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ABSTRACT

O p en -p it m ining in  th e  Tripp P it , w hich  i s  lo c a te d  6 m ile s  w e st  

of E ly , N e v a d a , w a s d isco n tin u ed  by K ennecott C opper C orporation , 

N evada M in es D iv is io n , in  1 9 7 1 . E conom ic fe a s ib i l i t y  o f p o ten tia l c o p ­

per ore rem aining b e lo w  th e  p r e se n t-d a y  p it i s  m arginal. D e s ig n  of p it  

s lo p e s  w ill  be c r it ic a l in  determ ining th e  f e a s ib i l i t y  o f resum ing op era­

tio n s  .

An estim a ted  39 m illio n  to n s o f rock are p r e se n tly  in v o lv ed  in  

s ix  id e n tif ie d  s lo p e  fa ilu r es  w ith in  th e  p it .  F iv e  o f th e s e  fa ilu r es  are 

w ed ge fa i lu r e s , and the s ix th  appears to  be a s o i l - ty p e  c ircu lar  fa ilu r e .  

The 3 3 -m ill io n - to n  N orth east Tripp s l id e  i s  th e  b e s t  u n d erstood  o f t h e s e  

s ix  fa ilu r e s . It is  a c la s s i c  w edge fa ilu r e , w h ich  started  to  fa il  in  1969  

and h as m oved an  estim a ted  28 fe e t  tow ard the p it ,  th en  la ter  s ta b il iz e d .  

The b a c k -c a lc u la te d  stren gth  o f th e  tw o co n tro llin g  fa u lts  for th e  North­

e a s t  Tripp s l id e  a g r ee s  c lo s e ly  w ith  stren gth s d er ived  from d irect sh ear  

te s t in g  o f th e  h ig h -m on tm orillon ite  fa u lt gou ge  from th e  area (c o h e s io n  = 

8 .7  p s i;  fr ic tio n  a n g le  = 9 . 6 ° ) .  The n et driving fo rce  for th is  fa ilu re  may 

b e  on  th e  order o f 8x10®  lb , w h ich  i s  sm a ll com pared to  th e  e stim a ted  

to ta l driving force o f 1 5 .2  x  10^ lb a c tin g  on  th e  w e d g e . Of th e  s t a b i l iz a ­

t io n  m ethods d is c u s s e d ,  th e  u s e  o f te n s io n  c a b le s  or a 2 0 0 -fo o t  ca tch  

b en ch  may b e th e m ost f e a s ib le .



INTRODUCTION

M o st o f  th e  Tripp P it , lo c a te d  near E ly , N e v a d a , h as b e e n  in ­

v o lv ed  in  s lo p e  fa i lu r e s .  It i s  e stim a ted  th at a s  much a s  39 m illio n  ton s  

o f rock are incorporated  w ith in  th e  s ix  id e n tif ie d  Tripp s l i d e s .  A lthough  

K ennecott C opper C orporation , ow ner o f th e  m in e , c e a s e d  m ining op era­

tio n s  in  th e  p it in  1 9 7 1 , 10 to  20 m illio n  to n s  o f p o s s ib le  ore r e se r v e s  

s t i l l  rem ain b e lo w  w here m ining w as h a lte d . The eco n o m ics  o f  m ining  

th is  ore are m arginal, and th e  c r it ic a l fa c to r  app ears to  b e  how  th e  p it  

s lo p e s  ca n  b e  d e s ig n e d .

Purpose o f Study

The f ir s t  purpose o f th is  stu d y  w as to  id e n tify  and docum ent 

th e  fa ilu re  m ech an ism s r e sp o n s ib le  for th e  Tripp s l i d e s . To do t h i s , a 

d e ta ile d  g e o lo g ic  structural in v e s t ig a t io n  w as co m p le te d , fo llo w ed  by a 

s lo p e  s ta b ili ty  a n a ly s is .  For th e  s lo p e  s ta b ili ty  a n a ly s is  it  w as n e c e s ­

sary to  run d irect sh ear  t e s t s  on  a m ontm orillon ite fau lt gou ge  to  e s t i ­

m ate th e  stren gth  o f fa u lt z o n e s  th a t w ere found to  con tro l se v e r a l o f  

th e  fa ilu r e s .

The sec o n d  pu rp ose o f th is  stu d y  w as to  make prelim inary s lo p e  

d e s ig n  recom m en d ation s. For s e v e r a l s l id e s  w here there w a s in su f f ic ie n t  

data to  determ ine th e  b e s t  s lo p e  d e s ig n , i t  w as o n ly  p o s s ib le  to  rev iew  

th e  a lte r n a tiv e s  and id e n tify  th e  a rea s  w here more data w ould be re ­

quired .

1
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B rief H istory  o f th e  Tripp P it

The n o w -id le  Tripp Pit w as an  o p e n -p it  copper m ine s itu a ted  in  

th e  w estern  portion  of th e  R obinson  m ining d is tr ic t  (a lso  referred to  a s  

th e  Ely or Ruth m ining d is tr ic t ) .  The d is tr ic t  i s  in  th e  Egan M ountain  

range o f W hite Pine C ou n ty , N ev a d a , and is  lo c a te d  6 m iles  w e s t  o f  th e  

tow n o f Ely (F ig . 1 ) . Figure 2 is  an  a e r ia l photograph ta k en  o f th e  p it  

and surrounding a rea .

The d is tr ic t ,  a c t iv e ly  m ined s in c e  1 9 0 8 , is  currently  ow ned and  

operated  by K ennecott C opper C orp oration , N evada M in es D iv is io n . D e ­

t a i l s  o f th e  early  h isto ry  o f th e  d is tr ic t  and th e  Tripp Pit area ca n  be  

found in  reports by Sp en cer  (1 9 1 7 ), P arsons (1 9 3 3 ), H orton (1 9 6 0 ), and 

more r e c e n tly  b y  Kreis (1 9 7 3 ).

O p en -p it m ining w as f ir s t  begu n  in  th e  early  1 9 5 0 s . In  1959  

th e  Tripp P it w as app roxim ately  400 f e e t  d eep  and had an  a verage  o v era ll 

p it  s lo p e  o f 35 d e g r e e s . Even during th e s e  early  s ta g e s  a large s lid e  

w ith  1 to  2 m illio n  to n s o f  rock  in  th e  north w est corner o f th e  p it in ter ­

fered  w ith  m in in g . The p it  d e s ig n  w as m od ified  in  1 9 6 5 , b a se d  on th e  

d e s ig n  en g in e e r 's  ex p er ien ce  w ith  sim ila r  m ater ia ls  in  nearby p i t s ,  to  

accom m odate an  o v era ll s lo p e  o f 45 d e g r ee s  (D im ock , 1 9 7 0 ). This d e ­

s ig n  w as u se d  u n til 1971 w hen m ining stop p ed  at 625 fe e t  b e lo w  th e  

su r fa c e . S lop e in s ta b ility  w as a s ig n if ic a n t  fa c to r  in  th e  d e c is io n  to  

abandon th e  m in e . There h a s b e e n  no m ining a c t iv ity  in  th e  Tripp Pit 

s in c e  1 9 7 1 .
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Figure 1 . L oca tion  o f th e  Tripp Pit and stu d y  area



Figure 2 . A eria l photograph of th e  Tripp Pit area

Key to  lo c a tio n  o f fea tu res:

1 . Tripp Pit

2 . V eteran P it

3 .  Shop area

4 .  N orthw est Tripp s lid e

5 .  T ran sition  zo n e

6 .  N orth east Tripp s lid e

7 .  M orris s l id e

8 .  R ichards s l id e  (b elow  p it  rim , not in  photograph)

9 .  S o u th w est Tripp s l id e



Figure 2. Aerial photograph of the Tripp Pit area
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S lop e S ta b ility  S tu d ies  In th e  Pit

From 1968 to  1971 c o n s id e ra b le  work w as don e on  th e  Tripp Pit 

s l id e s .  A p it s lo p e  m onitoring s y s te m , u s in g  27 su rvey  s ta t io n s  and e x -  

te n so m e te r s , w as e s ta b lis h e d  by G . C la y to n  and R. D im ock o f K en n eco tt. 

Four diam ond d r ill h o le s  w ere d r illed  to  further d e lin e a te  th e  structure  

behind th e  Tripp s l id e ,  referred to  in  th is  stu d y  a s  th e  N orth east Tripp 

s l id e  (NETS).

P erso n n e l from the U .S .  Bureau o f M in es con d u cted  som e o f th e  

early  m ic r o se ism ic  in v e s t ig a t io n s  on th e  north s id e  o f th e  Tripp P it 

(M errill and S ta teh am , 1970; Stateham  and V anderpool, 1 9 7 1 ). D e sp ite  

som e background n o is e  problem s c a u se d  by nearby m ining o p e r a tio n s , 

th e  r e su lts  o f th is  stu d y  serv ed  to  re la te  th e  m ic r o se ism ic  n o ise  to  the  

m ovem ent o f th e  p it s lo p e  fa ilu r e .

M uch o f th e  s lo p e  s ta b ility  work com p leted  up to  1970 w as  

sum m arized by D im ock  (1970) in  an  oral p resen ta tio n  a t  th e  O pen P it 

S lop e  S ta b ility  Sem inar W ork sh o p , April 3 0 , 1970 at th e  U n iv e r s ity  o f  

N ev a d a , R eno. A d e ta ile d  s ta b il i ty  stu d y  w as com p leted  abou t th is  tim e  

by p erso n n e l o f  th e  K ennecott M eta l M ining D iv is io n  E ngineering D epart­

m ent, w hich  w as reported by Ko (1 9 7 0 ). A more r e c e n t stu d y  by Broad- 

b en t (1975) w as in ten d ed  to  m ake d e s ig n  recom m endations so  th a t th e  

m ine p lan n in g  departm ent co u ld  e stim a te  th e  eco n o m ics  o f p o s s ib le  

future m ining in  th e  Tripp P it . R e ce n tly , th e  g e o lo g ic  data from 145 

churn d r ill h o le s  and from th e M orris underground w orkings h ave b e e n  

rein terpreted; th is  h as g rea tly  a id ed  in  b etter  d e lin e a t io n  o f th e  g e o lo g ic  

structure th a t i s  b e lie v e d  to  h a v e  co n tro lled  th e  s lo p e  fa ilu r es  (W ilso n , 

1 9 7 6 ).



Som e prelim inary work w as done by me on th e  Tripp Pit fa ilure  

w h ile  em ployed by K ennecott prior to  returning to  graduate s c h o o l .  The 

bu lk  of th e  f ie ld  work for th is  stu d y  w as com p leted  b e tw een  M ay 1 6 , 

1977 and A ugust 1 2 , 1 9 7 7 , w h ile  em ployed  a s  a m ining en g in eer  by  

K en n eco tt.



GEOLOGY

M any g e o lo g ic a l  s tu d ie s  h ave b een  com p leted  on  th e  R obinson  

m ining d is tr ic t .  Early work w as done by S p en cer  (1 9 1 7 ), P ennebaker  

(1 9 3 2 , 1 9 4 2 ), P arsons (1 9 3 3 ), Batem an (1935), and B eal (1 9 5 0 ). More 

r e c e n t ly , s tu d ie s  w ere com p leted  by Fournier (1 9 5 8 , 1 9 6 7 a , 1 9 6 7 b ), 

W e lsh  and B reitrick  (1 9 6 4 ), W e lsh  (1 9 6 5 ), M cD o w ell and Kulp (1 9 6 7 ), 

N ie ls e n  (1 9 6 9 ), Jam es (1 9 7 2 ), Kreis (1 9 7 3 ), and W estra (1 9 7 6 ). A re ­

v ie w  o f th e  g e o lo g y  o f  th e d is tr ic t  w as com p iled  by Bauer e t a l .  (1 9 6 6 ).

G en eral G eo lo g y  o f the D is tr ic t  

The o reb o d ies  in  th e  R obinson  d is tr ic t  l ie  a lon g  an  e a s t - w e s t ­

trendin g zo n e  th at o b liq u e ly  c u ts  th e  Egan M ountain  R an ge. This c o n ­

figu ration  r e su lted  from a com p lex  h is to ry  o f th ru stin g , ig n e o u s  a c t iv ity ,  

and B asin -an d -R an ge fa u lt in g . The fo llo w in g  l i s t  c i t e s  in  ch ro n o lo g ica l  

order th e  e v e n ts  th a t are b e lie v e d  to  h a v e  led  to  th e  p resen t g e o lo g ic a l  

r e la t io n s h ip s .

1 . D e p o s it io n  o f a s e r ie s  o f  m io g e o sy n c lin e  sed im en ts  7 m ile s  

th ic k .

2 . U p lift  o f th e  Snake Range to  th e  e a s t ,  producing w estw ard  

th ru stin g , r e su lt in g  in  a large  p o st-P erm ia n  p re-E arly  C reta ­

c e o u s  overturned a n t ic l in e .  The a n t ic l in e  in  th e  R obinson d i s ­

tr ic t w as cu t by s e v e r a l sh a llo w  fa u lts  during th e  th ru stin g . 

Although th ru stin g  occurred  a lo n g  many o f  th e  l e s s  com p eten t  

b e d s , th e  m ost im portant in ter fa ce  w as th e  E ly-C hain m an

7
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c o n ta c t (Table 1 ) . B ased  on stra tigrap h ic  s t u d ie s , the th ru sting  

w as p o stu la te d  to  h ave b e e n  J u ra ssic  or Early C reta ceo u s  by  

W e lsh  (1 9 6 5 ).

Table 1 . Stratigraphic u n its  found in  th e  Tripp Pit a r e a , R obinson  m ining  
d is tr ic t .  W hite P ine C o u n ty , N ev a d a —After W elsh  (1965)

System Form ation

O riginal
T h ick n ess

(feet)

Probable  
T h ick n ess  
in  Tripp P it 

(feet)

H o lo cen e Pit dumps 0 -2 0 0 0 -2 5 0

Q uaternary Alluvium 1 0 -4 5 0 -1 5

Perm ian Rib H ill S an d ston e 1100 ?

R iepe Spring L im eston e 250 ?

P en n sy lv a n ia n E ly L im eston e 2200 3 0 0 -6 0 0

M is s is s ip p ia n C hainm an S h a le 3 4 4 0 0 -1 5 0 0 2000

Joana L im estone 400 160

a .  E ly-C hain m an c o n ta c t  w as a zo n e  o f major th ru stin g .

3 . In tru sion  o f  a large p lu ton  o f  m on zon itic  rock (109 m .y .)  th a t  

w as stra tig ra p h ica lly  c o n tr o lle d .

4 .  H ydrotherm al a lte r a tio n  and copper m in era liza tio n  o f th e  upper  

portion  o f th e  in tru sio n s  and nearby s e d im e n ts . There may have  

b e e n  se v e r a l s ta g e s  o f ig n e o u s  and hydrotherm al a c t iv ity ,  the  

la s t  o f w h ich  ended  in  a m on zon itic  in tru siv e  ev en t th at w as
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accom p an ied  o n ly  b y  w eak  hydrotherm al a c t iv ity  (K reis, 1973; 

Fournier, 1958; W e stra , 1 9 7 6 ).

5 . B a sin -a n d -R a n g e  fa u ltin g  o f the area in  O lig o c e n e  tim e r e s u lt ­

ing  in  normal fa u ltin g  and r ea c tiv a t io n  o f  many o ld  fa u lt z o n e s .

6 . F e ls ic  ig n e o u s  a c t iv ity  r esu lt in g  in  num erous rh y o lite  p lu g s ,  

d ia tre m e s , d ik e s ,  and ex tr u s iv e  a sh  flo w s  (32 m .y . ) .

7 . Further B a sin -a n d -R a n g e  fa u ltin g  o ffse tt in g  th e  r h y o lit e s .

8 . S evera l p er iod s o f w eath erin g  and e r o s io n .

As w ill  be d is c u s s e d ,  th e  structure in  th e  Tripp Pit a s  in ter ­

preted  in  th is  stu d y  a g r ee s  very  n ic e ly  w ith  th at w h ich  w ould be e x ­

p e c te d  from th e s e r ie s  o f  g e o lo g ic  e v en ts  for th e  d is tr ic t .

L ith o logy  and Stratigraphy of th e  Tripp Area 

The stra tigrap h ic  u n its  l is t e d  in  T able 1 are th o se  found in  th e  

Tripp P it a r ea . There are few  ex p o su res  o u ts id e  th e  p it b e c a u se  m ost o f  

the area i s  co v ered  by sh a llo w  p ed im en t d e p o s i t s .  In  th e  north eastern  

p ortion , stream  allu v iu m  can  be fou n d . R ecent m ining a c t iv ity  h as b een  

o f much greater  s ig n if ic a n c e .  Dum ps in  p la c e s  are over 250 fe e t  th ick  

(F ig . 3 , in  p ock et) and co v er  m uch o f th e  northern and southern  parts o f  

th e  t h e s is  a r e a . Another rec e n t fea tu re  i s  th e  p it  s lo p e  fa ilu r e s , w hich  

w ill  be d is c u s s e d  in  d ep th .

Rib H ill  S an d ston e

Rib H ill sa n d s to n e , c o n s is t in g  o f s a n d s to n e s , c a lca r e o u s  

s a n d s to n e s , and th in -b ed d ed  s i l t y  lim e s to n e s  w ith  abundant ch e r t , is  

probably rep resen ted  by th e  o x id iz e d  sa n d sto n e  th at w as m apped a lon g



10

th e south  rim o f th e  Tripp P it . B ec a u se  o f a ltera tio n  and w ea th er in g , th e  

un it appears a s  a s i l t y  q u a r tz -s e r ic ite  rock w ith  abundant lim o n ite , w ith  

th e  lim on ite  m ain ly a lon g  jo in ts  but lo c a lly  occurring a s  a rock c o n s t itu ­

ent i t s e l f .

L im estone U n its

D is t in g u ish in g  b e tw een  the th ree probable lim esto n e  u n its  in  

th e  p it w as d if f ic u lt  b e c a u se  a l l  th e  id e n tif ia b le  fea tu res  w ere lo s t  due 

to  a lte r a tio n . E ven id e n t if ic a tio n  by stra tigrap h ic  lo c a tio n  h a s  r e su lted  

in  many d isa g reem en ts  b e c a u s e  w ith  a l l  the fa u ltin g  and th ru stin g  a lm o st  

any order i s  p o s s ib le .  H ere o n ly  th e  m ost im portant l i t h o lo g y , a s  cur­

ren tly  u n d ersto o d , w ill  b e  d is c u s s e d .  The skarn in  th e  p it  i s  d e scr ib ed  

in  d e ta il  by Jam es (1 9 7 2 ). E x ten s iv e  c a l c - s i l i c a t e  skarn i s  e x p o sed  on  

th e  north p ortion s o f th e  p it .  This skarn i s  g e n e ra lly  h igh  in  garnet and  

pyrite but may a ls o  co n ta in  co n s id e ra b le  b io t i t e , c h lo r ite , n o n tron ite , 

a c t in o l it e ,  c a lc i t e ,  m a g n etite , q u artz , and s u l f id e s .  W here w eathered  

th ey  form a g o s s a n  th at v a r ie s  from a m ixture o f earthy lim o n ite s  to  

h ig h ly  s i l ic e o u s  ja sp e r o id . M arble ca n  a ls o  b e  found on th e  north w a ll .  

H ere it  i s  b lea ch ed  to  a g ra y ish  w h ite , so m etim es co n ta in in g  chert 

n o d u le s , o ften  skarn  l e n s e s ,  and vary am ounts o f w o lla s to n ite .

C hainm an S h ale

The C hainm an S h a le  ca n  b e  found on th e  north s id e  o f th e  p it .  

U n a ltered , th is  un it i s  a f i s s i l e  q u a r tz - ill ite -m o n tm o r illo n ite -k a o lin ite  

sh a le  (W estra , 1 9 7 6 ). In th e Tripp P it th is  un it i s  g e n e ra lly  a h orn fels  

th at appears to  c o n s is t  o f  q u a rtz , s e r ic i t e ,  b io t it e ,  and a n d a lu s ite  to  

varying d e g r e e s . On th e  su rfa ce  it  is  cu t by num erous lim o n itic  v e in le t s



and j o in t s , and at depth diam ond d r ill core sh o w s s u lf id e s  b e lo w  th e  

le v e l  o f o x id iz a t io n .

R h yolites

E xp osed  w ith in  th e  p it are num erous rh y o lite  d ik e s , d ia tr e m e s , 

and b r e c c ia s .  In som e fau lt z o n e s  th e  r h y o lite s  h a v e  b e e n  w eath ered  to  

a g reen ish  c la y .  A b recc ia  in  the e a ster n  portion  o f th e  p it  co n ta in s  a l ­

m ost a l l  th e  lo c a l rock  fragm ents in c lu d in g  a 6 -fo o t-d ia m e te r  fragm ent 

of C hainm an S h a le -ty p e  h o r n fe ls . G e n era lly , th e  fragm ents range in  d i­

m en sio n s from 0 .1  to  1 .0  fo o t .  In a d d itio n , th o se  in tru sio n s ca n  h a v e  

g la s s y  border z o n e s  w ith  vary in g  s ta g e s  o f  d e v itr if ic a tio n  (W ilso n ,

1 9 7 7 ).

M on zon ite  Porphyry

H ornblende m on zon ite  porphyry, w hich  probably u n d er lies  the  

to ta l t h e s is  a r ea , i s  e x p o se d  on th e  su r fa c e .in  on ly  one area near the  

M orris s l id e  (F ig . 1 ), w here it  i s  h ig h ly  w ea th ered . In d r ill c o r e s ,  the  

app earance o f th e  porphyry v a r ie s  from fresh  to  w ea k ly  p ro p y litized  w ith  

or w ithout minor p y r ite . T w o-in ch  K -fe ld sp a r  p h en o cry sts  are com m on.

A ltered Porphyry

Although for rock  m ech a n ics  p u rp oses th e  a ltered  porphyries  

found in  th e  Tripp Pit area h av e  b e e n  lum ped in to  one group, th ey  a c ­

tu a lly  c o n s is t  o f s e v e r a l d is t in g u ish a b le  ty p es  o f a lte r a tio n . A q u artz- 

s e r ic ite  porphyry d ik e  i s  ex p o sed  by th e  M orris s l id e .  In th is  a ltera tio n  

typ e th e  m ain c o n s t itu e n ts  are a sugary q u artz, s e r ic i t e ,  and c la y  (prob­

a b ly  k a o lin ite ) . O nly an o c c a s io n a l rem nant g h o s t  p h en o cry st in d ic a te s

11
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that th is  un it w as o n c e  a m on zon ite  porphyry. The a r g illiz e d  porphyries  

form th e  seco n d  major grou p . C la y  a ltera tio n  v a r ie s  from th at in v o lv in g  

ju st  the p la g io c la s e s  a l l  th e  w ay to  th at in c lu d in g  th e  K -fe ld sp a r . Both 

groups can  h a v e  varying am ounts o f s u lf id e s  e ith er  d is sem in a te d  or in  

v e in le t s .  W here e x p o s e d , both groups appeared to  w eath er v ery  q u ic k ly . 

The la s t  g en era l a ltera tio n  ty p e  i s  p r o p y lit ic . For stren gth  c la s s i f i c a t io n  

p r o p y lit ic a lly  a ltered  porphyry h a s  b e e n  in c lu d ed  w ith  th e  fresh  un a ltered  

p o rp h y r ie s .

G e o lo g ic  Structure in  th e Tripp Area 

The stru ctu ra l in terp reta tio n s on  th e  north and n o rth ea st s e c ­

t io n s  o f th e  p it are b e lie v e d  by me to  b e  th e m ost a c c u r a te . H ere , to o ,  

m ost of th e  g e o lo g ic  data w as a v a i la b le .  On th e  sou th  and so u th w e st  

s id e s  o f th e  p it there w ere o n ly  enough data to  in d ic a te  th is  a r ea 's  very  

com p lex  n a tu re . Table 2 l i s t s  th e  major fa u lts  th a t w ere d e lin ea ted  in  

th is  s tu d y . Figure 4 (in  p ock et) i s  a structure contour map o f th e s e  major 

fa u lt s ,  w hich  a ls o  g iv e s  th e  e v id e n c e  for th e  stru ctu re .

T able 2 . M ajor fa u lts  in  the Tripp Pit

Fault Strike D ip

Approx.
G ouge

T h ick n ess
(feet) O rigin

P ilo t Knob N .7 1 ° E . 3 5 ° SE. 20 B asin -R an ge fa u lt­
in g

Kimberly N . 7 0 ° E . 3 3 ° SE. 1 0 -4 0 B asin -R an ge
th ru stin g

M orris N . 2 4 0 E . 3 1 °  NW . 5 -4 0 Thrusting

Foot w a ll N . 640 - 3 7 ° W . 4 0 ° - 7 0 °  SW . 0 -5 B asin -R an ge
th ru stin g
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P ilo t Knob Fault

The V eteran P it oreb od y , w hich  l i e s  w e s t  o f  th e  Tripp a r e a , ap ­

pears to  be o f f s e t  from th e Tripp m in era liza tio n  by th e  P ilo t Knob fa u lt .  

This fau lt h as b e e n  e x te n s iv e ly  m apped in  th e  sa d d le  area b e tw e en  the  

tw o p its  and a ls o  in te r s e c te d  by 12 diam ond and churn d r ill h o le s  lo c a te d  

in  th e  Tripp P it . There are not enough data to  determ ine th e  p o s it iv e  re ­

la tio n sh ip  o f th is  fa u lt w ith  th e  F o o tw a ll fa u lt . H o w ev er , b a se d  on  the  

o ffse tt in g  o reb o d ies  and th e e x te n s io n  o f  su rface  s l id e  cra ck s w hich  

p a r a lle l th e  str ik e  o f th e  P ilo t Knob f a u lt , it  w ould appear th a t th e  P ilo t  

Knob fa u lt cu ts  th e F ootw all fa u lt . For s lo p e  s t a b i l i t y , o n ly  th e  e x i s ­

te n c e  o f a sy ste m  o f fa u lt stru ctu res th a t p a r a lle l th e  P ilo t Knob fa u lt i s  

im portant.

F ootw a ll F au lt '

The F o o tw a ll fa u lt i s  th e  major o r e -w a s te  c o n ta c t in  the Tripp 

P it . It roughly p a r a lle ls  th e  b ed d in g  and ca n  be co n sid ered  a bedd ing  

p lan e  fa u lt . On th e  hanging w a ll (sou th w est) s id e  o f  th is  fa u lt are h ig h ly  

a ltered  co p p er-b ea r in g  skarns and in tru siv e  r o c k s . The fo o tw a ll (north­

ea st)  s id e  co n ta in s  l e s s  a ltered  m arble and sh a le  or h o r n fe ls . The F oot­

w a ll fau lt cu ts  both th e  Kim berly and M orris fa u lt s .

