2167 N 8W 9 N82E 42

After core 
released -43 .20 102.07 -179.04 584 -4298 2441 N 6W 7 N84W 42

N 20 W 62 SW Before coring -50.53 -69.59 -100.10 -981 -1530 278 N 67 W 50 S 24 W 56

After owing -56.53 -5 .45 37.85 360 -673 517 SI6W 51 N 76 W 54

N 62 W 85 SW Before coring 59.21 -5 .29 -418.90 224 -6234 3229 S 2 W 84 N 88 W 79

After coring 300.33 -2.81 -256.05 3417 -2677 3047 S86W 81 S 4 E 84

After core 
release 285.71 -100.02 -400.44 2813 -4730 3771 S87W 80 S 3 E 84
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s tre s s e s  from the  s tra in s  are  tak e n  from H etenyi (1954) and are  l is te d  in  

Table 21. The maximum, minimum, and maximum sh ea r secondary  p rin ­

c ip a l re s id u a l s t r e s s e s  are  lis te d  in  Table 20 for each  p lane  m onitored 

and for each  period  of s tra in  s ta b il iz a tio n . By d e fin itio n , a p o s itiv e  

value m eans com pression  and a negative  value  m eans te n s io n .

B ecause mining w ill g en era lly  follow  the p lane  of b ed d in g , th e  

o rien ta tio n  and m agnitude of the  s tre s s  in  th is  p lane is  c r i t ic a l  to  the  

d e s ig n . The maximum re s id u a l s t re s s  in  the  bedding plane is  app rox i­

m ately p a ra lle l to  the s trike  of bedd ing , and the  minimum s tre s s  is  a p -  

proxim ally down the  dip of bedding (Table 20). This o rien ta tio n  does not 

change throughout the th ree  s ta g e s  of m onitoring. The maximum re s id u a l 

s tre s s  has a m agnitude of 580 p s i and  the  minimum s tre s s  has a m agni­

tude of -4 3 0 0  p s i .  U sing V oight's (1967) c o n c e p t, the cu rren t g ra v ita ­

tio n a l and te c to n ic  s tr e s s e s  should  be added to  the re s id u a l s t re s s  to  

ob tain  the  com plete in  s itu  s tre s s  f ie ld . I t  is  beyond the  scope of th is  

study  to  determ ine the  cu rren t te c to n ic  s t r e s s e s , and th e y  are therefo re  

assum ed  to  be z e ro . Based on a dep th  o f 620 fee t and a P o is so n 's  ra tio  

of 0 .2 6 , the v e rtic a l and ho rizon ta l s t r e s s e s  due to  g rav ity  are 680 p s i  

and 250 p s i ,  re s p e c tiv e ly . This s tre s s  e ll ip so id , due to  g rav ity , re s u lts  

in  a s tre s s  vec to r in the  dip d irec tio n  of 310 p s i .  Adding the  g rav ity  

s tre s s  to  the re s id u a l s t r e s s  re s u l ts  in a s tr e s s  p a ra lle l  to  the  s trik e  of 

bedding o f 830 p s i and the  s tre s s  in  the  downdip d irec tio n  o f -  3990 p s i .  

This dip d irec tion  te n s ile  s tre s s  in d ic a te s  the p o ten tia l of rock  b u rst;

how ever, the s tre s s  m agnitudes a re  q u e s tio n a b le . G entry , (1972, p . x)
\

made th is  co n clu sio n  about the  re s id u a l s t re s s  m agnitude a fte r  running 

seven  specim ens: " Ind ica tions are th a t  more confidence c an  be p laced
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Table 21. Standard equations for p rincipal s tre s s  and s tra in  c a lcu la tio n s  
for a th ree-gage 45-degree ro s e t te —After H etenyi (1954)

£2

e = s tra in  m easurem ent of a gage 

E = Young's modulus 

V = P o isson 's  ra tio  

A = 1 /2  (ej + £ 3)

B '= l /2 (2 (e i  -  €2)^ + 2(^2 -  e 3)2)1/2

I or
; ((e 1 -  A) 2 + (62 -  A)2) ! / 2

tan  2c( = (2e2 -  61 - e g V te i  - € 3) or (€3 -  A )/(e i -  A) 

€ max = A 4 B

6 min = A - B 

A' = AE/(1 -  v)

B' = BE/(1 4 v)

^max = A' 4 B'

^min = A* - B'

T max = B'
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in  re s id u a l s t re s s  o rien ta tio n s than  in  m agn itude ."  T herefo re , before any 

co nclu sion  about rock  bu rst is  m ade, add itiona l re s id u a l s tre s s  re l ie f  

te s tin g  is req u ired .

The th ree -d im en sio n a l re s id u a l s t r e s s e s  are  c a lc u la te d  u sin g  a 

com puter program  w ritten  by the U .S . G eo log ical Survey. The program 

c a lc u la te s  the th ree  p rin c ip a l re s id u a l s t r e s s e s  u tiliz in g  the  change in  

s tra in s  of a l l  p lan es  m onitored, Y oung's m odulus, and P o is so n 's  r a t io .

The program req u ires  the  th ree  p lan es m onitored to be o rthogonal. Be­

cau se  the th ree  p lan es m onitored for th is  study  were not o rthogonal, 

th ey  were ro ta ted  on paper to  fu lf ill  th is  o rthogonal requ irem en t.

The re s u lts  of the  th ree -d im en s io n a l s t re s s  a n a ly s is  are  g iven  

in  Table 22. As w as found by G entry (1972), the  o rien ta tio n  of the  s tre s s  

fie ld  does not change ra d ic a lly  through the te s tin g  program but the  m agni­

tu d es  d o . Adding the  s tr e s s e s  due to  g rav ity  the  in  s itu  s tre s s  f ie ld  is

S tre ss Bearing Plunge M agnitude

Maximum S . 6 7 °W . 15° 1590 p s i

In term ediate S . 240E . 1 300

Minimum N . 6 9 ° E . 76 -4 7 5 0

The v a lid ity  o f th e se  re s u lts  is q u estio n ab le  for the  follow ing

re a so n s :

1 . The p lan es  in  w hich s tra in  m easurem ents were made were not 

o rthogonal.

The gage on the N . 28° W . p lane  was destroyed  before the  core 

re le a s e  s tra in  m easurem ents cou ld  be m ade .

2 .



Table 22. R esu lts of th ree -d im en s io n a l re s id u a l s t re s s  a n a ly s is

T est
Period

Maximum S tress In term ediate  S tre ss Minimum S tress

Bearing Plunge M agnitude Bearing Plunge M agnitude Bearing Plunge M agnitude

Before
Coring S . 55°W ,. 9° 128 p s i S . 36°W . 8° -2 7 9 7  p s i N . 14° E. 79° -6 2 1 3  p s i

After . 
Coring S . 6 0 ° W,, 12 1508 N . 300W,. 4 977 N . 86° E . 79 -3 3 7 2

R elease
from
Block S . 6 7 ° W,, 15 1335 S . 2 4 °E . 1 49 N . 6 9 ° E. 76 -5 4 3 5
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3 . The rock  is  not iso trop ic  bu t con ta in s a lte rn a tin g  beds of d io p - 

s id e , e p id o te , and g a rn e ts .

If th is  te s t  were run a g a in , two changes would be m ade . F irs t ,  the b lock  

would be c o lle c te d  from the  M artin near the Abrigo co n tac t b ecau se  the 

M artin is  more iso tro p ic  th an  the upper Abrigo. Second , the b lock  would 

be cu t w ith one plane p a ra lle l to  bedding  and the  o ther two orthogonal to 

the  bedding p la n e .

E stim ate of S tre ss  F ield  B ased on G eology 

Anderson (1951) has d is c u s se d  the s tr e s s  f ie ld  n e c e ssa ry  to 

c rea te  a fau lt b a sed  on the  Coulomb and Mohr th e o r ie s . A nderson a s ­

sum es one of the p rin c ip a l s t r e s s e s  is  v e rtic a l a t  "m oderate" dep ths b e ­

cau se  the e a r th 's  su rface  is  free  to  m ove. T herefo re , four s tre s s  fie ld s 

a re  p o ss ib le .

R elative  S tre ss  F ie ld  

<?V = 0"Hi = <3*H2

Oy -  *Hi and

<t H1 ~ d v  -  O'Hz

°*H i -  0’H 2 "

R esu ltan t F au lts  

none

norm al

s tr ik e - s l ip  or rev e rse  

th ru s t

where d y  = overburden s tre s s  and d H j  and <t h 2 = ho rizon ta l s t r e s s e s .  

These fau lts  are  the  re s u lts  of a b u ild -u p  o f s t r e s s e s ;  how ever, a fte r the 

fau lting  has occurred  the  bu ild -up  of s t r e s s e s  has been  d is s ip a te d  and the 

s tr e s s  o rien ta tio n s have b een  s h if te d . B ecause th e  fau lts  occur due to  the



s tre s s  f ie ld , it  appears lo g ica l th a t  the new s tre s s  f ie ld  can  be re la te d  

to  the  re su lta n t f a u l t s . Abel (1974a) has p roposed a  guide to  estim ate  the  

in  situ  s tre s s  f ie ld  b a sed  on the follow ing p a ram ete rs :

1 . Rock type (igneous, m etam orphic, or sed im en tary ).

2 . S tructu ra l h is to ry  (most re c e n t or major fau lt and fa u lt ty p e ) .

3 . O rien ta tion  o f s tru c tu re s  (fau lts , jo in ts ,  fo lia tio n , bedd ing ).

4 . Jo in t s p a c in g .

5 . Bed th ic k n e s s .

6 . E la s tic  p roperties (Young's m odulus and P o is so n 's  ra tio ) .

The guide u se d  to e s tim a te  the  in s itu  s tre s s  f ie ld  is  g iven  in Appendix 

E. Abel developed  th is  flow  ch art by co rre la ting  the  above param eters 

w ith the re su lts  of in s itu  s tr e s s  m easu rem en ts . This m ethod prov ides a 

q u ick , cheap  estim ate  of the  in  s itu  s t r e s s .  H ow ever, Abel adm its th a t 

th is  is  ju s t  a n  e s tim ate  o f the  in  s itu  s tre s s  and th a t it has a h igh  prob­

a b ility  of being in co rre c t.

Input Param eters

The u se  of the s tre s s  flow  ch art req u ires  know ledge o f the g eo l­

ogy in the area  and in some c a s e s  the  e la s t ic  p ro p erties  of the ro c k . The 

follow ing paragraphs w ill b riefly  d is c u s s  the  param eters u se d  in the 

a n a ly s is  a t  M arble Peak (Table 23).

The rock  ty p es in  the  ABC zone is a hydrotherm ally  a lte red  

sh a ly  lim esto n e . There has  b een  approxim ately  com plete rep lacem en t of 

the lim estone in the m ineralized  zone (F ritts , 1974b), im plying a m etam or­

ph ic  c la s s if ic a t io n . H ow ever, not a l l  segm ents of the P a leozo ic  se c tio n  

in the M arble Peak a rea  have been  m etam orphosed and some s t i l l

80
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Table 23. Input param eters requ ired  for A bel's method of estim ating  in 
s itu  s tre s s  fie ld

Strike , D ip , and M edian Spacing o f Joint S ets

Tolnt Set Strike

Bedding

N ortheast F lat

N ortheast

N orthw est

E as t-W est

N orth-South

Bed T hickness 

Rock U nit 

Horquilla- 

E scabrosa 

M artin

Upper Abrigo (only) 

Entire Abrigo

N H E 46 SE

N 25 E 35 NW

N 50 E 83 SE

N 38 W 67 SW

N 87 W 85 SW

N 15E 60 NW

Bed T hickness (ft) 

600 

580 

250 

75 

450

M edian Spacing (ft) 

0 .7 9  

.65 

.69 

.99 

.96

unknown

P o is so n 's  Ratio 

0 .28  

.27

E las tic  Properties of E ngineering Rock U nits 

Rock U nit Y oung's M odulus (psi)

M artin 11 .0  x 10^

14 .0ABC Zone 

Upper Abrigo 10.6 26
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m aintain  th e ir  sed im entary  c h a ra c te r is t ic s . I t is  therefo re  p robable  th a t 

the rock  type should  be c la s s e d  a s  m etam orphic a lthough  the a n a ly s is  

w ill a lso  include a sedim entary  rock  ty p e .

The s tru c tu ra l h is to ry  in  the M arble Peak a rea  is  ex trem ely  com ­

p lic a te d . The m ajor s tru c tu re  in  the a re a  is  the  G eesm an f a u l t , which 

s trik es  e a s t -w e s t  and d ips 70° S . D eterm ining the  m ost re c e n t s truc tu re  

is a com plex problem  th a t req u ires  a sep a ra te  and d e ta ile d  d is c u s s io n .

Since the jo in t system s p a ra lle l the fau lt s y s te m s , the o rien ­

ta tio n s  ob tained  from the  com bined d e ta il  lin e s  (Table 23) w ill be u s e d . 

One struc tu re  th a t was not observed  in  the  d e ta il  line w as the  N orth - 

South s e t .  For its  o rien ta tio n  the  re s u lts  from C o n tin en ta l C o p p er 's  

underground geology map w ill be u s e d . The jo in t spac ing  w ill be the 

m edian spacing  determ ined from the  d e ta il  line  m apping. Bed th ic k n e s se s  

are from F ritts  (1974b). E la s tic  p roperties are  th o se  determ ined from labor­

a to ry  te s tin g  of specim ens from core sa m p le s .

S tructural H isto ry  of M arble Peak

The s tru c tu ra l h is to ry  of the M arble Peak area  has been  reported  

by Peirce (1958) and  DuBois (1959), among o th e rs . All in v es tig a to rs  

ag ree  th a t the end of the  te c to n ic  h is to ry  cu lm inated  in  a period  of fa u lt­

in g . The G eesm an fau lt is  known to  cu t a ll  rock  ty p es and it  is  therefo re  

considered  to be younger th an  a ll  d ep o sitio n  and em placem ent.

One method of determ ining the re la tiv e  age o f fau lt sy stem s is 

to  define which fau lts  d isp lac e  o ther f a u l t s . The follow ing o b se rv a tio n s 

were made from C o n tin en ta l C o p p er's  su rface  geology m ap. The E a s t-  

W est fau lt s e t  is  g en era lly  d isp la c e d  by the N orthw est and N orth-South
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fau lt s e t s . This in d ic a te s  th a t the E as t-W est s e t  is  the  o ld e s t o f th ese  

th ree  fau lt sy s te m s . The N ortheast fau lt s e t  is  gen era lly  not d isp lac ed  

by another fau lt sy stem ; in s te a d , it b u tts  up a g a in s t o ther fau lts  but 

does not d isp lace  them . One E as t-W est fau lt s e t  is  d isp lac ed  by a 

N orth-South s e t  as e ls e w h e re , but the  E as t-W est system  a lso  d isp la c e s  

a N orthw est and N ortheast fau lt s e t .  This sp e c ia l c a se  in d ic a te s  th a t 

there  was la te r  movement along  p reex is tin g  f a u l t s . This a n a ly s is  in ­

d ic a te s  th a t no co n c lu sio n  c an  be made as  to  the  y o ungest fau lt sy stem  

b ecau se  of recu rren t movement along o lder f a u l t s .

