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A B S T R A C T : T h e  m a jo r ity  o f  g e o te c h n ica l a n a lyse s  a re  d e te rm in is tic ,  in  th a t th e  in h e re n t v a r ia b ility  o f  th e  m a te ria ls  is n o t 
m o d e le d  d ire c tly ,  ra th e r so m e  ‘"fa c to r o f  s a fe tv ’: is a p p lie d  to  re s u lts  c o m p u te d  u s in g  “a ve ra g e " p ro p e rtie s .  I n  th e  pre se n t 
s tu d y ,  th e  in flu e n c e  o f  ra n d o m ly  d is tr ib u te d  sh e a r s tre n g th  is assessed v ia  n u m e ric a l e x p e rim e n ts  in v o lv in g  th e  co m p re ss iv e  
s tre n g th  a n d  s ta b ility  o f  p illa rs  ty p ic a lly  use d in  u n d e rg ro u n d  c o n s tru c tio n  a n d  m in in g  o p e ra tio n s .  T h e  m o d e l in v o lv e s 
c o m b in in g  ra n d o m  fie ld  th e o ry  w ith  a n e la s to - p la s tic  f in ite  e le m e n t a lg o r ith m  in  a M o n te - C a rlo  fra m e w o rk .  I t  is  fo u n d  th a t 
th e  “a ve ra g e ” sh e a r s tre n g th  o f  th e  ro c k  is n o t a go o d  in d ic a to r  o f  th e  o v e ra ll s tre n g th  o f  th e  p illa r .  T h e  re s u lts  o f  th is  s tu d y  
e n a b le  t r a d it io n a l a p p ro a ch e s  in v o lv in g  “fa c to rs  o f  s a fe ty ” to  be  re - in te rp re te d  in  th e  c o n te x t o f  r e lia b ility  ba se d d e s ig n.

R E S U M E : L a  m a jo r ité  de  g e o te c h n ic a l a n a lyse  e st d é te rm in is te ,  d a n s q u e  la  v a r ia b ilité  in h é re n te  de s m a té rie ls  n ’e st pa s 
d ire c te m e n t m o d e lé e  . p lu tô t  q u e lq u e  “fa c to r  de  s û re té " e st a p p liq u é  a u x  ré s u lta ts  “a ve ra ge  ca lcu lé s  q u i u tilis e n t’' les p ro ­

p rié té s .  D a n s  l ’é tu d e  a c tu e lle ,  l ’in flu e n c e  de  fo rc e  de  c is a ille s  a u h a sa rd  d is tr ib u é e  est é va lué e  v ia  le s e xp é rie nce s n u m é riq u e s 
q u i im p liq u e n t la  fo rc e  de  co m p re s s iv e  e t la  s ta b ilité  de  p ilie rs  ty p iq u e m e n t u tilis é  d a n s  la  c o n s tru c tio n  s o u te rra in e  e t cre use 
de s o p é ra tio n s .  L e  m o d è le  im p liq u e  c o m b in e r la  th é o rie  de  d o m a in e  fa ite  a u h a sa rd  a vec u n  a lg o rith m e  d ’é lé m e n t f in i e la s to - 
e n m a tiè re  p la s tiq u e  d a n s  u n e  s tru c tu re  de  M o n te - C a rlo .  I l  e st tro u v é  q u e  le  “ a ve ra ge ” la  fo rc e  de  c is a ille s  d u  ro c h e r n 'e st 
pa s un  b o n  in d ic a te u r  de  la  fo rc e  gé n é ra le  d u  p ilie r .  Le s ré s u lta ts  de  c e tte  é tu d e  re n d e n t ca p a b le  de s a p p ro ch e s im p liq u e r 
“fa c to rs  de  s û re té ” à e st re - in te rp ré té  d a n s le  c o n te x te  de  f ia b ilité  c o n c e p tio n  ba sé e .