Kim berly and M orris F au lts

The Kimberly and M orris fa u lts  ca n  on ly  be found on th e  north­

e a s t  s id e  of th e  F ootw a ll fa u lt . The Kimberly fa u lt roughly  p a r a lle ls  th e  

P ilo t Knob fa u lt and may h av e  a t one tim e b e e n  a part o f  th a t fa u lt s y s ­

tem . Above th is  fa u lt are s t e e p ly  d ip p in g  sed im en tary  rock s th at p a r a lle l  

th e  F ootw all stru ctu re , and below , is  a barren p ro p y litiz ed  m onzon ite
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porphyry. The sec o n d  major fa u lt n orth east o f th e  F o o tw a ll fau lt i s  th e  

M orris fa u lt . It cu ts  th e  sam e rock s a s  the Kimberly fa u lt . The e x a c t  

c ro sscu ttin g  r e la t io n sh ip s  at th e  K im berly-M orris in te r se c t io n  are not 

c le a r , but inform ation  from tw o d r ill h o le s  (XD-16 and E -166) s u g g e s ts  

th at th e  Kim berly fa u lt c u ts  th e  M orris fa u lt . The M orris fa u lt i s  d e f in ite ­

ly  part of a sy ste m  (F ig . 3 ) . Two p a r a lle l fa u lts  w ere m apped, and one  

of th e s e  w as u se d  to  ob ta in  th e g o u g e  sa m p les  for stren gth  t e s t in g .

Sm aller F au lts  and Fault S y stem s

The M orris underground w o r k in g s , w hich  w ere m apped in  d e ta il  

(1"= 2 0 ') , o ffer  som e in s ig h t  in to  th e  nature o f th e  structure in  th e  Tripp 

P it . The fir s t  o b se rv a tio n  i s  th at i t  i s  h ig h ly  co m p lex . W ith in  th e 6710  

le v e l  th at covered  an area o f 500 b y  1 ,0 0 0  f e e t ,  over  344 fa u lts  o f vary ­

ing  d e g r ee s  o f im portance w ere m apped. I t  w as found th a t th e s e  sm a ller  

fa u lts  cou ld  be grouped in to  s e t s  th at c lo s e ly  p a r a lle le d  th e  major fa u lt s .  

From th e M orris h ea d in g s  it  w as found th at both  th e M orris and Kimberly 

fa u lts  appeared to h a v e  b e e n  dragged by a le f t - la te r a l  s t r ik e - s l ip  m ove­

m ent on th e  fo o tw a ll .  Part o f  th e  M orris underground m apping th at sh o w s  

th is  drag i s  sh ow n  in  Figure 4 .

F au ltin g  in  th e  South and S o u th w est  
S id es  o f  th e Pit

W ith m ost o f th e  area now co v ered  by sh a llo w  rubble s l id e s  and  

w ith in form ation  from o n ly  tw o  diam ond d rill h o le s  and s e v e r a l churn d r ill 

h o le s ,  an accu ra te  stru ctu ra l in terp reta tion  w as not p o s s ib le .  The area  

co n ta in s  many more rh y o lite  b r e cc ia  in tru sio n s th an  th e  north s id e ,  w hich  

c o m p lica te s  th e  g e o lo g ic  in terp reta tion  o f  th e  s tru c tu re . In  a d d itio n , a
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sh a llo w  so u th -d ip p in g  th ru st cu ts  part o f th e sou th  s id e  (F ig . 3 ) . This 

th ru st (or sh a llo w  d ip p in g fau lt)ap p ears to  have th e  Rib H ill sa n d sto n e  

and R iepe Springs lim esto n e  ab ove i t .  B elow  th e  th ru st app ears to  be  

h ig h ly  a ltered  Lower P en n sy lv a n ia n  and M is s is s ip p ia n  sed im en tary  

r o c k s .

Jointing

As sh ou ld  be e x p e c te d , w here an  area i s  h ig h ly  fa u lted  there i s  

a ls o  a co m p lica ted  jo in tin g  s y s te m . Figure 3 sh o w s th e  r e s u lt s  o f th ree  

d e ta ile d  l in e s  com p leted  by the s ta f f  at K ennecott and th e  jo in t s e t  map­

ping done by m e.

B edding

The bed d in g  a lon g  th e  north and n orth east s id e s  o f  th e  p it rough­

ly  p a r a lle ls  th e  Foot w a ll fa u lt (N . 6 4 ° - 3 7 ° W .,  4 0 ° - 7 0 ° S W .) .  F igure 3 

and th e  c r o ss  s e c t io n s  in  Figure 4 sh ow  th e b e d d in g . There w as e v id e n t­

ly  a great d ea l o f th ru stin g  w ith in  th e  d ifferen t sed im en tary  u n it s .  The 

b e s t  exam ple o f th is  i s  a lim esto n e  u n it (probably Joana L im estone) 1 0 0 -  

200 fe e t  th ic k  th at now  l i e s  w ith in  th e  th ic k  C hainm an S h ale  u n it on  th e  

north s id e  o f th e  p it .  There i s  no lim esto n e  u n it in  th e  m iddle o f th e  

C hainm an S h a le , s o  th is  m ust be a s l iv e r  o f on e  o f th e  other u n its  thrust 

in to  th e  C hainm an.

Structural H istory  o f  th e  Tripp Pit 

B elow  i s  a l i s t  in  c h r o n o lo g ic a l order o f th e  e v en ts  th at may 

h ave led  to  th e structural r e la t io n sh ip s  now  o b serv ed  in  th e  Tripp P it .
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1 . R egion al th ru stin g  from th e  e a s t  forming a large m o n o c lin e -  

recum bent a n t ic l in e .  One o f th e  major a c t iv e  fa u lts  during th is  

tim e w ould h a v e  b een  th e  F ootw a ll fa u lt , w hich  w as t i l te d  to  

i t s  p r esen t p o s it io n  w hen th e  m on oclin e  form ed.

2 . S tra tigrap h ica lly  co n tro lled  m on zon itic  in tru sio n  fo llo w ed  by  

hydrotherm al a c t iv ity .  This in tru sion  ten d ed  to  a s s im ila te  th e  

sed im en tary  rock s (g en era lly  th e  C hainm an Shale) rather than  

intrude them  fo r c e fu lly . T his p lu ton  now  l i e s  north and e a s t  o f  

th e  Tripp P it .

3 . G ravity  s lid in g  or very  low  a n g le  normal fa u ltin g  o f th e  upper  

a ltera tio n  h a lo  o f th is  in tru sio n . The Tripp Pit area w as m oved  

g e n e ra lly  w e s t .  D uring th is  p e r io d , th e  Kimberly and M orris 

fa u lts  w ere a c t iv e .

4 . Normal B a sin -a n d -R a n g e - typ e fa u lt in g . The F o o tw a ll and P ilo t  

Knob fa u lts  w ere rea c tiv a ted  dow nthrow ing th e  south  s id e  o f th e  

fa u lt to  it s  p resen t p o s it io n . The la s t  m ovem ent on th e  F ootw all 

fa u lt w a s s t r ik e - s l ip ,  w hich  cou ld  h ave occu rred  w hen th e  P ilo t  

Knob fa u lt dropped th e  w h ole  Tripp area to  th e  s o u th e a s t  and  

sep ara ted  it  from i t s  s is t e r  o reb od y , th e  V eteran . In  a d d itio n , 

th is  period  w as accom p an ied  b y  co n s id e ra b le  r h y o lit ic  in tru siv e  

a c t iv ity  w ith  fo rcefu l in tru sio n  o f th e w eak en ed  rock s and d i s ­

c o n t in u it ie s .

This su g g e s te d  g e o lo g ic  h is to r y  f it s  w e ll w ith  w hat i s  g e n e ra lly  

b e lie v e d  to  be th e  g e o lo g ic a l  h is to ry  o f th e  R obin son  m ining d is tr ic t .



ROCK STRENGTH

The stren gth  o f th e  p it  s lo p e  m aterial h a s  b e e n  d iv id ed  in to  

th ree c a te g o r ie s .  F irst are th e  stren gth  prop erties o f  th e  in ta c t ,  hom o­

g en eo u s  rock  or rock  su b s ta n c e  (C o a te s , 1 9 6 4 ). S econ d  is  th e  e x p e c te d  

stren gth  o f th e  u n fille d  rock  j o in t s . Third, and m ost im portant for th e

Tripp P it , i s  th e  stren gth  o f th e  jo in ts  and fau lt z o n e s  f i l le d  w ith  g o u g e .*

Strength o f th e  In tact H om ogeneous Rock  

Rock su b sta n c e  stren g th s in  th e Tripp P it are much greater  than  

th o s e  o f jo in ts  and f a u lt s .  The maximum v e r t ic a l l i th o s ta t ic  p ressu re  

e x p e c ted  w ith in  th e stu d y  area sh o u ld  b e  around 400 p s i ,  w hich  i s  c o n ­

s id era b ly  low er than th e  m easured c o m p r e ss iv e  stren gth  o f  th e  in ta c t  

rock s found in  th e  a r ea . T his i s  not sa y in g  th a t lo c a l  s tr e s s  co n cen tra ­

tio n s  may not e x c e e d  the c o m p r e ss iv e  stren gth  o f th e  w eaker in ta c t  

r o c k s , o n ly  that i t  sh ou ld  be e x p e c ted  to  occu r ra re ly .

O ver th e  la s t  f i f te e n  y e a r s , u n ia x ia l and tr ia x ia l te s t in g  h a s  

b e e n  con d u cted  on diam ond core  sa m p les  from th e R obinson m ining d i s ­

tr ic t .  The te s t in g  done b y  K ennecott a t i t s  E ngineering C en ter  in  S a lt  

Lake C ity , U ta h , w as sum m arized in  an  in ter o ff ice  report b y  Broadbent 

(1 9 7 4 ). F i f ty - s e v e n  sp e c im en s  w ere t e s t e d .  The sec o n d  so u rce  o f data 

w as som e u n ia x ia l and B razilian  d isk  te n s io n  t e s t s  carried  out by U .S .  

Bureau of M in es p e r so n n e l in  w h ich  12 co re  sa m p les  w ere te s te d  

(M arkos, 1 9 7 1 ).

17
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M o st o f th e  rock s u se d  in  th e s e  t e s t s  did not com e from th e  

Tripp P it. This i s  b e lie v e d  to  be o f  minor s ig n if ic a n c e  b e c a u se  th e  g e n ­

eral p etro logy  o f th e  rock s te s te d  w as com parable to  th at o f rock s found  

w ith in  th e p it .  In a d d itio n , th e  v a r ia b ility  in  stren gth  p r o p e r tie s , e v en  

w ith in  th e sam e u n it , is  c o n s id e r a b le . For ex a m p le , 23 su b u n its  h ave  

b een  id e n tif ie d  w ith in  th e  E ly L im estone (W elsh  and B reitr ick , 1 9 6 4 ), 

a ll  w ith  r ec o g n iz a b le  petrographic and stratograp h ic d if fe r e n c e s . One 

of th e s e  u n its  h as large chert n o d u le s , 6 -1 2  in .  in  d iam eter , w hich  by  

th e m se lv e s  w ould h av e  d ifferen t stren gth  p r o p e r tie s . For th is  r e a so n , 

o n ly  th e  g en era l e x p e c ted  range o f stren gth  prop erties w ill  be u s e d .

T h ese are g iv e n  in  Table 3 .

The c o h e s io n  and fr ic tio n  a n g le s  ob ta in ed  from K en n eco tt's  

tr ia x ia l te s t in g  fa ll  som ew h ere b e tw e en  in ta c t rock  stren gth  and the  

stren gth  e x p e c ted  from an  a lread y  fa ile d  jo in t . T h ese  data ca n  b e  u sed  

to  g iv e  an  e stim a te  o f th e  low er lim its  o f the sh ea r  stren gth  o f  in ta c t  

r o c k s . M any o b jec tio n s  h av e  b e e n  r a ise d  regarding th e u s e  o f tr ia x ia l  

t e s t  r e su lts  to  e st im a te  th e  c o h e s io n  and fr ic tio n  a n g le s . Two of th e  

m ain problem s w ith  th e  t e s t  are th at on ly  a lim ited  am ount o f d is p la c e ­

ment i s  p o s s ib le  and d ila t io n  i s  not e a s i ly  m easured (Jaeger, 1 9 7 1 ).

In  a d d itio n , th e  u s e  o f a " so ft” co m p ress io n  te s t in g  m a ch in e , a s  w as  

u se d  by K ennecott p e r so n n e l, in c r e a s e s  th e  d if f ic u lty  in  co rrectly  m e a s­

uring th e  r es id u a l stren gth  o f th e  a lread y  fa ile d  ro ck . W ith th e s e  q u a l­

i f ic a t io n s ,  r e su lts  from th e  K ennecott te s t in g  program are p resen ted  in  

Table 4 .

T h ese  data w ere ob ta in ed  from tr ia x ia l t e s t s  done by K ennecott 

E ngineering C en ter  (Broadbent, 1974) u s in g  diam ond core sa m p les  m ain ly
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Table 3 . Rock su b sta n c e  stren gth

G eneral 
Rock Type

U n con fin ed  
C o m p ressiv e  
S tren gth , p s i

T en sile  
S tren gth , A verage Strength  

C la s s i f i ­
c a tio n  aLow H igh

B razilian  
D is k ,  p s i

Y oung's
M odulus

F resh
porphyry 1 0 , 0 0 0 2 0 , 0 0 0 u n te ste d 1 . 3 x 1 0 6 HS

A ltered
porphyry 700 1 5 , 0 0 0 b 800 1 . 1 VLS-MS

S h a l e c 2 , 0 0 0 1 1 , 5 0 0 u n te ste d 8 .7 VLS-MS

R hyolite 5 , 4 0 0 1 5 , 0 0 0 u n tested 1 .8 LS-M S

L im estone b 7 , 0 0 0 1 1 , 0 0 0 1 , 0 0 0 2 . 4 LS-M S

Skarn-
marble 6 , 7 0 0 1 8 , 0 0 0 6 0 0 -1 2 0 0 u n te ste d LS-HS

Fault go u g e  b 450 2 , 2 0 0 u n tested 9 .7 VLS

a .  B ased  on  c la s s i f i c a t io n  sy ste m  by D eere  and M iller  (1966):
VSH = very  h igh  stren gth; HS = h igh  strength; MS = medium stren gth;
LS = low  stren gth; and VLS = very  low  stren g th .

b . L e ss  th a n  th ree  sa m p les  t e s t e d .

c .  U n altered  sh a le  and h orn fels  are both  in c lu d ed  in  th is  c a te g o r y , 
th e  la tter  b e in g  far more com m on.
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Table 4 . R esu lts  from K en n eco tt's  tr ia x ia l te s t in g

Number of 
Sam ples

C o h e s io n
p s i

F riction  Angle  
degree

Rock Type X s X s

Fresh
porphyry 14 675 583 3 6 . 4 7 . 9

A ltered
porphyry 16 209 179 3 5 . 8 4 . 6

S h ale 7 524 513 3 7 . 3 4 . 9

R hyolite 3 575 to  
680

3 8 . 0  to  
3 8 . 5

F ault gou ge 1 165

COCO
(0

a .  D o e s  not co rre la te  w ith  th e  fa u lt g o u g e  d irect sh ear  te s t in g  done  
for th is  s tu d y .

from th e  Ruth Pit area ( 7 , 0 0 0  fe e t  e a s t  o f th e  Tripp Pi t ) .  T h ese  sa m p les  

were f ir s t  te s te d  to  fa i lu r e , u su a lly  a t zero  co n fin in g  p r e ssu r e . Then th e  

"failed" sp ec im en  w as su b jec te d  to  load in g  c y c le s  to  fa ilu re  at p ro g res­

s iv e ly  h igh er co n fin in g  p r e s s u r e s , up to  1 , 0 0 0  p s i .  The data w ere th en  

reduced  b y  a ssu m in g  a s tr a ig h t- lin e  Mohr fa ilu re en v e lo p e  to  ob ta in  th e  

rock c o h e s io n  and fr ic tio n  a n g le  (Broadbent, 1 97 6 ) .

It sh ou ld  be m entioned  h ere th at th e  d iv is io n  b e tw e en  fresh  and  

a ltered  porphyry i s  g ra d a tio n a l. The rock  typ e  c la s s i f i c a t io n  o f sh a le  

may be to o  g en era l for stren gth  t e s t in g .  This c la s s  ca n  c o n ta in  rock s  

grading from a m ain ly  m ontm orillon ite c la y  to  an  a n d a lu s ite -c o r d ie r ite -  

bearing h o r n fe ls .
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As can  be s e e n  from T ab les 3 and 4 ,  th e  stren gth  o f th e  in ta ct  

rock i s  c o n s id era b ly  greater  than th e  c o m p ress iv e  stren gth  ex p ec ted  

w ith in  the p it s l o p e s . The w e a k e s t  rock ty p es  i s  th e  a ltered  porphyry  

w ith a c o h e s io n  of 209 p s i  and a fr ic tio n  a n g le  of 3 5 . 8 ° .  U sin g  th e c ir ­

cu lar fa ilu re  charts o f H oek and Bray (1977) and a ssu m in g  a co m p le te ly  

w a te r -sa tu r a te d , 6 0 0 -fo o t-h ig h  s lo p e ,  th is  m aterial co u ld  stan d  at a 9 0 -  

d egree  s lo p e  (v e r tic a l) . Even u s in g  a c o h e s io n  one standard d e v ia tio n  

low er (30 p s i ) , a 5 0 -d eg r e e  s lo p e  co u ld  be e x p e c ted  to  be s t a b le . The 

s te e p e s t  s lo p e  now e x is t in g  w ith in  th e  p it  i s  4 3 °  and a ll  th e  e x is t in g  

fa ilu r es  occurred  w h ile  try ing to  m ine a t  a 4 5 -d e g r e e  s lo p e .

Strength o f  th e  U n filled  Rock Joints

M uch o f the current literatu re  in  s lo p e  s ta b ili ty  h a s  d e a lt  w ith  

d escr ib in g  th e  p rop erties  o f th e  d is c o n t in u it ie s  w ith in  a rock m a s s .  A 

major portion  o f th e s e  d is c o n t in u it ie s  fa l l  in to  th e  ca teg o ry  o f u n fille d  

j o in t s . Of a l l  th e  fa ilu r es  o b serv ed  w ith in  the Tripp P it , o n ly  tw o o f th e  

sm a ller  w ed ge fa ilu r es  are b e lie v e d  to  be co n tro lled  on  one s id e  by  

jo in tin g . For th is  r e a so n , sam p lin g  and te s t in g  o f a c tu a l jo in ts  w ere b e ­

lie v e d  u n n e c e ssa r y  and in  th e  c a s e s  ju s t  m en tio n ed , a c c e s s ib i l i t y  m ade 

sam pling im p o s s ib le .

B ec a u se  c o n s id e ra b le  data ca n  b e  ob ta in ed  from th e  s lo p e  s ta ­

b il ity  and rock m ech a n ics  litera tu re , th e  stren gth  p rop erties  o f th e  jo in ts  

w ith in  th e  Tripp Pit ca n  b e  e s t im a te d . A lthough a c tu a l te s t in g  o f th e  

Tripp jo in ts  w ould b e  i d e a l ,  th e  ran g es found by other resea rch ers  for 

s im ilar  rock ty p e s  sh ou ld  more th an  s a t is f y  th e  requirem ents for th is  

s tu d y . The jo in t s tren g th s w il l  b e  g iv e n  by th e  C oulom b fa ilu re  criteria
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of i- = C + c n tan gf, w here v  = th e  sh ea r  stren gth  to  b e  determ ined and  

i s  th e normal s tr e s s  a c tin g  on  th e  jo in t . The tw o stren gth  param eters  

are the c o h e s io n , C , g iv e n  in  I b / i n .2 ,  and th e  fr ic tio n  a n g le  in  d e ­

g r e e s .  The data p resen ted  in  Table 5 are th e  r e su lt  o f d irect sh ear t e s t ­

ing on rock s s im ila r  to  th o se  found in  th e  Tripp P it .

Strength o f th e  F illed  Rock Join ts  

The C la y  Fault G ouae

In th e  Tripp P it , th e  f i l le d  jo in ts  o f im portance are th e large  

c la y  gou ge  f i l le d  fa u lt z o n e s . T h ese  z o n e s  may range in  th ic k n e ss  from 

sev e r a l fe e t  up to  40 f e e t .  X -ray  a n a ly s is  o f  th e  gou ge from th e Kimber­

ly  and M orris fa u lts  done by th e  KCC R esearch  C e n te r , r ev e a le d  th at th e  

gou ge  c o n s is te d  o f rough ly  50-70%  m ontm orillon ite c la y ,  10-20%  k a o lin -  

i t e  c la y ,  10-25%  s e r ic ite  m ic a , and 5-10%  very  fin e  grained  q u artz. The 

rock s b e lie v e d  to  b e  th e sou rce  o f th e  go u g e  are e ith er  th e  C hainm an  

h orn fels  or th e  fresh  m on zon ite  porphyry. The h orn fels  w as o r ig in a lly  a 

m ontm orillon ite s h a le ,  and it  i s  not su rp risin g  that it  w ould y ie ld  a h igh  

m ontm orillon ite c la y  g o u g e . M ontm orillon ite  i s  a ls o  a com m on a ltera tio n  

product o f th e m on zon ite  porphyry (W estra , 1 9 7 6 ). The 5-10%  quartz 

found in  th e m on zon ite  may a ls o  be th e  sou rce  for th e s im ila r  q u antity  o f  

quartz found in  the g o u g e .

Nature of th e  F au lt Z ones

The nature o f th e  fa u lt z o n e s  is  im portant for u n d erstan d in g  th e  

ex p ected  stren gth  from su ch  a z o n e . On a large s c a l e ,  su r fa ce  irregu lar­

i t i e s  or u n d u lation s w ith in  th e  rock s on  e ith er  s id e  o f th e  fa u lt z o n e s
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Table 5 . U n filled  rock  jo in t stren gth  from d irect sh ea r  t e s t s  on  s im ila r  
rock ty p e s

Rock
Types

C o h e s io n
(psi)

F riction
A ngle

(d egrees) Source a

Range E xp ected  in  
Tripp P it

C o h e s io n
(psi)

F riction
A ngle

Fresh 0 .0 2 7 .5 - 2 9 .7 2 2 -1 9 2 9 .3 6
porphyry 0 .0 29 1

0 . 0 - 7 . 1 3 1 .0 - 3 6 .0

A ltered 4 .9 - 1 7 .8 2 6 .4 - 3 5 .8 2 0 -7 2 6 -3 1
porphyry 2 .6

S h ale 14 1 6 .5 2 0 -1 4 7 -2 3

H ornfels 0 .0 3 1 .9 %3 0 - 1 1 .6 1 9 -4 2
3 .7 19 b 4
2 . 4 - 1 1 .6 1 9 .5 - 4 2 5

R hyolite 4 5 .0 - 5 5 .0 2 9 .7 - 3 2 .6 h 6 1 4 -5 5 3 3 -5 5
14 3 7 .0 - 5 5 .0 b 7

L im eston e 5 28 8 0 -1 0 2 8 -3 7
. 0 3 3 .0 - 3 7 .0 9

0 3 6 .9 1

M arble 0 0 .4 5 b 10 0 -5 3 3 -3 5
5 33 11

Skarn 0 . 0 - 4 . 7 2 4 .1 - 3 1 .8 2 0 . 4 . 7 2 4 .1 - 3 1 .8

Fault 0 8 .2 h 2 (c) (c)
g o u ge 19 6 .5 b 23 .5 10 b 12

a .  Key to  so u r ce s :  1—C o u lso n  (1970); 2-—Rock M ech a n ics  Labora­
to ry , U n iv e r s ity  o f  Arizona ( n .d .) ;  3 —C a ll (1972); 4 —R am os, G u im a ra es , 
and Abrao (1974); 5 —H am el (1972); 6 —Jaeger and C ook  (1969); 7 - R a d o -  
s a v la j e v ic ,  C o l ic ,  and Lokin (1970); 8—Pratt, B la ck , and Brace (1974); 
9 —Stagg and Z ie n k le w ic z  (1968); 10—B ertacch i and Sam paolo (1974); . 
11—Abel (1971); 12—H oek  and Bray (1 9 7 7 ).

b . N ot id e n t ic a l rock  ty p e .

c .  D is c u s s e d  on p . 2 7 - 3 3 .
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cou ld  a ffe c t  th e  fr ic tio n a l s tren g th . U nder low  co n fin in g  p r e ssu r e , a s  

w ould b e  th e c a s e  in  th e  Tripp P it , th e  s lid in g  rock m ass w ould tend  to  

s l id e  up and over th e s e  u n d u la tio n s . If the s lo p e  o f th e  u n d u lation  cou ld  

b e m easu red , a t i d e g r ee s  to  th e  d ir e c tio n  o f th e  sh earin g  fo r c e , th e  

Coulom b eq u ation  b e c o m e s 'r =  C +  ffn ta n  (i +f6) (Jaeger, 1 9 7 1 ).

For th e  large (5 -4 0  fe e t  th ick ) fa u lt z o n e s ,  th is  d o e s  not seem  

to  be a l ik e ly  m ech a n ism . F ir s t , th e  u n d u lation  w ould h ave to  b e  very  

la r g e . S eco n d , g e n e ra lly  th e  upper and low er c o n ta c ts  o f  th e  fa u lt z o n e s  

are g ra d a tio n a l. An u n d u lation  w ould th erefore  probably co n ta in  many 

sm a ller  g o u g e - f i l le d  d is c o n t in u it ie s  th at w ould fa il  before rid ing up and  

over cou ld  o c cu r . F in a lly , th e  gou ge  i s  a p la s t ic  m a ter ia l. The gou ge  

te s te d  for th is  stu d y  w as o b serv ed  to  flo w  in  th e  period o f a h a lf-h o u r  

laboratory sh ear  t e s t  at p r e ssu r e s  greater  th an  200 p s i .  E ven i f  an un­

d u la tio n  w ere strong enough to  support r id in g  up, th e  gou ge  i s  not; and 

over a period  o f  tim e (m easured in  d a y s) i t  w ould c o n c e iv a b ly  flo w  

around su ch  an u n d u la tio n . This flo w in g  w ould require en ergy  from th e  

s lid in g  b lo ck  and m ight tend  to  dam pen th e  s l id e ,  but it  w ould not add 

to  th e stren gth  o f th e  fa u lt z o n e .