Some in tu itio n  abou t the sequence  of fau lting  may be ob ta in ed  

from the type of fillin g  in  the  frac tu re  se ts  s in c e  th ey  p a ra lle l the fau lt 

s y s te m s . Table 24 l is ts  the jo in t sy stem s and percen tage  of filling  for 

the ABC zone and the  M artin  in the area  of the  th ree  d e ta il  l in e s . Assum ­

ing the  bedding jo in ts  e x is te d  from the  .beginning o f hydrotherm al a c t iv i ty , 

they  should  con ta in  a ll  the  types of f i ll in g . This does o c c u r. The N orth­

e a s t  F la t s e t  appears to have the  sam e fillin g  ty p es  and  p e rcen tag es  as 

the Bedding s e t ,  in d ica tin g  sim ila r a g e . The E a s t-W e s t jo in t s e t  is  p re ­

dom inantly  f illed  w ith ep id o te . W hether the N o rth east F la t or E as t-W est 

s e t  is the o ld e s t is  d iff icu lt to d e te rm in e . One may argue th a t the  e p i­

dote cam e f ir s t  and f illed  the  frac tu re s  thereby  p reven ting  the  frac tu res  

from being f illed  with the o ther fillin g  ty p e s , or i t  may be argued th a t the 

ep ido te  was the la s t  fillin g  and th a t the E as t-W est s e t  w as formed m ain­

ly a fte r  the c h lo r ite , q u a rtz , and m in e ra liza tio n . The N orthw est s e t  con ­

ta in s  l it t le  fillin g  ex cep t for e p id o te , ind ica ting  th a t it  occurred  a fte r  the  

E as t-W est s e t .  The N ortheast jo in t s e t  co n ta in s l i t t le  fillin g  a t  a l l .



Table 24. Summary of fillin g  ty p es  and p ercen t fillin g  of jo in t s e ts

Joint Set None C hlo rite Q uartz C a lc ite M ineralized Epidote Iron Oxide G arnet

Bedding 55% 10% 4% 4% 6% 6% 8% 2%

N ortheast F la t 68 15 17 22 15 5 0 5

E as t-W est 36 9 4 4 13 43 2 0

N orthw est 54 2 7 35 4 10 0 6

N o rth east 64 7 2 29 3 2 0 0

N orth-South unknown
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ind ica ting  th a t i t  was the la s t  to  form . The N orth-South  s e t  was not ob ­

served ; th e re fo re , no re la tio n sh ip  could be determ ined b a sed  on its  

f ill in g .

The p resen ce  of s l ic k e n s id e s  on fau lted  d ikes f illed  with the  

m ost recen t in tru s ive  m ateria l (d iab asic  d iorite) led  F ritts  (1974b) to 

conclude th a t the N orthw est fau lt system  is  probably  the  y o u n g e s t. How­

ev er, the  E as t-W est and N orth-South  fau lt sy s tem s a lso  show sim ila r 

s ig n s ind ica ting  s im ila r age (F r i t ts , 1974b). Another in te rp re ta tio n  r e ­

la ted  to the d ikes is  the ab sen ce  of d ikes p a ra lle l to  the  N ortheast fau lt 

sy s tem . The ab sen ce  of d ikes p a ra lle l to  th is  fau lt system  could  in d i­

ca te  th a t i t  was formed a fte r  the  o ther fau lt sy s tem s had been  filled  w ith 

dike m a te ria l.

I t  is  therefo re  d ifficu lt to  determ ine the  m ost re c e n t fau lt s y s ­

tem  from th is  ev id e n ce , but b a sed  on the  av a ila b le  inform ation i t  is  b e ­

lieved  th a t  e ith e r the  N orthw est or N ortheast fau lt system  is  the  young­

e s t .

In add ition  to  the re la tiv e  ag es of the fau lt s y s te m s , the type 

o f fau lting  (norm al, re v e rse , or s tr ik e -s lip )  is  req u ire d . The E as t-W es t 

and N orth-South sy stem s are predom inantly  normal f a u l ts ,  a lthough  some 

s tr ik e -s lip  movement probably  occurred  (F ritts , 1974b). The N ortheast 

and N orthw est fau lt sy stem s are  a l l  predom inantly  s tr ik e -s l ip  fau lts  

(F r itts , 1974b), and he b e lie v e s  th a t the  N ortheast F la t system  is  a 

th ru s t fau lt sy s te m . B ecause the  type of fau lting  is  not c le a r - c u t , the  

two probable fau lt ty p es  w ill be a n a ly ze d . Table 25 l is ts  the fau lt s y s ­

tem s with th e ir  m ost probable and a lte rn a te  fau lt ty p e .
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Table 25. Probable fau lt type for each  fau lt system

F au lt Type

Fault System Probable A lternative

E as t-W est , Normal S tr ik e -s li

N ortheast F la t Thrust Normal

Northea s t S tr ik e -s lip Normal

N orthw est S tr ik e -s lip Normal

N orth-South Normal S tr ik e -s lip

E stim ate of in  Situ S tress

After the  input param eters requ ired  for A bel's (1974a) e s tim a ­

tio n  of the in s itu  s tre s s  f ie ld  have b een  d e fin ed , the a n a ly s is  can  be 

m ade. Table 26 l is ts  the p o s tu la ted  s tr e s s  fie ld s  b a se d  on a m etam or­

ph ia  rock  type and Table 27 is  b ased  on a sed im entary  rock  ty p e .

In my op in ion  the c a se  of a m etam orphic rock  w ith a s tr ik e -s lip  

N ortheast fau lt system  is  probably  the  m ost c o rre c t. In ad d itio n , a 

n o rth east fau lt e x is ts  a t  the lo ca tio n  where the b lock  for the re s id u a l 

s tre s s  a n a ly s is  was c o lle c te d . T hese cond itions p red ic t th a t the p rin ­

c ip a l s tre s s  bears N . 5 0 ° E . , p lunges 0 d e g re e s , and h a s  a m agnitude 

le s s  th an  or equal to th ree  tim es the  overburden load; the  in term ediate  

s tre s s  bears N . 4 0 °W . , p lunges 7 d e g re e s , and has a m agnitude le s s  

th an  tw ice  the  overburden load ; and the  minimum s tre s s  b ea rs  S . 40° E . , 

p lunges 83 d e g re e s , and has a m agnitude le s s  th an  or equal to 1 .5  tim es 

the overburden load  (Table 26, Figure 26). H ow ever, i f  the N orthw est 

fau lt system  is younger th an  the N o rth ea s t, the  o rien ta tio n s  are sim ilar



Table 26. P o ss ib le  s tr e s s  f ie ld s  b a sed  on a m etam orphlc rock  type

S tre ss  F ie ld

M ajor S tre ss Interm ediate  S tre ss Minimum S tress

Fault System Bearing Plunge M agnitude Bearing Plunge M agnitude Bearing Plunge M agnitude

E as t-W est
Normal N 87° W 0 = 2 <5"ovb S 3° W 85° = 1 .5  d" ovb N 3°E 5° = o’ovb
S tr ik e -s lip = 3 0" ovb N 3°E 50 = 2 G ovb s 3 0  w 85° = 1 . 5 d" ovb

N ortheast F la t

Normal N 50° E 0 -  2<3"ovb N 40° W 33 1 .5  0"ovb S 40° E 57 Oovb
R everse =  ̂<?ovb S 40° E 57 = 2 0"ovb N 40° W 33 = 1 •3 ^ o v b

N orthw est

Normal N 38° W 0 = 2<yovb S 52°W 66 - 1 . 5  d^ovb N 520 E 24 = ^  ovb
S tr ik e -s lip -  SCovk N 5 2 °E 24 = 2 O’ovb S 52° W 66 = 1 • s <y0vb

N orth-South
Normal N-S 0 -  2 d"ovb 90 = 1 .5  d" ovb E-W 0 o'ovb
S tr ik e -s lip = 3<5'ovb E-W 0 = 2 Covb 90 = 1 • 3 ^ o v b

N ortheast
Normal N 50° E 0 — 2 d' ovb S 40° E 83 — 1 .5  d"ovb N 40°W 7 = Oovb
S tr ik e -s lip

-
= 3(?ovb N 400 W 7 = 2 <3*0vb S 40° E 83 = 1 • 3 ^ovb



Table 27. P o ss ib le  s tr e s s  f ie ld s  b a sed  on a  sedim entary  rock  type

S tre ss  F ield

M ajor S tre ss  In term ediate  S tre ss  Minimum S tress

Fault System Bearing Plunge M agnitude Bearing Plunge M agnitude Bearing Plunge M agnitude

E as t-W est
Normal 
S tr ik e -s lip

S 740 E 420 = O"ovb
= I'So-Q vb

N 78° W 48° = o"ovb 
-  o’ovb

N 16° E 5° = ^ o v b  
~ o'ovb

N ortheast F la t
Normal
Reverse

N 190E 3
-  1 c ^ ° vb1 .5  <7ovb

N 72° W 33 = O'ovb 
= O'ovb

S 65° E 57 = O’ovb 
“  O’ovb

N orth-South

Normal 
S tr ik e -s lip

South 15 = (?ovb
= 1 .5  orovb

North 85 = O’ovb 
= O’ovb

E-W 0 = O’ovb 
= O’ovb

N orthw est
Normal 
S tr ik e -s lip

S 22° E 31 -  O’ovb
= 1 .5  Covb

N 79° W 47 -  o ovb
= ^ o v b

N 52° E 24 = O’ovb 
-  o’ovb

N o rth east

Normal 
S tr ik e -s lip

N 540 E 32 -  CTovb
= 1 .5  <5"0vb

S 37° W 57 = o’ovb 
= o’ovb

N 40° W 7 -  o’ovb 
= o Gvb



excep t th a t the maximum and in term ediate  s t r e s s e s  are rev e rsed  (Table 

26, Figure 26).
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In Situ S tre ss  F ie ld  for P illa r  A nalysis 

Two m ethods, re s id u a l s t re s s  re l ie f  and A bel's e s tim ate  b a sed  

on geo logy , have been  u se d  to  ev a lu a te  the in  s itu  s tre s s  f ie ld . If both 

m ethods are v a lid , th e ir  re s u lts  should  be com parab le . A com parison  of 

s tre s s  o rien ta tio n s p red ic ted  by the  re s id u a l method and by A bel's method 

is  shown in Figure 26. The maximum s tre s s  o rien ta tio n  ob ta ined  from the 

two m ethods are am azing ly  s im ila r . B ased on th e se  two sep ara te  a n a ly ­

se s  the in s itu  s tre s s  f ie ld  to  be considered  is :

S tress Bearing Plunge M agnitude

Maximum N . 500 E. 0° 3 .0  crovb
Interm ediate N . 400 W . 0° 1 .5  o’0vb
Minimum 90° 1 • 0 O'ovb

Given the  p roposed s tr e s s  f ie ld , the  m agnitude o f s t r e s s e s  

p a ra lle l to  the  s trik e  of bedd ing , downdip o f b ed d in g , and norm al to  

bedding can  be c a lc u la te d . Based on an average bedding dip of 30 d e ­

g re e s , the  m agnitude of the s tr e s s e s  in the above o rien ta tio n  a re :

O rien ta tion  M agnitude

P a ra lle l to  s trik e  o f bedding 1 .7 2  d o v b

D ow ndip o f  bed d in g  1 .3 3  tfovb
N orm al to  bedd ing 1 .2 4

These s tre s s  m agnitudes are no t unequ ivoca l but are the  b e s t e s tim a te s  

a t  th is  tim e . It is  c e rta in ly  b e tte r  to  u se  them  th an  to  assum e the s tre s s  

fie ld  p red ic ted  by g rav ity  loading o n ly .
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•  RESIDUAL STRESS ANALYSIS

X A B E L 'S  METHOD BASED ON
NORTHEAST SET WITH S T R I K E -  
S L I P  MOVEMENT

A A B E L 'S  METHOD BASED ON
NORTHWEST SET WITH S T R I K E -  
S L I P  MOVEMENT

O STRESS F IE L D  USED FOR 
STORE &  P IL L A R  ANALYSIS

Figure 26. S tereo ne t p lo t of s t r e s s  fie ld

MAX = MAXIMUM STRESS 

INT = INTERMEDIATE STRESS 

MIN = MINIMUM STRESS



CHAPTER 7

STOPE AND PILLAR ANALYSIS

The p reced ing  s ix  ch ap ters  have d is c u s se d  v a lu es  for the  rock  

m ass streng th  and a d efin itio n  of the in  situ  s tre s s  f ie ld . These v a lu es 

can  now be u se d  to  compare a number o f p illa r  d es ig n  m e th o d s. Before 

the p illa r  d esign  com parison can  be m ade, how ever, the  o rien ta tio n  of 

the  p i l la r s ,  the d im ensions of the room , and the  method of ca lcu la tin g  

the  load on the  p illa r  m ust be d is c u s s e d .

P illar O rien ta tion

P illa r should be o rien ted  to perm it e a sy  m ining w hile m inim iz­

ing failure  along the  w eak est s t ru c tu re s . P illa r  o rien ta tio n  w ill depend 

on the streng th  of the  s tru c tu res  and th e ir  o rien ta tio n  re la tiv e  to  the 

maximum loading s t r e s s . B ased on the  re s u lts  of the  p re-m ine s tre s s  

f ie ld  a n a ly s is  for the  C ontrol P roperty , the  maximum loading is  normal 

to  the dip of bedd ing .

P illa r o rien ta tio n s  being  co nsidered  a t  the C ontro l Property a re :

(1) a v e rtic a l w all (Figure 27a) or a w all normal to  the dip of bedding 

(Figure 27b) is  p o ss ib le  for the w all p a ra lle l to  the  s trike  of bedding and

(2) long ax is  of p illa r  in s trik e  d irec tio n  of bedding or long ax is  in dip 

d irec tio n  of b edd ing . In term s of o p e ra tio n a l c o n s id e ra tio n s , the  p re ­

ferred p illa r  o rien ta tio n  is  a long ax is  in  dip d irec tio n  of bedding  and 

v e rtic a l w alls p a ra lle l to  s trike  of b edd ing . B ased on th e  w eak est jo in t 

s e ts  and the es tim ated  pre-m ine s tre s s  f ie ld , p illa rs  w ith long dip
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CROSS SECTION LOOKING NORTH 
ALONG S T R IK E  OF BEDDING

SOUTH

/ '*

^  / f r -

/

T '
f - f

'/̂ J r

.NORTH

C. CROSS SECTION LOOKING 
UP D IP  OF BEDDING

Figure 27 . R ela tionsh ip  be tw een  c r i t ic a l  s tru c tu re s  and p illa r  
o rien ta tio n



lengths and w alls normal to  dip of bedding w ill be the m ost s tab le  

(Figure 27).

V ertical p illa r  w alls in s trike  d irec tio n  of bedding w ill have 

s tre s s  concen tra tions re su ltin g  in a sh ear s tre s s  approxim ately  p a ra lle l 

to the N ortheast F la t s e t  (Figure 2 7 a ). This p illa r  w ill a lso  be d e s tre s s e d  

on the updip and downdip s id e s  re su ltin g  in  fa ilu re  along the  N o rth east 

s e t .  W alls p a ra lle l to  s trik e  and norm al to dip of bedding do not develop 

the  s tre s s  co ncen tra tions a s  in  the v e rtic a l p illa r  w a lls . M inor shearing  

along the  N ortheast and  N ortheast F la t s e t  can  be expec ted  for p illa r, 

w alls normal to  bedding (Figure 27b). T here fo re , the w all p a ra lle l to  

the strike and norm al to  the  dip of bedding is  p robably  more s ta b le  th an  

the v e rtic a l w a ll. The w all norm al to  the  dip o f bedding is  d iff icu lt to 

mine; how ever, the  v e rtic a l w all w ill probably  f a i l ,  re su ltin g  in  a s ta b le  

p illa r  with w alls norm al to  bedd ing .

Based on the s truc tu re  s e t s , the p illa r  w ith the  long ax is  in the  

dip d irec tion  of bedding is  more s tab le  th an  the  p illa r  w ith th e  long ax is  

in the strike  d irec tion  of bedd ing . The long ax is  in  the  s trik e  d irec tion  

w ill expose a large area  in which shearing  of the N ortheast F la t s e t  can  

occur (Figure 27b), while the  w eak est s tru c tu re s  are not c r i t ic a lly  o ri­

en ted  for the w all bearing  in  the dip d irec tio n  o f bedding (Figure 2 7 c ).