1 I N T R O D U C T I O N

A  re v ie w  a n d  a sse ssm e nt o f  e x is tin g  d e s ig n  m e th o d s  fo r  e s ti­

m a tin g  th e  fa c to r  o f  s a fe ty  o f  c o a l p illa rs  ba se d o n  s ta tis tic a l 
a p p ro a ch e s w a s  co ve re d  re c e n tly  b y  S a la m o n  (1 9 9 9 ) .  T h is  
p a p e r fo llo w s  th is  p h ilo s o p h y  b y  in v e s tig a tin g  in  a rig o ro u s 
w a y. th e  in flu e n c e  o f  ro c k  s tre n g th  v a r ia b ility  on th e  o v e ra ll 
co m p re ss iv e  s tre n g th  o f  ro c k  p illa rs  ty p ic a lly  used in  m in in g  
a n d  u n d e rg ro u n d  c o n s tru c tio n .  T h e  te c h n iq u e  m e rge s  e la s to - 
p la s tic  f in ite  e le m e n t a n a ly s is  (e .g . S m ith  a n d  G r iffith s  1 9 9 8 ) 
w ith  ra n d o m  fie ld  th e o ry  (e .g . V a n m a rc k e  1 9 8 -L F e n to n  1 9 9 0 ) 
w ith in  a M o n te - C a rlo  fra m e w o rk .  T h e  ro c k  s tre n g th  is c h a r ­

a c te riz e d  b y  a n e la s tic - p e rfe c tly  p la s tic  T re sca  fa ilu re  c r ite ­

r io n .  in  w h ic h  th e  v a ria b le  coh e s io n r. is  d e fin e d  by  a lo g n o rm a l 
d is tr ib u tio n  w ith  th re e  p a ra m e te rs  as sho w n in  T a b le  1.

T a b le  1. I n p n t p a ra m e te rs  fo r ro c k  s tre n g th

A  ty p ic a l f in ite  e le m e n t m e sh  is s h o w n  in  F ig u re  1 a n d  c o n ­

s is ts  o f  4 0 0  8 -n o d e  p la n e  s tra in  q u a d rila te ra l e le m e n ts .  E a ch 
e le m e n t is a ssigne d a d iffe re n t c -v a lu e  ba se d o n  th e  u n d e rly ­

in g  lo g n o rm a l d is tr ib u tio n .  A t e a ch M o n te - C a rlo  s im u la tio n s , 
th e  b lo c k  is co m p re sse d  b y  in c re m e n ta lly  d is p la c in g  th e  to p  
su rfa ce  v e r tic a lly  d o w n w a rd s .  F o llo w in g  each d is p la c e m e n t 
in c re m e n t,  th e  n o d a l re a c tio n  lo a d s  a re  s u m m e d  a n d d iv id e d  
b y  th e  w id th  o f  th e  b lo c k  B  to  g iv e  th e  a ve ra ge  a x ia l stre ss. 
T h e  m a x im u m  v a lu e  o f  th is  a x ia l stre ss q f.  is th e n  d e fin e d  as 
th e  c o m p re ss iv e  s tre n g th  o f  th e  b lo c k .
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T h e  S p a tia l C o rre la tio n  L e n g th  d e scrib e s  th e  d is ta n c e  o ve r 
w h ic h  th e  s p a tia lly  ra n d o m  va lu e s  w ill te n d  to  be  c o rre la te d  in 
th e  u n d e rly in g  G a u ssia n  fie ld .  T h u s ,  a la rg e  v a lu e  w ill im p ly  a 
s m o o th ly  v a ry in g  fie ld ,  w h ile  a s m a ll v a lu e  w ill im p ly  a ra g ge d 
fie ld .  I n it ia l s tu d ie s  o n  a s im ila r  p ro b le m  w e re  re p o rte d  b y 
P a ie e  a n d  G r if f ith s  (1 9 9 9 ) .

I n  o rd e r n o n - d im e n s io n a liz e  th e  in p u t,  th e  ro c k  s tre n g th  v a r i ­

a b ility  is e xpre sse d in  te rm s  o f  th e  C o e ffic ie n t o f  V a r ia tio n  
C .O .V .c =  crc/ / i 0 . a n d  a n o rm a liz e d  s p a tia l c o rre la tio n  le n g th  
0C =. 0\nc/ B  w h e re  B  is  th e  side  le n g th  o f  th e  p illa r .