Trying to  determ ine th e  str ik e  and dip or e v en  the in c lin a tio n  to  

th e  core a x is  w ith in  th e  m ain fa u lt  z o n e  ca n  g iv e  r e su lts  that m ay b e very  

m is le a d in g . L in ea tion s o f  rock c la s t s  or str in g ers  or c la y  g o u g e  ca n  be  

orien ted  in  a lm o st any d irec tio n  to  th e  true o r ien ta tio n  o f th e  z o n e . No  

stud y w as done on t h i s ,  but from p erso n a l ex p e r ie n c e  w ith  th is  ty p e  o f  

m a ter ia l, i f  a l l  th e s e  sm aller  o r ien ta tio n s  w ere reco rd ed , th ey  w ould  

probably e x h ib it  a normal d istr ib u tio n  th a t w ould h av e  an av era g e  eq u a l 

to  th e  true str ik e  and dip o f th e  m ain fa u lt . The rock c la s t s  w ith in  th e



25

gou ge are u su a lly  not in  co n ta c t w ith  ea ch  o th er . This tex tu re  i s  here  

d escr ib ed  as " flo a tin g ."  The m atrix i s  gen era lly  a b la c k  to  g r a y ish -b la c k  

c la y .  W here su lf id e s  have b een  o x id iz e d , th is  c la y  h as b e e n  o b served  

to  h ave a tan -b row n  ap p earan ce probably due to  lim o n ite s  w ith in  i t .  

Figure 5 i s  a photograph o f som e ty p ic a l Tripp Pit go u g e  u se d  for th e  

sh ear t e s t s .

An in ter e st in g  phenom enon w as o b serv ed  in  th e s m a l l - s c a le  

laboratory d irect sh ear t e s t  o f th is  fa u lt g o u g e . For one t e s t  a core  

sam ple 1 .3  in .  in  d iam eter w as precu t a lo n g  th e  sh earin g  su r fa c e . The 

sh earin g  did not occu r  a lon g  th is  prepared su r fa c e . In s te a d , th e  s lid in g  

occurred a lon g  a w eaker c u p -sh a p e d  zon e  e x is t in g  ap p roxim ately  0 .1  in .  

b e lo w  th is  cu t su r fa c e . This occurred  se v e r a l t im es  on d ifferen t s p e c i ­

m e n s . At co n fin in g  p r e ssu r e s  b e tw e en  250 and 450 p s i ,  th e  p recu t zo n e  

u su a lly  r e h e a le d , and o n ly  th e  s lid in g  s u r fa c e , w hich  may or may not 

h ave b e e n  the precu t su r fa c e , co u ld  be id e n t if ie d . Expanding th is  c o n ­

cep t to  a large 20- fo o t  g o u g e - f i l le d  fa u lt , th e sh ea r in g  w il l  occu r  a lon g  

th e  w e a k e st  zon e  w ith in  th e fa u lt . There i s  no r ea so n  why sh earin g  

w ould not occu r a lon g  many o f th e s e  w eaker z o n e s  w ith in  a fa u lt w ith  

th e  d if fe re n c e s  in  m ovem ent b e tw e en  th e s e  z o n e s  b e in g  ta k en  up by th e  

m ultitude o f sm a ller  c r o s sc u tt in g  su b fa u lts  w ith  the m ain zo n e  and the  

p la s t ic  flo w  w ith in  th e  g o u g e . If th e  zon e  co u ld  be e x te n s iv e ly  sam pled  

and th e s e  sa m p les  su b jec ted  to  sh earin g  t e s t s ,  th e a v erage  sh ea r  

stren gth  o f a l l  sa m p les  m ay not be th at o f th e  zo n e  i t s e l f  for th is  r e a so n .  

The a c tu a l stren gth  cou ld  c o n c e iv a b ly  be c lo s e  to  th e  stren gth  ex h ib ited  

by on ly  th e  w e a k e s t  s a m p le s . This m ay be on e ex p la n a tio n  why th e



Figure 5. Fault gouge
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te s te d  sh ear stren gth  o f th e  fa u lt g o u g e  in  th e Tripp Pit w as s l ig h t ly  

higher than the b a c k -c a lc u la te d  stren gth  from th e  a c tu a l f a i lu r e s .

Tripp P it F au lt G ouge T estin g

O btaining large sa m p les  from th e  co n tro llin g  fa u lts  in  th e  Tripp 

Pit w as im p o s s ib le . O nly a v ery  lim ited  am ount o f core  w as a v a i la b le ,  

w hich  had b ad ly  d eter iora ted  a fter  s it t in g  for s e v e n  y ea rs  in  core b o x e s . 

I n s te a d , a 5 - f o o t - th ic k  fa u lt zon e  on the n orth east s id e  o f th e  p it  rim 

about 200 fe e t  from th e  o ld  Tripp sk ip  w as sa m p le d . T his fa u lt  p a r a lle ls  

th e  M orris fa u lt and c a n  b e  c o n s id e re d  a part o f  th e  M orris s y s te m . The 

surrounding rock s and th e  p h y s ic a l  app earan ce o f th e  fa u lt gou ge w ere  

id e n t ic a l to  th o se  in  th e  core from th e major s lid e -c o n tr o ll in g  f a u l t s . 

D e ta ils  o f  the sam p le  preparation  and d irect sh ea r  t e s t in g  c a n  b e  found  

in  A ppendix A . The t e s t s  w ere run in  a S o il t e s t  sm a ll d irec t sh ear  ma­

c h in e . Each t e s t  y ie ld e d  th e  p eak  and r e s id u a l sh ear  stren gth  for on e  

normal s t r e s s .  For s e v e r a l o f  th e  s a m p le s , i t  w as found th at a d d itio n a l 

data on  the r e s id u a l stren gth  co u ld  b e  ob ta in ed  by in c r e a s in g  th e normal 

p ressu re  a fter  th e  f ir s t  r e s id u a l stren gth  w as r e a c h . Figure 6 sh o w s th e  

r e su lts  o f  som e d irect sh ear  t e s t s .  The co m p lete  t e s t  data are in c lu d ed  

in  A ppendix A .

The r e s u lt s  o f  a l l  th e  t e s t s  can  b e  a n a ly z e d  by p lo ttin g  th e  

normal s tr e s s  v e r su s  th e  sh earin g  s tr e s s  a s  w a s  done in  F igure 7 .  As 

ca n  b e  s e e n ,  th e  p ea k  stren gth  o f th e  go u g e  w as roughly  tw ic e  th e  re ­

s id u a l s tr en g th . U s in g  C oulom b fa ilu re  cr iter ia  to  e v a lu a te  the d a ta , a 

lin ear  r e g r e ss io n  on  th e  p ea k  and r e s id u a l sh ea r  s tren g th s  y ie ld e d  th e  

r e su lts  show n in  T able 6 .
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Table 6 . C ou lom b 's law  f it  o f g o u g e  stren gth  data

F riction  A ngle
C o h e s io n , p s i (d egrees) C orrela tion Number

C o e ff ic ie n t o f D ata
X  s X s r P oin ts

Peak 2 7 .9  1 2 .2 1 5 .8 2 .3 0 .8 6 17

R esid u al 8 .7  3 .2 9 .6 0 .7 0 .9 5 27

C oulom b fa ilu re  criter ia  may not b e  th e  b e s t  w ay to  rep resen t  

th e sh ear stren gth  o f th e  g o u g e . Jaeger (1971) noted  th a t th e  pow er law  

ten d s  to  f it  data that turn dow n at th e  low er normal s t r e s s e s . As ca n  be  

s e e n  in  Table 7 , th e  pow er eq u a tio n  d o e s  f it  th e  data s lig h t ly  b etter  th an  

a lin ea r  eq u a tio n .

Table 7 . Power law  f i t  o f th e  gou g e  stren gth  d a ta , = F

F f T
Number 
o f D ata

Peak 4 .7 0 0 .5 5 6 0 .9 3 17

R esid u a l 1 .1 3 0 .6 9 4 0 .9 7 27

The stren gth  p red icted  from both th e  lin ea r  C oulom b a n a ly s is  

and th e pow er la w  a n a ly s is  i s  p lo tted  on Figure 7 . E xcep t for th e  p eak  

stren g th , th e pow er law  d o e s  not f it  th e  data s ig n if ic a n t ly  b etter  th an  

th e  C oulom b a n a ly s i s .
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The q u estio n  a r is e s  a s  to  w h ich  s tr en g th , th e  p eak  or th e  r e s id ­

u a l, rep resen ts  th e  a c tu a l stren gth  of th e  co n tro llin g  fa u lts  in  the Tripp 

P it. The b a c k -c a lc u la te d  stren gth  w il l  be d is c u s s e d  la ter  in  d e ta i l ,  but 

i t  w ill  be su ff ic ie n t  h ere  to  m ention  th at th e s e  stren gth s com pare c lo s e ly  

w ith th e re s id u a l s tr en g th .

The major problem  in  perform ing d irect sh ea r  t e s t s  on  h igh  c la y  

m a ter ia l, lik e  the Tripp fau lt g o u g e , i s  in  th e  nature o f th e  m ateria l i t ­

s e l f .  The tw o p rop erties  th a t co u ld  not b e  a d eq u a te ly  d e a lt  w ith  w ere  

th e m oisture co n ten t o f  th e  sam p le  and i t s  p la s t ic  b eh a v io r .

Even though th e t e s t s  w ere run w ith  th e  sh ear b o x  f i l le d  w ith  

w ater, very  l i t t le  o f  th is  w ater entered  th e  sa m p le . The e stim a ted  per­

m ea b ility  of th e  g o u g e  i s  roughly 0 .0 0 1 5  in . / h r  (S u ltan , 1 9 7 7 ). B ec a u se  

of t h i s ,  b e lo w  1 5 0 -2 0 0  p s i  normal p r e s s u r e , th e  t e s t s  w ere e s s e n t ia l ly  

run at l e s s  th an  fu ll  sa tu ra tio n . A bove 200 p s i ,  th e  sa m p les  w ere o b ­

served  to  sw e a t w a ter , in d ic a tin g  th at th ey  were b eh av in g  a s  a satu rated  

c la y .  The t e s t s  w ere run at v ery  lo w  stra in  ra tes  (0 .8  in ./h r )  to  a llo w  

th e  w ater co n ta in ed  in  th e  sam p le  to  e s c a p e .  A s in g le  t e s t  took  from 0 . 5 -  

1 hr to  run from th e  tim e o f in it ia l  load in g  to th e  tim e w hen a d is t in g u is h ­

a b le  res id u a l stren gth  w as r ea c h e d . The d eg ree  o f sa tu ra tio n  co u ld  be 

one ex p la n a tio n  for th e  s l ig h t ly  h igh er  fr ic tio n  a n g le s  a t th e  low er nor­

mal s t r e s s e s .

W hen th e  sa m p les  w ere prep ared , th e ir  c r o s s - s e c t io n a l  area  

p erpendicu lar to  th e norm al load  w as 1 .3  i n . 2 . At th e  end o f th e s e  t e s t s ,  

and e s p e c ia l ly  for th e  h igh er  normal s tr e s s  t e s t s  (greater than 200 p s i ) ,  

th e  sam p les w ere o b serv ed  to  h ave sw e lle d  la te r a lly . E valuating  th e  e f ­

fe c t  o f th is  p la s t ic  flo w  i s  d if f ic u lt .  I d e a lly , 20 p ercen t sw e llin g  would
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d e c re a se  the area in  co n ta c t and in c r e a se  th e  normal s t r e s s .  On se v e r a l  

of the s t r e s s - s t r a in  c u r v e s , th e  r e s id u a l stren gth  w as d if f ic u lt  to  d e ter ­

m ine (F ig . 6 , t e s t s  3 -9  a t 201 p s i)  b e c a u se  it  ten d ed  to  require a c o n ­

tin u ou s d e c r e a se  in  sh earin g  force  a s  th e  t e s t  p r o g r e sse d . One p o s s ib le  

ex p la n a tio n  o f th is  i s  th at th e  s w e llin g  w as in c r e a s in g  th e  b earin g  area  

fa s te r  than th e  sh earin g  w as d e c r e a s in g  i t ,  th u s c a u s in g  th e  normal 

s tr e s s  to d e c r e a se  a lon g  w ith  th e  s tr e s s  required to  sh ear th e  sa m p le .

There w as a ls o  a grea t d e a l o f v a r ia b ility  b e tw e en  th e  gou ge  

sa m p les  th e m s e lv e s .  In  on e sa m p le , an u n u su a lly  long core w as f ir s t  

sh ea red , th en  s lid  up 0 .3  i n . , th en  sh eared  a g a in . The f ir s t  t e s t  had a 

normal s tr e s s  o f 350 p s i ,  a p eak  stren gth  o f 120 p s i ,  and a r e s id u a l  

stren gth  of 70 p s i .  The sec o n d  t e s t  had a low er  normal s tr e s s  o f 283 p s i ,  

a h igh er p eak  stren gth  o f  135 p s i  and a h igh er r e s id u a l stren gth  o f 80 

p s i  ( te s ts  6 -9  and 7 -9 A , r e s p e c t iv e ly ) .  An attem pt w as made to  co rre la te  

the downward s lo p e  o f th e  r e s id u a l sh ea r  stren gth  w ith  th e  normal s t r e s s . 

I f  it  w as due to  th e  p la s t ic  s w e llin g  o f th e  go u g e  at h igh er normal 

s t r e s s e s ,  th e re s id u a l sh ea r  stren gth  sh ou ld  d e c r e a se  at a more rapid  

r a te . No co rre la tio n  co u ld  b e  found probably b e c a u s e  o f a h igh  d egree  

of v a r ia b ility  in  the p la s t ic i t y  o f th e  t e s t  sa m p le s .

Some other p rop erties  o f th e  gou ge th a t co u ld  b e  u s e fu l i f  th is  

m aterial w as e v e n tu a lly  to  b e  com pared to  other g o u g e s  i s  i t s  w ater  

co n ten t and it s  Atterberg p la s t ic it y  in d ex  (Lambe and W hitm an, 1969; 

Krynine and Judd, 1 9 5 7 ). Three sa m p les  h ea ted  a t  140°F for 24 hr y ie ld  

2 1 .6  to  3 1 .5  p ercen t by w eig h t w ater w ith  a n  av era g e  o f 2 5 .8  p ercen t. 

The r e su lts  from th e  Atterberg t e s t  are p resen ted  in  Table 8 . The
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extrem ely  low  v a lu e  from Sam ple 3 (Table 8) i s  another in d ic a tio n  o f the  

v a r ia b ility  w ith in  th e  g o u g e  i t s e l f .

A h igh  m ontm orillon ite c la y  go u g e  w ould be e x p e c ted  to  s w e l l .  

B etw een  th e depth of 100 fe e t  and th e  cen ter  o f th e  p it a t 600 f e e t ,  th e  

sw e llin g  p ressu re  sh ou ld  be l e s s  th an  th e  p ressu re  ex erted  by th e w eig h t  

of the m aterial a b o v e  the g o u g e . Krynine and Judd (1957) m ention  s w e l l ­

ing p ressu res  a s  h igh  a s  147 p s i .  Brekke and S e lm e r -O lsen  (1965) in ­

v e s t ig a te d  th e  p rop erties  o f m on tm orillon ite-carry in g  jo in ts  and f a u l t s . 

U sin g  th e ir  charts for sw e llin g  p ressu re  v e r su s  a llo w ed  s w e ll in g , a m axi­

mum ex p a n sio n  p ressu re  for th e  Tripp Pit go u g e  w as e stim a ted  a t 71 p s i .  

The r e su lts  ob ta in ed  from th e  g o u g e  d irect sh ear  te s t in g  sh ou ld  co n ta in  

th is  e ffe c t;  th a t i s ,  w hen  c a lc u la tin g  w hether a s lo p e  w ill  b e  s ta b le  u s ­

ing a lim itin g  equilibrium  a n a ly s is ,  th is  s w e l l  p ressu re  sh ou ld  not have  

to  be su b tracted  from th e norm al p ressu re  ex erted  on th e  co n tro llin g  

fa u lt ( s ) .  The r ea so n  for th is  i s  th at ab ove 200 p s i  normal s t r e s s ,  the  

t e s t  sa m p les  are b e lie v e d  to  h a v e  b e e n  satu rated  (sw ea tin g  o ff w a te r ). 

Thus th e  s w e ll  p ressu re  w ith in  th e  t e s t  sp e c im en  w ould h ave b e e n  a c tin g  

a g a in s t  th e  normal s tr e s s  b e in g  a p p lied  to  th e  sa m p le .

Table 8 . Atterberg t e s t  o f fa u lt  g o u g e

Liquid L im its P la s t ic  L im its P la s t ic ity
Sam ple % H 20 % H 2 0 In d ex

1 7 0 .1 6 4 .8 1 4 .3
2 7 7 .7 6 6 .9 1 0 .8

3 6 1 .8 5 8 .2 3 .6

A verage 7 2 .9 6 3 .3 9 .6



GROUND-WATER HYDROLOGY

The im portance o f th e  w ater co n d itio n s  th at e x is t  beh ind  th e  p it  

s lo p e  cannot be oversta ted *  For fr ic tio n a l s l id in g , th e  w ater p ressu re  in  

a jo in t or fa u lt zo n e  w ill  a c t  d ir e c t ly  a g a in s t  th e  normal fo r c es  on that 

jo in t (H oek and Bray, 1 9 7 7 ), th u s d ir e c tly  d e c re a s in g  th e  fr ic tio n a l fo r c e . 

For th e  C oulom b fa ilu re  eq u ation  w ith  a w ater p ressu re  o f u ,  th e  fr ic tio n ­

a l r e s is t in g  s tr e s s  b eco m es

C + (crn -  u) ta n ^

Sim ilar ch a n g es  ca n  b e  m ade in  th e  pow er eq u a tio n .

S ou rce o f  W ater for th e  Tripp Area 

Before d is c u s s in g  th e  a c tu a l or s u sp e c te d  ground -w ater c o n d i­

tio n s  in  th e  Tripp a r ea , th e  so u rce  o f th e  w ater sh ou ld  b e  r e v ie w e d .

There are no la k e s  or ponds in  th e  im m ediate a r e a , and a w a sh  north o f  

th e  Tripp Pit w a s not o b served  to  h a v e  h e ld  w ater during my th ree years  

at th e  m in e. The m ain so u rce  o f  th e  ground w ater for th e  area m ust be  

r a in fa ll. The av era g e  r a in fa ll m easured  a t th e  tow n o f Ruth, 1 m ile  a w a y , 

over th e la s t  20 y ears h as b e e n  1 1 .8 5  i n . / y r ,  w ith  a standard d e v ia tio n  

o f 3 .4  i n . / y r .  This figu re i s  u s e f u l ,  but o f greater im portance i s  th e  

maximum in flo w  during a short period  o f t im e .

During th e  month o f M ay 1 9 7 7 , 3 .8 7  in .  o f m oistu re f e l l .  At th e  

end of th is  w et p er io d , th e  u su a lly  dry bottom  o f th e  Tripp P it , w h ich  i s  

at an  e le v a t io n  o f 6 ,6 7 0  f e e t ,  h as a s m a ll, 5 - fo o t -d e e p  lak e  in  i t .  For 

s lo p e  s ta b ility  c o n s id e r a t io n s , th e  maximum e x p e c ted  w ater p ressu re  i s

34
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more im portant than th e  a v era g e  p r e ssu r e . R ev iew in g  th e  ra in fa ll record  

r ev ea led  th at th is  e v en t had occurred during th e  fo llo w in g  p er io d s:

M arch 1958 (3 .0 7  i n . ) ,  June 1963 (4 .9 4  i n . ) ,  April 1967 (3 .7 5  i n . ) ,  

February 1969 (3 .9 5  i n . ) .  M ay 1971 (3 .3 3  i n . ) ,  June 1967 (4 .4 3  i n . ) ,  

and M ay 1977 (3 .8 7  i n . ) . Thus over  th e  la s t  20 yea rs  th ere w ere s e v e n  

large in f lu x e s  o f w ater over com p arative ly  short p e r io d s . In o th er te r m s , 

i f  a future mine w as to  la s t  5 y e a r s , th ere w ould be an  88 p ercen t prob­

a b ility  th a t a large  in flu x  o f w ater greater  th an  3 in c h e s  in  on e month 

w ould o c cu r .

For th e  p oorly  drained north s id e  o f  th e  Tripp P it , th e maximum  

amount o f  w ater over a period  o f  a year m ay a ls o  b e  im portant. During  

1 9 6 9 , 1 6 .3 5  in c h e s  o f p r e c ip ita tio n  w ere reco rd ed . Then in  1970 th e  

la r g e s t  o f  th e  n o rth -w a ll s l id e s  b ecam e n o tic e a b ly  a c t iv e  (D im ock ,

1 9 7 0 ). A lthough many other fa c to r s , su c h  a s  m ining a c t iv ity  around th e  

to e  o f th e s l id e ,  may h av e  b e e n  th e  m ain c a u s e  for th is  fa ilu r e 's  o ccu r­

ring at th is  t im e , th e  large am ount o f  p r ec ip ita tio n  th e  p rev io u s year  

cannot be ig n o red .

There are not enough sn ow p ack  data for th e  Tripp area to  e v a lu ­

a te  th e  com bin ed  e f fe c t  o f sn o w p a ck  m eltin g  w ith  a large am ount o f ra in ­

fa l l  in  th e  month o f M a y . For som e unknow n r e a s o n , th is  com b in ation  of  

a w et w inter and a very  w et M ay h a s not occurred  in  any other o f th e  50 

y ea rs  o f records r e v ie w e d . The c lo s e s t  c a s e  w a s in  1967 w hen from 

D ecem b er 1966 to  April 1967 8 .6 4  in c h e s  o f p r e c ip ita tio n  f e l l  and M ay  

1967 had 1 .4 1  in c h e s  o f r a in .

For th e  more c r it ic a l  n o r th -s id e  area o f th e  Tripp P i t , th e  sur­

fa c e  area o f th e  b a s in  ab o v e  th e  N o rth ea st Tripp s l id e  i s  1 . 2 x l 0 6 f t 2 .
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(2 7 .6  a e r e - f t ) . A w et M ay  co u ld  g en era te  35 m illio n  g a llo n s  o f  w ater In 

th is  a r e a , o n ly  part o f w h ich  co u ld  b e  drained o ff in  a short period  o f  

t im e .

Ground W ater in  th e  Tripp P it Area

The reg io n  sou th  o f  th e  fo o t w a ll fa u lt i s  co m p osed  m ain ly  o f  

high  p erm eab ility  rock s ( s a n d s to n e s , l im e s to n e s ) .  In a d d itio n , th e s e  

rock s are h ig h ly  jo in ted  and fa u lte d . The w ater ta b le  i s  u s u a lly  b e lo w  

th e  bottom  o f  the Tripp P it , w h ich  i s  a t a n  e le v a t io n  o f 6 ,6 7 0  f e e t .  The 

nearby V eteran P it , 1 ,0 0 0  fe e t  to  th e  w e s t ,  h a s  a sm a ll la k e  in  it  a t an  

e le v a t io n  o f 6 ,6 0 0  f e e t .  The w ater ta b le  b e lo w  th e  bottom  o f th e  Tripp 

Pit c a n  th erefore  b e  e st im a ted  a t 6 ,6 0 0  fe e t  e le v a t io n . After th e h igh  

am ount o f p r e c ip ita tio n  during th e  month of M ay 1 9 7 7 , th e  bottom  o f th e  

Tripp P it f i l le d  w ith  5 fe e t  o f  w a ter , w hich  rem ained for ap p roxim ately  

one m onth. Thus th e  e st im a ted  maximum e le v a t io n  for th e  w ater ta b le  

at th e  bottom  o f  the p it  w ould  b e  6 ,6 7 5  f e e t .

North o f th e  F oo tw a ll fa u lt , a to ta lly  d ifferen t grou n d -w ater  

environm ent e x i s t s .  The rock s ch a n g e  abruptly to lo w  p erm ea b ility  

s h a le s  or h orn fels in  w h ich  w ater m ust flow  a c r o ss  th e  b e d d in g . In ad ­

d it io n , th e  b a sem en t rock  b e lo w  th e  K im berly, P ilo t  Knob, and M orris 

fa u lts  i s  a m on zon ite  porphyry, w h ich  c a n  b e  e x p e c te d  to  h ave  a low  

p erm ea b ility . The w ater le v e l  in  th ree c a s e d  d r ill h o le s  in  th is  area w as  

m easured in  July 1 9 7 7 . Two o f th e  h o le s ,  w h ich  w ere ap p roxim ately  

1 ,2 0 0  fe e t  n o rth ea st o f  th e  cen ter  o f th e  Tripp P it , had w ater a t an  e l e ­

v a tio n  o f 6 ,9 3 0  and 6 ,9 5 4  f e e t .  The third h o le ,  1 ,5 5 0  fe e t  n o rth ea st o f  

th e  cen ter  o f th e  p i t ,  had w ater a t an  e le v a t io n  o f 7 ,0 7 8  fe e t  (F ig . 8 , in
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p o c k e t) . The w ater w as m easured  in  th e s e  th ree  h o le s  a fter  a p eriod  o f  

high  w ater in f lu x , th u s it  sh o u ld  b e  an  e st im a te  c lo s e  to  th e  maximum  

h e ig h t o f th e w ater ta b le  for th e r e g io n . The p ro jec ted  w ater ta b le  on  

th e  north s id e  i s  sh ow n  on  th e  c r o s s  s e c t io n s  in  F igure 9 (in p o c k e t ) .

The w ater ta b le  is  p erch ed  ab o v e  th e  b a sem en t m on zon ite  and th e  lo w -  

p erm ea b le , c la y - f i l le d  fa u lt z o n e s , w ith  th e  o n ly  drainage a c r o s s  th e  

bed d in g  in  th e  low  perm eable s h a le s  and h o r n fe ls .

T his a ssu m p tio n  o f  low  p erm ea b ility  for th e  north s id e  i s  su p ­

ported by data from tw o prem ining churn d rill h o le s  in  w h ich  th e  w ater  

l e v e l  w as recorded  (F ig . 8 ) .  Both h o le s  in d ic a te  th a t th e  w ater ta b le  

w as h igh er in  July 1977 th an  it  w as before m ining b eg a n  in  the a r e a .

An in te r e st in g  h is to r ic a l note sh o u ld  b e  m entioned  b efore  end­

in g  th is  ch a p ter . The large  3 3 -m ill io n - to n  N o rth ea st Tripp s l id e  (NETS) 

had th e  p it repair sh o p s  ab o v e  it  (F ig . 8 ) .  T h ese  sh o p s  in c lu d ed  a w a sh  

rack  for c le a n in g  th e  p it  t r u c k s . The w a ste  w ater from th e  w a sh  rack w as  

c o n v e n ie n tly  d is p o s e d  o f  by dum ping it  dow n on e  o f  th e  te n s io n  cra ck s  

th a t had d e v e lo p e d  b eh in d  th e  s l id e  (Sm ith, 1 9 7 7 ). The sh o p s  w ere ab an ­

doned in  1970 w hen  m ovem ent from th e  s l id e  made them  u n s a fe .



SLIDE MORPHOLOGY, MOVEMENT, AND MECHANICS

This s e c t io n  w il l  ta k e  th e  in form ation  d is c u s s e d  in  th e  p rev io u s  

s e c t io n s  and add to  th is  o b serv ed  e v id e n c e  on th e  m orphology and a v a il­

a b le  e v id e n c e  o f th e  fa ilu re  m ov em en ts . Then a l l  th e s e  data w ill  b e  u se d  

to  g iv e  som e in s ig h t  in to  th e  m ech a n ics  of th e  s lo p e  fa ilu r es  in  th e  Tripp 

P it . The word "m echanics"  is  u se d  here to  m ean how  th e  fa ilu r es  d e v e l­

op ed  in to  th e  typ e o f s l id e  o b serv ed  in  th e  p it to d a y .