The p illa r  o rien ta tio n  to  be an a ly zed  w ill have the long ax is  in  

the dip d irec tion  of bedding  and the w alls p a ra lle l to  the s tr ik e  of b e d ­

ding w ill be norm al to i ts  d ip .
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Room D im ensions

The room dim ensions to be determ ined are the h e ig h t, w id th , 

and len g th . Room heigh t is determ ined predom inantly  by ore th ic k n e s s .

In some c a s e s ,  there  may be a lim it due to equ ipm ent. At M arble Peak 

the m ineralized  zones range betw een  10 and 70 fee t in  true th ic k n e s s .

For the purpose of com parison , a 30 -fo o t-h ig h  room w ill be a n a ly z e d .

The length  and width of the  room depend on the  s ta b ili ty  of the 

ro o f. If the  room is  much longer th an  its  w id th , the  s ta b ili ty  is  d e te r­

mined by the w id th . The roof above a mine opening can  be d iv ided  into 

th ree  zones th a t show d ifferen t e ffec ts  due to  the  lo ad . The th ree  zones 

and the roof re sp o n se  a re :

1 . Surface: ground may su b s id e .

2 . In te rm ed ia te : p ressu re  a rch  form s.

3 . Im m ediate roof: ground w ill d e fle c t in a beam  or p la te  a c tio n  

o r , if  tran sv e rse  frac tu rin g , may have v o u ss io r a rch  a c tio n  

(W. H . E v an s , 1941).

As the  room is  mined the  load  above the room is  tran sfe rred  to  the  p i l l a r s . 

This load tran sfe r forms the p ressu re  a rc h . Rock under the  p ressu re  arch  

is  therefore  d e s tre s s e d  ex cep t for its  own w eig h t. If the  a rea  is  bedded 

or has a struc tu re  p a ra lle l  to the ro o f, th e se  beds w ill sep a ra te  and r e ­

spond like beam s or p la te s .  B ecause of the in c re a sed  load  on the  p illa rs  

th ey  w ill s tra in , w hich w ill th en  re s u l t  in  a minor deform ation of the  su r­

face  (su b s id e n ce ). The in term ediate  and im m ediate roofs have the g re a te s t  

contro l on the  a c tu a l room s iz e ,  w hereas the su rface  zone depends on 

c lo sed  proxim ity to the  su rface  with re s p e c t  to the s ize  of the orebody
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and the p i l la r 's  s t i f fn e s s .  The ABC z o n e 's  th ic k n e ss  in re la tio n  to  depth  

is  sm a ll, so the  su rface  zone w ill not be d is c u s s e d .

Interm ediate Roof

The p ressu re  a rch  is formed a s  the room is  mined and the  v e r­

t ic a l  load is tran sfe rred  to the  abutm ents (exterior p illa rs )  (Figure 28).

The rock  under the p ressu re  a rch  is d e s tre s s e d , i . e . , has overburden 

s tr e s s e s  rem oved, ex cep t for its  own w eigh t. The a b ility  of the rock  to  

tran sfe r the  load norm al to  the length  of rooms depends on the  m agnitude 

of the s tre s s  normal to  the  a rch  (usually  re la te d  to  dep th ), the sh ear and 

com pressive s treng th  of f r a c tu re s , and the  s treng th  o f the  a b u tm en ts . 

F ie ld  m easurem ents from European co a l m ines have in d ica ted  a re la tio n ­

sh ip  betw een  depth  and arch  d is tan c e  (Figure 29). The raw  d a ta  co llec ted  

by A lder, P o tts , and W alker (1951) show  th a t the  a rch  d is ta n c e  p red ic ted  

by the curve in Figure 29 is c o n se rv a tiv e . Therefore th is  re la tio n sh ip  

can  be app lied  to th is  study  b ecau se  the  rock  m ass s treng th  a t  M arble 

Peak is  more com peten t th an  m ost c o a l b e d s . The h e ig h t o f th e se  p re s ­

sure a rch es are a th ird  to a h a lf  of the  length  of the  p re ssu re  a rc h . F ie ld  

s tu d ies  have dem onstra ted  th a t when the  p red ic ted  maximum p ressu re  

arch  w idth is le s s  th an  h a lf  the w idth of the m ining zo n e , the  p illa rs  in  

the c en tra l p a rt of the  m ining zone w ill have to  carry  the  en tire  load of 

rock  to the s u r fa c e .

Immediate Roof

W here the back  is  defined  by a bedding p lane  or a jo in t s e t  

p a ra lle l to  the ro o f, the  beds w ill sep a ra te  from the  b a c k . This a rea  is 

c a lle d  the im m ediate ro o f. The im m ediate roof can  be m odeled a fte r  a
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Figure 2 8 . P roposed  p ressu re  a rch es  form ed in a ro o m -a n d -p illa r  d e s ig n
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ALDER.POTTS 6 WALKER (1951)

THE NORTH OF ENGLAND SAFETY IN MINES 
RESEARCH COMMITTEE -  SEVENTH PROGRESS 
REPORT (1948 -  49)
DATA POINTS FROM THE NORTH OF 
ENGLAND SAFETY IN MINES 
RESEARCH COMMITTEE ( 1 9 4 8  -  4 9 )

2500  -

ARCH (FT) =

ARCH (FT) =

+ 70

ARCH (FT) =
1000  -

— 106

PRESSURE ARCH WIDTH (FEET)

Figure 29 . Maximum ex p ec ted  p ressu re  arch  d is ta n c e  v e rsu s  
d ep th —After A lder, P o tts , and W alker (1951) and The North of England 
Safety  in M ines R esearch  Com mitee (1948-49)
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uniformly loaded fix -en d  beam . The beam  a n a ly s is  is  an  e la s t ic  an a ly s is  

and therefore  the follow ing assum ptions are requ ired :

1. Rock is  hom ogeneous, iso tro p ic , and e la s t ic .

2. Beam is  s tra ig h t w ith a uniform c ro s s -s e c tio n a l  a r e a .

3 . Loads and reac tio n s  are  p e rpend icu lar to  the ax is  of the beam 

and are in  the sam e p la n e .

4 . Beam sp an  is  a t  le a s t  tw ice the beam  th ic k n e s s .

I t  is  p o ss ib le  to  re lax  th e se  assum ptions som ew hat w ithout destroy ing  

the confidence in the  answ er (Alder and Sun, 1968).

Failure o f the  beam  w ill occur in  te n s io n  a t the  cen te r  and in  

sh ear a t  the e n d s . The beam  is  lik e ly  to  fa il  in  te n s io n  f ir s t  b e ca u se  the  

rock  is  se ak e r in te n s io n  th an  in  sh e a r . Analyzing the  beam  equation  

(Figure 30) for the  ax ia l bending s tre s s  a t  the cen te r of the beam re s u lts  

in  the follow ing equation :

a x ia l bending s tre s s  = T L ^ /4 h  (7)

where 7* = d e n s ity  o f rock  

L = beam  leng th  

h = beam  th ic k n e ss

The beam th ic k n e ss  is  determ ined by the  bedding or jo in t sp a c in g . The 

a x ia l bending s tre s s  should  not ex ceed  the rock  su b s tan ce  te n s ile  

s tre n g th . Obert, D u v a ll, and M errill (1960) recom mend th a t  the a x ia l 

bending s tre s s  should not exceed  1 /4  to 1 /8  the  te n s ile  stren g th ; i . e . , 

the sa fe ty  fac to r of the  beam  should  range be tw een  4 and 8 .

Another approach  p roposed  by Abel (1974b) is  to  assum e the rock  

m ass te n s ile  s treng th  eq u a ls  zero  and the  in  s i tu  s tre s s  co u n te rac ts  the  

bending s tre s s  in  the beam  (Figure 30). B ecause the  rock  is  frac tu red
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Surface

Explanation

b = un it w idth 

h = beam  th ic k n e ss  

L = beam length  

>  = d en sity

D = depth  of overburden

g -  ho rizon ta l s t re s s  
K v e rtic a l s tre s s

w = load /runn ing  un it = rh b

I = moment of inertia  = bh3 /12

c = cen tro id  = h /2

Mc = moment a t  c en te r  = wL2/24

ABS = ax ia l bending  s tre s s  = c Mc/ I

= JL • T hb lZ  . 12 = r l 2 
2 24 b h 2 4h

ACS = "X'D "S^

If  n e t s tre s s

and

0 , a x ia l confin ing  s tr e s s  =

= t - d -s r

a x ia l bending s t r e s s , or

L = 2 (D*1v Sr)* /2

Figure 30. Uniform ly loaded fix ed -en d  beam  a n a ly s is  u sed  to  
e stim ate  room w idth
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it  is  re a l is t ic  to  assum e th a t the rock  m ass te n s ile  streng th  is  z e ro . The 

concep t th a t the in  s itu  s tr e s s  ac ting  in the p lane  of th e  beam  w ill hold 

the  b locks to g e th er appears lo g ica l and fe a s ib le .  T herefore , the  net 

s tre s s  a t  the cen ter of the  beam  is :

N et s tre s s  = Axial confining s tre s s  -  Axial bending  s t r e s s . (8) 

Solving for a n e t s t re s s  of z e ro , th e  length  of the  beam  equals (Figure 

30):

L = 2 (D-Iv Sr ) 1/ 2 . (9)

S tab ility  A nalysis o f the Roof

The major concern  of the m iner is the  s ta b ili ty  of the im m ediate 

ro o f. Once the maximum s tab le  room width has been  determ ined th en  the  

in term ediate  roof c an  be a n a ly zed  in  term s of the p re ssu re  a rc h .

The im m ediate roof in  the ABC zone c an  be an a ly zed  by using  

the beam a n a ly s is  b e ca u se  the  roof w ill p a ra lle l the  b edd ing . The th ic k ­

n e s s  of the  roof is  equal to  the th ic k n e ss  o f the  bedding or bedding jo in t s . 

Based on the d is trib u tio n  of bedding jo in t spac ing  (Figure 10), the  m edian 

va lue  is  0 .79  fe e t .  To d es ig n  on th is  spacing  would requ ire  th a t 50 p e r­

cen t of the roof th ic k n e ss  would be le s s  th an  0 .7 9  fe e t and the  roof 

would therefore have a high p ro b ab ility  o f fa i lu re . My opin ion  is  th a t 

by u sin g  a 75 p e rcen t p ro b ab ility  th a t the  spac ing  is  g rea te r would be 

more r e a l is t i c .  This re s u lts  in a sp ac in g  of 0 .1 2  fe e t ,  w hich is  below  

the  modal spacing  va lue  (0 .4  f e e t ) .

U sing the b a s ic  beam  equation  and vary ing  the room w id th , a 

curve is developed  (Figure 31). O bert e t  a l .  (1960) recom mend th a t the 

te n s ile  s treng th  should  be be tw een  four and e ig h t tim es the  bending
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0 . 1 2  FT THICK BEAM

400 -

0 . 7 9  FT THIO 
BEAM y

SAFETY FACTOR OF 8 FOR

T E N S IL E  STRENGTH ='
1 4 8 0  P S I

ROOM WIDTH (FEET)

Figure 31. Axial beam  s tre s s  v e rsu s  room width
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I

s t r e s s .  B ased on the mean te n s ile  s treng th  of 1265 p s i ,  a  0 .1 2 -fo o t 

bedding jo in t sp a c in g , and  a te n s ile  streng th  e igh t tim es the  bending 

s t r e s s ,  the p red ic ted  room w idth is 8 .2  fee t (Figure 31). U sing  the  

sam e cond itions bu t with a m edian spacing  of 0 .79  fe e t ,  the p red ic ted  

room width is  21 .1  f e e t .

U sing A bel's approach  th a t  the  rock  m ass te n s ile  s treng th  is  

zero and the beam  is  he ld  to g e th er by the  in  s itu  s tr e s s  in th e  p lane  of 

the beam , a curve of room w idth v e rsu s  depth  can  be dev e lo p ed . Based 

on the s tre s s  f ie ld  es tim atio n  the  ho rizon ta l s t r e s s  in the  p lane  of the  

beam  is equal to  1 .72  (3"ovb* Figure 32 show s the room dep th  v e rsu s  

room width for a beam  0 .12  fe e t th ic k  and 0 .7 9  fe e t th ic k . B ecause the  

ho rizon ta l s t re s s  is  q u estio n ab le  (Chapter 6), Figure 32 a lso  show s depth  

v e rsu s  room width assum ing  th a t the  h o rizo n ta l s t r e s s  in  the  p lane  of the  

beam equals the overburden s t r e s s .  The d e c rea se  in the  in  s itu  s tre s s  

re s u lts  in  a s ig n if ic an t red u c tio n  in  room w idth for a g iven  d e p th .

The p resen t workings in the study  area  are  nom inally  18 fee t 

wide for a depth  ranging  be tw een  zero and 620 f e e t .  This w idth has r e ­

quired litt le  to  no b o ltin g , w hich in d ica te s  a s ta b le  co n d itio n . O bert e t 

a l . ' s  (1960) m ethod, b a sed  on a 0 .1 2 -fo o t beam  th ic k n e s s ,  u n d e re s ti­

m ates the room width (Figure 31), w hile for a beam  th ic k n e ss  o f 0 .7 9  

f e e t ,  th e ir  method p red ic ts  th a t an  18-fo o t-w id e  room would be s ta b le . 

A bel's  (1974 b ).a n a ly s is , u sin g  a 0 .1 2 -fo o t beam  th ic k n e ss  and a ho rizon­

ta l  s tre s s  equal to  1 .72  tfovb* p red ic ts  th a t  a n  18-fo o t room w idth would 

be s ta b le  a t  a depth  o f 400 fee t (Figure 32). U sing  the sam e beam  th ic k ­

n e ss  but changing the h o rizo n ta l s t re s s  to eq u a l the  overburden s tre s s  

p red ic ts  th a t the 18-fo o t room w idth should  no t be s ta b le  above a depth
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0 . 1 2  FOOT THICK 
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Figure 32. D epth v e rsu s  room width



of 700 fe e t .  H ow ever, we know th a t the roof is  s tab le  above 700 fee t; 

th e re fo re , the  beam  is  e ith e r th ic k e r th an  e s tim a ted  or the  s tr e s s  in  the  

p lane of the  beam is  g rea te r th an  the overburden lo ad . O bert e t  a l . ' s  

(1960) approach is  b a sed  on a wide s e t  of experience  and is  therefore  

only  a genera l so lu tio n . Their recom m endation of a sa fe ty  fac to r of four 

to  e ig h t is  to  accoun t for v a ria tio n s  in  rock  s tre n g th . B ecause th e ir  ap ­

proach is  a g en era l so lu tio n , i ts  u se  could re s u lt  in  an  overdesign  or an  

underdesign  of the roof s ta b il i ty .

and assum ing th a t the ax ia l confining s tre s s  co u n te rac ts  the a x ia l b end ­

ing s tre s s  appears lo g ic a l. To assum e th a t the  rock  m ass te n s ile  

streng th  is  zero is  rea so n ab le  b ecau se  the rock  is  frac tu red  and the  f ra c ­

tu res  are g en era lly  u n fille d . The d ifficu lty  w ith th is  m ethod is  in  d e te r -  

ming th e  ax ia l confining s t r e s s .  B ecause th is  method b e s t  approx im ates 

how the  im m ediate roof r e a c t s , i t  w ill be u se d  to  determ ine the  room 

w id th s . U sing Figure 32 for a 0 .1 2 - th ic k  beam  and an  a x ia l confining 

s t r e s s  of 1 .72  b"ovb coun te rac ting  the te n s ile  a x ia l  bending s t r e s s ,  the  

follow ing room w idths have been  ch o sen :

A bel's approach of assum ing  zero rock  m ass te n s ile  streng th

D epth (feet) Room W idth (feet)

0-500 18

500-700 20

700-900 24

Once the w idth of the s tab le  im m ediate roof is  know n, or e s t i ­

m ated , the in term ed iate  roof can  be a n a ly z e d . The in term ediate  roof can  

be considered  on two s c a l e s . On the sm all sc a le  the  load  m ust be
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transferred  be tw een  the  p illa rs  (Figure 28), and on the  larger sc a le  the 

load m ust be tran sfe rred  a c ro ss  the  en tire  mined zone (Figure 28). Based 

on the  p ressu re  a rch  d a ta  in c o a l, the maximum arch  leng ths for 250,

500, and 700 fee t are  e stim ated  to  lie  be tw een  0 to  98 fe e t ,  98 to  136 

fe e t ,  and 169 to  179 fe e t ,  r e s p e c tiv e ly . It is  obvious from th is  a n a ly s is  

th a t  the  load w ill be ab le  to  arch  betw een  the  p i l l a r s . Therefore th o se  

room w idths c a lc u la te d  for the  im m ediate roof w ill probably  be the lim it­

ing d im en sio n s .