—
B

- -

—

—

i r a ,

rigid rough bottom surface

Figure 1. Mesh used for FE pillar analysis.
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T h is  s tu d y  focuse s o n  th e  d im e n s io n le s s  “ b e a rin g  c a p a c ity  va lu e s  o f  Qr . A s  s h o w n  in  F ig u re  3 b . h o w e ve r,  rn reaches

fa c to r'" N c d e fin e d  a t e a ch o f  th e  f i iim  M o n te - C a rlo  s im u la tio n a  m in im u m  a t a b o u t 0C =  0 .2  a n d  s ta rts  to  c lim b  a g a in .  It

a s: c o u ld  be  s p e c u la te d  th a t in  th e  lim it  o f  6C =  0 . th e re  a re  no

“p re fe re n tia l” p a th s  th e  m e c h a n is m  ca n  fo llo w ,  a n d  th e  m ean

, _  i . . _  b e a rin g  c a p a c ity  fa c to r  w ill re tu rn  on ce  m o re  to  th e  de te r-

c — 1 ~  ; ’ ; . .... : n Jim ( ) in in is t ic  v a lu e  o f  2 . T h is  h y p o th e s is  ca n o n ly  be  te ste d  w ith

a e x tre m e ly  fin e  m e sh  a n d  is c u rre n tly  u n d e r fu r th e r  inve sti- 
T h e  N '  va lu e s  a re  th e n  a n a lyse d  s ta tis t ic a lly  ( o  e n a b le  p ro b a - g a ^ o n

b ilis t ic  s ta te m e n ts  to  be  m a d e  a b o u t th e  c o m p rc s s iv e  s tre n g th

o f  th e  p illa r .

F o r a h o m o g e n e o u s ro c k .  A 'c =  2 . so fo r  a g iv e n  le ve l o f  ro c k  
s tre n g th  v a r ia b ility ,  it  w ill be  im p o r ta n t fo r  d e s ig n  to  e s tim a te  
th e  fa c to r  o f  s a fe ty  re q u ire d  to  re d u ce  th e  p r o b a b ility  o f  fa ilu re  
to  a cce p ta b le  le ve ls .

2  P A R A M E T R I C  S T U D IE S

A n a ly s e s  w e re  p e rfo rm e d  w ith  in p u t p a ra m e te rs  w ith in  th e  . 
fo llo w in g  ra ng e s:

0.1 <  6C < 2

0 .1 2 5  <  C'.O.V.c <  4

F o r ca ch p a ir  o f  va lu e s  o f C .O .V .c a n d  ( = 2 5 0 0 )

M o n te - C a rlo  s im u la tio n s  w e re  p e rfo rm e d ,  a n d  fro m  th e se  th e  
estim ated  s ta tis tic s  o f  th e  b e a rin g  c a p a c ity  fa c to r  w e re  c o m ­

p u te d  le a d in g  to  a m e a n  m ,v r a n d  s ta n d a rd  d e v ia tio n  s/yr -

F ig u re  2 sho w s a ty p ic a l d e fo rm e d  m e sh  a t fa ilu re  w ith  
a  s u p e rim p o s e d  g re ysca le  in  w h ic h  lig h te r  re g io n s  in d ic a te  
s tro n g e r ro c k  a n d  d a rk e r re g io n s  in d ic a te  w e a ke r s o il.  I t  is 
c le a r in  th is  case  th a t  th e  w e a k ( d a rk )  re g io n  ha s trig g e re d  a 
q u ite  ir re g u la r  fa ilu re  m e c h a n is m . In  g e n e ra l,  th e  m e ch a n is m  
is a ttra c te d  to  th e  w e a k z one s a n d  ‘‘a v o id s ” th e  s tro n g  zone s.

C.0.v.c = 0 
c.o.v.c-o.io

C.O.V.c - 0.20 
C.O.V.c - 0.40 
C.O.V.L. - 0.60 
C.O.V.c - 0.80 
C.O.V.L. = 1.00 
C.O.V.c - 1.20 
C.O.V.c — 1.40 
C.O.V., - 1.60

-  0.01 

0,-01 
- o.2 

0 C -  0.5 

ec“ i.o 

ec» 2.0 

ec -  5.0 

ec-  loo

0 “ OO

0.8

c.o.v.r

F ig u re s  3 a .h .  V a r ia tio n  o f  w ith  C.O.V.c  a n d  0C

A ls o  in c lu d e d  on F ig u re  3a  is th e  h o r iz o n ta l lin e  co rre sp o n d 
m g  to  th e  s o lu tio n  th a t w o u ld  be  o b ta in e d  fo r  6C =  oc.  T h is 
h y p o th e tic a l ca se  im p lie s  th a t e a ch re a liz a tio n  o f  th e  M o n te