M orphology o f  th e  Tripp Pit 
and S lid e  L oca tion s

The Tripp Pit i s  app roxim ately  2 ,5 0 0  fe e t  lo n g , 1 ,6 0 0  fe e t  w ide  

and has i t s  lon g  a x is  or ien ted  n o r th w e s t-so u th e a s t . The e le v a t io n  o f th e  

p it rim a v era g es  around 7 ,2 4 0  fe e t  but ran ges from a low  o f 6 ,9 2 0  fe e t  at 

th e  sa d d le  sep ara tin g  th e  Tripp from th e V eteran P it on  th e  n orth w est to  a 

h igh  o f 7 ,3 6 0  fe e t  on  th e  so u th w e st s id e .  The cen ter  o f  th e  p it  i s  at an  

e le v a t io n  o f 6 ,6 7 0  f e e t ,  w hich  g iv e s  th e  p it  an  a v era g e  depth o f 570 f e e t .  

A pproxim ately 70 m illio n  to n s  o f  rock  h ave b e e n  rem oved to  cre a te  th e  p it .  

The topography o f th e  area w a s u se d  a s  a b a s e  for F igu res 3 and 8 .

Before d is c u s s in g  e a ch  o f  th e  s l id e s  in d iv id u a lly , a b r ie f r ev ie w  

o f th e  s l id e s  w ith  r e sp e c t  to  ea ch  other and th e  Tripp Pit in  g en era l w ill  

be m ad e. Figure 8 sh ow s th e  lo c a t io n  o f th e  s l i d e s .  A lm ost th e  en tire  

north w a ll o f th e  p it  i s  in v o lv ed  in  som e sort o f  s lo p e  fa ilu r e . T h ese  f a i l ­

ures h ave b e e n  d iv id ed  in to  tw o m ain s l id e s :  th e  N orth w est Tripp s l id e  

(NWTS) on  th e  w e s t  and th e  N orth east Tripp s l id e  (NETS) on  th e  e a s t .

The area b e tw e en  th e  tw o m ain s l id e s  i s  a tr a n s it io n  z o n e , w hich  runs
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roughly b e tw een  9 5 ,0 0 0  E . and 9 4 ,7 0 0  E . One sm a ll s l id e ,  th e  M o rr is , 

e x is t s  on th e  extrem e ea stern  end o f th e  north s id e .  It w as th e  M orris 

fa ilure th at f in a lly  forced  th e  m ining in  th e  Tripp P it to  be ab an d on ed .

The e a ster n  corner o f the p it  h as b e e n  b a c k fille d  and h a s no 

fa ilu res  in  i t .  The sou th  s id e  h as tw o d is t in g u ish a b le  fa i lu r e s .  On th e  

far ea ster n  s id e  ju s t  before th e b a c k f ille d  m ateria l i s  th e  R ichards s l id e ,  

and on th e  w estern  portion  o f th e  so u th  s id e  i s  th e  S o u th w est Tripp s l id e  

(SW TS), w hich  h a s in v o lv ed  about 800 fe e t  o f th e  p it  rim . B etw een  th e s e  

tw o s l id e s  i s  a r e la t iv e ly  s ta b le  s e c t io n  o f p it w a ll th a t h as a fe w  sm a ll 

( le s s  than  5 0 ,0 0 0  to n s) fa i lu r e s , w hich  in v o lv e  on ly  a few  b e n c h e s . 

Table 9 l i s t s  th e  im portant fea tu res  o f  ea ch  of th e  m ain id e n tif ia b le  f a i l ­

u res, and th e  fa ilu res  are sh ow n  on  Figure 2 .

N orth w est Tripp S lid e

M orphology

The N orth w est Tripp s l id e  h a s in v o lv ed  app roxim ately  800 f e e t  

o f th e  p it rim . A bove th e  sa d d le  g o in g  to  th e  V eteran P it , th e  s l id e  h as a 

v e r t ic a l r e l ie f  o f  370 fe e t  and a l i t t le  further to  th e  e a s t  ab ove th e  m ain  

Tripp P it , th e  v e r t ic a l r e l ie f  in c r e a s e s  to  580 f e e t .  T en sion  cra ck s ca n  be  

found 450 fe e t  beh in d  th e  p it  rim .

The fa ilu re  ca n  b e  su b d iv id ed  in to  tw o p a r ts . A bove th e sa d d le  

fa ilu re  h as not to ta lly  d e v e lo p e d  and much o f  th e  p it  w a ll i s  in ta c t .  Just 

e a s t  o f t h i s ,  w here th e v e r t ic a l  r e l ie f  i s  g r e a te s t ,  th e  fa ilu re  i s  now  a 

rubble s lo p e  stan d in g  at 29 d e g r e e s .  The d iffe re n c e  in  th e  current p h y s­

ic a l  nature o f th e  tw o parts i s  b e lie v e d  to  b e  a fu n ctio n  o f th e  v e r t ic a l  

r e l ie f .



Table 9 .  F eatu res o f th e Tripp fa ilu r es

F ailure
C on tro llin g

Structure
G en era l Type 

o f Failure
S iz e

(tons)
P resen t Form 

o f Failure

P resen t Angle 
o f Pit S lop e  

(d egrees)

NWTS P ilo t Knob and 
F o otw a ll

W edge and  
co m p lex

4 . Ox 106 P artia lly  in ta c t  
w ed ge and 
rubble s lo p e

30

T ran sition
Zone

Foot w a ll and  
Kimberly

W edge and  
co m p lex

2 .0 Rubble s lo p e 29

NETS Kimberly and  
M orris

W ed ge 3 3 .0 In ta ct w ed ge

M orris M orris and  
F o otw a ll

W edge 0 .3 5 In ta ct w edge 32

R ichards Fault and  
jo in t

W edge 0 .4 0 Rubble s lo p e 22

SWTS S o il ty p e? C ircu lar 2 .5 S h a llo w  rubble  
s lo p e
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Structure and R ocks

Id en tify in g  th e  g e o lo g ic  structure co n tro llin g  th is  s l id e  i s  d if ­

f ic u lt  b e c a u s e  o f a g en era l la c k  o f d r il l-h o le  in form ation . A ll d r illin g  

w as co n fin ed  to  th e  ore zo n e  sou th  o f th e  Foot w a ll fa u lt . From th e  sur­

fa c e  crack s and old  su r fa ce  m apping (F ig . 3 ) , a w e d g e -ty p e  geom etry  i s  

in d ic a te d . A s tr a ig h t- lin e  p ro jec tio n  of th e  P ilo t Knob and F o o tw a ll fa u lt  

sy stem  (as w as don e in  F igure 4) from w here th e  fa u lts  are b etter  d e l in e ­

a ted  d o e s  not y ie ld  a sa t is fa c to r y  w ed ge geom etry  th at w ould a cco u n t  

for th e fa ilu r e . To ex p la in  th e  s l id e ,  one or both o f th e  fa u lts  w ould  

h ave  to  f la tte n  o u t. The a n g le  from th e  te n s io n  crack  fu rth est from th e  

rim to  th e  cen ter  o f th e  p it  w here m ining c e a s e d  i s  26 d e g r e e s .  This 

a n g le  i s  probably c lo s e  to  th a t o f th e  p lu n ge  o f th e  in te r s e c t io n  o f th e  

co n tro llin g  f a u l t s .

The m ateria l in v o lv ed  in  th e  s l id e  c o n s is t s  o f c a l c - s i l i c a t e  

sk a r n s , a ltered  porphyry, and som e su lf id e  sk a r n s . A bove th e  7 ,0 0 0 -  

fo o t e le v a t io n , th e  rock  b eco m es  in c r e a s in g ly  o x id iz e d  and w ea th ered . 

B elow  th e  P ilo t Knob fa u lt  i s  m arble and at depth m on zon ite  porphyry.

On th e  su r fa c e , o ld  g e o lo g ic  m apping sh o w ed  s h a le  b e lo w  th e  F o o tw a ll 

fa u lt . This in form ation  i s  s tren g th en ed  by th e fa c t th a t one large  zo n e  

w ith in  th e  rubble s lo p e  on  th e  far e a s te r n  p ortion  o f  th e  s l id e  c o n s is t s  o f  

ru b b le ized  sh a le  and h orn fels  (F ig . 3 ) .  Som ew here around th e  6 ,9 0 0 - f o o t  

e le v a t io n  m on zon ite  porphyry u n d er lie s  th e F oo tw a ll fa u lt .

M ovem ent

This s e c t io n  o f th e  Tripp Pit h a s  e x h ib ite d  s lo p e  in s ta b ility  

s in c e  o p e n -p it  m ining f ir s t  b eg a n  in  th e a r e a . Two area l p h o to g ra p h s,



42

on e tak en  for K ennecott in  1955 and th e  other in  1 9 6 6 , sh ow  s l id e s  s im i­

lar to  the NWTS and in  the sam e r e la t iv e  p o s it io n . A 1970 m ine map o f  

th e  p it topography sh o w s th e  e a ste r n  portion  o f th e  p r esen t s l id e  fu lly  

d ev e lo p ed  a s  it  i s  to d a y . S in ce  1970 m ost o f th e m ovem ent w ith in  th is  

part o f th e  fa ilu re  has app arently  b e e n  th e  rubble s lo p e  i t s e l f  and h as  

not in v o lv ed  any new  m a ter ia l.

The w estern  portion  ab ove  the sa id d le  i s  a d ifferen t s to r y . Just 

b efore  m ining w as ab an d on ed , th e sa d d le  w as d eep en ed  by 80 f e e t .  Com ­

paring th e  1971 and current topography r e v e a ls  th a t m ost o f th is  part o f  

th e  fa ilu re  h as d ev e lo p ed  s in c e  1971 and th e  d eep en in g  o f th e  s a d d le .

The m ovem ent in c lu d e s  th e  d eve lop m en t o f t e n s io n  cra ck s beh in d  th e  p it  

rim . T h ese  cra ck s g e n e r a lly  p a r a lle l th e  Foot w a ll and P ilo t Knob fa u lts  

(F ig . 8 ) .  On th e m ain crack  fu rth est to  th e  north , th e  p it  s id e  h a s  

dropped 25 f e e t .  Com paring 1970 and 1975 topography con tou rs in d ic a te s  

th a t th e  p it  fa c e  here h as m oved out and to  th e  so u th  b e tw e en  20 and 35 

f e e t .  The sa d d le  a t th e  to e  o f th e  fa ilu re  sh o w s s ig n s  o f  b e in g  under 

co m p r e ss io n . For a f la t  area 60 f e e t  north o f th e  sa d d le  h as b e e n  "bull­

d ozed"  40 fe e t  to  the sou th  by th e  p ressu re  ex erted  by th e  s l id e .

S lid e  M ech a n ics

By com paring th e  tw o  parts o f th e  NW TS, a m odel for th e  d e v e l­

opm ent o f th is  s l id e  c a n  be m ad e. The w este r n  p ortion  w as s ta b le  u n til 

th e  sa d d le  w as d e e p e n e d , in c r e a s in g  th e  v e r t ic a l r e l ie f  to  440 f e e t .  At 

th is  depth th e  co n tro llin g  structure w as c lo s e  enough to  b e in g  d a y -  

lig h ted  th at th e  s lo p e  b eg a n  to  fa i l  and m ove tow ard th e  p it on th is  s tru c ­

tu re . This m ovem ent c a u se d  th e  c r e s t  to  d e v e lo p  te n s io n  cra ck s  and
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drop 2 5 -4 0  f e e t ,  th e  p it  fa c e  to  be p u sh ed  o u t , and th e  to e  area o f th e  

s l id e  to  b e  "bulldozed"  s im ilar  to  to e  h e a v e . The m ateria l w ith in  th e  

s l id e  a t th is  s ta g e  h as b egu n  to  ru b b le ize  but i s  s t i l l  in  i t s  approxim ate  

r e la t iv e  p o s it io n  b efore  th e  fa ilu re  b e g a n .

Both th e  Foot w a ll and P ilo t Knob are part o f fa u lt sy s te m s  w ith  

many p a r a lle l fa u lts  and j o in t s . As m ining p ro g ressed  b e lo w  a 4 4 0 -fo o t  

v e r t ic a l r e l ie f ,  s o  d id  the ex te n t o f  th e  fa ilu r e . The m ain ch an ge  in  th e  

nature o f th e s l id e  during th is  se c o n d  p h a se  i s  i t s  grad u ally  b eg in n in g  

to  resem b le  a c ir c u la r -ty p e  s o i l  fa ilu re  rather th an  a stru ctu ra lly  c o n ­

tro lled  w ed ge fa ilu r e . Further m ovem ent app ears to  c a u s e  th e  s lid in g  

w ed ge  to  break u p . This is  sh ow n  by e ith er  to p p lin g  or s lo u g h in g  o f th e  

p it  rim and co n tin u ed  dow ndropping o f  th e  m ateria l b eh in d  th e  rim . The 

p it  fa c e  h as b ecom e s o  r a v e led  th a t th e  m ining b en c h e s  c a n  no lon ger  be  

id e n t if ie d . Figure 10 i l lu s tr a te s  th e  d eve lop m en t o f th e  NW TS.

E ffec tiv e  Rock M a ss  Strength

U n fo rtu n a te ly , th ere i s  not enough stru ctu ra l data to  a d eq u a te ly  

d e lin e a te  the p o s it io n  o f th e  tw o  co n tro llin g  f a u lt s .  B e c a u se  o f t h i s ,  

b a c k -c a lc u la t in g  th e  sh ea r  stren gth  o f  th e  fa ilu re  su r fa ce  by u s in g  a 

lim itin g  equilibrium  a n a ly s is  i s  not p o s s ib le .

T ran sition  Zone

M orphology

The tr a n s it io n  z o n e  i s  th e  reg ion  b e tw e en  th e  N orth w est Tripp 

s l id e  and th e  N o rth ea st Tripp s l id e .  A pproxim ately 600 fe e t  o f th e  p it  

rim f a l l s  in to  th is  z o n e . The c r e s t  o f th e  p it  here l i e s  a t an  e le v a t io n  o f



44

INITIAL STAGE , 400 ft VERTICAL RELIEF

ELEVATION
Tension Zone

7200-

Compression Zone

Intersection of the 
Controlling Faults Saddle Area

SECOND STAGE., 600 ft VERTICAL RELIEF

7400 -i

Slide Rubble

7100-

7 0 0 0 -

6700-

6600

CROSS SECTIONS LOOKING EAST , SCALE 1 in.- 300 ft

Figure 1 0 . S ch em a tic  c r o s s ’ s e c t io n  o f  th e  N orth w est Tripp 
s l id e  illu stra tin g  s l id e  d ev e lo p m en t



7 ,2 8 0  fe e t  and th e  p it cen ter  a t 6 ,6 7 0  f e e t ,  m aking th e  v e r t ic a l r e l ie f  

610 f e e t .  The p it  s lo p e  in  th is  zo n e  ran ges from a h igh  o f  35 d egree  on  

th e  ea ster n  end to  a lo w  o f 22 d e g r e ss  for th e  cen ter  a r ea .

Structure and R ocks

Three major fa u lts  (the P ilo t Knob, F o o tw a ll, and Kimberly) and  

th e ir  re la ted  sy s te m s  e x is t  in  th is  z o n e . The reg io n  b e tw e en  th e  P ilo t  

Knob and Kimberly fa u lts  ca n  b e  e x p e c ted  to  h ave  many p a r a lle l sm a ller  

fa u lts  and jo in ts  th at w ould b eh a v e  lik e  th e large  f a u l t s . The F ootw a ll 

fa u lt structure here c o n s is t s  o f  th e  m ain fa u lt p lu s  a l l  th e  d is c o n t in u it ie s  

re la ted  to  th e  bed d in g  and b e d d in g -p la n e  f a u l t s .

The in te r se c t io n  o f  th e  P ilo t  Knob and F o o tw a ll fa u lt sy s te m s  

w ould b e  th e  sam e a s  a lrea d y  d is c u s s e d  for th e  NW TS. The in te r se c t io n  

o f th e  F o o tw a ll and Kim berly fa u lts  p lu n g es ap p roxim ately  S .  1 5 ° E . a t  

3 2 ° .

On th e  sou th  s id e  o f th e  Kimberly fa u lt are tw o ty p e s  o f ro ck . 

A bove th e  6 ,9 0 0  e le v a t io n  are m ain ly  s h a le s  w ith  a str ik e  and dip p a ra l­

l e l  to  th e  F o o tw a ll sy s te m  and b e lo w  th is  depth  i s  m on zon ite  porphyry. 

On th e  p it fa c e  th e  s l id e  m ateria l app ears to  b e  m ain ly  m arble or c a l c -  

s i l i c a t e  skarns w ith  vary in g  d e g r ee s  o f o x id iz a t io n  and w eath erin g  

(F ig . 3 ) , but un d erly in g  th is  su r fa ce  rubble th ere m ay b e  m o stly  s h a le .  

One p ressu re  r id ge r e su lt in g  from d iffe re n tia l m ovem ent w ith in  th e  rubble  

in  th is  zon e  h as p u sh ed  up a f in e ly  ru b b le ized  (1 -6  in . )  s h a le ,  support­

ing  th e  c o n c lu s io n  th a t s h a le  u n d er lie s  m ost o f  th e  ru b b le .

45
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S lid e  M ovem ent

The tr a n s it io n  zo n e  co n ta in s  rem nants o f s l i d e s , w hich  re ­

sem b led  th e NWTS in  1955 and 1 9 6 6 . T h ese  rem nants are now  th e  very  

lo w  a n g le  rubble m ateria l ju s t  w e s t  o f  9 5 ,0 0 0  E . S in ce  1 9 7 0 , th e  m ove­

m ent here h a s b een  a further s lo u g h in g  o f th e  rubble m ateria l i t s e l f .  It 

app ears th at very  l i t t le  new  rock  h as b e e n  incorporated  in to  th e  s l id e .  

The to e  h as b een  p u sh ed  70 to  90 fe e t  in to  th e p it ,  w h ile  th e c r e s t  and 

upper s lo p e  appear to  h a v e  dropped v e r t ic a lly  (F ig . 8 ) .

Just w e s t  o f  9 5 ,0 0 0  E . i s  a d ifferen t s to r y . In th is  area o f th e  

s l id e  it  appears th a t a c o n s id e ra b le  am ount o f  new  m ateria l m ain ly  from 

th e  upper p ortion s o f th e  p it  h as b e e n  in corporated  (F ig . 8 ) .  A long th e  

rim one large b lo ck  h a s m oved a s  much as 120 f e e t  tow ard th e  p i t .  S im i­

lar d isp la cem en t ca n  b e  found in  th e  to e  of th e  tr a n s it io n  z o n e .

S lid e  M ech a n ics

In  th is  zo n e  th ere  i s  a tr a n s it io n  from th e  NWTS m ech a n ics  to  a 

new  typ e  o f w ed ge  fa ilu re  c a u se d  b y  th e  F o o tw a ll, K im berly, and M orris 

fa u lt  s y s t e m s . The rem nant o f th e  NWTS is  now  a rubble zo n e  th at ca n  

b e  e x p e c ted  to  b eh a v e  lik e  a c ircu la r  fa ilu r e . The w e a k e s t  m ateria l in  

th is  s l id e  is  a s h a le ,  w h ich  may u n d erlie  th e  a r e a . The very  low  a n g le  

o f r ep o se  (22°) for th is  rubble m ateria l ten d s  to  support t h i s .

The area ju s t  w e s t  o f 9 5 ,0 0 0  E . , w h ich  h a s b e e n  very  a c t iv e  in  

th e la s t  7 y e a r s , h a s  a very  co m p lex  fa ilu re  m ech a n ism . The tw o b lo c k  

diagram s in  Figure 11 il lu s tr a te  tw o p o s s ib le  m e c h a n ism s.

M ech an ism  A is  th e  in te r s e c t io n  o f th e  Kimberly fa u lt and th e  

F ootw a ll fa u lt s y s te m , w h ich  p lu n g e s  S .  1 5 ° E . a t 3 2 °  but d o e s  not



MECHANISM - A Footwall System

Kimberly Fault

P it Face

MECHANISM - B

Kimberly Fault

Morris System Fault

P it Face

Figure 1 1 . B lock  diagram s sh o w in g  p o s s ib le  
fa ilu re  m ech an ism s for th e  tr a n s itio n  zo n e  .
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.in te r se c t  the p it f a c e . To f a i l ,  one o f  th e  many s te e p ly  d ip p in g , 

n o r th ea st-str ik in g  jo in t s e t s  n eed s  to  b e  in c lu d ed  in  the m e c h a n ic s . In  

th e  Tripp Pit th e  fa ilu re  th a t i s  b e lie v e d  to  be c a u se d  by th is  m echanism  

r esem b les  a to p p lin g  fa ilu r e . As th e  b lo ck  started  to  m ove a graben  

formed behind  it  on  th e  fo o t w a ll s y s te m . T his grab en , a c tin g  a s  a nearly  

v e r t ic a l ,  g ra v ity -d r iv en  w e d g e , w ould fo rce  th e  upper portion  o f th e  

b lo ck  to  m ove fa s te r  th an  th e  low er  p o rtio n . Another ex p la n a tio n  cou ld  

be th at a s  th e  b lo c k  m oved p a s t  th e  p it fa c e  i t s  lea d in g  ed g e  b ecam e  

supported by o n ly  th e rubble m ater ia l a lread y  on  th e  f a c e .  The te n s io n  

c a u sed  by th is  broke o ff th e  lea d in g  e d g e , w hich  w as rotated  forward by  

a d d itio n a l ru b b le ized  rock  fa ll in g  in  beh ind  th e  b reak . This i s  s im ila r  to  

th e  overturning fa ilu re  o f a reta in in g  w a ll .

M ech an ism  B is  a w e d g e -ty p e  fa ilu re  c a u se d  b y  th e  in t e r s e c ­

t io n  o f th e  Kimberly fau lt and on e o f  th e  p a r a lle l fa u lts  in  th e  M orris 

fa u lt s y s te m . One o f th e s e  p a r a lle l fa u lts  w as m apped in  th e  area (F ig . 

3 ) . The in te r se c t io n  o f th e  m apped M orris fa u lt sy ste m  and th e  Kim berly 

fa u lt p lu n g es  in to  th e  p it a t 1 7 ° ,  S . 4 0 °  W . This com bined w ith  a lo w  

fr ic tio n  a n g le  for th e  tw o fa u lts  (around 10°) c a u se d  th e  w ed ge to  s l id e  

in to  th e  p it .

E ffec tiv e  Rock M a ss  Strength

A H oek w ed ge fa ilu re  a n a ly s is  w as run on  both  m ech an ism s  

illu s tra ted  in  Figure 1 1 . For m echanism  A th e  input data w ere:

1 . P lane A (Kimberly fa u lt): s tr ik e , N . 7 0 ° E .;  d ip , 3 3 °  SE; fr ic ­

tio n  a n g le , 1 2 .7 ° ;  c o h e s io n , z e r o .
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2 . P lane B (joint in  lim esto n e ):  s tr ik e , N . 1 0 ° E . ,  d ip , 6 0 ° N W .;  

fr ic tio n  a n g le , 28°; c o h e s io n , 1 ,0 0 0  lb / f t 2 .

3 . T en sio n  crack: 250 ft  beh in d  rim; str ik e  N . 4 0 ° W .;  d ip , 70o SW .

4 .  P it fa c e :  s tr ik e , N . 5 0 ° W .;  d ip , 4 0 °S W .

5 .  W ed ge  a b o v e  w ater ta b le :  rock  d e n s ity , 160 Ib /f t^ .

6 . Other ex tern a l fo r c e s :  n o n e .

7 .  V ertica l r e lie f :  225 f t .

This a n a ly s is  y ie ld e d  a s a fe ty  factor  o f 1 .0 0 .

For M ech an ism  B th e  input data w ere:

1 . P lan e A (Kimberly fa u lt): s tr ik e , N .7 0 ° E . ;  d ip , 3 3 ° S E .;  fr ic ­

t io n  a n g le ,  1 2 .7 ° ;  c o h e s io n , 150 lb / f t 2 .

2 . P lan e B (M orris fa u lt  sy ste m ): s tr ik e , N . 0 5 ° E .;  d ip , 2 5 ° NW; 

fr ic tio n  a n g le ,  1 2 .7 ° ;  c o h e s io n , 150 lb / f t 2 .

3 .  T en sio n  crack : 250 ft  beh in d  rim; s tr ik e , N . 4 0 ° W .;  d ip , 7 0 ° SW .

4 .  P it fa c e :  s tr ik e , N . 5 0 ° W .;  d ip , 4 0 ° SW .

5 . W ed ge a b o v e  w ater ta b le :  rock  d e n s ity , 160 Ib /f t^ .

6 . Other ex tern a l fo r c e s :  n o n e .

7 . V ertica l r e lie f:  225 f t .

This a n a ly s is  y ie ld e d  a s a fe ty  factor  o f 0 .9 2 .  Thus both  p rop osed  fa ilu re  

m ech an ism s y ie ld e d  a s a fe ty  fa c to r  o f on e or l e s s  and are th erefore  v a lid  

m e c h a n ism s .

N o rth east Tripp S lid e

The N o rth east Tripp s l id e  (NETS) fa ilu re  i s  on e  o f  th e  m ost in ­

te r e s tin g  in  the p it .  I ts  sh ear  s i z e ,  33 m illio n  t o n s ,  m akes it  one o f  th e  

la r g e s t  s lo p e  fa ilu r es  a ttr ib u tab le  to  o p e n -p it  m in in g . The NETS h a s
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b e e n  and w ill  b e  a major c o n s id e ra tio n  in  ev a lu a tin g  future m ining in  th e  

Tripp P it .

W hen in  1970 th e  ex te n t o f th e  fa ilu re  w as r e c o g n iz e d , four 

diam ond d r ill h o le s  w ere p la c e d  to  o b ta in  more inform ation  about th e  

co n tro llin g  fa u lts  under th e  s l id e .  T h ese  data and data from 22 o ld er  

churn d r ill h o le s ,  underground g e o lo g ic  m apping o f th e  M orris w o rk in g s, 

w hich  l ie  a t th e  to e  o f th e fa ilu r e , and som e rec e n t su rfa ce  g e o lo g ic  

m apping h ave  m ade it  p o s s ib le  to  m ake a fa ir ly  a ccu ra te  d eterm ination  

o f th e  g e o lo g ic  structure co n tro llin g  th e fa ilu r e . In  a d d itio n , fa u lt g o u g e  

te s t in g  w as done s p e c if ic a l ly  to  y ie ld  stren gth  data r e lev a n t to  th e  NETS.