In term s of the la rg e -s c a le  p re ssu re  a rc h , the load  m ust be 

tran sfe rred  the s trik e  length  s in ce  it  is g en e ra lly  the minimum p lan  d i­

m ension . U sing  an  average  s trike  leng th  o f 300 fe e t the maximum p re s ­

su re  a rch  is exceeded  u n til a dep th  o f approxim ately  1500 fe e t is  reach ed  

(Figure 29). Below the  dep th  o f 1500 fee t the  p illa rs  only  have to  carry  

the load under the  p ressu re  a rc h . H ow ever, above 1500 fe e t the  cen tra l 

p illa rs  w ill have to  be cap ab le  of carry ing  more lo ad . By c a lc u la tin g  the  

load  on the  p illa r  u s in g  the  tr ib u ta ry -a re a - lo a d  m ethod, the  p illa rs  are  

expec ted  to  carry  the fu ll overburden lo ad . This a lle v ia te s  the  problem  

of exceed ing  the p ressu re  a rch  b ecau se  the p illa r  is  d esig n ed  to  carry  

the  maximum lo ad .

M easure of P illa r S ta b ility

Safety  Factor

The s ta b ili ty  of the  p illa r  depends on the  lo ad -carry in g  c ap a c ity  

of the p illa r  and the  load ap p lied  to  i t .  U n til re c e n tly  the  m ost common 

d esc rip tio n  of the p illa r  s ta b il i ty  is  the sa fe ty  fa c to r . The sa fe ty  fac to r 

is  defined  as  fo llow s:
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Safety  Factor L oad-carry ing  cap ac ity  o f p illa r  
Load on p illa r (10)

From th is  eq u a tio n , if the sa fe ty  fac to r is le s s  th an  o n e , the  s tr e s s e s  on 

the  p illa r  w ill be g rea te r than  the p illa r  s tren g th  and  fa ilu re  should  o c c u r . 

If the method of ca lcu la tin g  the p i l la r 's  lo ad -carry in g  c a p a c ity  w as a b ­

so lu te  and if the s tre s s  f ie ld  were known, a sa fe ty  fac to r of one would 

be su ffic ien t for p illa r  s ta b il i ty . H ow ever, a s  w as d is c u s se d  in the p re ­

v ious c h ap te rs , the rock  m ass streng th  and the in s itu  s tr e s s  f ie ld  are 

not de te rm in istic  va lues bu t have some d is tr ib u tio n  or are  no t w ell d e ­

f in ed . To accoun t for the u n certa in ty  in th e se  input v a lu e s , the p a s t  a p ­

proach  has b een  to  requ ire  a sa fe ty  fac to r g rea te r th an  o n e .

The sa fe ty  fac to r requ ired  is h ighly  dependen t on p e rso n a l 

opin ion  and p a s t e x p e rie n c e . A number of peop le  know ledgeable in  p illa r  

d es ig n  have ex p re ssed  th e ir  opin ions a s  to  w hat sa fe ty  fac to r is  su ffi­

c ie n t .  Salam on (1967) found th a t by c a lcu la tin g  the  sa fe ty  fac to r b a se d  

on h is  p illa r  d e s ig n , 50 p e rc en t of th e  s ta b le  p illa rs  had  a  sa fe ty  fac to r 

a g a in s t trib u ta ry -a rea  loads betw een  1 .3  and  1 .7 5 , w ith 1 .5  a s  the 

m edian (Figure 33). H olland and Gaddy (1957), who em ploy an  

ex p e rien c e -b a se d  p illa r  d e s ig n  m ethod sim ila r to  S a lam o n 's , recom m end 

a  minimum safe ty  fac to r of 1 .8  for "average" co n d itio n s; for c r i t ic a l  

a re a s  th ey  suggested  a sa fe ty  fac to r of 2 .0  or even  2 .2  may be req u ire d . 

R ecen tly , H olland (1973) h as  su g g es ted  if strong support is "near by" or 

if  a re tre a t mining system  is  u se d  where the  e ffe c ts  on the  su rface  a re  

not im portant, a sa fe ty  fac to r be tw een  1 .3  and 1 .4  is  su ff ic ie n t. If su r­

face  co n sid era tio n s are  req u ired , where the  e ffe c ts  on the  su rface  are  

c r i t ic a l ,  a sa fe ty  fac to r of 1 .6  is  now su g g es ted  by  H olland (1973).
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Figure 33 . H istogram  of sa fe ty  fac to rs for e x is tin g  co a l p i l la rs —After Salamon (1967)
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Ashwln (1972) im plies th a t a sa fe ty  fac to r of 1 .5  is  req u ire d . O bert e t 

a l .  (1960) recommend a sa fe ty  fac to r of 2 .0  to  4 .0  for com petent ro ck .

It is  obvious th a t there  is  no agreem ent as to what is  the  co rrec t sa fe ty  

fa c to r , which adds an  ad d itio n a l problem  to  p illa r  d e s ig n .

Probability  of Failure

More re c e n tly , the approach  o f p ro b ab ility  has b een  app lied  to 

p illa r  d e s ig n . C o a tes  and Gyenge (1973) have proposed  a  method to  c a l ­

cu la te  the p robab ility  of fa ilu re . G iven a d is tr ib u tio n  of s t r e s s e s  on the  

p illa r  and a d is tr ib u tio n  of p illa r  s t re n g th s , the  overlap  a rea  of th e se  two 

curves re p re se n ts  th o se  c a s e s  where p illa r  fa ilu re  w ill occu r (Figure 34). 

The overlap a rea  can  be re la te d  to the  to ta l  a rea  under the  p illa r  streng th  

d is tr ib u tio n , which is  th e n  the p robab ility  o f fa ilu re . The d ifficu lty  o f . 

th is  method is  in  defin ing  the  p illa r  s treng th  and p illa r  s t re s s  d is tr ib u ­

t io n s . G iven the p ro b ab ility  o f fa ilu re , it  can  be re la te d  to  the c o s t  of 

fa ilu re ; thereby  an  optimum r isk  can  be c a lc u la te d .

The p robab ility  of fa ilu re  approach  is  more appea ling  th an  the  

sa fe ty  fac to r m ethod. The p ro b ab ility  of fa ilu re  acco u n ts  for the  n a tu ra l 

v a ria tio n s  in  rock  streng th  and ap p lied  s t r e s s ,  w hereas the sa fe ty  fac to r 

method is a d e te rm in is tic  so lu tio n . For the purpose of com paring d iffe r­

en t p illa r  d e s ig n  m ethods the sa fe ty  fac to r approach  w ill be u s e d .

C a lc u la tio n  of Load on P illa r

The tr ib u ta ry -a rea  load m ethod w ill be u se d  to  c a lc u la te  the  

load  on the p i l la r .  By d efin itio n  the  tr ib u ta ry -a re a  load  m eans th a t each  

p illa r  c a rries  the en tire  overburden load  h a lf  way to  the  nex t support 

(Figure 35). The tr ib u ta ry -a re a  load  is  c a lc u la te d  from the  equation :
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D IS T R IB U T IO N  OF LOAD 
ON PILLA R  ( Ln )

D IS T R IB U T IO N  OF PIL L A R  
STRENGTHS ( SD )

PROBABILITY 
OF FAILURE 
EQUALS SHADED 
AREA /

Figure 34 . M ethod of c a lcu la tin g  p robab ility  of fa ilu re —After 
C o a tes  and Gyenge (1973)



SURFACE

:::::::::
:::::::::

::::::::: 1 I
:::::::::::::: i H i x l x x : : : : : : : : : : :

:::::::::::::::::

HATCHED AREA I S  CROSS SECTION OF 
TRIBUTARY -  AREA LOAD ON P IL L A R  2

■ I ,
■ I

>•••••••••••••••••••
!!!!!! 5 ::::::::::

HATCHED AREA I S  PLAN SECTION OF 
TRIBUTARY -  AREA LOAD ON P IL L A R  2

Figure 35. T ribu tary -a rea  load



I l l

TAL = (RmW + PW)(CcW + PL) tf (11)

where: TAL = tr ib u ta ry -a re a  load  (lb)

RMW = room width (ft)

CcW  = c ro ssc u t w idth (ft)

PW = p illa r  w idth (ft)

PL = p illa r  leng th  (ft)

(T = in  s itu  s tr e s s  (psf) normal to  roo f.

This method p red ic ts  the maximum load th a t  c an  be ap p lied  to  the  p i l la r .

For th is  a n a ly s is , the ap p lied  load w ill be a ssum ed  norm al to  

bedding b ecau se  the m in era liza tio n  p a ra lle ls  the  b e d d in g . The dip of 

the bedding ranges be tw een  zero and 60 d e g re e s , w ith a m edian of ap ­

proxim ately  30 d e g re e s . The m agnitude of the  e s tim a ted  in s itu  s tre s s  

normal to  bedding under the  average cond itions a t  the  C ontro l property  

is  1 .24  *

" C om parison o f M ethods for C a lc u la tin g  
the  L oad-carry ing  C a p ac ity  o f a P illa r

There p re se n tly  e x is t  num erous m ethods for c a lcu la tin g  the  

load -carry ing  c ap a c ity  of a p i l la r .  M ost work to  d a te  h a s  been  done in  

term s of co a l m ining. For the  purpose of th is  study  the follow ing methods 

w ill be d is c u s se d  and com pared: (1) O bert, D u v a ll, and M errill, (2) 

Skinner, (3) B ien iaw sk i, (4) Salam on and M unro , and (5) W ilso n . These 

m ethods are b a sed  on d ifferen t concep ts or e n tire ly  d ifferen t app roaches 

to  sim ila r c o n c e p ts .

To perm it com parison be tw een  the re s u lts  ob ta in ed  by the  d if­

feren t m ethods, the  v a lu es  l is te d  in  Table 28 w ill be u se d  for each  

m ethod. B ecause the  s iz e  e ffe c t is  an  im portant p a ra m e te r , two p illa r
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Table 28. B asic input param eters for p illa r  d es ig n  com parison

Param eter Value

Depth 50 ft

Dip of beds 30°

In s itu  s tre s s  norm al to  bedding ll24<5"ovb Psf

Room width 20 ft

C ro sscu t w idth 20 ft

Square p illa r

P illar w idth 37 ft

P illa r length 37 ft

P illa r he igh t 30 ft

T ribu tary -area  load 166,700 tons

Recovery 57.9%

R ectangular P illa r

P illa r w idth 25 ft

P illa r length 60 ft

P illar he igh t 30 ft

T ribu tary -area  load 184,100 tons

Recovery 58.3%
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geom etries w ill be exam ined: a square  p illa r  (37 x  37 feet) and a r e c ­

tangu lar p illa r  (25 x  60 f e e t ) . Approxim ately the  sam e tonnage o f ore 

w ill be m ined from th e se  two p illa r  d e s ig n s .

The O bert, D u v a ll, and M errill M ethod

O bert, D u v a ll, and M errill (1960) b e liev ed  th a t the streng th  of 

the p illa r  is  equal to  the  u n iax ia l com pressive  streng th  o f a core sam ple 

with the sam e w id th -to -h e ig h t ra tio  a s  the p i l la r .  To u se  th is  method 

the follow ing assum ptions or cond itions m ust be fu lfilled :

1. The rock  is com petent; i . e . , "rock w h ich , b ecau se  of i ts  

p h y s ic a l and g eo lo g ica l c h a ra c te r is tic s  is  capab le  of s u s ta in ­

ing openings w ithout any s tru c tu ra l support ex cep t p illa rs  and 

w alls le f t during m ining ( s tu l l s , lig h t props and roof b o lts  a re  

not co n sid ered  a s  s tru c tu ra l suppo rt)" (Obert e t a l . , I9 6 0 ,

p . 5 ).

2 . • The p illa r  c a rrie s  the s tre s s  eq u a lly  th roughou t. This is  b a sed

on e la s t ic  s tu d ie s  which show s th a t a s  the ra tio  be tw een  the  

room width and the  p illa r  width in c re a se s  the average s tr e s s  

approaches the maximum s tre s s  and becom es more uniform .

3 . The p illa r  can  be co n sid ered  s tab le  if  the  sa fe ty  fac to r is  a t 

le a s t  be tw een  two and four.

B ecause a ll  o f the  core te s tin g  is no t done a t the  sam e w idth-  

to -heigh t ra tio  as the p illa r  te s t in g ,  O bert e t  a l .  have developed  the  fo l­

lowing equation  to  co rrec t for th is  d ifference  in ra t io s :

C s = C 1(0 .778  + (0 .222d /h )) (12)
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w here: C s = com pressive  stren g th  o f specim en  if  d /h  /  1

C j = com pressive  streng th  of specim en  if  d /h  = 1 

d = d iam eter o f specim en  

h = he igh t o f sp ec im en .

Recommended lim its for d /h  for th is  equation  are  0 .2 5  — d /h  ^  4 . Be­

cau se  the sam ples are  u su a lly  te s te d  a t  some o ther ra tio  th an  1 :1 , 

equation  (1) can  be so lv e d , a s  fo llow s:

C = C 0*778 + (0 .222 dp/hp) 
p c 0 .778  + (0 .222 dc / h c )

where: Cp = com pressive  stren g th  o f specim en  w ith a w id th -heigh t

ra tio  of the p illa r

C c = com pressive  streng th  of specim en  w ith a w id th -he igh t 

ra tio  of the core te s te d  

dp = d iam eter of p illa r
I

hp = h e ig h t o f p illa r

dc  = d iam eter of core specim en

hc = h e igh t o f core sp ec im en .

If dc = 1 .86  i n . , h c = 3 .7 2  i n . , and C c = 19 ,920  p s i ,  the com­

p re ss iv e  s treng th  of the  square  p illa r  is 23 ,570  p s i .  The lo ad -carry in g  

c ap a c ity  is then :

(area of p illa r) x  (com pressive stren g th  of p illar) (14)

= (37 ft x 37 ft) (23 ,570  p s i  x  144/2000)

= 2 ,3 2 3 ,2 4 8  tons
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and the sa fe ty  fac to r (SF) for the tr ib u ta ry -a re a - lo a d e d  square  p illa r  is :

SF = 2 ,3 2 3 ,2 4 8 /1 6 6 ,7 0 0  = 1 3 .9 .