F ig u re  2 . T y p ic a l d e fo rm e d  m e sh  a n d  g re y  sca le  a t fa ilu re .  C a r l°  P r o c e s s  in v o lv e s  e s s e n tia lly  h o m o g e n e o u s s o il,  a lb e it

w ith  p ro p e rtie s  v a ry in g  fro m  one  re a liz a tio n  to  th e  n e x t.  In

2 .1  M e a n  n f N c th is  ca se , th e  d is tr ib u tio n  o f  qf w ill be  s ta tis tic a lly  s im ila r

. -  i l  . . . .  , . , to  th e  u n d e rly in g  d is tr ib u tio n  o f  r. b u t m a g n ifie d  b v  2 . thus
A  s u m m a rv  o f  th e  m e a n  b e a rin g  c a p a c ity  fa c to r  t n v  ) c o m -  _ r K *

. . ’ , . . , . , . . .  .  , rn s c =  2 fo r  a ll va lu e s  o f  9C.
p u te d  u s in g  th e  va lue s p ro v id e d  by e q u a tio n  ( i )  to r  e a ch s im -

u la tio n  is  s h o w n  in  F ig u re s  3 a  a n d  3 b .  T h e  p lo ts  c o n firm  th a t 2 _2 C o e ffic ie n t o f Variation o f  A 'c 
fo r lo w  va lu e s  o f  C .O .V .c. te n d s  to  th e  d e te rm in is tic  va lu e

o f  2 . A s  th e  C .O .V .c o f  th e  ro c k  incre a se s, th e  m e a n  b e a r - F ig u re  4  sho w s th e  in flu e n c e  o f  6C a n d  C .O .V .c o n  th e  co- 

in g  c a p a c ity  fa c to r  fa lls  q u ite  ra p id ly ,  e s p e c ia lly  fo r  s m a lle r e ffic ie n t o f  v a r ia tio n  o f  th e  e s tim a te d  b e a rin g  c a p a c ity  fac-
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“Design failu re ' if qj < 2(ic/ F (2)to r.  C.O .V.Nr =  SNr / m N r . T h e  p lo ts  in d ic a te  th a t C.O .V.Nr 

is p o s itiv e ly  c o rre la te d  w ith  b o th  C .O .V .c a n d  6C. w ith  th e  

lim it in g  v a lu e  o f  0e =  oc g iv in g  th e  s tra ig h t lin e  C .O .V .c =  In  th e  in te re s ts  o f  b re v ity ,  o n ly  th e  case  c o rre s p o n d in g  to

C .O .V .Nr. F  =  2 w ill be  p re se n te d h e re .  L e t th e  p ro b a b ility  o f  “de sig n 

fa ilu re ” be  p( Nc < 2 / F ) .  he nce  fro m  th e  p ro p e rtie s  o f  th e  

u n d e rly in g  n o rm a l d is tr ib u tio n  w e  ge t:

p(N r. < 2 / F )  =  $
I n  2 /F  -  » n]n

S in  Nc

w h o re  $  is  t lio  c u m u la tiv o  n o rm a l fu n c tio n .

(3 )

F ig u re  4 . V a r ia tio n  o f  C.O .V .n c w ith  C .O .V .c a n d  9C

3 P R O B A B I L I S T I C  I N T E R P R E T A T I O N

F o llo w in g  M o n te - C a rlo  s im u la tio n s  fo r e a ch p a ra m e tr ic  c o m ­

b in a tio n  o f  in p u t p a ra m e te rs  (0 C a n d  C.O .V .c). th e  s u ite  o f 

c o m p u te d  b e a rin g  c a p a c ity  fa c to r va lu e s  fro m  e q u a tio n  (1 ) 

w a s p lo tte d  in  th e  fo rm  o f a h is to g ra m ,  a n d a “b e s t- fit ’’ lo g - 

n o rm a l d is tr ib u tio n  s u p e rim p o s e d .  A n  e x a m p le  o f  such a 

p lo t is s h o w n  in  F ig u re  5 fo r  th e  ca se  w h e re  0r — 0 .2  a n d

C .O .V .r =Q .b.