D uring th e  fa ilu r e 's  m ost a c t iv e  period  (first h a lf  o f 1 9 7 0 ), th e  

Bureau o f M in es  in it ia te d  a m ic r o se ism ic  in v e s t ig a t io n  (M errill and  

S tateh am , 1 9 7 0 ). The h ig h e s t  s e is m ic  n o is e  ra te  w as recorded  in  April 

1 9 7 0 , w h ich  corresp on d ed  to  th e  fa ilu r e 's  h ig h e s t  v e lo c i t y .  After M ay  

1 9 7 0 , both th e  n o is e  rate  and th e  v e lo c i ty  d e c r e a se d  rap id ly  (F ig . 1 2 ) .

The o v e ra ll m ovem ent o f  th e  NETS and th e  d iffe re n tia l m ovem ent 

w ith in  th e s l id e  c a n  b e  b e tter  u n d erstood  th an  m ovem ent in  other fa ilu res  

in  th e  Tripp Pit b e c a u s e  a su rv ey  net c o n s is t in g  o f  27 s ta t io n s  w as e s ­

ta b lis h e d . T h ese  p o in ts  w ere m onitored bim onth ly  from February 1970  

to  February 1971 during th e  s l id e 's  m ost a c t iv e  p e r io d . For my s tu d y , 

th e  su rvey  n et w as resu rv ey ed  in  July 1977 and th e  to ta l m ovem ent to  

d ate  d eterm in ed . The data h a v e  b een  p resen ted  in  v e c to r  form on Figure  

3 for th e  f ir s t  year (February 1970 to  February 1971) and on F igure 8 for  

th e  accu m u la ted  m ovem ent to  d a te  (February 1970 to  July 1 9 7 7 ).
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M orphology

The NETS is  s t i l l  b a s ic a l ly  in ta ct and o n ly  th e  north w estern  

portion  o f  th e  p it  rim h a s b egu n  to r u b b le iz e . This s e c t io n  h as b e e n  in ­

c lu d ed  in  the tr a n s it io n  z o n e , and th e  rubble m ater ia l in  th e  tra n s itio n  

zo n e  h a s an  a n g le  o f rep o se  b e tw e e n  27 and 35 d e g r e e s . The so u th e a s t ­

ern portion  o f th e  p it fa c e  in  front o f th e  s l id e  sh o w s o n ly  a fe w  s ig n s  

th at it  h as b e e n  in v o lv ed  in  a m ajor fa i lu r e . The m ining b en c h e s  sh ow  

th e  e f fe c t s  o f w eath erin g  but are b a s ic a l ly  in ta c t .  I f  i t  w as not for th e  

four su rvey  m onitoring s ta t io n s  a lon g  th is  s e c t io n  o f  th e  p it  f a c e ,  it  

w ould b e  hard to  prove b y  m orp h olog ica l e v id e n c e  th a t th e  entire fa c e  

h a s m oved an  e st im a te d  28 f e e t  tow ard th e  p it .

The fa ilu r e  h a s in v o lv ed  ap p rox im ately  1 ,5 0 0  fe e t  o f th e  p it  

rim . The rim ran g es in  e le v a t io n  from 7 ,2 8 0  to  7 ,1 8 0  f e e t .  The v e r t ic a l  

r e l ie f  in  front o f th e  s l id e  a v e ra g e s  550 f e e t .  B ehind th e  rim tw o m ain  

te n s io n  z o n e s  h a v e  d e v e lo p e d . The f i r s t , 600 fe e t  beh in d  th e  rim , h as  

r e su lte d  in  th e  form ation o f a g ra b en , w h ich  i s  25 fe e t  w id e and 8 fe e t  

d e e p . The sec o n d  major crack  i s  1 ,0 0 0  fe e t  beh in d  th e  rim . The te n s io n  

cra ck s and z o n e s  s tr ik e  N . 4 0 - 4 5 °  W . , w hich  i s  th e  sam e str ik e  a s  th at 

o f th e  F o o tw a ll structure throughout th e  a rea .

The so u th ea s te rn  s id e  o f th e  fa ilu re  h a s  d e v e lo p e d  a large  scarp  

crea ted  b y  th e  s l id e ' s  28 fe e t  o f d isp la c e m e n t. This c ra c k , w h ich  i s  

com parable to  a le f t - la te r a l  s t r ik e - s l ip  fa u lt , s tr ik e s  N . 3 8 ° E . and  

roughly p a r a lle ls  th e  M orris fa u lt .  On th e  n orth w estern  s id e  o f th e  f a i l ­

u re , th e  s t r ik e - s l ip  nature o f  th e  m ovem ent i s  m ask ed  by 1 2 0 -fo o t- th ic k  

m ine d u m p s. H ere th e  cra ck s  str ik e  N . 6 8 °  E . , rough ly  p a r a lle l to  th e  

Kim berly fa u lt .
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Structure and Rock T ypes

The Kim berly and M orris fa u lts  are th e  co n tro llin g  stru ctu res  

un derly ing th e  NETS. Their in te r s e c t io n  p lu n g es  S . 4 8 ° W . , a t 1 3 ° .  It 

i s  th is  sh a llo w  in te r s e c t io n  th a t h a s  crea ted  th e  u n u su a lly  la r g e , 3 3 -  

m illio n -to n  w e d g e .

The tw o c r o s s  s e c t io n s  sh ow n  on  Figure 4 i l lu s tr a te  th e  c o n ­

tro llin g  structure and rock  ty p e s  in  th e  NETS. A lm ost th e  entire area i s  

u n d erla in  by w ea k ly  p r o p y lit ic a lly  a ltered  m on zon ite  porphyry (can  b e  

c o n s id ered  "fresh" porph yry). It i s  th is  lo w -p er m e a b ility  rock  th at i s  

p a r tia lly  r e s p o n s ib le  for th e  h igh  p erch ed  w ater ta b le  w ith in  th e  s l id e .  

A ll th e  rock s a b o v e  th e  M orris and Kimberly fa u lts  c a n  b e  co n s id ered  

part o f th e  F o o tw a ll s y s te m . B a s ic a lly  th ey  are in terb ed d ed  s k a r n s , 

h o r n fe ls , s h a l e s , and m a r b le s , w h ich  are g e n e ra lly  sep a ra ted  by  

b ed d in g -p la n e  fa u lts  th a t str ik e  N . 3 5 -4 5 °  W . and dip s te e p ly  (4 0 ° S W .-  

v e r t ic a l) .  Starting from th e  to e  o f th e  fa ilu r e , w hich  i s  a ls o  th e  lo c a t io n  

o f th e  m ain F o o tw a ll fa u lt ,  and w orking b ack  to  th e  n o rth ea st in to  th e  

p it  fa c e  and fa ilu r e , th e  rock  ty p e s  ch a n g e  a s  fo llo w s :

1 . M arble and s k a r n s , 2 0 0 -4 0 0  fe e t  th ic k , lo c a l ly  intruded by  

sm a ll p lu g s  o f  rh y o lite  b r e c c ia s  and sm a ll d ik es  o f h ig h ly  a l­

tered  m on zon ite  porphyry.

2 . C hainm an S h a le , 300 fe e t  th ic k , g e n e ra lly  a ltered  to  a hard 

h o r n fe ls .

3 .  M arb le , 0 -2 0 0  f e e t  th ic k , w ith  som e s k a r n s . T h ese  w ere prob­

a b ly  th ru st in to  th e  c en ter  part o f th e  C hainm an S h a le .

4 .  S h a le , up to  1 ,0 0 0  fe e t  th ic k , g e n e ra lly  fresh er  th an  th e  horn­

f e ls  on th e  w e ste r n  s id e  o f  th e  marble l e n s .



W ith in  100 fe e t  o f th e  s u r fa c e , a l l  rock  ty p es  b ecom e w eath ered  and  

o x id iz e d . The su r fa ce  area i s  co v ered  b y  a sh a llo w  allu vium  or on th e  

northw estern  s id e  o f th e  s l id e  b y  up to  120 fe e t  o f m ine du m ps.

S lid e  M ovem ent

The Kimberly repair sh o p s  are a str ik in g  exam ple o f w hat s l id e  

m ovem ents c a n  do to  stru ctu res ab ove  th em . The co n cre te  flo o rs  are 

e x te n s iv e ly  crack ed  w ith  som e o f th e  cra ck s h av in g  se v e r a l f e e t  o f  both  

v e r t ic a l and h o r izo n ta l d is p la c e m e n ts . The b u ild in g s  t h e m s e lv e s , b e in g  

co n stru c ted  o f s t e e l ,  h a v e  not c o l la p s e d ,  but s e v e r a l h a v e  w a lls  lea n in g  

15 d e g r ee s  from th e  v e r t ic a l .  The sh o p s w ere abandoned in  1970 b e c a u s e  

o f th e  m ovem ent o f  th e  NETS.

V e lo c it ie s  recorded  at 13 o f th e  cen tra l p o in ts  o f  th e  2 7 -p o in t  

su rvey  n et e s ta b lis h e d  to  m onitor th is  s l id e  w ere averaged  for ea ch  o f  

th e  b im onth ly  p e r io d . T h ese  data are p resen ted  in  Figure 1 2 . B ased  on  

th e  ch a n g es  in  v e lo c i t y ,  m ovem ent o f  th e  NETS h a s b e e n  d iv id ed  in to  

th ree p e r io d s .

The in i t ia l  period  i s  from January 2 6 , 1 9 7 0 , w hen  th e  n et w as  

e s t a b lis h e d , to  April 1 8 , 1 9 7 0 . During th is  p er io d , and probably for 

s e v e r a l m onths b e fo r e , th e  fa ilu re  w as a c c e le r a t in g . The av era g e  v e lo c ­

ity  in c r e a se d  from 0 .0 2 9  f t /d a y  during th e  period  from January 26 to  

February 9 to  th e  maximum record ed  average  v e lo c i ty  o f 0 .0 7 0  f t /d a y  

during th e  period  b e tw e e n  April 4 and April 1 8 . One s ta t io n  recorded  a 

v e lo c i ty  a s  h ig h  a s  0 .0 9 1  f t /d a y  during th e  la tter  m easuring p e r io d . Two 

h is to r ic a l e v e n t s ,  w h ich  w ill  b e  d is c u s s e d  more e x t e n s iv e ly ,  h ap pened  

during th is  tim e: th e  bottom  o f th e  p it  a t th e  to e  o f  th e  fa ilu re  w as b e in g
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a c t iv e ly  m in ed , and 1 .1 0  in c h e s  o f  p rec ip ita tio n  in  M arch and another  

1 .1 9  in c h e s  in  April w ere added to  th e  spring ru n off.

The se c o n d  p eriod  i s  from April 1 8 , 1970 to  February 14 , 1 9 7 1 , 

w hen th e m onitoring w as ab an d on ed . This w as a period  o f d e c e le r a tio n  

during w h ich  th e  a v era g e  v e lo c i ty  dropped a s  lo w  a s  0 .0 1 2  f t /d a y .  There 

w as no s ig n if ic a n t  m ining around th e  to e  during th is  p er io d , and after  

O ctober 1970 m ost m ining w as done 200 fe e t  n o rth ea st o f th e  to e  a r e a .

The g en era l d e c e le r a t io n  had tw o  su b p eriod s marked by a s l ig h t  a c c e le r a ­

tio n  (F ig . 1 2 ). Both o f th e s e  su b p eriod s corresp on d ed  roughly  to  th e  

p eriod s o f h igh  p r e c ip ita tio n  during June and J u ly , 1970 and a g a in  in  

N ovem ber and D ecem b er , 1 9 7 0 .

The third period  ex ten d s  from th e  tim e w hen th e  la s t  m easu re­

m ents w ere m ade for th e  s lo p e  s ta b il i ty  m onitoring program on February  

1 4 , 1971 to  July 1 9 7 7 , w hen  th e  su rv ey  n et w as resu rv ey ed  for th is  s tu d y . 

No m ining w a s d on e in  th e  p it  during th is  p er io d , and th e  m ost s ig n i f i ­

can t period  o f r a in fa ll w as in  M ay 1 9 7 7 , w hen 3 .8 7  in c h e s  o f p r e c ip ita ­

tio n  f e l l .  The a v era g e  v e lo c i ty  over th is  6 . 5 -y e a r  period  w as 0 .0 0 5  

f t /d a y .  This in d ic a te s  th a t th e  fa ilu re  had con tin u ed  to  d e c e le r a te  and 

m ay b e  m oving a t a much s lo w er  v e lo c i ty  to d a y  (in  th e  range o f  0 .0  to

0 .0 0 2  f t /d a y ) .

The to ta l d isp la ce m e n t recorded  by th e  su rv ey  net a veraged  

2 3 .2  fe e t  for th e  12 cen tra l s ta t io n s  w ith  a standard d e v ia tio n  of 2 .8  

f e e t .  A ssum ing a c o n s ta n t a c c e le r a t io n  and th e  v e lo c i ty  ch an ged  from  

0 to  0 .0 2 8  f t /d a y  over on e  y e a r , 5 fe e t  o f  m ovem ent c a n  b e  e stim a ted  

prior to  th e  e s ta b lish m e n t o f  th e  su rv ey  n e t . This m akes th e  to ta l d i s ­

p la cem en t to  d a te  for NETS w ed ge  o f th e  order o f  28 f e e t .

55
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The d ir e c tio n  o f th e  m ovem ent i s  a ls o  im portant. To show  t h i s , 

th e  d isp la ce m e n t o f  ea ch  in d iv id u a l s ta t io n  h as b e e n  red u ced  to  a d ir e c ­

t io n a l v e c to r  w ith  a s p e c if ie d  p lu n g e . V ectors for m otion  during th e  f ir s t  

tw o p eriod s (February 1970 to  February 1971) are show n on Figure 3 , and  

th e  o n e s  for th e  en tire  p eriod  o f m onitoring through July 1977 are show n  

on  Figure 8 . E x cep t for tw o an om alous v e c t o r s , w h ich  ca n  b e  ex p la in ed  

by e ith er  proxim ity  to  th e  ed g e  o f th e  s l id e  or an u n u su a l te n s io n  crack  

n ea rb y , th e  d ir e c tio n s  o f th e  v e c to r s  p a r a lle l th e  p rop osed  in te r se c t io n  

of th e  tw o co n tro llin g  fa u lt s .  The in c r e a s e  in  th e  v e r t ic a l com pon en ts  

(the p lu nge) o f th e  v e c to r s  during th e  third period  o f m ovem ent w il l  be  

d is c u s s e d  in  th e  s e c t io n  on fa ilu re  m e c h a n ic s .

E ffec tiv e  Rock M a ss  Strength

B a c k -c a lc u la te d  S tren gth . B efore th e  s l id e  m ech a n ics  ca n  be  

in v e s t ig a te d , th e  s tren g th s  o f  th e  co n tro llin g  fa u lt  z o n e s  n eed  to  b e  

e s t a b lis h e d . W hen th e  fa ilu re  f ir s t  b e g a n , th e  fo r c es  a c tin g  on  th e  

w ed ge ch an ged  s o  th a t th e  s lid in g  fo r c es  were s l ig h t ly  greater  th an  th e  

fo r c es  r e s is t in g  th e  s l id in g . The s a fe ty  factor  ch an ged  from greater  th an  

one and g iv e n  th e  fo r c es  r e su lt in g  from th e geom etry  o f th e  w ed ge and  

th e  w ater w ith in  th e  fa i lu r e , th e  stren gth  o f th e  co n tro llin g  fa u lts  c a n  b e  

b ack  c a lc u la te d . Such a w ed ge  fa ilu re  a n a ly s is  w as done on th e  NETS 

u s in g  th e  m ethod o u tlin ed  by H oek  and Bray (1 9 7 7 ). F o llo w in g  are the  

input param eters for th a t a n a ly s is :

1 . P lan e A (Kimberly fau lt: s tr ik e ,N . 6 9 ° E .;  d ip , 3 3 ° S E .

2 . P lane B (M orris fau lt): s tr ik e , N . 2 4 ° E .;  d ip , 3 1 ° NW .

3 . Pit fa c e :  s tr ik e , N . 5 0 ° W .;  d ip , 3 7 ° SW .
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4 .  Top of w ed ge: f la t ,  a t 7 , 2 0 0 -fo o t  e le v a t io n .

5 . Toe of w ed ge: a t 6 ,6 0 0 - f o o t  e le v a t io n .

6 . T en sio n  crack : 1 ,0 0 0  fe e t  b eh in d  rim; s tr ik e , N . 5 0 ° W .;  d ip ,  

7 0 °  SW .

7 . W ater ta b le :  a s  sh ow n  on  F igure 9 .

8 . Rock d e n s ity :  160 lb / f t ^ .

9 . W ed ge w eig h t: 3 3 .0  m illio n  to n s  (from p lan im etry ).

D e ta ils  o f  th is  a n a ly s is  ca n  be found in  A ppendix B . One w ay o f rep re­

sen tin g  th e  p o s s ib le  s o lu t io n s  i s  to  a ssu m e  th a t th e  tw o fa u lts  h a v e  th e  

sam e s tren g th . The s o lu t io n s  c a n  b e  rep resen ted  by a lin e  on a graph o f  

c o h e s io n  v s .  fr ic tio n  a n g le  a s  w a s done for Figure 1 3 . T hus, i f  th e  c o ­

h e s io n  w as 1 ,0 0 0  lb / f t 2 ,  th e  fr ic tio n  a n g le  w ould b e  1 0 .7  d e g r e e s ;  and  

i f  th e  c o h e s io n  w a s z e r o , th e  fr ic tio n  a n g le  w ould b e  1 2 .8  d e g r e e s .'

Another a s p e c t  o f th is  w ed ge  fa ilu re  a n a ly s is  is  how  th e  fr ic ­

t io n  a n g le s  o f th e  tw o fa u lts  in te r r e la te . I f on e p la n e  w as te s t e d  and  

found to  h a v e  a fr ic tio n  a n g le  greater  th an  1 2 .8  d e g r e e s ,  th e  other fa u lt  

p la n e  w ould h ave  to  h a v e  a low er  fr ic tio n  a n g le . G oodm an (1976) pre­

se n te d  a m ethod for determ in in g th is  by u s in g  a s tereo g ra p h ic  p ro ject  

and th e  fr ic tio n  c ir c le  c o n c e p t . This ca n  a ls o  b e  determ ined  b y  a ssu m ­

in g  equal c o h e s io n s  in  th e  tw o  fa u lt p la n e s  in  th e  H oek  lim itin g  e q u ilib ­

rium a n a ly s i s .  Su ch  an  a n a ly s is  w ith  zero  c o h e s io n  y ie ld s  th e  eq u ation :

2 . 1 0 t a n ^  + 2 .2 8  tan  = 1 .0 0

From t h i s ,  i f  p lan e  A (Kimberly fau lt) w as found to  h a v e  a fr ic tio n  a n g le  

= 1 4 .5 ° ,  p la n e  B (M orris fau lt) w ould h a v e  to  h a v e  a fr ic tio n  a n g le  o f  

1 1 .3 °  to  k eep  th e  s a fe ty  fa c to r  eq u a l to o n e . This a n a ly s is  w as
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rep ea ted  for v a r iou s c o h e s io n s  b e tw e en  zero  and 2 ,0 0 0  lb / f t 2 and th e  

r e su lts  p lo tted  in  F igure 1 4 .

B a c k -c a lc u la te d  v s .  T ested  S tren gth . On Figure 13 both th e  

b a c k -c a lc u la te d  stren gth  (assu m in g  eq u al fr ic tio n  a n g le s  and c o h e s io n  

for th e  tw o co n tro llin g  fa u lts ) and th e  a v era g e  stren gth  c a lc u la te d  from 

th e  d irect sh ea r  te s t in g  o f  th e  c la y  fa u lt go u g e  are p lo t te d . As ca n  be  

s e e n ,  both stren g th s com pare v ery  fa v o ra b ly , e s p e c ia l ly  w hen th e  s ta n ­

dard d e v ia tio n  s t a t i s t ic s  o f th e  sh ea r  data i s  c o n s id e r e d . In  a d d itio n , 

th e  b a c k -c a lc u la te d  stren gth  i s  v ery  s e n s i t iv e  to  th e  o r ien ta tio n s  o f th e  

tw o co n tro llin g  s tr u c tu r e s . C h a n g es in  th e  str ik e  or d ip  o f e ith er  fa u lt  

co u ld  ch an ge  th e  b a c k -c a lc u la te d  fr ic tio n  a n g le . The a ccu ra cy  o f  th e  

structural in terp reta tion  for th e  Kim berly and M orris fa u lts  is  b e lie v e d  

to  be good  but not to  w ith in  on e or tw o  d e g r ee s  o f  e ith er  str ik e  or d ip .

The q u e s tio n  a r is e s  a s  to  w hy th e  te s te d  re s id u a l stren gth  of a 

th ick  fa u lt zo n e  sh ou ld  b e  more r ep re sen ta tiv e  o f th a t z o n e 's  e f fe c t iv e  

stren gth  th an  th e  t e s t e d  p ea k  stren gth  o f th e  fa u lt g o u g e . As sh ow n  in  

Figure 5 , th e  g o u g e  i s  far from h o m o g en eo u s . W ith in  th e  zo n e  th ere  ca n  

b e e x p e c ted  to  b e  su b z o n e s  in  w h ich  th e  go u g e  i s  w ea k er . This cou ld  

b e w here m ovem ent la s t  occu rred  on th e  fa u lt . For m ost o f  th e  t e s t  sam ­

p le s ,  th e  p ea k  sh ea r  fo rce  w as rou gh ly  tw ic e  th e  r e s id u a l s tr en g th . The 

e x c e p tio n  w a s sam p le  2 -6  (te s te d  a t 227 p s i  norm al p r e ssu r e , s e e  Ap­

p en d ix  A ). The p ea k  and r e s id u a l stren gth s o f th is  sam p le  w ere a lm o st  

e q u a l, su g g e s t in g  th a t su b z o n e s  e x is t e d  w ith in  th e  te s t e d  sa m p les  w here  

th is  w as tru e . Skem pton (1964) cam e to  a s im ila r  c o n c lu s io n .
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S lid e  M ech a n ics

A lthough th e  NETS ca n  b e  c o n s id e re d  an  in ta c t  w e d g e , i t  i s  

a c tu a lly  d is s e c t e d  in to  m any p a r ts , a l l  b eh av in g  d if fe r e n t ly . As ca n  be  

s e e n  from th e  v e c to r  m ovem ents (F ig s . 3 and 8) w ith in  th e  w ed g e  th ere  

h as b e e n  n o t ic e a b le  d iffe re n tia l m ovem en t. In d is c u s s in g  th e  s l id e  

m e c h a n ic s , f ir s t  th e  co m p le te  w ed ge  th en  th e  m ech a n ics  w ith in  th e  f a i l ­

ure w il l  b e  d i s c u s s e d .

The C om p lete  W e d g e . The m ovem ent o f th e  w ed ge  ca n  b e  c l o s e ­

ly  corre la ted  w ith  m ining a c t iv ity  in  th e  Tripp P it . The w ed ge cou ld  not 

f a i l  u n til m ining had d eep en ed  th e  p it to  th e  depth w here th e  co n tro llin g  

structure w a s a lm o st day l ig h te d . The f ir s t  m ovem ent on th e  s l id e  appear  

to  h ave  occu rred  in  July 1968 w hen  som e cra ck s w ere n o ticed  in  th e  c o n ­

cre te  fo u n d ation s o f  on e  o f  th e  b u ild in g s  in  th e  Kimberly repair sh o p s  

(Ko, 1 9 7 0 ). At th is  t im e , th e  cra ck s  w ere a ttrib uted  to  s e t t l in g .  The 

f ir s t  s ig n if ic a n t  m ovem ent b e g a n  a year and a h a lf  la ter  w hen  "in Janu­

ary 1970 large cra ck s  in  th e  sh op  flo o rs  b egan  to  en large  and i t  b ecam e  

o b v iou s th at th e  b u ild in g s  w ere b e in g  p u lled  apart" (D im ock , 1 9 7 0 , p .

6 ) . By January 1 9 7 0 , m ining had d eep en ed  th e  p it to  i t s  p resen t depth  

th u s d ay  lig h tin g  a l l  e x c e p t  th e  v ery  to e  o f th e  w e d g e . W ith out th e  e x ­

tern a l fo rces  ex er ted  by th e  to e  c o n s tr a in ts , th e  w ed ge w as a t a sa fe ty  

fa c to r  l e s s  th an  o n e .

W hen th e  fa ilu re  b eg a n  not a l l  o f th e  to e  co n stra in t w a s r e ­

m oved . The e f f e c t iv e  stren gth  o f  th e  rem aining co n stra in t m ay h av e  b e e n  

p a r tia lly  d estro y ed  by th e  s w e llin g  p r e ssu r e s  ex erted  by th e  m ontm oril- ' 

Ion ite  in  th e  co n tro llin g  f a u lt s ,  th us a llo w in g  the fa ilu re  to  b e g in . W hen
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th e  rock  ab o v e  su ch  a fa u lt  zo n e  i s  rem oved so  th at th e  normal p ressu re  

i s  l e s s  than th e  s w e llin g  p ressu re  o f th e  satu rated  c la y ,  th e  c la y  in  th e  

fa u lt z o n e s  s w e l ls  u n til th e  p r e ssu r e s  are returned to  equilibrium  (Barton, 

1 9 7 4 ). In th e  c a s e  o f th e  rem ain ing m ateria l in  front o f th e  NETS, th e  

sw e llin g  m ay h a v e  c a u se d  a c o n s id e ra b le  lo s s  in  th e  e f fe c t iv e  stren gth  

of th is  b u ttr e s s . O nce th e  fa ilu re  s ta r ted , i t  a c c e le r a te d  u n til m id-A pril 

1 9 7 0 . Such an a c c e le r a t io n  w ould b e  e x p e c ted  i f  th e  s lid in g  fo r c es  due 

to  grav ity  are grea ter  th an  th e  r e s is t in g  fo r c e s .  After April 1 9 7 0 , th e  

m otion o f th e  w ed g e  d e c e le r a te d . The b ig g e s t  s in g le  factor  app ears to  be  

th a t m ining at th e  to e  o f th e  s l id e  ended in  April (F ig . 8 ) .  F o llo w in g  th is  

th e  w eig h t o f  th e  to e  co n stra in t w a s in c r ea se d  by ru b b le ized  rock  th at  

s lo u g h ed  onto  th e  to e  area from tr a n s it io n  zo n e  s l i d e s . O nly a fe w  

th ou san d  to n s  o f th is  rubble m ateria l appear to  h a v e  brought th e  w ed ge  

b a ck  in to  eq u ilib r iu m . Another ex p la n a tio n  o f  th is  rapid d e c e le r a tio n  

a r is e s  from th e p la s t ic  nature o f  th e  g o u g e . W here e x p o sed  b y  o p e n -p it  

m in in g , th e  g o u g e  co u ld  h ave  c o n c e iv a b ly  started  to  flo w  out o f th e  fa u lt  

z o n e . This flo w a g e  w ould  not h av e  b e e n  o b serv a b le  b y  th e  en g in eers  a t  

th a t tim e due to  th e  fa c t  th a t m ost o f th e  s lo p e s  w ere co v ered  by rubble  

m a ter ia l. This co u ld  co n tin u e  u n til th e  s id e s  o f th e  fa u lt z o n e s  near th e  

p it  fa c e  com e in to  c o n ta c t  w ith  ea ch  o th er , w h ich  w ould r a ise  th e  e f f e c ­

t iv e  stren gth  o f th e  o v e r a ll z o n e . W ith  th e  apparent s l ig h t  d iffe re n c e  b e ­

tw e e n  th e  r e s is t in g  fo r c e s  and th e  s lid in g  fo r c e s ,  th ere  are many other  

p o s s ib i l i t ie s  for ex p la in in g  w hy th e  s l id e  returned to  eq u ilib riu m .