A sim ila r a n a ly s is  can  be made for the  rec tan g u la r p i l la r .  The 

minimum p illa r  length  w ill be u se d  for the p illa r  d iam eter to co rrec t the  

com pressive streng th  o f the rec tan g u la r p i l la r .  The re a so n  for th is  

choice is  th a t te s tin g  has in d ica ted  th a t  the com pressive  stren g th  for a 

c o n s tan t he igh t depends on the minimum sam ple w idth and not i ts  leng th  

(D enkhaus, 1962). The p illa r  s tren g th  b a sed  on the  mean u n iax ia l com­

p ress iv e  streng th  is 21 ,580  p s i  and the  lo ad -carry in g  c a p a c ity  for a 

p illa r  25 x  60 fee t is  2 ,3 3 0 ,6 4 0  to n s . The sa fe ty  fac to r is  th en  1 2 .7 .

The sa fe ty  fac to rs  for th e se  two p illa r  d im ensions far exceed  

the  required  sa fe ty  fac to r su g g e s te d  by O bert e t  a l .  (1960). Although 

th is  method is  very  e a sy  to ap p ly , one of the  m ajor problem s is  the  a s ­

sum ption th a t the com pressive  stren g th  of the  p illa r  eq u als  the  com pres­

s iv e  s treng th  of a core sam ple w ith the sam e w id th -to -h e ig h t r a t io .  

H ow ever, the core sam ples re p re se n t the  ro ck  su b s tan ce  stren g th  w hile 

the p illa r  is  made up o f the  rock  m a ss . O bert e t  a l .  assum e th a t the 

p illa r  can  carry  the load uniform ly a c ro ss  the  p illa r;  how ever, th is  is  

u n like ly  b ecau se  the  edge o f the p illa r  has su s ta in e d  b la s t  damage th a t 

w eakens the  rock  m ass s tre n g th .

The Skinner M ethod

W orking on a n h y d rite s , Skinner (1956) developed  a method to  

c a lc u la te  p illa r  streng th  b a sed  on the  w eak est lin k  th eo ry . This theory  

is  b a sed  on the idea th a t the  s tren g th  of a ch a in  is  no g rea te r than  the  

s treng th  of the  w eak est lin k . Skinner p o s tu la te s  th a t  a p illa r  is made up
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of N number of u n it b locks and  th a t if each  of th e se  u n its  w as te s te d ,  

th e ir  s tren g th s would f i t  a d is tr ib u tio n . The w eakest b lock  of the  d is tr i ­

bu tion  would rep re se n t the  stren g th  of the p i l la r .  Skinner show ed th a t 

h is  te s t  re s u lts  of anhydrite  were b e s t  rep re se n te d  by e ith e r a norm al or 

a W eibull d is tr ib u tio n . The W eibull d is tr ib u tio n  req u ires  te s t  re s u lts  of 

sam ples of various volum es and it  w ill therefo re  not be u sed  for th is  

a n a ly s is .  The equation  for the  normal d is trib u tio n  of p illa r  s treng th  (S) 

is

S =X  - ji(2 L n N )1/ 2 + 1 /2  (LnLnN + L n 4 tt(2L nN )” 1^ 2 (15)

w here: X = mean s treng th  of un it b locks

)i = s tandard  d ev ia tio n  of u n it b locks 

N = number of u n it b locks th a t  make up the  p i l la r .

S k inner's  te s tin g  show s th a t  a s  the sam ple volume in c re a se s  

the sam ple stren g th  d e c re a se s  (Table 29). This r e s u l t  h e lp s  to  ju s tify  

th a t the larger sam ples have lower s tren g th s  b e c a u se  th e ir  num ber of 

flaw s is  g rea te r th an  th a t of a sm aller sa m p le .

Table 29 . E ffect of s iz e  on com pressive  s treng th  for an h y d rite—After 
Skinner (1956)

U n iax ia l C om pressive S trength  (psi)

Sample Side Length (in .) M ean Standard D ev ia tion

1 32 ,510 4 ,6 0 0
2 25 ,360 2 ,580
4 24 ,270 2 ,050

10 16 ,800 2 ,680

L
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Before S k inner's  m ethod can  be u s e d , the core s tren g th s have 

to be co rrected  to the sam e w id th -to -h e ig h t ra tio  a s  the p i l la r .  This 

co rrection  was made u s in g  O bert e t  a l . ' s  (1960) equation  (equation  

Table 30 l is ts  the co rrec tions for the two p illa r  d im en sio n s . The normal 

d is trib u tio n  equation  (equation  15) w ill have to  be u se d  b ecau se  only 

sam ples of sim ila r s iz e  were te s te d .  The mean and standard  d ev ia tio n  

of the u n it b lock  for the  square  p illa r  a re  24 ,800  p s i  and 9 ,6 0 0  p s i ,  

re s p e c tiv e ly . The number o f u n it b locks (N) th a t make up the  p illa r  is  

c a lcu la te d  a s  fo llo w s:

N = P illa r D im ensions _  (37 x 37 x  30 x 12^) i n . 3 n g )
U nit Core Block (1 .86  x  1 .86  x  1 .51) in .J

= 13 ,585 x  103

U sing th ese  param eters in  the  norm al d is tr ib u tio n  equation  

(equation 15),the  c a lc u la te d  square  p illa r  s tren g th  is  -3 0 ,2 0 0  p s i .  Be­

cau se  the p illa r  s treng th  canno t be n e g a tiv e , the  stren g th  of the  square 

p illa r  is z e ro . This method can  a lso  be approached  g rap h ica lly  by p lo t­

ting  the sam ple streng th  v e rsu s  the  cum ulative p ro b ab ility  o f fa ilu re .

The d iv iso r for c a lcu la tin g  the  cum ulative p ro b ab ility  is  the to ta l  number 

of sam ples p lus one (N + 1). This is  u sed  b ecau se  for a sm all sam ple 

s iz e  there  are probably  specim ens stronger and w eaker th an  the  ones 

te s te d .

Table 30 l is ts  the cum ulative p ro b ab ilitie s  w ith the  a s so c ia te d  

s tre n g th s . Figure 36 show s the  core stren g th  v e rsu s  cum ulative p roba­

b ility  of failu re  p lo t for the square  p i l la r .  I t is  obvious th a t the  da ta  f it  

a tw o-segm en t l in e . The cum ulative p robab ility  o f the  w eak est u n it 

b lock  fa iling  for a 37 x  37 x  30-fo o t p illa r  is  l / N ,  which eq u a ls
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Table 30. C orrec ted  com pressive  stren g th s and a s so c ia te d  cum ulative 
p ro b ab ilitie s

Core U niax ia l 
C om pression 
S trength (psi)

Square P illar 
(37 x  37 x  30 feet)

R ectangular P illa r 
(25 x  60 x  30 feet)

C orrec ted  
S trength  (psi)

C um ulative
Probab ility

C orrec ted  
S trength (psi)

C um ulative
P robability

33,500 39 ,630 0 .9 4 36 ,290 0 .9 4

33 ,100 39 ,160 .89 35 ,860 .89

28,000 33 ,130 .83 30 ,330 .83

26,600 31 ,470 .78 28 ,810 .78

24,500 28 ,990 .72 26 ,540 .72

20,500 24 ,250 .67 22 ,210 .67

20 ,500 24 ,250 .61 22 ,210 .61

20,400 24 ,140 .56 22 ,100 .56

17,300 20 ,470 .50 18 ,740 .50

16,700 19,760 .44 18,090 .44

16,100 19 ,050 .39 17,440 .39

15,000 17,750 .33 16,250 .33

15,000 17,750 .28 16 ,250 .28

14,500 17,160 .22 15,710 .22

13,500 • 15 ,970 .17 14,620 .17

13,000 15 ,380 .11 14,080 .11

10,500 12,420 .06 11 ,370 .06
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7 .36  x  10” ®. Figure 36 show s th a t the  p illa r  s treng th  is  s t i l l  z e ro , 

hence the sa fe ty  fac to r eq u a ls  z e ro .

This approach can  be ap p lied  to  the rec tan g u la r p i l la r .  U sing a 

p illa r  width of 25 fe e t ,  the co rrec ted  com pressive  stren g th s and cum ula­

tiv e  p ro b ab ilitie s  are l is te d  in Table 3 0 . The m ean co rrec ted  com pressive 

streng th  is  22 ,700  p s i  w ith a s tan d ard  d ev ia tio n  o f 8 ,8 0 0  p s i .  The num­

ber of un it b locks in the p illa r  is :

N -  (25 x 60 x  30 x 123) i n . 3
(1 .86  x 4 .4 6  x  2 .23) i n . 3

= 4 ,203  x  103 .

This re s u lts  in a p illa r  s tren g th  of -2 5 ,9 0 0  p s i ,  which m eans th a t  the  

p red ic ted  streng th  for the  rec tan g u la r p illa r  is  z e ro . P lo tting  the data  

on the  cum ulative p ro b ab ility  paper show s th a t  the s treng th  is  s t i l l  zero 

(Fig. 37).

The obvious d isad v an tag e  of th is  method is the r e s u lt  of a 

negative  p illa r  s tre n g th , which Skinner a d m its . The co n cep t of th e  w eak­

e s t  link does have some v a lid ity ; how ever, the lo ca tio n  of th is  w eak est 

link  should  a lso  be c o n s id e re d . If  the w eak est lin k  is  lo ca ted  in the 

cen ter of the p illa r  it is  confined  and should  therefo re  have a h igher 

streng th  than  rep re se n te d  by a u n iax ia l t e s t .  A lso , one un it b lo ck  may 

fa il  in  a p illa r  bu t the  o ther u n its  may be ab le  to  carry  the  ad d itio n a l 

load  b ecau se  they  are s tro n g e r . Skinner found th a t the  norm al and 

W eibull d is tr ib u tio n s  produced the sam e re s u lt;  h o w ev er, he w as t e s t ­

ing an a n h y d rite , w hich may be a s p e c ia l  c a s e . If a rock  s tren g th  t e s t ­

ing program could  have b een  carried  out th a t  te s te d  d iffe ren t v o lu m es ,
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the W eibull d is trib u tio n  could  have b een  u se d  which may have produced 

re su lts  o ther th an  th o se  o b ta ined  by  u sing  a norm al d is tr ib u tio n .

The B ieniaw ski M ethod

' B ieniaw ski (1968) a lso  b a sed  h is  method on the idea  th a t the 

s treng th  d e c re a se s  a s  the volume in c re a s e s .  This fa c t w as observed  in  

S k inner's t e s t  re s u lts  (Table 29 ). B ieniaw ski proposed  further th a t there  

is  a fundam ental s treng th  w ithin  the  ro ck  m ass and  th a t the in c rease  in 

volume beyond th is  p o in t does not change the  rock  m ass s tre n g th . He 

produced a s treng th  v e rsu s  sam ple s iz e  curve (Fig. 38) from d a ta  from 

te s tin g  cu b ica l coa l sam ples rang ing  from 0 .7 5  to 60 inches on a s id e .

He d iv ided  th is  curve into th ree  segm en ts: segm ent a ,  c o n s tan t s treng th ; 

segm ent b ,  reduced  streng th ; and  segm ent c ,  c o n s tan t s tre n g th . The 

equations for p illa r  s treng th  for each  of the  curve segm ents th a t f it  

B ien iaw sk i's  d a ta  a re :

1 . Curve segm ent a ,  S = 24 ,620  p s i  (17)

2 . Curve segm ent b , S = 1 ,100(W®•^•^/h®*^^) p s i ,  where (18) 

W = p illa r  w idth (ft) and  h = p illa r  h e ig h t (ft) .

3 . Curve segm ent c ,  S = 400 + (200W /h). (19)

The equation  for curve segm ent c is  the fundam ental s tren g th  e q u a tio n .

From the stren g th  v e rsu s  volume curve (Fig. 38), B ien iaw ski 

concluded  th a t the fundam ental s tren g th  was rea ch e d  a t  5 fee t.B o th  the  

square  and rec tan g u la r p illa rs  be ing  an a ly zed  are g rea te r th an  5 x 5 x 5  

fe e t ,  hence  B ien iaw sk i's  fundam ental s treng th  curve can  be a p p lie d . The 

The streng th  of the  square  p il la r  is

S = 400 + (200 x  37/30) = 647 p s i .
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Figure 38. Uniaxial compressive strength of coal versus side 
length of cube-shaped sam ples—After Bieniawski (1968)



124

This results in a load-carrying capacity of 63,774 tons or a safety factor 

of 0 .4 . Using a pillar width of 25 feet for the rectangular p illa r, the 

pillar strength is 567 p s i, the load-carrying capacity is 61,236 tons, 

and the safety factor is 0 .3 .

The obvious disadvantage of using Bieniawski's fundamental 

strength equation at Marble Peak is  that it is based on coal which does 

not have the same strength parameters as the rock a t Marble Peak. The 

fundamental strength of the ABC zone rock might be obtained by using 

the curves generated from Skinner's method. Assume that the fundamen­

ta l rock strength is reached a t 5 x 5 x 4 feet for the square pillar and 

5 x 5 x 6  feet for the rectangular p illa r. The cumulative probability of 

the weakest specimen for the square pillar is 3.02 x 10"^. From Figure 

36, the pillar strength is 1800 psi; i . e . , the load-carrying capacity is 

177,420 tons and the safety factor is 1 .1 . For the rectangular pillar the 

cumulative probability of the w eakest specimen is 7 .4  x 10*5, which 

from Figure 37 resu lts in a fundamental strength of 2,200 p s i. This 

fundamental strength equals a load-carrying capacity  of 237,600 tons 

or a safety factor of 1.3 for the rectangular p illa r.

Bieniawski's (1968) concept that some fundamental strength is 

reached as the volume of the specimen increases seems logical. The 

factor yet to be determined is the size a t which the fundamental strength 

is reached. Fundamental strength has to be a function of rock substance 

strength, the length, spacing, and orientation of the jo in ts , and the 

shear strength of the jo in ts . Because B ieniawski's te s t  analysis was 

based on coal, the fundamental strength for the ABC zone is probably 

different. He sta tes that his average spacing was 0.22 feet, which is
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similar to the resu lts obtained a t Marble Peak; however, the rock sub­

stance strength is greater a t Marble Peak. I . Evans (1970) made the point 

that Bieniawski's fundamental strength was reached a t the size of the 

largest sample tested  and that we do not know what happens beyond a 

side length of 5 fee t. His point that a 5-foot side length may not be the 

size a t which the fundamental strength is reached is well taken. How­

ever, in studying Bieniawski's curve, the change in pillar strength is 

minimal for an increase in pillar size above 3 x 3 x 3  fee t. This concept 

of a fundamental strength, i . e . , the number of flaws per volume is con­

stan t, was observed in the step path an a ly sis , which showed that the 

median percentage of in tact rock did not vary significantly above a pillar 

height of 15 feet (Fig. 26). If 5 x 5 x 5 feet is the size of a p illar at 

which all rock types reach their fundamental strength, this strength can 

be calculated using Skinner's method of the weakest link.

The Salamon and Munfo Method

Salomon and Munro (1967) measured 125 room -and-pillar coal 

mines in South Africa with varying depths, p illar heigh ts, pillar w idths, 

and extraction ra tio s . The pillars measured were both stable and co l­

lapsed. They assumed the distribution of safety factors for these pillars 

fit a lognormal distribution with a median of one . Using a power function 

to describe the p illar strength and assuming a tributary-area load, they 

estim ated the unknown factors of the strength equation with a "likelihood 

function."

The general strength equation used by Salamon and Munro (1967)

is:
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q Pillar Strength (S) = KhAwB (20)

where: K = strength of 1 ft3 rock (psi)

h = pillar height (ft)

W = pillar width (ft)

A and B are co n stan ts .

Assuming the tributary-area load to be the load on the p illar, the 

safety factor (SF) is calculated as follows:

SF = KhAWB 
7-H ( W 4d3 |2 x 144 (21)

where 7* = rock density (lb /ftB)

H = thickness of overburden (ft) 

b = room width (ft).

In the above equation, the unknowns are K, A, and B.