F o r th e  p a r tic u la r  case  s h o w n  in  F ig u re  5 . th e  f it te d  lo g n o rm a l 

d is tr ib u tio n  ha s th e  p ro p e rtie s  m ^ ,  =  a n d  = .  he nce  th e  

u n d e rly in g  n o rm a l d is tr ib u t io n  (see  e .g. G r if f ith s  a n d  F e n to n

1 9 9 7 ) is  d e fin e d  b y  n i|n ,ye =  a n d  .<:in /vc = •  E q u a tio n  (3 ) 

th e re fo re  g ive s p(/V<. <  2 / F )  = .  in d ic a tin g  a n %  p ro b a b ility  

o f  “d e s ig n fa ilu re " as d e fin e d  a bo ve .

4  C O N C L U D I N G  R E M A R K S

T h e  p a p e r ha s s h o w n  th a t ro c k  s tre n g th  v a r ia b lility  in  th e  

fo rm  o f a s p a tia lly  v a ry in g  lo g n o rm a l d is tr ib u tio n  ca n  s ig n if ­

ic a n tly  re d u ce  th e  co m p re s s iv e  s tre n g th  o f  a n  a x ia lly  lo a d e d 

ro c k  p illa r .

T h e  fo llo w in g  m o re  sp e c ific  c o n c lu s io n s  ca n b e  m a d e :

1. A s  th e  c o e ffic ie n t o f  v a r ia tio n  o f  th e  ro c k  s tre n g th  in ­

cre a se s. th e  e xp e cte d  c o m p re ss iv e  s tre n g th  de crea se s. 

T h e  de cre a se  in  c o m p re ss iv e  s tre n g th  is  g re a te s t fo r 

s m a ll c o rre la tio n  le n g th s .

2 . A s  th e  c o rre la tio n  le n g th  is  fu rth e r  de cre a se d h o w e ve r, 

th e  co m p re ss iv e  s tre n g th  a p p e a rs  to  re a ch a m in im u m  

a n d  s ta rt to  in cre a se .  I t  is  s p e c u la te d  th a t  as th e  c o rre ­

la tio n  le n g th  be com e s v a n is h in g ly  s m a ll a n d  a p p ro a ch e s 

th e  lim it in g  v a lu e  o f  z e ro ( w h ite  n o ise ) ,  th e  co m p re ss iv e  

s tre n g th  te n d s  to  a p p ro a c h  th e  d e te rm in is tic  va lu e  once 

m o re .

3 . T h e  c o e ffic ie n t o f v a r ia tio n  o f  th e  co m p re ss iv e  s tre n g th  

w a s o b se rve d  to  b o  p o s itiv e ly  c o rre la te d  w ith  b o th  th e  

s p a tia l c o rre la tio n  le n g th  a n d  th e  c o e ffic ie n t o f  v a r ia tio n  

o f  th e  ro c k  s tre n g th .

4 . B y  in te rp re tin g  th e  M o n te - C a rlo  s im u la tio n s  in  a p ro b ­

a b ilis tic  c o n tc x t.  a d irc c t re la tio n s h ip  b e tw e e n  fa c to rs 

o f  s a fe ty  a n d  p ro b a b ility  o f  fa ilu re  c o u ld  be  e s ta b lish e d .
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T h e  w r ite rs  a ckn o w le d g e s th e  s u p p o rt o f  N S F  G ra n t N o . 
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F ig u re  5 . H is to g ra m  a n d  lo g n o rm a l f it  fo r  th e  c o m p u te d  b e a r ­

in g  c a p a c ity  fa c to rs .

S in ce  th e  lo g n o rm a l f it  ha s be e n n o rm a liz e d  to  e nclose  a n 

a re a  o f  u n ity ,  a re a s u n d e r th e  c u rv e  ca n  be  d ire c tly  re la te d  

to  p ro b a b ilit ie s .  F ro m  a p ra c tic a l v ie w p o in t i t  w o u ld  be  o f 

in te re s t to  e s tim a te  th e  p r o b a b ility  o f  “d e s ig n  fa ilu re '1. d e fin e d 

he re  as o c c u rrin g  w h e n  th e  c o m p u te d  co m p re ss iv e  s tre n g th  is 

le ss th a n  th e  d e te rm in is tic  v a lu e  ba se d o n  th e  m e a n  s tre n g th  

d iv id e d  b y  a  “fa c to r  o f  s a fe ty ’' F . i.e .
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