M ech a n ics  w ith in  th e  NETS. D ifferen t parts w ith in  th e  w ed ge  

h ave b eh aved  s l ig h t ly  d iffe re n tly  th an  th e  o v era ll w e d g e . The in d iv id u a l



fa ilu re m echanism  w ith in  th e s e  parts i s  im portant to  un d erstan d in g  the  

o v era ll nature o f  th e  NETS.

W alk in g  from th e  fu rth est t e n s io n  crack  tow ard th e  p it  rim , 

many te n s io n  cra ck s  are o b serv ed  b e tw e en  th e rim and th e  fu rth est t e n ­

s io n  c ra c k . On m ost o f t h e s e ,  th e  p it  s id e  h a s b e e n  dow ndropped a n y­

w here from a c o u p le  o f  in c h e s  to  2 .5  f e e t .  T h ese  te n s io n  cra ck s g e n e ra l­

ly  p a r a lle l th e  s tr ik e  o f th e  F o o tw a ll s y s te m , and it  w ould seem  h ig h ly  

u n lik e ly  th a t th e  cra ck s  not fo llo w  th e  bedd ing and b e d d in g -p la n e  fa u lts  

o f th is  sy ste m  a t d ep th .

B a sed  on  th e  nature o f  th e  te n s io n  cra ck s  and th e  v e c to r  m ove­

m ent d a ta , th e  m ech a n ic s  w ith in  th e  s l id e  h as b e e n  d iv id ed  in to  tw o  

s t a g e s ,  w h ich  are illu s tr a te d  o n  F igure 1 5 . The ch an ge from th e  f ir s t  

s ta g e  to  th e  s e c o n d  s ta g e  w as g ra d a tio n a l and probably  occu rred  in  th e  

1st h a lf  o f 1 9 7 0 . The f ir s t  s ta g e  ca n  b e  ch a ra cter ized  b y  lim ited  d ifferen­

t ia l  m ovem ent w ith in  th e  F o o tw a ll sy s te m  and b y  th e  d isp la ce m e n t v e c ­

to rs ' p a r a lle lin g  th e  in te r s e c t io n  o f co n tro llin g  s tr u c tu r e s . The fa ilin g  

w ed ge w as b a s ic a l ly  b eh a v in g  a s  a s in g le  m a s s .

The se c o n d  s ta g e  c a n  b e  ch a ra cter ized  b y  th e  breakup o f th e  

w e d g e . D ip - s l ip  m ovem ent a lon g  th e  F ootw a ll structure b eg a n  a s  th e  

bottom  o f th e  b lo c k s  w ith in  th e  w ed g e  m oved further tow ard th e  p it  th an  

th e  top p o r tio n s . T his ro ta tio n  w ould ex p la in  w hy th e  v e r t ic a l com pon en ts  

o f th e  m ovem ent v e c to r s  g rea tly  in c r e a se d  during th is  p eriod  and a ls o  th e  

d ip - s l ip  m ovem ent on  th e  p it  s id e  o f m ost o f th e  te n s io n  c r a c k s . During  

th e  sec o n d  s t a g e ,  th e  ro ta tio n  o f th e  b lo c k s  co u ld  h ave  b e e n  a id ed  by  

p la s t ic  f lo w  w ith in  th e  fa u lt  z o n e s . There e x is t s  th e  p o s s ib i l i t y  th a t th e  

g o u g e  h as b e e n  to ta lly  sq u e e z e d  out in  p la c e s  but to  prove su ch  a th eory
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m echanism
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w ould in v o lv e  d r illin g  s e v e r a l diam ond d r ill h o le s  to  s e e  i f  th e  w idth o f  

th e  fa u lt h a s  c h a n g e d .

A pparently th e  n orth w est h a lf  o f  th e  p it  s id e  m oved fa s te r  and  

entered  th is  se c o n d  s ta g e  ea r lier  th a n  th e  so u th ea ste rn  h a lf .  One p o s ­

s ib le  e x p la n a tio n  for th is  i s  th a t th e  M orris fa u lt  h a s  a s l ig h t ly  h igh er  

e f fe c t iv e  stren gth  than th e  K im berly. Another i s  th at near th e su r fa ce  

th e  M orris fa u lt h a s  not co n tro lled  the fa ilu r e . I n s te a d , a much sm aller  

fa u lt zo n e  or sh ear zo n e  that d ip s  5 0 °  N W . h a s c a u se d  th e  s tr ik e - s l ip  

m ovem ent o f th is  h a lf  o f th e  fa ilu re  to  occu r in  front o f th e  probable su r­

fa c e  ex p o su re  o f  th e  M orris fa u lt .  W h atever  th e  r e a so n , th e  northw est  

h a lf o f  the s l id e  h a s  m oved 3 to  5 f e e t  farther than th e  so u th e a s t  h a lf .  

M any te n s io n  cra ck s  in  th e  n orth w estern  h a lf  str ik e  5 -1 0  d e g r ee s  more 

to  th e  n orth w est th an  in  th e  so u th ea s te rn  h a lf .  This may a ls o  b e  a re ­

s u lt  o f  th e  d ifferen t am ounts o f  m ovem ent b e tw e en  th e  tw o h a lv e s .

The p it  fa c e  and th e  f ir s t  600 fe e t  beh in d  th e  fa c e  h av e  m oved  

th e  m o st. Then startin g  w ith  th e  f ir s t  t e n s io n  zo n e  and g o in g  farther b e ­

hind th e  p it  f a c e ,  th e  am ount o f  m ovem ent d e c r e a s e s .  A m onitoring s ta ­

tio n  840 fe e t  from th e  rim h a s a record ed  m ovem ent o f  3 .9  fe e t  during th e  

f ir s t  year  and a to ta l m ovem ent to  d a te  o f 4 ,5  f e e t .  O ne p o s s ib le  e x p la ­

n a tio n  for th is  may b e  th at th e  e f fe c t iv e  fr ic tio n  a n g le  o f  th e  fa u lt zo n e  

in c r e a s e s  a t low er norm al s t r e s s e s .  The fa u lt gou ge  te s te d  in  th is  stu d y  

did sh ow  su c h  a c h a r a c te r is t ic . Another ex p la n a tio n  i s  th a t th e  tw o co n ­

tro llin g  fa u lts  are not p la n a r . In th e  b ack  part o f  th is  fa ilu re  there co u ld  

e a s i ly  b e  large u n d u la tion s in  th e fa u lt z o n e s .  W ith o n ly  on e  diam ond  

d rill h o le  in  th e  area p la c e d  a lm o st d ir e c t ly  over  th e  in te r s e c t io n  o f th e  

f a u l t s , th is  p o s s ib i l i t y  ca n  n e ith er  b e  proved nor d isp r o v e d .



Today th e  o v e ra ll m otion  of th e  w ed ge i s  b e lie v e d  to  h ave near­

ly  s to p p ed . The sam e i s  true for th e  parts w ith in  th e  s l id e .  E ven after  

th e  h ea v y  ra in s in  M ay 1 9 7 7 , no re ju v en a tio n  o f  any o f th e  su rfa ce  

crack s w as o b se r v e d . The on e e x c e p tio n  to  th is  i s  in  th e  n orth w est cor­

ner th a t i s  in  th e  tr a n s it io n  z o n e .

E stim ation  o f  th e  N et D riv in g  Force

Two a p p roach es w il l  b e  u se d  to  make th is  e s t im a tio n . During  

April 1970 th e  fa ilu re  started  to  d e c e le r a te  w hen  m ining at th e  to e  o f th e  

fa ilu re  c e a s e d .  From th e O ctober 1970 top ograp h ic  map o f th e  p it w as  

estim a ted  th at rough ly  1 5 ,0 0 0  to n s  o f  ru b b le ized  rock had s lo u g h ed  onto  

th e  n orth w est s id e  o f th e  to e  a r ea . I f  o n ly  h a lf  o f th is  O ctober ton n age  

had s lo u g h ed  in  April 1 9 7 0 , 8 ,0 0 0  to n s  o f  in c r e a se d  w eig h t in  th e  to e  

co n stra in t may h ave  s ta b il iz e d  th e  fa i lu r e . In  order to  a n a ly z e  how  th is  

in c r e a se  in  w e ig h t a ffe c te d  the n et driving fo rce  a v ery  co m p lex  a n a ly s is  

w ould b e  n e c e s s a r y .  Ko (1970) in  h is  a n a ly s is  o f th e  problem  d e c id e d  to  

a ssu m e  a fr ic t io n le s s  w ed ge a s  rep resen tin g  th e  to e  c o n s tr a in t . A s im i­

lar a n a ly s is ,  u s in g  a s l ig h t ly  d ifferen t geo m etry , y ie ld e d  h a lf th e  in ­

c r e a se d  w e ig h t o f th e  to e  c o n str a in ts  a s  w orking a g a in s t  th e  s lid in g  

force  o f  th e  fa i lu r e . Thus a rou gh ly  4 ,0 0 0  to n s  (8 x 1 0 ®  lb) d e c r e a s e  in  

th e  n et driv in g fo rce  m ay h ave c a u se d  th e  s l id e  to  s t a b i l i z e .

The s e c o n d  approach u se d  th e  o b serv a tio n  th a t c h a n g e s  in  th e  

w ater h e ig h t in  th e  te n s io n  cra ck  beh in d  th e  fa ilu re  may h a v e  c a u se d  th e  

fa ilu re  to  b r ie fly  a c c e le r a te  a fter  April 1 9 7 0 . A 2 0 -fo o t  in c r e a se  in  th e  

h eig h t o f th e  w ater in  th e  te n s io n  crack  w ould c a u s e  a 1 0 0 x 1 0 ®  lb in ­

c r e a se  in  o v era ll d riv in g  fo r c e . The proportion o f th is  ch an ge  w hich
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♦actually c a u se d  th e  a c c e le r a t io n  i s  u n cer ta in . H ow ever , it  d o e s  in d i­

ca ted  th at th e  figu re ob ta in ed  in  the f ir s t  a n a ly s is  i s  not u n re a so n a b le .

M orris Failure

67

M orphology

The M orris fa ilu re  i s  s itu a ted  h igh  on  th e  n orth eastern  end of 

th e  Tripp P it . The rim o f th e p it  in  th is  area i s  at an  e le v a t io n  o f  7 ,2 3 0  

f e e t .  The fa ilu re  i s  not b e lie v e d  to  ex ten d  b e lo w  th e  6 ,8 0 0 - f o o t  e le v a ­

t io n  on th e  p it  f a c e ,  w h ich  w ould g iv e  th e  fa ilu re  a v e r t ic a l r e l ie f  o f 430  

f e e t .  The in term ed iate  s lo p e  in  front of th e  s l id e  i s  now in  p la c e s  a s  

s te e p  a s  39 d e g r ee s  but a v e ra g e s  32 d e g r e e s .

Structure and R ocks

The fa ilu re  i s  a c l a s s i c  w ed g e  fa ilu r e . On th e  so u th e a s t  i t  is  

co n tro lled  by th e  M orris fa u lt ,  w h ich  in  th is  area s tr ik e s  N . 7 4 ° E. and 

d ip s 3 1 ° M W . The n o rth ea st s id e  i s  co n tro lled  by an  unnam ed fau lt  

probably in  th e  F o o tw a ll s y s te m , w hich  s tr ik es  N . 3 9 ° W . and d ip s 3 3 °  

SW . The in te r s e c t io n  o f th e s e  tw o fa u lts  p lu n g es 2 9 °  a t S . 8 3 °  W . and  

d a y lig h ts  in to  th e  p it a t an  e le v a t io n  o f 6 ,8 0 0  f e e t .  The geom etry  o f  th is  

fa ilu re  i s  sh ow n  on F igure 1 6 . At a rock  d e n s ity  o f 160 I b /f t^ , th e  f a i l ­

ure h as in v o lv ed  3 5 0 ,0 0 0  to n s  o f ro ck .

B elow  th e  unnam ed fa u lt in  th e  F o o tw a ll sy ste m  are o x id iz e d  

skarns and d ir e c t ly  ab ove  th is  fa u lt i s  an  a ltered  quartz s e r ic it e  por­

ph yry . B elow  th e  M orris fa u lt are s te e p ly  d ipping m arbles and ab o v e  th e  

fa u lt  are o x id iz e d  skarns and th e  a ltered  porphyry.
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s l id e  area
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■ S lid e  M ovem ent

The M orris fa ilu re  b eg a n  in  la te  1 9 7 0 . S in ce  th en  th e  p it  fa c e  

h as p u sh ed  out 2 0 -3 0  f e e t  and th e  top h a s dropped a s im ila r  am ount. 

Scarps made by th e  m ovem ent sh ow  e x c e l le n t  ex p o su res  o f both th e  c o n ­

tro llin g  f a u lt s .  The m ovem ent h as op en ed  many o f  th e  d is c o n t in u it ie s  in  

th e  p it  f a c e , but in  g en era l th e  fa ilu re  h a s not r u b b le ize d .

S lid e  M ech a n ics  and E ffec tiv e  Rock M a ss  Strength

This fa ilu re  m ay b e  t ie d  to  th e  N orth east Tripp s l id e .  A lthough  

th e  so u th e a s t  scarp  o f  th e  NETS did  not form a lo n g  th e  M orris fa u lt , a 

sh ear zo n e  a b o v e  th e  M orris s e e m s  to  h ave co n tro lled  th e  s c a r p . This 

a r e a , or is la n d , b e tw e e n  th e  sh ea r  z o n e  and th e  M orris fa u lt i s  w here  

th e  M orris fa ilu re  i s  lo c a t e d . E xcep t for th e  M orris fa ilu r e , th is  is la n d  

h a s  b e e n  rela tively*m ore s ta b le  th an  th e  NETS. D ata from th e o n ly  su r­

v e y  m onitoring s ta t io n  in  th e  area in d ic a te s  th a t up to  1 .5  f e e t  o f  m ove­

m ent d id  o c cu r .

The M orris fa ilu re  did not b e g in  u n til s ig n if ic a n t  m ovem ent had  

a lread y  occurred  on  th e  NETS. T his s u g g e s t s  th at th e  s t r e s s  and stra in  

exerted  by th e  NETS on th e  M orris area w ere k ey  fa c to rs  in  in it ia t in g  th e  

M orris fa ilu r e . O nce th e  p ea k  stren gth  o f  th e  M orris w as o v e rc o m e , th e  

fa ilu re  d e v e lo p e d  r a p id ly .

W hy th e  w ed ge  e v e n tu a lly  sto p p ed  i s  not k n ow n . P o s s ib ly  a s  it  

s l id e  tow ard th e  p it  i t s  le a d in g  ed ge m oved o ff th e  g o u g e - f i l le d  fa u lt  

z o n e s  and onto e ith er  a m arble or skarn s u r fa c e . The h igh er am ount o f  

r e s is t in g  fr ic tio n a l fo rce  on  th e s e  rock  su r fa c es  co u ld  h av e  c a u se d  th e  

fa ilu re  to  s to p . Another p o s s ib i l i t y  a r is e s  from th e  go u g e  in  th e  fa u lts



b e in g  o n ly  1 -2  fe e t  th ic k . This th ic k n e s s  may not h ave b e e n  enough to  

keep th e  s id e s  o f  th e  fa u lts  from e v en tu a lly  com ing in to  c o n ta c t w ith  

e a ch  o th er , th u s in c r e a s in g  th e ir  e f fe c t iv e  s tr e n g th s .

In  order to  e st im a te  th e  stren gth  o f  th e  tw o  co n tro llin g  fa u lt  

z o n e s ,  a lim itin g  equilibrium  w ed ge  a n a ly s is  w a s perform ed on th e  

w ed ge and th e  stren gth  b a ck  c a lc u la te d . F o llo w in g  are th e input data  

u se d  for th is  b ack  c a lc u la tio n :

1 . P lane A (M orris fa u lt): s tr ik e , N . 1 4 ° E .;  d ip , 3 1 ° NW .

2 . P lan e  B (part o f  th e  F o o tw a ll sy s te m ): s tr ik e , N . 3 9 ° W .;  d ip , 

3 3 °  SW .

3 . T en sio n  c ra c k s: none beh in d  th e  fa ilu r e .

4 .  P it fa c e :  N . 2 2 ° W .;  d ip , 3 3 ° SW .

5 . V ertica l r e lie f:  430 f e e t .

6 . W ed ge ab ove  w ater ta b le .

7 .  E xternal fo r c e s :  n o n e .

A ssum ing th a t both fa u lts  had eq u a l s tren g th , th is  a n a ly s is  y ie ld e d  an  

e f fe c t iv e  fr ic tio n  a n g le  o f  2 7 .2  d e g r ee s  for zero  c o h e s io n , 2 0 .7  d e g r ee s  

for 500 Ib /ft^  c o h e s io n , and 1 3 .0  d e g r ee s  for 1 ,0 0 0  Ib /ft^  c o h e s io n .

B ased  on  th e  p rev io u s te s t in g  o f fa u lt g o u g e  sim ila r  to  th a t in  

th e  M orris, th e  fr ic tio n  a n g le  for th is  zo n e  w as e st im a te d  a t 1 2 .7  d e ­

g r e e s .  B eca u se  th e  g o u g e  in  th e  M orris fau lt w as not n ea r ly  a s  th ick  a s  

i t  i s  a t depth b en ea th  th e  NETS (1 -2  fe e t  v s .  2 0 -4 0  f e e t ) ,  th e  c o h e s io n  

w as e st im a te d  to  b e  500 lb / f t 2 for th e  M orris fa u lt under th e  M orris 

s l id e .  I f  th e  other co n tro llin g  fa u lt  a ls o  had 500 l b / f t 2 c o h e s io n , i t  

w ould h ave  to  h a v e  a fr ic tio n  a n g le  o f  2 3 .7  d e g r ee s  for th e  fa ilu re  to  o c ­

cu r . Both th e s e  e s t im a te s  o f  th e  e f fe c t iv e  stren gth  for th e  tw o co n tro llin g
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fa u lts  are w ith in  th e  range o f  stren g th s reported for f i l le d  d is c o n tin u it ie s  

by Barton (1 9 7 4 ).

R ichards Failure

M orphology

The R ichards fa ilu re  i s  lo c a te d  in  th e  far so u th ea stern  corner o f  

th e  Tripp P it . U n lik e  th e  M orris fa i lu r e , w h ich  sta rts  at th e  p it rim and 

ends part w ay dow n th e  p it  f a c e ,  th e  R ichards sta rts  on  a h au l road a t th e  

6 ,9 7 0 - f o o t  e le v a t io n  and ends in  th e  bottom  o f  th e  p it  at an  e le v a t io n  o f  

6 ,7 0 0  f e e t .  The w idth  o f  th e  fa ilu re  ran ges from 300 to  500 f e e t .  The 

s l id e  i s  now  a rubble s lo p e .

Structure and Rock

The structure co n tro llin g  th e  R ichards fa ilu re  i s  not a s  w e ll un­

d erstood  a s  th o s e  for th e  NETS or M orris . W hat structural in form ation  i s  

a v a ila b le  co m es from th e  p it fa c e  ju s t  ab ove th e  fa ilu r e . The b ig g e s t  

problem  w ith  th e s e  data i s  th at th ere  i s  a major so u th -d ip p in g  th ru st b e ­

tw e e n  th e  fa ilu re  and th e  area a b o v e  th e  h au l road w here th e  structure  

w as d e r iv e . The e a s t  s id e  o f  th e  s l id e  may p o s s ib ly  be co n tro lled  by a 

fa u lt that w ill  b e  referred to  a s  th e  R ichards fa u lt (F ig . 3 ) .  Above th e  

fa ilu re  th is  fa u lt  s tr ik e s  N . 2 4 ° E. and d ip s 5 3 - 6 5 ° NW . B ased  on th e  

e a s t - s id e  scarp  crea ted  b y  th e  fa ilu r e , th e  dip o f th e  R ichards fa u lt f la t ­

te n s  out to  38 d e g r e e s  under th e  fa ilu r e . W here e x p o s e d , th e  fa u lt gou ge  

in  th e  R ichards fa u lt i s  o x id iz e d  and w eath ered  and app ears to  be from 1 

to  6 in c h e s  th ic k .
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On th e  so u th w e s t  s id e ,  th e  co n tro llin g  structure m ay h a v e  b e e n  

a jo in t .  A d e ta ile d  lin e  com p leted  ju st ab o v e  th e  fa ilu re  sh ow ed  a prom i­

nent jo in t s e t  th a t s tr ik e s  N . 6 5 ° W . and d ip s  4 0 ° NE. The in te r se c t io n  

of th e  R ichards fa u lt and th is  jo in t s e t  p lu n g es  3 0 .5 °  N . 2 1 ° W . and  

w ould d a y lig h t in to  th e  p i t .  This p o s s ib le  co n tro llin g  structure i s  b a se d  

on  th e  sh ak y  a ssu m p tio n  th a t th e  structure ca n  be p ro jected  a c r o ss  th e  

th ru st.

The rock  ty p e s  in  th is  fa ilu re  ca n n o t b e  determ ined  b e c a u s e  o f  

a la c k  o f d a ta . G e n e ra lly , th e  rock s in v o lv ed  in  th e  fa ilu re  appear to  b e  

rh y o lite  and rh y o lite  b r e c c ia s ,  o x id iz e d  s a n d s to n e , o x id iz e d  a ltered  por­

ph yry , and som e o x id iz e d  sk a r n s .

S lid e  M ovem ent

The m ovem ent o f  th is  fa ilu re  c a n  b e  e stim a ted  by com paring th e  

1970 and 1975 top ograp h ic  m aps o f  th e  Tripp P it (F ig . 8 ) .  At th e  t o e ,  th e  

s l id e  h as p u sh ed  120 f e e t  in to  th e  p i t .  A bove th e rubble m a ter ia l, a 

1 0 0 -fo o t-w id e  h au l road h a s c o m p le te ly  fa ile d  and s l id  dow n th e  fa ilu r e .  

R oughly 4 0 0 ,0 0 0  to n s  o f rock  are in v o lv e d  in  th is  s l id e .

S lid e  M ec h a n ics  and E ffe c t iv e  Rock M a ss  Strength

B e c a u se  th ere are m any u n ce r ta in tie s  about th e  structure c o n ­

tro llin g  th e  fa ilu r e , th e  stren gth  o f  th e  o r ig in a l w ed ge  w as not b ack  c a l ­

c u la te d . O nce f a i le d ,  th e w ed g e  ap p ears to  h a v e  q u ick ly  ru b b le ized  and  

now h a s  an  a n g le  o f r e p o se  o f 23 d e g r e e s . The e f fe c t iv e  stren gth  o f  th e  

rubble m ateria l c a n  b e  e s t im a te d  u s in g  H oek and Bray's (1977) c ircu lar  

fa ilu re  c h a r ts . The rubble w ould  h a v e  a fr ic tio n  a n g le  o f 25 d e g r e e s , a s ­

sum ing c o h e s io n  to  b e  zero  and th e  v e r t ic a l r e l ie f  a t 180 f e e t .
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S o u th w est Tripp S lid e

Of a l l  th e  s l id e s  in  th e  Tripp P it , th e  le a s t  i s  known structur­

a lly  about th e  S o u th w est Tripp s l id e .  The fa ilu re  i s  p resen ted  here b e ­

c a u s e  it  may h ave  in v o lv ed  a d ifferen t m echanism  th an  th e  other fa ilu r es  

a lread y  d is c u s s e d .

M orphology

R oughly 800 fe e t  o f th e  p it  rim are in v o lv ed  in  th e  SWTS. The 

e le v a t io n  at th e  rim ran ges b e tw e en  7 ,2 8 0  and 7 ,3 8 9  f e e t ,  and th e  to e  

o f th e  fa ilu re  i s  at 6 ,6 9 0  f e e t .  The a v era g e  v e r t ic a l r e l ie f  i s  630 f e e t .

The s l id e  i s  now  a rubble s lo p e  w ith  an  a n g le  o f r ep o se  b e tw e en  35 and  

37 d e g r e e s .

Structure and R ocks

Prior to  th e  fa ilu r e , s e v e r a l b e n c h e s  w ere m apped and th e  re ­

su ltin g  g e o lo g y  i s  sh ow n  on F igure 3 . The area i s  h ig h ly  fa u lte d , but 

w ith on ly  a fe w  churn d r ill h o le s  and one diam ond d rill h o le  in  th e  area  

th e  structure co u ld  not b e  d e lin e a te d . From th e  p it  g e o lo g ic  m apping, 

th e  rock ty p e s  in v o lv ed  in  th e  fa ilu re  are m ain ly  rh y o lite  b r e c c ia s ,  

sk a r n s , and a ltered  porphyry. In  th e  upper p ortion s o f  th e  s l id e  a r ea , 

th e s e  rock s are in c r e a s in g ly  o x id iz e d . The upper 250 f e e t  o f  th e  s l id e  

area c o n s is t  o f a m ine dump co n ta in in g  h ig h ly  o x id iz e d  m a ter ia l.

S lid e  M ovem ent

The m ovem ent h is to r y  o f  th e  SWTS ca n  b e  e stim a ted  by com par­

ing th e  O ctober 1 9 7 0 , O ctober 1 9 7 1 , and th e  m ost recen t 1975 top ograp h­

ic  maps o f th e  Tripp P it . D uring O ctober 1970 the fa ilu re  had ju s t  b egu n
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on th e  e a ste r n  portion  o f th e  p resen t fa ilu r e . The fa ilu re  w as 300 fe e t  

w id e , 0 -1 0 0  f e e t  d e e p , w ith  a v e r t ic a l r e l ie f  o f  475 fe e t  and an a n g le  o f 

rep o se  o f 35 d e g r e e s . The low er  rubble m aterial from th e  fa ilu re  appears  

to  h ave ju s t  p u sh ed  a c r o s s  th e  bottom  haul road a t an  e le v a t io n  o f 6 ,8 0 0  

f e e t .  By O ctober 1 9 7 1 , th e  fa ilu re  had n early  a tta in ed  it s  p resen t s i z e .  

The s l id e  had buried  th e  low er h au l road and had ex ten d ed  to  th e  p it  

bottom  125 fe e t  lo w e r . S in ce  th en  th e  s l id e  h a s ch a n ged  v ery  l i t t l e .