Salamon and Munro proposed that distribution of pillar safety 

factors is lognormal with the median at one because the safety factor is 

limited by zero on one side , unlimited on the other, and most designs 

require a minimum safety factor of one for s tab ility . With th is assump­

tion they obtained the safety factor distribution with a median of one 

using a "likelihood function" and maximizing K, A, and B based on the 

125 observations. The results of Salamon and Munro's (1967, Table II) 

analysis are:

K = 1,322 

A = -  0.6609 

B = 0.4590

Their results are based on square p illa rs .
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Using Salamon and Munro's (1967) equation, the strength (S) of 

a square pillar as defined in Table 28 can be calculated as follows:

S = 1,322 (30-0.6609)(370. 4590) -  732 psi

The load-carrying capacity for the square p illar is 72,152 tons, which 

equates to a safety factor of 0 .4 . For a rectangular pillar the strength 

is 612 psi (66,096 tons load-carrying capacity), which resu lts in a safety 

factor- of 0 .4 .

Because Salamon and Munro's strength equation is based on 

coal, its use at the Control property is probably not valid . However, if 

we can assume that the A and B values of the strength equation do not 

change from one rock type to another but that the unit cube strength d o es, 

the equation can be changed to account for rock strength in the ABC zone. 

The strength of the one foot unit cube can be estim ated from Skinner's 

method. The cumulative probability for the weakest specimen in a unit 

cube is 3.72 x 10-3, which resu lts in a value for K of 7,500 psi (Fig.

39), and Salamon and Munro's equation for the ABC zone now becomes:

S = 7,500 h“0.66C9w 0.4S 9f

which gives a square p illar strength of 4,156 psi (409,649 tons load­

carrying capacity), resulting in a safety factor of 2 .4 7 . The rectangular 

p illar strength is 3,471 p s i, which equals a load-carrying capacity of 

374,895 to n s . The safety factor for the rectangular p illar is 2 .04 .

Salamon and Munro's method of calculating the constants and 

unit cube strength are very attractive for those areas where existing p il­

lars are present. The assumption that the distribution of safety factors
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has its median at one is probably incorrect. As d iscussed  in the section 

on the measure of pillar stab ility , the recommended safety factors are at 

least 1 .4 , therefore perhaps th is should be the median of the distribu­

tion . Assuming the exponents remain constant for any rock type, the 

unit cube strength can be estim ated from Skinner's method.

The Wilson Method

Wilson (1972) contends the pillar is divided into two zones, an 

inner core and a surrounding yield zone. The inner core carries most of 

the load and is subject to a triax ial stress condition while the yield zone 

carries little load but confines the inner core (Fig. 40). The yield zone 

is characterized by being highly fractured at the edge of the p illar.

These blocks do not a ll fall out because of friction on the ends and in ­

terlocking of the b locks. W ilson shows how with friction only as the 

horizontal stress increases inward to the p illar co re . This is analogous 

to the passive pressure of a retaining w all. The magnitude of the con­

fining stress does not increase a ll the way to the center of the p illa r, 

but it increases until the magnitude of in situ stress is reached. The 

distance into the p illar where the maximum pillar stress is reached, i . e . , 

the distance into the edge of the confined core is calculated as shown in 

Table 31. W ilson contends that the rock mass cohesion (Sc) is one psi 

for coal.

By calculating the area under the stress distribution, knowing 

the pillar width, length, and height, and the maximum stable vertical 

s tress (Smv), the load-carrying capacity  can be calcu lated . W ilson 

(1972) assumes the stress distribution can be simulated by a simple
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c a v e d ROOM P I L L A R ROOM CAVED

A) CR OSS S E C T I O N

YIELD ZONE PILLAR YIELD ZONE
CORE

B) PROBABLE STRESS DISTRIBUTION

PRACTICAL 
STRESS LIMIT

MAXIMUM VERTICAL 
PILLAR STRESS

COVER LOAD

C) HYPOTHETICAL STRESS DISTRIBUTION

Figure 40. W ilson's concept of how pillars carry load—After 
W ilson (1972)
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Table 31. W ilson's equations for calculating load-carrying capacity of 
p illa rs—After Wilson (1972)

Load-carrying capacity for wide p illars: P >  2Yj^

Square pillars

LCC = 7 .2  x 10“ 2 s MV(p2 -  2PYM + 1.33YM2) tons 

Rectangular pillars

LCC = 7 .2  x. 10-2 3 ^  (PL -  PYM -  LYM + 1 .3 3 YM2) tons 

Long pillars

LCC = 7 .2 x 10“2 ( P  -  Yj^) tons per foot of run

Load-carrying capacity for narrow p illa rs : P <  2Y^ 

Square pillars

LCC = 7 .2  x IQ"2 SMV tons

Rectangular p illars

LCC = 7 .2  x 10~2 Sm v- v?-- ' (4 - - 42 6 ) tons

Long pillars
2

LCC = 7 .2  x 10~2 S ^ y  —^ —  tons per foot of run

where: LCC = load-carrying capacity of p illar (short tons)

SmV = maximum stable vertical pillar s tress (psi)

= (6.94 x 10”3 SRgH) tanB + Sc

Ym  = distance into p illar (ft) at location of maximum stable 
pillar .stress and edge.of confined core

i

= _______ M ln 5 MV
(tanB)1/ 2(tanB -  1) s c
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Table 31. W ilson's equations—Continued

tan  B = passive pressure coefficient = (1 + s in *0/(1 -  sin /)

P = p illar width (ft)

L = pillar length (ft)

M = pillar (seam) height (ft)

/  = rock mass friction angle 

H = thickness of overburden (ft) 

g = density (lb/ft^)

Sc = confining stress acting a t edge of p illar (psi); rock mass 
cohesion

8% = (horizontal s tress)/(v e rtica l stress)

I
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truncated pyramid (Fig. 40). W ilson sta tes that whose width is less than 

2Ym  will have no inner co re . It is doubtful that th is pillar can be con­

sidered long-term stable; however, the load-carrying capacity can be 

calculated. Table 31 gives the equations for calculating the load­

carrying capacity of pillars of different shapes for the cases where the 

pillar width is less than and greater than 2Y ^ .

The input parameters used for this analysis are;

1. Pillar geometry from Table 28.

2 . Estimate of rock mass friction angle GzO = 37 degrees (Chapter 5).

3. Rock mass cohesion (Sc) = 620 psi (Chapter 5).

4. Horizontal stress ratio (Sr) = 1 .72 .

The load-carrying capacity for the square p illar is calculated as follows;

Sm v = (6 .94)(1 .72)(165)(500)-I± |M |7  x 10-3 + 620

= 4 604.62 psi

/ 1 + s in 37) 1/2/ l+ s in 3 7  A 
V 1 -  sin 37/ 1 1 -  sin 37 " AJ

In 4604.62
620 9.92 ft

ICC = (7.2 x IQ-2) (4604.62)(372 -  2 x 37 x 9.92 

+ 1.33 x 9 .9 2 2) = 253,970 tons.

The safety factor of the square pillar determined by using W ilson's 

method is 1 .5 .

A sim ilar analysis for the rectangular p illar would give; 

Sjyjv = 4604.62 psi 

Yj ĵ = 9.92 ft 

ICC = 261,218 tons
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and the safety factor for the rectangular p illar would be 

SF = 1 .4 .

W ilson's method accounts for the way in which the p illar carries 

the load for most p illar geometries and the rock mass strength for the 

particular rock ty p e . The difficulty of th is method is in evaluating the 

input param eters. The rock substance properties can be measured and 

the rock fabric properties can be measured, but combining the two to 

obtain the rock mass strength is extremely difficult and perplexing.

Summary

Five basic methods for calculating the load-carrying capacity 

of pillars were analyzed. In addition, two methods that combine two of 

the basic pillar methods were analyzed. Although each of the basic 

methods are based on different approaches, it  is possible tha t the re ­

sults can s till be the sam e. Table 32 shows that the following methods 

yield approximately the same resu lts:

1. The Bieniawski and the Salamon and Munro.

2. The W ilson, the Bieniawski in combination with the Skinner, 

and possibly the Salamon and Munro in combination with the 

Skinner.

Because all the methods do not resu lt with the same load-carrying 

capacity , those methods that are most applicable to the study area must 

be chosen. The basis of each p illar method and its  validity in terms of 

the Marble Peak will be briefly d iscussed .

The Obert, D uvall, and Merrill method assum es that given 

competent rock, the p illar strength is equal to the strength of a core
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Table 32. Load-carrying capacities and safety factors based on different 
pillar design methods

Square Pillar Rectangular Pillar

Method LOG, tons SF LCC, tons SF

Obert, D uvall, and Merrill 2,323,248 13.9 2,330,640 12.7

Skinner 0 0 0 0

Bieniawski

Equation 63,774 0 .4 61,236 0.3

Skinner curve 177,420 1.1 237,600 1.3

Salamon and Munro

Equation 72,152 0 .4 66,096 0.4

Skinner curve 409,649 2.47 374,895 2.0

Wilson 253,970 1.5 261,218 1.4

specimen with the same width -to  -he ight ratio . Obert e t a l. (1960) also 

assume that the load is carried uniformly across the p illa r. They recom­

mend a safety factor of two to four to account for variations in the rock 

strength and the load on the p illa r. This method is suitable for rock tha t 

has little or no structure; however, th is is not the condition a t Marble 

Peak where the rock mass has a significant amount of structural discon­

tin u itie s . Therefore, the as sumption tha t the rock substance strength 

equals the rock mass strength is invalid at Marble Peak. To use a safety 

factor of four to account for th is difference in strength may resu lt in an 

overdesign in some cases and an underdesign in other c a se s .
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81956) approach of the weakest link results with a 

load-carryity less than zero, which is un realistic . The con­

cept that tlh of a chain is  determined by the weakest link and 

that the loihain the greater the chance of having a weak link is 

not unreascowever, every link in a chain depends on the next, 

whereas a ]a pillar may fail but the remaining part may be able 

to carry th^d. Therefore the Skinner method resu lts with a 

highly con^nsw er.

Bi(1968) assumed that as the size of a p illar increases 

the pillar r&mdamental strength; i . e . ,  the number of flaws per 

volume of n constant. This concept appears reasonable, but 

the determithe volume of material a t which the fundamental 

strength is 5 difficult. Bieniawski stated  that for coal the fun­

damental s ts  reached a t a five -foot cube, which was the largest 

specimen teis may or may not be the exact size at which the 

fundamental is reached for othe rock types. The five-foot cube 

is certainly ier of magnitude at which the fundamental strength 

is reached, the fracture spacing (0 .2  ft) of the coal Bieniawski 

tested  and tie spacing (0.2 ft) of the ABC zone are relatively 

the sam e, itssumed that the five-foot cube is the volume at 

which the ful strength is reached for the ABC zone. The 

strength of tbot block can be estim ated by using the Skinner 

method. Altb approach seems reasonable, the estim ated size 

a t which the ita l strength is reached is questionable and the 

Skinner methily resu lts in a conservative strength.
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Salamon and Munro's (1967) approach of back analyzing ex is t­

ing pillars and developing an equation that best fits the strength d is tri­

bution of the pillars is good. By assuming that the exponents for the 

height and width of a p illar are the same for the ABC zone as for coal, 

an estim ate of the strength of a cubic foot of rock can be made by using 

Skinner's method. Although the Skinner method underestim ates the 

strength of a p illar, it is reasonable to use th is method to estim ate the 

strength of a unit cube because the unit cube size is much closer to the 

specimen size than it is to the pillar s iz e . The Salamon and Munro 

method is valid as long as there are existing pillars to work with; how­

ever, if there are no existing pillars and the rock type is not sim ilar to 

coal, th is method is not applicable. The Salamon and Munro method can 

be modified by predicting the strength of a unit cube by Skinner's method, 

but whether the exponents remain the same for different rock types is not 

known.

W ilson's (1972) approach is that the p illar carries most of the 

load in its inner core and the outer core carries little  load but confines 

the inner core. His method requires input of rock mass friction angle 

and cohesion, which are difficult to measure or ca lcu la te . The method 

allows for p illars other than square. While all methods account for 

width-height ratio , none accounts for length-width ratio except to say 

that it should not exceed 10:1.

From th is analysis it is  my opinion that the W ilson method is 

the most applicable for the ABC zone rock. The W ilson method best ac ­

counts for the way in which a p illar carries its load, and it uses the 

parameters that are applicable to the property. A combination of the
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Bieniawski and Skinner methods or of the Salamon and Munro and Skinner 

methods results in similar values for the load-carrying capacities as ob­

tained in the W ilson method. However, these combination have not been 

checked with actual re su lts .

Pillar-width Nomograph

A nomograph, using the W ilson method, can be used to deter­

mine the pillar width given the following (Abel, 1974b):

1. Depth (thickness of overburden).

2. Room width.

3 . C rosscut width.

4 . Room length.

5. Room height.

6. Rock mass properties.

Figure 41 is an example of the nomograph. The following is a guide for 

its  use:

Step

1 Determine height of p illar and choose corresponding nomograph 

(30 ft)

2 Determine depth to be analyzed (600 ft)

3 Determine maximum tributary-are a load (210,000 tons)

4 Specify required safety factor (1.6)

5 Calculate required load-carrying capacity  (210,000 x 1.6 = 

336,000 tons)

6 Read p illar width for depth and load-carrying capacity (32.5 ft)
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Figure 41. Nomograph to predict p illar width using the W ilson
method
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CHAPTER 8

SUMMARY AND CONCLUSIONS

Rock M ass Strength and in Situ Stress Field 

Based on s ta tis tic s  and engineering judgment, the rock proper­

ties for the ABC zone, the upper Abrigo, and the Martin were pooled.

The pooled rock properties described the rock mass in the ABC zone area 

as a high-strength (16,000 to 32,000 p si), e la s tic , layered, broken to 

very broken, hydro thermally altered lim estone. An estimate of the rock 

mass shear strength was made using the minimum resistance step path 

analysis and the shear strengths from rock-on-rock direct shear te s ts  

and triaxial compression te s ts  on intact rock. The estim ated rock mass 

shear strength (r) can be described as

T = 630 + <5-n  t a n 370 (psi). (22)

The in situ s tress  field was estim ated by using two indirect 

methods: (1) measuring the residual stress and adding it to the gravi­

tational s tress  and (2) relating the stress field to the geology and struc­

ture of the a re a . For the pillar analysis the maximum stress was 

considered to be horizontal bearing N. 50° E. and the minimum stress 

to be vertical and equal to the overburden load.

Stone and Pillar Analysis

Pillar orientation is both an operations consideration and a 

stability  consideration. Based on structure a lo n e , a pillar with walls 

normal to the bedding dip with a long axis parallel to the dip direction
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will be the most s tab le . For operational considerations, a vertical pillar 

wall will be the more advantageous. Walls normal to bedding will be 

used in the p illar analysis because this will probably be the final stable 

condition. Stope height is defined by the th ickness of the mineralized 

zone, and stope length will be 60 feet for operational reasons.

Roof stab ility  determines room width. Assuming that the roof 

acts as a uniformly loaded, fixed-end beam, the maximum roof width can 

be determined by comparing the stress a t the center of the roof beam to 

either the in situ stress acting in the same direction or the tensile 

strength of the rock with an appropriate safety factor. Because the rock 

mass tensile strength approaches zero, it is believed that comparison of 

the bending stress to the in situ stress is more rea lis tic . The current 18- 

foot-wide openings are at a depth of 620 feet and are s tab le . From th is 

information, using the beam an a ly sis , the following room widths and 

depth intervals are recommended:

Depth (feet) Room Width (feet)

0-500 18

500-700 20

700-900 24

The load on the p illar was calculated from the tributary-area 

method, which assum es that the entire overburden load on the p illar is 

carried half way to the next p illa r. This probably gives a conservative 

estimate due to formation of a pressure arch. It is difficult to evaluate 

the exact geometry of th is pressure arch . Using the pressure arch con­

cep t, the pillars in the center should be the w idest, i . e . ,  have the
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highest safety factor, while those pillars nearest the unmined rock can 

have the lowest safety factor.