S lid e  M ech a n ics  and E ffec tiv e  Rock M a ss  Strength

The fa ilu re  appears to  h av e  in v o lv ed  o n ly  th e  upper 250 f e e t  o f  

th e  p it  f a c e ,  w h ich  c o n s is t s  m o stly  o f m ine dumps and h ig h ly  w eath ered  

rh y o lite  and a ltered  p o rp h y r ie s . It app ears th at th e  SWTS is  a r e su lt  o f a 

s o i l - ty p e  c ircu lar  fa ilu re  c a u se d  by o v e rs te ep en in g  th e  p it  f a c e .  From 

th e  O ctober 1970 topography o f th e  w estern  p ortion  o f th e  s l id e ,  i t  can  

b e  determ ined th at th e  o v e r a ll m ining s lo p e  w a s  45 d e g r ee s  and th e  s lo p e  

for th e  upper 200 fe e t  w as 43 d e g r e e s . The stren gth  o f th is  upper m ateri­

a l i s  unknow n, but m ost m ine dumps in  th e  area are  known to  stan d  at an  

a n g le  o f r e p o se  o f  37 d e g r e e s .

One problem  w ith  th e  s o i l  c ircu la r  fa ilu re  th eory  i s  th e  t im in g . 

The fa ilu re  occu rred  o n ly  a fter  m ining had d eep en ed  th e  p it  from 200 to  

400 f e e t  b e lo w  w here m ost o f th e  fa ilu re  occu rred . I d e a l ly ,  a s o i l  fa ilu re  

sh ou ld  h ave occu rred  a s  so o n  a s  th e  fa c e  w as m ined dow n th e  upper 250  

f e e t .  One p o s s ib le  ex p la n a tio n  cou ld  b e  th at in i t ia l ly  th e  upper 250 f e e t  

w ere strong enough to  stan d  at 43 d e g r e e s . Then after  se v e r a l y e a rs ' e x ­

p osu re to  w eath erin g  and th e  v ib ra tio n  from p it  b la s t in g , th e  stren gth  

d eteriorated  u n til th e  area w a s no lon ger  s t a b le .



The m ateria l in  th e  fa ilu re  con tin u ed  to  m ove u n til th e  o v era ll 

s lo p e  o f th e  en tire  fa ilu re  h a s ch an ged  from 45 to  36 d e g r e e s . The fin a l  

a n g le  o f r ep o se  i s  very  c lo s e  to  th e  natural a n g le  o f r ep o se  for th is  typ e  

o f rubble m a ter ia l. I f th is  p rop osed  m echanism  i s  co rr e c t, th e  SWTS 

w ould b e  th e  on ly  fa ilu re  in  the Tripp Pit that i s  not stru ctu ra lly  c o n ­

tro lled  .
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SLOPE DESIGN

The p o ten tia l ore in  th e  Tripp P it is  m arg in a l, and th e  s lo p e  d e ­

s ig n  w il l  b e  a c r it ic a l  fa c to r  in  determ ining th e  o r e 's  econ om ic  v ia b i l i ty .  

A rev iew  o f th e s lo p e  d e s ig n  fa c to rs  sh o u ld  b e  co n s id e re d  before th e  fin a l  

(optimum) s lo p e  i s  d e c id e d  o n . For s e v e r a l area s  in  th e  p it  th ere is  not 

enough  g e o te c h n ic a l data to  determ ine an  optimum s lo p e  d e s ig n . In other  

a rea s th e  d eterm in ation  o f  th e  optimum s lo p e  w il l  b e  a len g th  and t im e -  

con su m in g  p r o c e s s , and it  w as b e lie v e d  th at th is  f in a l s te p  g o e s  beyond  

th e  sco p e  o f th is  t h e s i s .

To a v o id  u n n e c e s sa r y  r e p e t it io n , o n ly  th e  s lo p e  d e s ig n  for th e  

NETS w ill  be d e a lt  w ith  a t le n g th . The other fa ilu r e s  w ill  b e  co n sid ered  

o n ly  i f  th ey  require d ifferen t fa c to r s  th an  th e  NETS.

O verv iew

S a fety  Factor Approach

R ecen tly  th e  c o n c e p t o f optimum p it  s lo p e  d e s ig n  h as c h a n g ed . 

N ot to o  long a g o  th e  id e a l p it  d e s ig n  w as "the one th at fa ile d  th e  day  

a fter  m ining c e a s e d ."  T his d e s ig n  m ethod attem p ts to  m in im ize th e s a f e ­

ty  fa c to r . I d e a l ly ,  th e  en g in eers  h ave a t hand a l l  th e  input param eters  

n eed ed  to  determ ine a l l  th e  fo r c es  th a t e ith er  produce or r e s i s t  th e  f a i l ­

u re . I f  th e  param eters are p r e c is e ly  k n ow n , th e  id e a l s lo p e  d e s ig n e d  

w ould h ave a s a fe ty  fa c to r  o f  o n e .

A major problem  w ith  th is  m ethod i s  th e  inh erent u n ce r ta in tie s  

in  e stim a tin g  th e  g e o lo g ic  param eters a ffec tin g  s lo p e  s ta b il i ty  (G a ssu n ,
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1 9 7 6 ). To a llo w  for t h i s ,  th e  en g in eer  u s e s  a h igh er s a fe ty  factor  u s u a l­

ly  b a se d  on  h is  judgm ent and e x p e r ie n c e .

The s a fe ty  fa c to r  m ay a ls o  b e  r a ise d  by m anagem ent to  a llo w  

for th e  eco n o m ic  r isk  in v o lv ed  i f  th e  d e s ig n  sh o u ld  f a i l .  For ex a m p le , 

i f  th e  m ill i s  s it t in g  on  th e  p it  e d g e , a s lo p e  fa ilu re  w ould be very  c o s t ly  

and cou ld  e v e n  put th e  future o f  th e  m ining op eration  in  jeopardy and a 

much h igh er s a fe ty  fa c to r  w ould b e  required to  p ro tec t th e  in v e s tm e n t.

P rob ab ility  o f F a ilu re

The f ir s t  s te p  in  g e ttin g  aw ay from th e  problem s w ith  th e  s a f e t y -  

fa c to r  approach is  th e  r ec o g n it io n  th at m any g e o lo g ic  and en g in eer in g  

param eters are v a r ia b le  and ca n  be b etter  rep resen ted  b y  s t a t i s t ic a l  

fu n c t io n s . By u s in g  th e  com puter and th e  M onte C arlo  o v er la y  s y s te m ,  

th e s e  s t a t i s t ic a l  fu n c tio n s  c a n  b e  u se d  to  o b ta in  a p ro b ab ility  o f fa ilu re  

sc h e d u le  for a g iv e n  s lo p e .  C o a te s ,  M cR orie , and Stubbins (1963) w ere  

probably th e  f ir s t  to  r e c o g n iz e  th e  n eed  for a p r o b a b ilis t ic  approach in  

s lo p e  d e s ig n .

B e n e f it -C o s t  and R isk  A n a ly s is

E ven w ith  th e  p r o b a b ility -o f-fa ilu r e  s c h e d u le ,  th e  en g in eer  i s  

s t i l l  fa ced  w ith  th e  problem  o f d e c id in g  on  th e  optimum s lo p e  d e s ig n .  

U sin g  th e  b e n e f i t - c o s t  ap p roach , th e  optimum s lo p e  i s  th e  one in  w hich  

the in crem en ta l b e n e f its  o f  th a t d e s ig n  are greater  th an  th e  in crem en ta l 

c o s t s  a s s o c ia te d  w ith  i t s  p ro b a b ility  o f  fa ilu r e . The b e n e f its  o f a par­

ticu la r  d e s ig n  are u s u a lly  t ie d  c lo s e ly  w ith  th e c a sh  flo w  d er ived  from 

th e  m ined o r e . The c o s t s  o f fa ilu re  m ay b e ju s t  th o s e  a s s o c ia te d  w ith



th e  rem oval o f th e  fa ile d  m ateria l from th e  p it but c a n  a ls o  in c lu d e  in ­

c r e a se d  o p era tio n a l e x p e n s e s .

At th is  p o in t , th e  optimum s lo p e  d e s ig n  may b e o b v io u s , but if  

n o t, th e  ta x  and c a p ita l in v e stm e n t e f fe c t s  m ust b e  c o n s id e r e d . A r isk  

a n a ly s is  program , INRISK, h a s  b e e n  d e v e lo p e d  by Kim, C a s s u n , and  

H all (1977) th a t s im u la te s  th e  operating  eco n o m ics  and c a p ita l in v e s t ­

m ent c h a r a c te r is t ic s  o f  ea ch  a ltern a tiv e  s lo p e  d e s ig n  to  d e v e lo p  a prob­

a b ility  d is tr ib u tio n  o f appropriate f in a n c ia l d e c is io n  criter ia  d escr ib ed  

by C a ssu n  (1 9 7 6 ).

Such an  approach i s  c a lle d  p r o b a b ilis t ic  s lo p e  d e s ig n  and w as  

u se d  b y  C a s s u n . The m ethod i s  a ls o  d is c u s s e d  in  depth  b y  Kim, C a ss u n ,  

and H all (1 9 7 7 ).
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N o rth east Tripp S lid e  S lop e D e s ig n  

S cop e o f D e s ig n  Problem

The p ro b a b ility  o f  th e  N o rth east Tripp S lid e 's  fa il in g  during  

future m ining i s  v ery  h ig h . The c o s t  a s s o c ia te d  w ith  su ch  a fa ilu re  is  

a ls o  very  h ig h . E ven i f  o n ly  h a lf  o f  th e  3 3 -m ill io n - to n  w ed ge s l id e  in to  

th e  p it ,  i t  w ould b e  more th an  enough to  make th e  m ining venture unprof­

i ta b le .  For th e  sam e r e a s o n , th e  d e s ig n  o p tio n  o f rem oving th e  en tire  

NETS fa ilu re  w ould b e  an u n a cc e p ta b le  $ 1 6 . 5  m illio n  so lu tio n  to  th e  

s l id e .

The problem  i s  to  d e c id e  on a s ta b iliz a t io n  te c h n iq u e . This  

tech n iq u e  sh o u ld  b e  a b le  to  red u ce  th e  p ro b ab ility  o f fa ilu re  to  an  a c ­

c ep ta b le  le v e l  and y e t  b e  rea so n a b le  enough in  c o s t  s o  a s  not to  a d ­

v e r s e ly  a ffe c t  th e  m arginal m ining e c o n o m ic s .
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D e s ig n  M ethod

P rob ab ility  o f  fa ilu re  cu rves ca n  b e  a fu n ctio n  o f s lo p e  h e ig h t  

and s lo p e  a n g le . I t  w ill  b ecom e e v id e n t th a t th is  i s  o n ly  p a r tia lly  ap ­

p lic a b le  to  th e  NETS.

S lop e H e ig h t . The c r it ic a l  s lo p e  h e ig h t here b eco m es  th e  one  

a t w h ich  th e  tw o co n tro llin g  fa u lts  b ecom e day l ig h te d . At th is  p o in t th e  

p ro b a b ility  o f  fa ilu re  g o e s  from near zero  to  v ery  c lo s e  to  100 p e r c e n t .  

S in ce  future m ining m ust d a y lig h t th e s e  fa u lts  to  g e t  a t th e  rem aining ore 

in  th e  Tripp P it , th e  future s ta b il i ty  o f  th e  area i s  n early  in d ep en d en t o f  

th e  s lo p e  h e ig h t .

S lop e A n g le . The d e s ig n  i s  a ls o  very  in s e n s i t iv e  to  ch a n g es  in  

th e s lo p e  a n g le .  I f  a 3 7 -d e g r e e  s lo p e  w as found to  b e  th e  optimum a n g le  

for d ea lin g  w ith  th e  seco n d a ry  fa ilu r es  a lo n g  th e  p it f a c e ,  a s e n s i t iv i t y  

a n a ly s is  w as run b e tw e e n  th e  p it s lo p e ,  th e  r esu lt in g  s a fe ty  fa c to r , and  

th e  b a c k -c a lc u la te d  stren gth  for th e  NETS, a ssu m in g  th is  p it  s lo p e  a s  a 

m axim um . This a n a ly s is  u se d  th e  lim itin g  equilibrium  tech n iq u e  o f H oek  

and Bray (1977) w ith  th e  fo llo w in g , r e s u l t s .

The co n tro llin g  fa u lts  w ould h a v e  a fr ic tio n  a n g le  o f 9 .6  d e g r ee s  

i f  th e  c o h e s io n  i s  z e r o , and low erin g  th e  s lo p e  a n g le  a c tu a lly  m ade the  

w ed ge more u n s ta b le . T his c a n  b e s t  be illu s tr a te d  by g iv in g  a n  e x a m p le . 

I f  th e  s lo p e  w ere red u ced  to  30 d e g r e e s , an  a d d itio n a l 4 . 9 5  m illio n  to n s  

o f rock w ould  be rem oved from th e  w e d g e . At th e  sam e t im e , th e  w a ter-  

re la ted  fo r c es  in  th e te n s io n  cra ck  and th e  u p lift fo r c es  in  th e fau lt  

z o n e s  do not c h a n g e . B ec a u se  o f t h i s ,  th e  fo r c es  r e s is t in g  th e  fa ilu re
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d e c r e a se d  fa s te r  th an  th e  s lid in g  f o r c e s , r e su lt in g  in  a new  s a fe ty  fa c ­

tor o f 0 . 9 8 6 .

The e f fe c t  o f le s s e n in g  the s lo p e  a n g le  w a s found to  d epend  on  

th e  a ssu m ed  c o h e s io n  o f th e  co n tro llin g  f a u l t s . At a c o h e s io n  o f 400 p s f  

and a fr ic tio n  a n g le  o f 1 2 . 0 1  d e g r e e s , i t  w as found th a t th e  s a fe ty  factor  

w as n early  in d ep en d en t o f  th e  w e d g e 's  w e ig h t. At h igh er c o h e s io n s , th e  

r e s is t in g  fo r c es  d e c r e a se d  l e s s  th an  th e  s lid in g  f o r c e s , m aking th e  s a f e ­

ty  factor  in c r e a s e  a s  th e  w eigh t o f th e  w ed ge  d e c r e a s e d .

The s e n s i t iv i ty  o f th e  s a fe ty  factor  to  ch a n g e s  in  th e  s lo p e  

a n g le  and a ssu m ed  c o h e s io n  w a s found to  b e  very  lo w . For a 3 0 -d e g r e e  

s lo p e ,  th e r e su lt in g  s a fe ty  fa c to r , a ssu m in g  zero  and 1 , 0 0 0  p s f  c o h e ­

s io n s ,  w a s 0 . 9 8 6  and 1 , 0 1 8 ,  r e s p e c t iv e ly .  B eca u se  it  i s  d if f ic u lt  to  

p red ic t th e  a c tu a l c o h e s io n  o f th e  co n tro llin g  f a u lt s ,  th e  sam e w ould b e  

true for p red ic tin g  the e f f e c t  o f  le s s e n in g  th e  w eig h t o f th e  w ed ge  by d e ­

c r e a s in g  th e  s lo p e  a n g le .  A p ro b a b ility  o f fa ilu re  a n a ly s is  w as not run 

o n  th e  NETS. H o w ev er , b a se d  on th e  s e n s i t iv i t y  o f  th e  s a fe ty  factor  to  

som e o f th e  other in p u t p a ra m eters , su ch  a s  th e  s tr ik e  and dip o f th e  

co n tro llin g  f a u l t s , i t  ca n  b e  e st im a ted  th at th e  p ro b a b ility  o f fa ilu re  a s ­

s o c ia te d  w ith  a s a fe ty  fa c to r  o f  1 . 0 1 8  i s  s t i l l  fa ir ly  h ig h .

D ew ater in g

P iteau  (1970) am ong o th ers h as p o in ted  out th a t w ater in  th e  

co n tro llin g  stru ctu res i s  a c r it ic a l  fa c to r  in  s lo p e  fa ilu r e . W ithout c o n ­

s id er in g  th e  v ery  lo w  p erm ea b ility  o f th e  fa u lt g o u g e , a s ta b il iz a t io n  

m ethod in v o lv in g  th e  u s e  of a d ra in age a d it w ould appear f e a s ib le .  Re­

m oving a l l  th e  w ater in  th e  w ed g e  w ould r e su lt  in  a s a fe ty  fa c to r  o f 1 . 1 1 .
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Even low erin g  th e  w ater to  ju s t  b e lo w  th e  te n s io n  c ra c k , w h ich  w ould  

g iv e  a maximum h ead  o f 150 f e e t ,  y ie ld s  a s a fe ty  factor o f 1 . 0 8  (a ssu m ­

in g  a c o h e s io n  o f  zero  and a fr ic tio n  a n g le  o f 1 2 . 8 5 ° ) .  The c o s t  o f su ch  

a program for th e  NETS co u ld  b e  l e s s  th an  h a lf a m illio n  d o lla rs  e v en  

u s in g  an a d it (M iller , 1977) .

U n fo r tu n a te ly , i f  th e  undrained load in g  e f f e c t , d is c u s s e d  by  

Lambe and W hitm an (1969) ,  c a u se d  b y  th e  low  p erm ea b ility  o f th e  m on t-  

m orillon ite  g o u g e  i s  c o n s id e r e d , d ew aterin g  d o es  not lo o k  n early  a s  a t ­

tr a c t iv e . D rain age o f th e  gou ge  w ould ta k e  y e a r s , and u n til th is  i s  

a c h ie v e d  th e  u p lift fo r c es  w ith in  th e  g o u g e  w il l  rem ain . For a c o h e s io n  

o f zero  and a fr ic t io n  a n g le  o f 1 2 . 8 5  d e g r e e s , th e  resu lt in g  s a fe ty  fa c to r  

u n til th e  gou ge  i s  drained i s  a s  low  a s  1 . 0 3 ,  w h ich  i s  s ig n if ic a n t ly  l e s s  

th an  th e  e st im a te  o f 1 . 1 1  for to ta l d ew a ter in g .

There is  n ot enough  grou n d -w ater  p erm eab ility  data to  determ ine  

th e fe a s ib i l i t y  o f d ew aterin g  th e  lo w -p erm ea b le  s h a l e ,  w hich  m akes up 

m ost o f  th e  NETS w e d g e . In  a d d itio n , th e  p ro b ab ility  o f fa ilu re  a s s o c i ­

a ted  w ith  a s a fe ty  factor  o f  1 . 0 3  for th e  NETS sh ou ld  s t i l l  be fa ir ly  h ig h . 

B e c a u se  o f t h i s ,  d ew aterin g  w il l  not b e  c o n s id ered  a s  a p o s s ib le  s ta b il­

iz a t io n  m ethod u n til th e  grou n d -w ater  p erm eab ility  data can  b e  o b ta in e d .

C atch  B ench

Broadbent (1975) s u g g e s te d  crea tin g  a ca tch  b en ch  in  front o f  

th e  fa il in g  w ed g e  for it  to  s l id e  on to  and e v e n tu a lly  to  stop  u p o n . T his 

b en ch  w ould be m ined dow n to  th e  co n tro llin g  fa u lts  and a l l  th e  gou ge  

rem oved from th e  e x p o se d  s u r fa c e s .  Then as th e  NETS f a i l e d ,  it  w ould  

m ove out onto  th is  h ig h -fr ic t io n  su r fa ce  and s t a b i l i z e .



To g iv e  a o n e -s h o t  prelim inary ev a lu a tio n  o f th is  m eth od , a 

2 0 0 -fo o t b en ch  w as d e s ig n e d  (F ig . 1 7 , in  p ock et) and found to  require  

12 m illio n  to n s o f  a d d itio n a l w a ste  rem o v a l. At 50<r/ton (Crawford, 1977)  

th e  ben ch  w ould c o s t  $6 m illio n . E stim atin g  th e  fr ic tio n  a n g le  o f  th e  

b en ch  a t 30 d e g r e e s , th e  r esu lt in g  s a fe ty  factor  w as 1 . 0 7  by th e  tim e  

th e  w ed ge had rea ch ed  th e  far s id e  o f  th e  b e n c h .

There e x is t s  on e  ser io u s  p o ten tia l problem  w ith  th is  d e s ig n . If 

th e  th ic k  go u g e  i s  p u sh ed  ou t onto th e  c a tc h  b en ch  a s  th e  w ed ge fa i ls  

th e  resu lt in g  fr ic tio n  a n g le  o f  th e  b en ch  area cou ld  b e  c o n s id e ra b ly  l e s s  

th an  th e  a ssu m ed  30 d e g r e e s .

In  order to  p ick  th e  id e a l c a tc h  b en ch  w id th , a p r o b a b ilis t ic  

d e s ig n  w il l  n eed  to  b e  u s e d .  The en g in eer  w il l  h ave  to  w e ig h t th e  c o s t  

of ea ch  b en ch  w idth  w ith  it s  a s s o c ia te d  p rob ab ility  o f fa ilu re  u n til an  

a c c e p ta b le  b en ch  d e s ig n  i s  d eterm in ed .

T en sio n  C a b le s

At p r e se n t , th e  b e s t  m ethod for ap p ly in g  an o u ts id e  fo rce  to  a 

w ed ge fa ilu re  lik e  th e  NETS i s  b y  th e  u s e  o f t e n s io n  c a b le s .  The e n g i­

n eerin g  a p p lic a tio n  o f t e n s io n  c a b le s  i s  d is c u s s e d  a t len g th  b y  Barron, 

C o a te s ,  and G yen ge (1971) and S age (1977) .

The sh e er  r e s is ta n c e  m o b ilized  by th e  c a b le  fo r c es  r e a c h e s  a 

maximum i f  th e  d ip  o f c a b le s  (D) i s  c h o s e n  s o  th at

U = ta n  (I + D)

w here U = tan  (fr ic tion  a n g le ) and I i s  th e  apparent dip o f th e  p la n e  o f 

w e a k n e ss  under th e  s lo p e  (Barron e t  a l . , 1971) .  For th e  NETS, v a lu e s  o f  

0 . 2 2 8  for U and 3 1 . 3 °  for I y ie ld  a n  id e a l dip o f - 0 . 5 °  (up d ip ) . From a
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p ra c tica l stan d p oin  o n ly  a + 1 0 °  dip i s  p o s s ib le  (Barron et a l . , 197 1 ) .

The fo rce  a p p lied  by th e  te n s io n  c a b le s  ca n  b e  r e so lv e d  in to  tw o v ec to r  

co m p o n en ts . F irst i s  th e  com ponent th at d ir e c t ly  o p p o se s  th e  s lid in g  

fo r c e ,

St = T c o s  (I + D)

w here T i s  th e  e f fe c t iv e  te n s io n  force  o f th e  c a b le .

S eco n d  i s  th e  v e c to r  normal to  th e  in te r s e c t io n  o f  th e  co n tro ll­

in g  f a u l t s , w h ich  i s  th en  d iv id ed  in to  tw o a d d itio n a l v e c to r s  normal to  

th e  co n tro llin g  f a u l t s . For th e  NETS th e  to ta l r e s is t in g  fo rce  m o b ilized  

by th e s e  tw o normal com p on en ts i s

Rt = 1 . 1 2 0  T s in  (I + D) ta n ff

where d  i s  th e  fr ic tio n  a n g le  for th e  tw o  co n tro llin g  f a u l t s .

U s in g  th e s e  tw o e q u a t io n s , tw o p o s s ib i l i t i e s  w ill  b e  d is c u s s e d  

for s ta b iliz in g  th e  NETS w ith  te n s io n  c a b le s .  For both c a s e s ,  a 1 2 -  

stra n d -ty p e  270K c a b le  w ith  a m anufacturer's recom m ended c a p a c ity  o f  

3 4 0 , 0 0 0  lb w ill  b e  u se d  (Barron e t  a l . , 1971) .  S e e g m ille r  (1974) e s t i ­

m ated th e  c o s t  per 1 , 0 0 0  pounds o f  fo rce  per 12-s tra n d  c a b le  to  be  

$ 3 . 1 9 .  This w ould  b e  e q u iv a len t to  $ 4 . 1 2  per 1 , 0 0 0  pounds a t 1977  

c o s t s  (u sin g  th e  M a r sh a ll-S te v e n s  in d ex  for e s c a la t io n ) .

The f ir s t  p o s s ib i l i t y  for u s in g  te n s io n  c a b le s  a p p lie s  th e  s a fe ty  

factor  ap p roach . For a s a fe ty  fa c to r  o f  1 .2  it  w as found th at T m ust equal 

2 . 5 6 x 1 0 ®  l b .  This w ould m ean th a t 7 , 5 1 8  te n s io n  c a b le s  w ould b e  re ­

quired at a c o s t  o f $ 1 0 . 6  m il lio n . B e c a u se  o f th is  h igh  c o s t  and in fe a ­

s ib i l i t y  o f in s ta ll in g  s o  many c a b le s  in  front o f  th e  NETS, th e  s a f e t y -  

fa c to r  approach d o e s  not appear to  be a p p lic a b le  h e r e .
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The se c o n d  p o s s ib i l i t y  a r is e s  from th e  th eory  o f a sm a ll driving  

force  c a u s in g  th e  fa ilu r e . This fo rce  w as estim a ted  to  be on  th e  order o f  

8 x 1 0 ®  lb .  I f  th is  sm a ll driv in g force  theory i s  co rr e c t, tw en ty -fo u r  

3 4 0 , 0 0 0 - l b  te n s io n  c a b le s  co u ld  c o n c e iv a b ly  s ta b il iz e  th e  fa ilu re  a t a 

r e la t iv e ly  low  c o s t .  There i s  a ls o  c o n s id e ra b le  f le x ib i l i ty  in  th is  s o lu ­

t io n . By c lo s e ly  m onitoring th e  s l id e ' s  m ovem ent and th e  te n s io n  in  th e  

c a b le s ,  th e  th eory  co u ld  be t e s t e d .  I f  th e  a c tu a l driv in g fo rce  w as  

se v e r a l tim es  larger th an  e s t im a te d , th e  s l id e  w ould s lo w ly  sta rt to  a c ­

c e le r a te .  At th is  p o in t , a d d itio n a l c a b le s  co u ld  b e  added  u n til e q u ilib ­

rium w as a g a in  o b ta in e d . Even i f  th e  th eory w ere found to  be in c o r re c t, 

th ere  sh ou ld  b e  enough tim e to  m ine dow n th e  2 0 0 -fo o t  c a tc h  b en ch  or 

d e c id e  th a t th e  c o s t s  o f  th e  other s o lu t io n s  no lon ger  make th e  Tripp Pit 

e co n o m ic a lly  f e a s ib le .

The Adit S o lu tio n

I f  th e  c o n tin u ity  o f th e  fa u lt z o n e s  cou ld  be d estro y ed  or a l ­

te r e d , th e  e f fe c t iv e  stren gth  o f  th e  z o n e s  w ould in c r e a s e .  O ne p o s s i ­

b il ity  w ould b e  to  d rive  a 1 ,0 0 0 - f o o t  a d it to  th e  z o n e s  a lo n g  w ith  tw o  

4 0 0 -fo o t  c r o s s  cu ts  a lo n g  th e  fa u lt z o n e s .  From th e s e  c r o s s  c u t s ,  by  

som e com b in ation  o f  c u t - a n d - f i l l  m ining a lon g  w ith  g ro u tin g , a k ey  

cou ld  be c o n s tr u c te d .

There are many en g in eer in g  problem s w ith  th is  s o lu t io n . The 

f ir s t  i s  h ow  to  e s t im a te  th e  e f fe c t iv e  stren gth  o f  th e k e y . In a d d itio n , 

driv ing th e  a d it  and c r o s s  c u ts  in to  th e  c la y - f i l le d  fa u lt zo n e  m ay r e ­

quire an  u n rea so n a b le  am ount o f support to  k eep  th e  h ea d in g s  o p en  and 

s a f e .  S o lv in g  th e s e  problem s g o e s  b eyond  th e  s c o p e  o f th is  t h e s i s .
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Prelim inary R ecom m endations

At th is  p o in t , o n ly  tw o  o f th e  p rop osed  so lu tio n s  ca n  b e  c o n ­

s id ered  u n til more in form ation  i s  o b ta in e d . The h ig h - c o s t  2 0 0 -fo o t  ca tc h  

b en ch  i s  probably  te c h n ic a lly  f e a s ib le ,  and d ep en d in g  on  the m ining  

e c o n o m ic s , m ay b e a n  a c c e p ta b le  m ethod o f  s ta b il iz in g  th e NETS. U s in g  

a sm a ll number o f te n s io n  c a b le s  a t  th e  to e  o f th e  fa ilu re  i s  a p o ten tia l  

r e la t iv e ly  lo w -c o s t  so lu t io n  to  th e  fa ilu re  ($ 3 0 -$ 4 0  th ou san d  for th e  

c a b le s ) . Its  b ig g e s t  draw back is  the sm a ll driv in g fo rce  th eo ry .

At th is  p o in t , i t  i s  recom m ended th at K ennecott C opper C orpora­

t io n  com pare the m ining e co n o m ics  o f  th e  tw o s o lu t io n s .  The f ir s t  p o s ­

s ib le  outcom e i s  th at the p it  i s  e c o n o m ic a lly  f e a s ib le  w ith  the h ig h -c o s t  

2 0 0 -fo o t  b e n c h . Then th e v ery  lo w - c o s t  te n s io n  c a b le s  ca n  b e  tr ied  and  

i f  th ey  are s u c c e s s f u l ,  a larger p rofit on  the p it  w ould  b e  a c h ie v e d . The 

se c o n d  p o s s ib i l i t y  i s  th a t o n ly  th e lo w - c o s t  t e n s io n  c a b le  so lu tio n  i s  

e co n o m ic a lly  f e a s ib le .  In  th is  c a s e ,  i t  m ay b e  n e c e s s a r y  to  in s ta l l  th e  

c a b le s  and m ine 1 0 0 ,0 0 0 —2 0 0 ,0 0 0  to n s  o f  th e  to e  to  t e s t  th e  th eo r y .

T his w ould  a ls o  t e s t  th e  p o s s ib i l i t y  th at th e  s l id e  i s  now  s ta b le  and may 

h ave  a s a fe ty  fa c to r  grea ter  th an  on e e v e n  w ith  future m in in g .

G ood co rre la tio n  h as b e e n  sh ow n  b e tw e en  p er iod s o f  h igh  p re­

c ip ita t io n  and a c c e le r a t io n  o f th e  NETS. The im portance o f  th is  i s  b e ­

lie v e d  to  be seco n d a ry  to  th e  m in ing a c t iv ity  at th e  to e  o f the fa ilu r e .  

Future m ining p la n s  sh o u ld  ta k e  p reca u tio n s  to  k eep  a s  much w ater a s  

p o s s ib le  out o f the te n s io n  cra ck s  b eh in d  the fa ilu r e . R educing th e  w ater  

h e ig h t from 265 to  75 f e e t  co u ld  y ie ld  a s a fe ty  fa c to r  o f  1 . 3 .  Such p re ­

ca u tio n s  co u ld  in c lu d e  d ra in age a lte r a tio n s  and th e  p h y s ic a l  rem oval o f  

sn o w  before  it  m elts  and pum ping w ater from th e c r a c k s .
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The Other S lid e s

The typ e o f s lo p e  d e s ig n  m ethods and th eir  a p p lic a b ility  are  

h ig h ly  v a r ia b le  for th e  o th er f a i lu r e s . To illu s tr a te  t h i s ,  a few  o f th e  

d ifferen t p o s s ib i l i t ie s  and r e su lt in g  c o n s id e ra tio n s  w ill  be p r e se n te d .

S ou th w est Tripp S lid e

The S o u th w est Tripp s l id e  ap p ears to  in v o lv e  o n ly  th e  o v e r -  

s te e p e n in g  o f  th e  upper w eathered  rock and th e  mine dumps ab ove th em . 

This m ateria l i s  now  s ta b le  around 37 d e g r e e , and th e l e s s  w eath ered  

rock b e lo w  ap p ears to  be s ta b le  a t 45 d e g r e e s . The p it s lo p e  d e s ig n  in  

th is  area sh ou ld  p la n  th e  upper s lo p e s  a t 37 d e g r ee s  dow n to  th e  7 , 0 4 0 -  

fo o t e le v a t io n , th en  over  th e  n ex t 100 f e e t  in  depth in c r e a se  th e  p it  

s lo p e  to  45 d e g r e e s .

The SWTS w as in i t ia l ly  s ta b le  and o n ly  a fter  se v e r a l y ea rs  did  

th e  rock stren gth  d e ter io ra te  to  th e  p o in t th a t th e  s l id e  cou ld  o c c u r . One 

p o s s ib le  s lo p e  d e s ig n  c o n s id e ra t io n  sh ou ld  b e  th e  p o s s ib i l i t y  of p rev en t­

in g  th is  d e ter io ra tio n . S h otcrete  ca n  be u se d  to  p reven t w eath erin g  of 

th e  rock  and p r o g r e ss iv e  d eter io ra tio n  (S a g e , 1 9 7 7 ). An e stim a ted  c o s t  

o f rein forced  sh o tc r e te  w as $ 2 .4 0 /f t ^  in  1974 d o lla rs  (S a g e , 1977) or 

$ 3 . lO /ft^  in  1977 d o lla rs  (u sin g  th e  M a r sh a ll-S te v e n s  in d ex  for e s c a la ­

t io n ) . The c o s t  o f co v er in g  th e  upper part o f th e  s l id e  w ith  re in forced  

sh o tc r e te  w ould b e  on th e  order o f  $ 1 .5  m illio n . The b e n e fit  o f in c r e a s ­

ing  th e  s lo p e  a n g le  to  43 d e g r ee s  i s  a d e c r e a se  in  stripp in g o f 7 0 0 ,0 0 0  

to n s a t a c o s t  o f  $ 3 5 0 ,0 0 0 .  E ven u s in g  unreinforced  sh o tc r e te  (at rough ly  

a third o f th e  a p p lic a tio n  c o s t ) ,  sh o tc r e te  d o es  not p a s s  th e  b e n e f i t - c o s t

t e s t .
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M orris S lid e

The so lu t io n  for th e M orris s l id e  appears to  be d ifferen t from 

th e  others a lread y  d is c u s s e d .  Trying to  s ta b il iz e  th e  fa ilu re  d o e s  not 

seem  f e a s ib le .  T en sio n  c a b le s  w ould h av e  d if f ic u lty  in  ap p ly in g  an e f ­

fe c t iv e  load  to  th e  s l id e  due to  it s  d eg ree  o f r u b b le iz a t io n . In a d d itio n , 

th e  current m ining p la n s  c a l l  for th e  o n ly  ore h au l road to  be p la c e d  d i­

r e c tly  under th e  fa ilu r e . A p ro b a b ility  d e s ig n  co u ld  b e  carried  out for th e  

fa ilu r e , but w ith  th e  h igh  c o s t  o f su ch  a fa ilu re  com pared to  th e  r e la t iv e ­

ly  low  c o s t  o f ju s t  m ining out th e  en tire  s l id e  ($ 1 7 5 ,0 0 0  a t 5 0 £ /to n ) th e  

la tter  se e m s  to  b e  th e  lo g ic a l  so lu t io n  e v e n  w ith ou t a d e ta ile d  a n a ly s i s .

N orth w est Tripp S lid e

T his i s  th e  la s t  area o f  th e  Tripp Pit th a t w ill  b e  d is c u s s e d .

H ere th e  structure i s  not know n w e ll  enough to  u s e  e ith er  th e  p rob ab ility  

or th e  s a fe ty - fa c to r  d e s ig n  t e c h n iq u e s . B ec a u se  th e  fa ilu re  h a s a lread y  

d e v e lo p e d , o b ta in in g  a d d itio n a l data w ould be d if f ic u lt  and w here p o s ­

s ib le  hard to  in terp ret. For th is  a r e a , th e  b e s t  m ining p la n  m ay b e  to  u s e  

w hat I c a ll  a dynam ic d e s ig n : f ir s t  attem pt to  m ain tain  th e  s lo p e  at 37 

d e g r e e s ,  th en  m odify th e  s lo p e  by terracin g  and u n load in g  a s  th e  f a i l ­

ures d e v e lo p . T h ese  ty p e s  o f  rubble s lo p e s  tak e  tim e  to  d e v e lo p  and  

are p r e d ic ta b le , h e n c e  m ining b e lo w  th e  fa ilu re  ca n  b e  s a fe ly  done w ith  

e x te n s iv e  m on itorin g . If th e  m ining ca n  b e  com p leted  before th e  fa ilu re  

fu lly  d e v e lo p s  a t i t s  current 30 to 2 2 -d e g r e e  s lo p e ,  c o n s id e ra b le  s a v ­

in g s  ca n  b e  m ad e. One p o s s ib le  w ay to  in corporate th is  ty p e  o f  d e s ig n  

in to  a m ining p lan  and to  e v a lu a te  th e  eco n o m ic  f e a s ib i l i t y  o f su ch  a 

d e s ig n  w ould be to  p red ic t th e  am ount o f a d d itio n a l to n n a g e  o f s l id e



rubble th at w ould b e  rem oved b efore  m ining w as co m p le ted . A r ea so n a b le  

p red ic tio n  for th e  NWTS may be 2 m illio n  to n s m ined from th e 6 ,9 5 0  le v e l  

over a tw o -y e a r  p er io d .
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APPENDIX A

DIRECT SHEAR TESTING ON THE 
TRIPP PIT FAULT GOUGE

Sam ple S ite

C la y  fa u lt g o u g e  sa m p les  w ere ob ta in ed  from on e  o f th e  M orris 

sy stem  fa u lts  on  th e  north s id e  o f th e  Tripp P it , near E ly , N ev a d a . The 

co o rd in a tes  o f th e  sam p le  s i t e  are 9 5 ,5 0 0  E . , 1 0 4 ,3 7 0  N . , u s in g  th e  

K ennecott co o rd in a te  sy ste m  (F ig . 1 ) . The fa u lt zon e  a v eraged  5 fe e t  in  

th ic k n e s s  w here sam p led  and c o n s is t e d  of m o stly  b la c k  c la y  w ith  o n ly  a 

fe w  in c lu d ed  rock  c l a s t s . The rock ty p e s  surrounding th e  sam p le s i t e  

w ere m o stly  w eath ered  C hainm an S h a le , w hich  prior to  w eath erin g  had  

b e e n  a ltered  to  a h o r n fe ls .

After s e v e r a l in c h e s  o f  th e  outer su r fa ce  m ateria l w as rem oved , 

th e  gou ge appeared  fresh  and m o is t . S a m p le s , app rox im ately  8 in c h e s  

on  a s id e ,  w ere c h is e le d  out o f th e  f a c e ,  wrapped in  a m o ist c lo th  and  

p la s t i c ,  and transported  to  th e  U n iv e r s ity  o f Arizona Rock M ec h a n ics  

Laboratory for t e s t in g .

N ature o f  th e  G ouge

X -ray a n a ly s is  b y  th e  K ennecott R esearch  C en ter  in  S a lt Lake 

C ity , U ta h , o f  s im ila r  g o u g e  o b ta in ed  from diam ond d r ill core  in  th e  

sam e area sh ow ed  th e  go u g e  to  c o n ta in  th e  fo llo w in g  m in era ls: m on t-  

m orillon ite  c la y  (50-70% ), k aoU n ite  c la y  (10-20% ), s e r ic ite  m ica (1 0 -  

25%), and very  fin e  gra in ed  quartz (5 -10% ). Som e other p ro p erties  o f
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th e  gou ge are a m oistu re co n ten t o f  21-31%  (drying a t 65°C ) and an aver­

a g e  Atterburg p la s t ic i t y  in d e x  o f 0 9 .6 .

T est Sam ple Preparation

The 8 - in c h -s q u a r e  f ie ld  sa m p les  w ere cored  u s in g  a c ircu lar  

w ood sa w  b it  w ith ou t w a ter . This y ie ld e d  sa m p les  for te s t in g  th at w ere  

1 -2  in c h e s  long and 1 .3  in c h e s  in  d ia m eter . The ends o f  th e  sa m p les  

w ere made p lan ar and p erp en d icu lar  to  th e  core a x is  b y  s lip p in g  th e  m et­

a l r in gs over th e  core  and u s in g  a m etal b lad e to  p la n e  o ff  th e  u n ev en  

g o u g e .

D ir ec t Shear T estin g  Procedure

The gou ge core  and th e  tw o te s t in g  r in gs w ere p la c e d  in  a S o i l -  

t e s t  d irect sh ear  m achine for t e s t in g .  D ep en d in g  on  th e  normal p ressu re  

u s e d ,  th e  sa m p les  w ere p la c e d  under th e  normal load  in  a w a te r - f i l le d  

sh ear box from 5 to  30 m in utes b efore th e  a c tu a l te s t in g  b e g a n .

The sh ear  rate  u se d  during th e  t e s t s  w as 0 .8  i n . / h r ,  w h ich  w as  

th e  s lo w e s t  p o s s ib le  rate  for th e  .S o ilte s t  sh ear  m achine u s e d .  The re ­

su ltin g  data (sh ear d isp la c e m e n t or s tra in  and sh ear  s tr e s s )  w ere p lo tted  

on graph paper during th e  t e s t  b y  a n X -Y  record er. The t e s t s  y ie ld e d  a 

p eak  sh ea r  stren gth  and a r e s id u a l sh ea r  s tren g th .

For s e v e r a l o f  th e  sa m p le s  it  w as found th a t a d d itio n a l r e s id u a l  

sh ear stren gth  data co u ld  b e  ob ta in ed  by in c r ea s in g  th e  normal s tr e s s  

o n c e  th e  r e s id u a l stren gth  had b e e n  r e a c h e d . After th e  t e s t ,  th e  am ount 

and nature o f  p la s t ic  flo w  w ith in  th e  go u g e  sam ple w ere n o ted . I t  w a s  

a ls o  n oted  w hether th e  top  o f th e  sam p le  (not under w ater) had sw e a te d  

o ff w a ter . The r e s u lt s  are sh ow n  in  T able A - l  and F igu res A - l —A 2 1 .
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T able A - l . G ouge t e s t  data  a

T est N o .

Normal
Force

(lb)

P eak
Shear
Force

(lb)

R esid u a l
Shear
Force

(lb)

Range of  
R esid u a l 

Force  
(lb)

4 -9 14 27 8 2
. IB -1 0 30 13 2

2B -10 67 25 2
2 -9 67 51 25 5

3B -10 121 30 2
1 -9 139 60 45 10

4B -10 176 40 5
1 -4 192 115 50 2
8-9Z 236 150 60 5

9B -10 267 60 5
3 -9 267 106 58 3
3 -2 267 105 35 10
2 -6 302 100 70 10
1 -1 0 340 140 50 5
8-9B 345 80 5
7-9A 378 135 85 10

11B -10 376 ' 78 5
3 -4 400 175 70 3
1 -7 427 162 80 3
8 -9 C 454 103 5
6 -9 466 120 70 10
1 -2 485 225 100 3

14B -10 485 98 10
7-9B 487 102 5
1 -6 540 195 110 3
7 -9 C
2 -1

558
594 235

115 5

2 -7 594 150 95 5

a .  Sam ple d iam eter  = 1 .3  i n . ;  sam p le  area = 1 . 3 3  i n . 2 . T e s ts  w ere  
run b e tw e en  1 /1 0 /7 7  and 1 0 /1 1 /7 7 .
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P resh eared1 5 0 -

O  I CO r r

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A - l .  Shear t e s t s  I B -1 0 , 2 B -1 0 , 3 B -1 0 , and 4B -10

Figure A -2 . Shear t e s t  4 -9
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Normal s t r e s s , 50 p s i

50—

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A - 3 . Shear t e s t  2 -9

Normal s t r e s s , 105 p s i

.10 .15 .2 0  .25 .3 0
SHEAR DISPLACEMENT . In ch es

Figure A -4 . Shear t e s t  1 -9
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.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A - 5 . Shear t e s t s  8 -9 A , 8 -9 B , and 8 -9 C

Normal s t r e s s ,  145 p s i

.10 .15 .20  .25 .3 0
SHEAR DISPLACEMENT . In ch es

Figure A -6 . Shear t e s t  1 -4
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Normal s t r e s s , 201 p s i

1 5 0 -

Presheared

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -7 . S h ea r  t e s t  9B -10

Normal s t r e s s , 201 p s i

.10 .15 .20  .25 .3 0
SHEAR DISPLACEMENT . In ch es

Figure A -8 . Shear t e s t  3 -9
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200 -

Normal s t r e s s , 227 p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A - 9 . Shear t e s t  2 -6

Normal s t r e s s , 201 p s i
stuck

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 0 . Shear t e s t  3 -2
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Norm al s t r e s s , 255 p s i

Gage stuck

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A - l l .  Shear t e s t  1 -1 0

2 0 0 —1

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 2 . Shear t e s t s  7 - 9 A, 7 -9 B , and 7 -9 C
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Norm al s t r e s s , 283 p s i

Presheared

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 3 . Shear t e s t  11B -10

Normal s t r e s s , 301 p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 4 . Shear t e s t  2 -4
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Norm al s t r e s s , 321 p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT , Inches

Figure A -1 5 . Shear t e s t  1 -7

Normal s t r e s s , 350 p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 6 . Shear t e s t  6 -9
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Normal s t r e s s , 365 p s i

Gage sticking

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 7 . Shear t e s t  1 -2

2 0 0-1

Norm al s t r e s s , 446  p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 8 . Shear t e s t  2 -7



SH
EA

R 
FO

RC
E 

. 
Po

un
ds

 
SH

EA
R 

FO
RC

E 
, 

Po
un

ds
101

Normal s t r e s s , 364 p s i

Presheared

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -1 9 . Shear t e s t  14B -10

Normal s t r e s s , 406  p s i

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -2 0 . Shear t e s t  1 -6



1 0 2

Normal s t r e s s , 446  p s l

Top ring tilting

.10 .15 .20 .25 .30
SHEAR DISPLACEMENT . Inches

Figure A -2 1 . Shear t e s t  2 -1



APPENDIX B

BACK CALCULATION OF EFFECTIVE STRENGTH 
FOR THE NORTHEAST TRIPP SLIDE

B ec a u se  th e  N o rth east Tripp s l id e  is  a w ed ge fa i lu r e , i t s  e f f e c ­

t iv e  stren gth  ca n  b e  b ack  c a lc u la te d  by u s in g  H o ek 's  lim itin g  equilibrium  

a n a ly s is  (H oek and B ray, 1 9 7 7 , p . 3 3 3 -3 4 8 ) . The geom etry  o f th e  fa ilu re  

i s  sh ow n  in  Figure B - l  (in p o c k e t) . The im portant g eom etric  param eters  

for th e  m odel o f th is  fa ilu re  are:

1 . P lane A (M orris fa u lt): s tr ik e , N . 2 4 ° E . , d ip , 3 1 ° NW .

2 . P lan e B (Kimberly fau lt): s tr ik e , N . 6 9 ° E .;  d ip , 3 3 ° SE.

3 . P it fa c e :  s tr ik e , N . 5 0 ° W .;  d ip , 3 7 ° S W .; v e r t ic a l r e l i e f ,

650 f e e t .

4 .  Top of w ed ge: f la t;  e le v a t io n , 7 ,2 0 0  f e e t .

5 . T en sio n  crack: 1 ,0 0 0  fe e t  beh in d  rim; s t r ik e , N . 5 0 ° W .;  d ip , 

7 0 °  SW .

6 . W ater ta b le :  a s  sh ow n  in  Figure 9 .

D ata

B ased  on th e  geom etry  o f  th e  w ed ge a s  worked out from Figure  

B - l , th e  fo llo w in g  data w ere determ ined:

1 . E ffec tiv e  area on  p la n e  A o f s lid in g  (OATW):

AA = 1 .2 3 3  x  1 0 6 f t 2

2 . E ffec tiv e  area on  p la n e  B o f s lid in g  (OBVW):

Ab = 1 .3 7 1  x  106 f t 2 .
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3 . E ffe c tiv e  area on  p lan  A b e lo w  w ater ta b le  (OWIGKM):

Au a  = 0 .5 1 5  x  1 0 6 f t 2 .

4 . E ffe c tiv e  area on  p la n e  B b e lo w  w ater ta b le  (OWHFJL):

Au b  = 0 .5 2 8  x  1 0 6 f t 2 .

5 . E ffe c tiv e  area o f  t e n s io n  crack  b e lo w  w ater ta b le  (HWI):

Au t  = 0 .1 3 2  x  106 f t 2 .

6 . P lunge o f co n tro llin g  fa u lts :  1 3 ° .

7 . A n gles o f co n tro llin g  fa u lts  to  h or izo n ta l r e la t iv e  to  th e  po in t  

v ie w  dow n th e  fau lt in te r s e c t io n  lin e  (OC):

A0 C  = 2 8 .0 °

B0 C = 2 5 .5 ° .

F orces D ue to  W eig h t o f W edge

1 . The p la n im etr ic  m ethod rather th an  th e  H oek  w ed ge a n a ly s is  

w as u se d  to  determ ine th e  volum e (V-yy) and m ass (W) o f th e  

w ed ge w ith  th e  fo llo w in g  r e su lts

Vw  = 413 x  106 f t3

a n d , a ssu m in g  a d e n s ity  o f 160 lb / f t 3 ,

W  = 6 6 .0 4  x  109 lb  

= 3 3 x 1 0 ®  t o n s .

2 . W eigh t normal to  O -C :

W q c  = W  c o s  1 3 °

= 6 6 .0 4  x  c o s  13°

= 6 6 .3 5  x  109 lb .

3 . Shear fo rce:

S = Wq c  s in  13°



6 6 .0 4  s i n l 3 °

= 1 4 .8 6  x  109 lb .

4 .  F orces normal to  fa u lt p la n e s :

s in A g c
s in B , c o s  Bq c  + c o s  Aq c

6 4 .3 5  x  109 lb
s l n 28 T cos 2 5 .5  + c o s  28
s in  2 5 .5

6 4 .3 5  x  0 .5 3 5 6  = 3 4 .4 7  x  109 lb

sin A
JB 2 2 .  = 3 4 .4 7  x  109 lb  - sin- 28..

s in B o c  s in  2 5 .5

3 4 .4 7  x  109 lb (1 .0 9 0 ) = 3 7 .5 9  x  109 lb

F orces D ue to  W ater

1 . W ater fo rce  in  te n s io n  crack:

V = 1 /3  (maximum w ater head) x  (w ater d en s ity ) x  A 

= 1 /3  x  180 ft x  6 2 .5  lb / f t 3 x  1 3 2 ,0 0 0  f t 2 

= 0 .4 9 5  x  109 lb

2 . E ffec tiv e  force  dow n fa u lt in ter sec tio n :

Vq q  = V c o s  13

= 0 .4 9 5  x  109 lb x  c o s  13 

= 0 .4 8 2  x  109 lb

3 . U p lift fo rce  due to  w ater on fa u lt p la n e  P

Up = 1 /3  (maximum w ater head) x  (w ater d e n s ity )  

x  (e f fe c t iv e  area on p la n e  b e lo w  w ater ta b le )
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S u b stitu tin g  data for p la n e s  A and B,

UA = 1 /3  x  210 ft  x  6 2 .5  lb / f t 3 x  0 .5 1 5  x  106 

= 2 .2 5  x  109 lb

U B = 1 /3  x  210 ft x  6 2 .5  lb / f t 3 x  0 .5 2 8  x  106 

= 2 .3 1  x  109 lb .

R eso lu tio n  o f F orces for NETS 

U sin g  th e  lim itin g  equilibrium  equation:

S .F . C a Aa  +  CbAb + (Na -  UA) t a n / a + (Nr ~ Ub) t a n / s )
S + Vq C

and a ssu m in g  eq u al c o h e s io n  (CA = C g = C Ag) and eq u al fr ic tio n  a n g le s  

( / A = = / Ag ) , th en

S .F . _  C Ag (AA + Ag) + (NA -  UA + N g -  Ug) ta n /^ g
S + Vq C

For a sa fe ty  factor  o n e , u s in g  data for th e  NETS (a ll u n its  x  109):

1 = C a b (0»00260) + (3 4 .4 7  -  2 .2 5  + 3 7 .5 9  -  2 .3 1 )  t a n / AB
1 4 .8 6  + 0 .4 8

= GAg (0 .0 0 0 1 6 7 ) + 4 .4 0 1  t a n / Ag  

S o lu tio n s to  th is  lim itin g  equilibrium  eq u ation  are:

C AB

0 1 2 .8

250 1 2 .3
400 1 2 .0
500 1 1 .8

1000 1 0 .7
2000 8 .6

S ee  Figure 13 for p lo t o f s o lu t io n s .



APPENDIX C

NOTATION

The fo llo w in g  sym b o ls  are u s e d  in  th is  t h e s is :

i = a n g le  b e tw een  minimum and maximum dip  

n = normal force  

r = co rre la tio n  c o e f f ic ie n t  

s = standard d e v ia tio n  

u = w ater p ressu re  

x  = a v erage  

C = c o h e s io n  

D = dip o f te n s io n  c a b le s

I = apparent dip of p la n e  o f w e a k n e ss  under s lo p e  

Rt = to ta l force  norm al to  co n tro llin g  fa u lts  m o b iliz ed  by te n s io n  c a b le s  

8% = fo rce  v e c to r  from te n s io n  c a b le s  in  o p p o sin g  s l id e s  

Cn = normal s tr e s s  

T = sh ear  fo rce  (or sh ea r  strength) 

jzf = fr ic tio n  a n g le  

jzffl = fr ic tio n  a n g le  for p la n e  A 

= fr ic tio n  a n g le  for p la n e  B
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