Of the five basic  p illar design methods compared, W ilson's 

method, which uses rock mass shear strength based on the step path , 

appears to be the best method. W ilson's method attempts to account for 

the distribution of the load on the pillar and uses the rock mass proper­

t ie s .  With W ilson's method, the pillar width can be determined from a 

nomograph for a given room length, room width, room height, and rock . 

mass properties.

Recommended Future Work

The approach for estim ating the rock mass strength using the 

minimum resistance step path program needs to be improved. Special 

concentration is required in defining the distribution of fracture overlap, 

improving the step path program to handle more complex decisions on the 

stepping procedure, a finite element analysis to determine the stress 

concentration a t a rock bridge, and field.data to check the method.

More work is needed to determine if the in situ s tress can be 

obtained either by measuring the residual stress and adding it to the 

gravitational s tress or by defining the stress field from the geologic 

structure.

For a pillar design in rock the input parameters are never ab­

solute and the analysis should therefore be based on a probabilistic . 

rather than a determ inistic approach. The determ inistic approach assum es 

unique input parameters which do not adequately represent the variability 

of the rock mass strength; therefore, a calculated safety factor greater
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than one does not mean that all p illars are stable but only those with 

the given param eters. The probabilistic approach can be accomplished 

by adding a Monte Carlo overlay to the analysis and determining a d is ­

tribution of safety fac to rs . The probability of failure is then the per­

centage of iterations with safety factors less than one. The mine 

management can then better evaluate the risk  of failure versus capital 

ga in .



APPENDIX A

METHOD OF STRUCTURAL DATA 
COLLECTION AND ANALYSIS

At this time there are two popular methods of collecting struc­

tural data: detail line and joint se t mapping. The joint se t mapping d is ­

cussed by Call (1972) involves measuring mean orientation and fracture 

characteristics for each fracture se t in a 10- to 15-foot zone. The detail 

line technique proposed by C all (1972) entails stretching a tape along 

the wall and measuring all fractures 6 inches or longer that in tersect the 

tape. Because of the tap e 's  orientation, two joint se ts could be missed: 

the se t striking nearly parallel to the tape and the se t dipping less than 

25 degrees. Therefore, to minimize the bias a ll fractures in a zone one 

foot above and below the tape were measured with footage marked at the 

projected in tersection. Savely (1972) has shown that little change in the 

rock fabric occurs after measuring 60 joints in a complex porphyry de­

posit. To ensure a suffient amount of data Savely used 100 measure­

ments as the cutoff point. Because the fracture pattern at Marble Peak 

is no more complex that that of the Sierrita open pit examined by Savely, 

100 fracture observations should be ample. The detail line method was 

used in th is study for the following two reasons:

1. Not enough spot samples for the joint se t mapping could be 

taken due to limited exposure of the ore zone.

2. Joint spacing from joint se t mapping is  a judgment number, 

whereas spacing from a detail line is based on measured footage.
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The data recorded for each joint were:

1. D istance along the tape where the joint or its projection inter­

sec t the tap e .

2. • Rock type .

3. Structure ty p e , i . e . ,  bedding plane fracture, single fracture, 

fau lt, contact.

4. Fracture orientation; care was taken to correct for magnetite 

affecting the read ings.

5. Minimum dip; the fla tte s t dip of the jo in t.

6. Planarity; a qualitative rating technique that categorizes the 

waviness of the joint on a scale of 3 feet or greater (Fig. A - l) .

7. Continuity; a qualitative measure of in tact rock (Fig. A -l).

8. Roughness; a qualitative measure similar to p lanarity , except 

the roughness is on the scale of one inch (Fig. A -l).

9. Length; the maximum traceable distance that the fracture can 

be observed; limited by the width of the drift.

10. Fracture th ickness .

11. Fracture filling; the different fillings were noted, if any.

12. Presence of water.

13. Existence of s lick en s id es.

14. Bookkeeping; the page and column were noted for referencing. 

In addition to the above data , the line number, date , data co llector, the 

bearing and dip of the fa c e , and general location of sample area were 

noted on the data sh ee t.

The poles to fracture planes were plotted on a Schmidt equal 

area , lower hemisphere azimuthal projection net for analysis (Billings,
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Figure A - l . Geometry of planar structural features
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1942). A computer program was used to plot the 100 poles and calculate 

the percentage of poles per one percent area of the projection. To evalu­

ate the randomness of pole concentrations, Poisson 's exponential bino­

mial limit were used (Pincus, 1951; Spencer, 1959). Fracture se ts were 

defined as significant if the percentage of poles was greater than 2.8 

percent. This meant the fracture se ts equal to above that percentage had 

a t least an 80 percent probability that they were not a random occurrence.

As d iscussed  earlier, the possib ility  of bias occurs for fracture 

se ts that are nearly parallel (+ 10°) to the strike of tape. This area has 

been called the "blind" zone by Terzaghi (1965), and she has presented 

a method to correct the d ata . However, this bias correction is not con­

sidered necessary because care was taken to observe these "blind" frac­

tu res. In addition, another check detail line will be run approximately 

90 degrees to the firs t line .

The average orientation of each fracture se t was determined by 

two methods; (1) the mode (highest concentration of poles) and (2) the 

mean vector. Because the mean vector analysis gives equal weight to 

each fracture, even those on the extreme lim its, the modal orientation 

was used to represent each fracture se t. The mean and mode minimum 

dips were also  calculated for each fracture s e t. The p lanarity , continuity, 

and roughness facto rs, and fracture filling were calculated as a percent­

age of the to tal fractures for the given fracture se t. The mean, mode and 

maximum lengths; mean, mode and minimum spacing; and mean and mode 

thickness were calculated for the defined fracture s e t s .



APPENDIX B

STANDARD PROCEDURES FOR TESTING ROCK CORES 
AND CALCULATING ROCK SUBSTANCE PROPERTIES

Unconfined Compressive Strength

a . Specimen preparation

Drill core is cut with a diamond saw to a length-diam eter 

ratio between 2:1 and 3:1. The ends of the samples are ground 

flat and parallel to the core axes with a Rockwell Delta surface 

grinder.

b . Testing

The specimens are loaded at a nominal rate of 400 Ib /s  

in a Structural Behavior Engineering Laboratories, Inc. CT-500 

equipped with a hem ispherical seat on the upper platen and a 

C oates-type Teflon sea t on the lower p la ten . One-inch steel 

disks the same diameter as the core are placed between the 

core and the p la ten .

The maximum load at failure is recorded by a hydraulic 

pressure gage.

The maximum compressive strength in pounds per square 

inch is determined by dividing the maximum load by the cross 

sectional area of the specim en.

Deformation Modulus and Poisson 's Ratio

a . Specimen preparation

Same as unconfined com pression.
148
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b . Strain measurements

Lateral and longitudinal strains are measured with an SR-4 

strain  gage 90-degree rosette glued to the midpoint of the 

sam ple.

c . Load measurement

The load is measured by a load ce ll.

d . Data output

The load and longitudinal strain are recorded on one XY 

recorder to obtain the s tre ss-s tra in  curve from which Young's 

modulus is determined.

e . Testing procedure

The specimen is mounted in the testing  machine in the same 

configuration as for the unconfined com pression. The specimen 

is  loaded to about a third the compressive strength and then un­

loaded to determine the permanent s tra in . Then the specimen is 

loaded to fa ilu re .

f. Computation of deformation modulus

The deformation modulus (E) is  computed from the s tre s s -  

strain curve as a tangent modulus where

E = -A£_
Ae

If the s tre ss -s tra in  curve is  not linear, the modulus is com­

puted for segments of the curve and the stress range is specified,

g . Computation of Poisson 's ratio

Poisson 's ratio (p) is computed from the lateral s tra in -

longitudinal strain  curve where
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„ = A e  lateral_____
longitudinal

If the curve is not linear, is computed for segments of the 

curve and.the stress range is specified.

3. Brazilian (Indirect Tensile) Test

a . Specimen preparation

Specimen preparation consists of cutting core into pieces 

1/2 to 1 inch long.. The length and diameter of each core disk  

are recorded.

b . Testing procedure

The testing  machine and accessories described for the uni­

axial strength te s t are used . The core disks are mounted in the 

testing  machine with the diameter ends against the p la tens.

The load is applied at a nominal rate of 1,000 pounds per 

minute. The maximum is recorded after the specimen fa ils .

c . Computation

The tensile  strength is reported for each specim en, ca lcu ­

lated by the formula:

Ts = 2PA DL

where P is  the applied load, D is the diam eter, and L is  the 

length .

The mean and standard deviation of the tensile  strength are 

reported for groups of specimens of the same rock ty p e .
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4. Trlaxial Compression Strength

a . Specimen preparation

Same as for unconfined compression. In addition, the core 

and platens are sealed with shrink tubing.

b . Testing

Sealed core and platens are seated in a Structural Behavior 

Engineering Laboratories, Inc. trlaxial compression cell and 

filled with hydraulic fluid. A vertical load of 25 percent the 

uniaxial compression strength is applied before the desired 

confining stress is applied. The vertical load is applied at a 

nominal rate of 400 pounds per second until fa ilu re .

c . Load measurements

The confining load is measured with a dial gage. The ver­

tica l load is measured by a BLH electronic load ce ll

d . Data output

The failure load for a given confining stress is recorded on 

the XY recorder. The failure stress is calculated by the follow­

ing formula:

Failure load -  Confining pressure (3.55 -
Failure s tress  = __________________ area of specimen)_____

Area of sample

5. Rock-on-Rock Cut D irect Shear Strength

a . Specimen preparation

• Drill core is cut into two disks with heights of 1/4 and 1 

inch. The two surfaces are ground to ensure at leas t 75 percent
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con tac t. To prevent high stress concentrations on the edges of 

the d isk , they are beveled.

b . Testing

A modified Soiltest direct shear machine that will accom­

modate up to a 2 .5 -in .-d iam eter specimen. A combination 

worm b e lt—variable speed electric motor drive gives a nominal

0.05 inch per minute loading ra te . The normal load is provided 

through a level arm—dead load arrangem ent: The te s t is run 

through four to five different normals for a displacem ent no 

greater than 25 percent of the specimen diam eter.

c . Load measurements

Shear load is measured using a load ce ll. The specimen 

displacem ent is measured using a LVDT and a 1-in . dial gage.

d . Data output

The shear load versus displacem ent is  recorded on the XY 

recorder for each normal. An area correction is made, then the 

shear s tress  versus the normal stress is plotted to calculate 

the shear strength equation .



APPENDIX C

ADDITIONAL DATA ON PHYSICAL ROCK PROPERTIES
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Table G - l . U n iax ia l com pression  sam ples

Specimen Drill Hole Depth below Rock Height/Diameter 
No.___________No. Collar (ft)_____Type__________Ratio_____

A-l 70 552 Ore 2.1

B-2 crosscut 6400 elev . Ore 2.1
B-3 2.1
B-4 2.1
B-5 2.0
B-6 2.1

C - l 6 789 UAL 2.2
C-2 6 789 2.1
C-3 45 705 2.2
C-4 75 671 2.1
C-5 37 377 1.9
C-6 69 535 2.1
0 - 7 72 256 1.9

D -l 6 773
D-6 6 773
D-3 69 521
D-4 72 239
D-5 4 711
D-6 4 • 711

1.9
2.0
2.1
2.2
2.1
2 . 0

Martin
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Table C -2 .  B razilian  d isk  te n s io n  sam ples

Specimen Drill Hole Depth below Rock Height/Diam eter 
No. No. Collar (ft) Type Ratio

M -l 70 552 Ore 0.50
M-2 70 552 .50
M-3 70 547 .50
M-4 
M-5 
M—6 
M-7 
M—8 
M-9 
M-10

crosscut 6400 elev . .40 
.46 
.49 

. .36 
.50 
.45 
.47

N -l 6 . 789 UAL .33
N-2 6 789 .38
N-3 6 789 .41
N-4 45 705 .48
N-5 45 705 .49
N-6 75 671 .45
N-7 69 •535 .41
N-8 37 379 .34
N-9 37 379 .42
N-10 37 379 .30

0 -1  6 773
0 -2  69 521
0 -3  72 239
0 -4  72 239
0 -5  45 711
0 -6  45 711

.41

.46

.36

.45

.28

.36

Martin
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Table C -3 .  T rlax ia l com pression  sam ples

Specimen
No.

Drill Hole 
No.

Depth below 
Collar (ft)

Rock
Type

Height/Diameter
Ratio

T -l 70 552 Ore 2.2
T-2 70 547 2.1
T-3 crosscut 6400 elev . 2.0
T-4 2.1
T-5 2.1

A-2 70 547 2.1

B-2 crosscut 6400 elev . 2.1
B-7 2.1

C-7 72 256 UAL 1.9
C-8 45 684 2.1
C-9 37 379 2.0
G-10 72 257 2.0
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Table G -4 . Failure s tre ss ; stiffness with its stress range; and Poisson's 
ratio with its s tress range

S p ed - Failure 
men Stress 
No. (psi)

ABC Zone 
A -l 28,000

B-2 20,500

B-3
Run 2 33,500

Run 1

B-4 17,500

B-5
Run 2 33,100

Stiffness 
(E) (psi)

Stress Range 
(psi)

Poisson 's
Ratio

Stress Range 
(psi)

4 0 .Ox 10® 2,500- 7,400 0.20 0-16,000
17.5 7,400-10,000 .22 16,000-22,000
14.0
11.8

6.7

10,000-15,800
15,800-26,500
26,500-28,000

.32 22,000-28,000

60.0 0- 3,500 .18 0-17,000
31.4 
18.8
14.4

3 ,500- 7,000 
7 ,000-11,000 

11,000-20,500

.27 17,000-20,500

45.0 0- 4,000 .21 0-26,400
24.0 
17.5
13.0 
12.2

4 ,000- 7,500 
7 ,500-11,300 

11,300-18,000 
18,000-33,500

.37 26,400-33,500

14.3 0- 4,500 .20 0- 7,500
10.7 4 ,500- 5,800 .22 7,500-11,600
8.3 5,800-18,700 .29

.36
11,600-15,500
15,500-18,700

26.3 0- 6,000 .61 0- 9,500
16.1 6 ,000- 9,500 .75 9,500-11,900
12.5 9,500-14,000 .93 11,900-13,200
10.7 14,000-17,300 1.30 13,200-14,600

22.0 0- 4,000 .33 0- 9,000
15.7 4 ,000 - 7,000 .20 9,000-16,500
10.4 7,000-25,000 .30 16,500-26,000
9.2 25,000-33,100 .45 26,000-33,100

28.1 0- 2,500 .25 0-10,000
22.2 2 ,500- 3,900 .20 10,100-16,300
17.5
13.9
10.0
9 .4

3 ,900- 5,400
5 .400- 7,400
7 .4 0 0 - 12,500 

12,500-21,400

.24 16,300-21,400

Run 1
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Table C -4 . Failure s tre s s—Continued

Speci­
men
No.

Failure
Stress
(psi)

Stiffness 
(E) (psi)

Stress Range 
(psi)

Poisson 's
Ratio

Stress Range 
(psi)

B-6 20,400 42.9 x 1 0 6 0- 1,500 0.19 0-16,400
23.0 1 ,500- 3,700 .32 16,400-20,400
17.9 3 ,700- 6,000
14.3 6 ,000- 8,000
11.8 8,000-15,800
13.5 15,800-20,400

Unmineralized Upper Abrioo

C - l 15,000 20.0 0- 3,200
12.5 3 ,200- 7,400

9.1 7,400-15,000

C-2 16,000

C-3 24,500 11.5 0- 4,500 .11 0- 8,500
8.6 4 ,500- 7,000 .16 8,500-12,000
6.8 7 ,000- 9,200 .21 12,000-16,100
5.7 9,200-24,100 .31 16,100-20,000
0 .5 24,100-24,500 .40 20,000-24,000

.53 24,000-24,400

.88 24,440-24,500

C-4 15,000 25.0 0- 3,900 .22 0-15,000
16.7 3 ,900- 6,800
11.0 6 ,800- 9,300

9 .2 9 ,300-14,500

C-5 «
Run 2 13,000 9 .2 0- 700 .24 0— 5,500

12.9 700- 7,100 .40 5,500-10,000
6,4 7,100-13,000 .60 10,000-13,000

.93 13,000-13,000

Run 1 1.1 0- 500 1.6 13,000-13,000
2 .5 500- 2,100
3.3 2 ,100- 7,400
2 .7 7 ,400- 9,000
2.3 9,000-11,200
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Table C -4 . Failure s tre s s—Continued

Speci­
men
No.

Failure
Stress
(psi)

Stiffness 
(E) (psi)

Stress Range 
(psi)

Poisson 's
Ratio

Stress Range 
(psi)

C-6 14,500 25.0x10® 0- 2,500
16.0 2 ,500- 6,600
11.1 6 ,600- 9,500

8 .8 9,500-14,500

Unmineralized Martin

D -l 10,500 4 .8 0- 4,800 .22 0- 2,700
4 .0 4 ,800- 7,500 .44 2 ,700- 4,000
3 .0 7 ,500- 8,900 .50 4 ,000- 7,100
2.1 8 ,900- 9,600 .56 7 ,100- 8,500
1.0 9,600-10,500 .76 8 ,500- 8,900

.70 8,900-10,500

D-2 13,500 70.0 0- 4,500 .22 0- 1,200
28.3 4 ,500 - 6,500
20.5 6 ,500- 9,500
12.9 9,500-13,500

D-3 26,600 13.3 5 ,000- 7,500 .13 0-11,000
10.0 7 ,500- 8,800 .22 11,000-15,600
7.1 8,800-12,800 .32 15,600-19,500
7.3 12,800-19,000 .46 19,500-22,500
5 .7 19,000-23,000 .60 22,500-24,600
4 .6 23,000-24,900 .72 24,600-25,800
3 .6 24,900-26,600 1.00 • 25,800-26,600

D-4 16,700 17.5 0- 2,800 oo 0-16,700
11.4 2,800-12,400
7.5 12,400-16,700

D-5 20,500 15.0 0- 9,300 .26 0-17,100
12.0 9 ,300-14,800 .16 17,100-20,500
10.7 14,800-20,500

D-6 39,000 23.3 0- 6,000 .11 0-26,800
16.0 6,000-11,500 .19 26,800-30,500
12.5 11,500-17,000 .28 30,500-34,700
10.8 17,000-28,900 .38 34,700-37,000

9.8 28,900-35,000 .47 37,000-39,000
10.0 35,000-39,000



APPENDIX D

SAMPLE COLLECTION AND TEST PROCEDURE 
FOR RESIDUAL STRESS RELIEF*

1. The sample is oriented before removal from the drift w all.

2. A plane parallel to the bedding plane and two other planes or­

thogonal to the bedding plane are cut with a diamond saw. On 

each plane a surface a t least 2 inches in diameter is ground 

smooth. The locations of these ground areas should not be on 

or near known fractures wherever possib le .

3. The ground areas where the strain gages are to be attached are 

thoroughly cleaned with a solvent to remove grit and o il.

4. The strain  gages are attached to the rock surfaces with epoxy 

cement in the following manner:

a . Epoxy is placed on the ground surface where a gage is to 

be fixed.

b . The gage is positioned and oriented in the desired manner 

and then covered with several p ieces of Teflon-type ta p e .

c . A piece of soft sponge 1 /4 - to 1 /2 -inch thick is placed 

over the Teflon ta p e .

d . Masking tape is wrapped around the rock to hold down the 

sponge, w hich, in tu rn , applies equal pressure on the 

strain  gage. The tape holds the strain  gage in place and

* Procedure is modified from Gentry (1972).
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the Teflon tape prevents the sponge from sticking to the 

g ag e . The tapes and sponge are removed after epoxy has 

hardened (approximately 24 hours). BLH three-elem ent,

45° rosette strain g ag es , Type FABR-50-1256 were used .

The gage/grid length of these gages is 0 .5  inches and the 

carrier trim is 11/16 inches in diam eter.

4. One lead from each of the three elements is soldered to a gold 

p ost. The remaining leads are all soldered to the fourth post, 

thus forming a common ground.

5. A thin protective covering of epoxy is spread over the gage and 

the trim, especially  over the area of the gage. Before the epoxy 

hardened the four gold posts are placed on the outer edges of 

the trim . As the epoxy hardened the posts are firmly a ttached .

6. Each element of every gage is monitored by using a "sw itch-and- 

balance unit" connected to a Budd strain indicator. The data 

measured are strain  changes (micro inches per inch) for each 

elem ent, the time of the reading, and the temperature in de­

grees Centigrade. Plots are made of change in strain  readings 

versus time for each gage (Fig. 25, in pocket). After deformation 

due to the saw cuts and surface grinding ceases and the relative 

changes in strain  readings, the conclusion is that the strain 

readings have essen tia lly  stabilized and the gages are indicat­

ing contraction and expansion of the rock due to temperature 

changes. This can take anywhere from 4 to 12 weeks to occur.

7. After the strain  readings have stab ilized , a p lastic  disk 1 3/8 

inches ID by 1/4 inch thick with approximately a 2-inch OD is
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placed around the strain gage and cemented with epoxy. This 

serves as a collar guide for overcoring.

8. The strain gage is overcovered with a diamond bit to a depth of 

approximately 2 inches. Rambosek (1964) has shown that relief 

of s tresses  in a core is complete when drilling has reached 

11 /2  core diameters from the face of the borehole.

9. After overcoring is completed, the specimen is again monitored. 

Monitoring continues until the rock specimen has again s ta ­

b ilized . The resultan t change in strain  readings before and 

after overcoring represents the measurement of residual strain 

released  as the result of overcoring.

10. The overcored segment is broken free from the block. Again the 

strain gages are monitored until they stab ilize . The resultant 

change in strain  readings before and after release from the 

block represents the to tal strain released  without crushing the 

rock.



APPENDIX E

A GUIDE TO THE ESTIMATION 
OF IN SITU STRESSES* '

It is commonly necessary  to make a reasonable estim ate of the 

orientation and magnitude of the in situ stresses without the benefit of 

stress measurements. The following is presented for estimating the 

orientation of the three-dim ensional principal s tresses  using the geo­

logic environment. Answer the following questions:

1. What is the rock type?

Igneous — high horizontal stress probable. (Go to 2.) 

Metamorphic — high horizontal s tress probable. (Go to 6.) 

Sedimentary — high horizontal stress possib le . (Go to 10.)

2. Is there nearby faulting ( ^  100 ft)

Yes — crmax is approximately parallel to fault strike .
(Go to 3.)

No — (Go to 4.)

3. Normal faulting or reverse and strike-slip  faulting?

Normal — int *s downdip on the fault.

dmin is normal to the fault p lan e . (Go to 18.)

Reverse — 6 int Is normal to the fault p lane, 
and

Strike-
slip — d min is  downdip on the fault p lane. (Go to 18.)

*This procedure is from Abel (1974a).
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4. Is one joint se t pervasive and predominant?

Yes — <3"max lies in plane of th is major joint se t.

G'int lies in plane of th is major joint se t.

<7min Is normal to plane of this major joint se t.
(Go to 5.)

No — Principal s tresses  line up with orthogonal joint se ts?  

(Rank jo int se ts  based on average spacing; closer 

spacing means higher rank.)

d’max Is parallel to the line of intersection between 
the two highest rank joint se ts  and normal to 
the lowest rank joint s e t.

Cmin Is normal to highest rank joint s e t, i . e . , the 
joint se t with the c lo sest average spacing

C int is orthogonal to (T^ax and ^min* (Go to 18.)

5. Rank remaining joint sets based on average spacing.

6 max Is in the plane of the highest rank joint se t 
and approximately normal to the lowest rank 
orthogonal joint se t.

Cint Is orthogonal to Cmax and ^min* (Go to 18.)

6. Is there a pervasive local foliation orientation?

Yes — Cmax lies in the plane of the foliation. (Go to 7.)

No — (Go to 2.)

7. Is there a joint se t present in the plane of the foliation?

Yes — (Tmin Is approximately normal to .fo liation . (Go to 9.) 

No — (Go to 8.)

8. Is one joint se t pervasive and predominant?

Yes — c max lies in plane of this major joint se t.

Cint llss  in plane of this major joint se t.
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crm1n is  normal to plane of this major joint se t.
(Go to 9.)

No — Principal s tresses  line up with orthogonal joint

s e ts . (Rank joint sets based on average spacing.)

Cmin is normal to highest rank joint se t, i . e . , the 
joint se t with c losest average spacing.

<rmax is in the plane of the highest rank joint se t 
and approximately normal to the lowest rank 
orthogonal joint se t.

(Tint Is orthogonal to crmax and ffmin* (Go to 18.)

9. Rank remaining joint se ts  based on average spacing.

O’max Is parallel to the line of intersection between 
the foliation and the predominant joint se t.

Cint is orthogonal to d-max and crmin* (Go to 18.)

10. Is the area under study near a fault? ( s  100 ft)

Yes — Cmax lies parallel to the line of intersection b e­
tween the plane of the fault and the bedding.

0"min Is normal to the fault and orthogonal to <rmax

Cint lies in the plane of the fault and orthogonal 
to crmax and crmin . (Go to 18.)

No — (Go to 11.)

11. Is the bed in which the principal s tre sses  are to be estim ated 

stiffer than the adjacent beds and less than 10 times as th ick , 

in fee t, as the ratio of the modulus of the bed (Eg) to the aver­

age modulus of the adjacent beds (E^) ?

Yes — 6 max and <5"^ lie in the plane of the bedding.

O'min is normal to the bedding. (Go to 12.)

No — (Go to  13 .)
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12. Rank crossbedding joints based on average spacing.

<5*max lies parallel to the line of intersection be­
tween the bedding and the highest rank c ro ss­
bedding joint se t.

(Tint is  orthogonal to <5"max and (Tmin* (Go to 18.)

13. Is the bed in which principal s tresses  are to be estim ated less 

stiff than the average stiffness of the adjacent beds and less 

than 10 times as th ick , in fee t, as the ratio of the average 

modulus of the adjacent beds (E )̂ to the modulus of the bed 

itse lf  (Eg)?

Yes — <Tmax *s normal to plane of bedding. (Go to 14.)

No — (Go to 15.)

14. Rank crossbedding joints based on average spacing .

(Tint lies parallel to line of intersection between 
bedding and highest rank crossbedding joint 
se t.

6"min is  normal to highest rank crossbedding joint 
s e t. (Go to 18.)

15. Bed in which principal stresses are to be estim ated is massive 

( s  100 ft).

Yes — <5"max is roughly perpendicular to bedding (Go to 16.)

No — (Go to 11.)

16. Bedding is flat lying.

Yes — Rank crossbedding joints based on average spacing.

6"int is  horizontal to and lies in plane of highest 
rank crossbedding jo in t.

6"min is  horizontal to and normal to  highest rank 
crossbedding jo in t. (Go to 18.)

No — (Go to  17 .)
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17. Are there crossbedding joint se ts?

Yes — Rank crossbedding joint se ts based on average 
spacing

(Tint lies in plane of bedding and in plane of high­
es t rank crossbedding joint se t.

O’min Ues in plane of bedding and normal to highest 
rank crossbedding joint se t. (Go to 18.)

No — O’int is parallel to strike of bedding.

O’min is perpendicular to strike of bedding.

18. The principal s tress orientations you have ju st estim ated are 

ju st th a t, "estim ates,"  subject to change when stress measure­

ments are made.

One method of estim ating the magnitude of the three-dim ensional 

principal s tresses  is to take the orientation resu lts and answer the follow­

ing:

o-0vb = overburden stress (t H)

19. What is the rock type?

Igneous. (Go to 20.)

Metamorphic. (Go to 22.)

Sedimentary. (Go to 24.)

20. Is there nearby faulting? ( s  100 ft).

Yes — (Go to 21.)

No — <Tmax is approximately ( ^  ) 1.5 6"ovb .

(Tint is approximately 1.0 6"ovb •

<5*min is approximately ( «  ) 1.0 6"ovb.
(Go to 28.)
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21. Normal faulting or reverse and strike-slip  faulting.

Normal — 0"max ls approximately ( ^  ) 2 .0  O'ovb-

^ in t is approximately 1 .0  (Tovb •

ffmin is approximately ( s  ) 1 .0  <5bvb.

Reverse -  <5*max is approximately ( — ) 2.0 <r0vb- 
and

Strike- is approximately 1.5 aovb*

P c _ in  is approximately ( ^ ) 1 .0  <Tovb* 
(Go to 28.)

22. Is there nearby faulting? ( ^  100 ft)

Yes — (Go to 23.)

No — <rmax is  approximately ( ^  ) 2 .0  crovb*

crlnt is  approximately ( s  ) 1.0 Covb*

is  approximately 1.0<3"ovb- 
(Go to 28.) '

23. Normal faulting or reverse and s trik e -slip  faulting?

Normal — C^max is  approximately ( S ) 2 .0  ffovb.

0 " ^  is  approximately 1.5 C ovb •

crmin is  approximately ( s  ) 1.0 CJ’ovb*

Reverse - - O'max is  approximately ( s  ) 3 .0  O*ovb*

Strike- 0 " ^  is  approximately ( s  ) 2 .0  O'ovb*

is approximately ( ^  ) 1.5 O'ovb. 
(Go to 28.)

24. Is there nearby faulting? ( s  100 ft)

Yes — (Go to 25.)

N o — (Go to 26.)
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25. Normal faulting or reverse and strike-slip  faulting.

Normal — Cmax is approximately ( ^  ) <r0vb*

d"int is approximately crovb .

<5*min is approximately ( S  ) <rovb.

Reverse — 6"max is approximately ( S  ) 1.5 (3*ovb. 
and

Strike- C ^ t  is approximately ( S  ) 1.0 <yovb. 
slip

^m in is approximately 1.0 G*0vb*
(Go to 28.)

26. Is the thickness of bed in which principal s tresses  are to be 

estim ated less than 10 times the ra tio , in feet, of the higher 

modulus bed(s) to the lower modulus bed(s)?

Yes — (Go to 27.)

No — ffmax is  approximately ^ovb*

ffint is  approximately ( s  ) Covb.

Cmin 13 approximately ( S  ) <rovb.
(Go to 28.)

27. Is the stiffness (modulus) of the bed in which principal s tresses  

are to be estim ated (Eg) greater than the average stiffness 

(modulus) of the adjacent beds (E^)?

Yes — d"max is  approximately ( 2  ) (Eg/E^) <ro vb .

d in t is approximately ( S  ) (Eg/EA) Covb.

^m in 13 approximately ^ovb*

No — d"max is  approximately 6"ovb.

(Tint is approximately ( S ) (Eg/EA) CTovb.

^m in is approximately ( <  ) (Eg/EA) (5-ovbi 
(Go to 28.)
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28. The estim ation of the magnitude of the three-dim ensional prin­

cipal in situ s tresses is unlikely to produce a truly accurate 

picture. However, an error between stress estimate and mea­

surement must be quite large before geometric stress concen­

tration locations are greatly altered . Without estim ates of 

stress orientation and magnitude it is impossible to approach 

the rock stab ility  enigma; applied stress versus in-place 

strength.
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