
R o o f  a n d  r i b  h a z a r d  a s s e s s m e n t  

f o r  u n d e r g r o u n d  s t o n e  m i n e s

Hazard assessment techniques
O f the  33 m ines v is ited , 32 used  

th e  ro o m -a n d -p illa r  m e th o d . T his 
m e th o d  is m o s t e ff ic ien t an d  sa fest 
w hen th e  m ining results in a sm ooth , 
co m p e te n t ro o f  (b ack ) an d  th e  ribs 
(walls) are free o f loose rocks. Finding 
a m in ing  h o rizo n  th a t has b o th  a 
s tab le  ro o f  b eam  a n d  a s ta b le  ro o f  
line and determ in ing  an  op tim al m ine 
layout are  critical tasks in developing a  safe and  p roduc
tive m ine. R oom  w idths, he igh ts and  leng ths and  p illar 
o r ie n ta tio n s  a n d  sh ap es sh o u ld  b e  p re d e te rm in e d  to  
m inim ize ro o f and  rib  hazards. D uring  developm ent o f a 
new  m ine, de ta iled  considera tion  should  be  given to  the 
m ine p o rta ls  and  m ain  access drifts , as th ese  openings 
m ust rem ain  stable for th e  life o f th e  underg round  mine.

Finding a stable roof beam. P erhaps the  first criti
cal roof-safety consideration  is to  find 
a s tab le  ro o f  b eam . T he  id ea l ro o f  
beam  is m assive, s tro n g , p e rs is te n t 
and w eather resistant. Local stra tig ra
phy (the  layers o f stra tified  rock) d ra 
m atica lly  a ffec t g ro u n d  stab ility , 
e spec ia lly  w hen  ce rta in  lith o lo g ic  
th ickness , b ed d in g  la m in a tio n  and  
cross-bedding fea tu res a re  presen t. In 
g en e ra l, a th ick  c o m p e te n t b e d  of 
ro ck  (p re fe ra b ly  lim e s to n e )  w ith in  
th e  im m ediate  ro o f horizon  resu lts in 
a s tab le  ro o f  b eam . T his is b ecau se  
lim es to n e  is g en e ra lly  s tro n g e r  an d  
m ore  m assive th an  shale  o r  siltstone  
(w hich  is so ft and  b e d d e d ) . S tiffe r 
ro ck s sag  (d e flec t)  less th a n  so f te r  
rocks, and th icker ro o f beam s sag less 
th a n  th in n e r  beam s. T h e re fo re , th e  
im m ed ia te  ro o f  sh o u ld  co n sis t o f  a 
lim estone beam  of sufficient streng th  
and  charac te r so as to  m inim ize ro o f 
sag.

In  g en era l, th e  less a ro o f  beam  
sags, th e  less chance fo r beam  failure.
A  m ete r (3 ft) o r m ore o f co m peten t 
(having few jo in ts) lim estone w as o b 
served to  form  a stable beam  in 10-m- 
(35-ft-) w ide ro o m s in m any  u n d e r
g ro u n d  m ines. A s m o re  jo in ts  in te r
cep t th e  ro o f beam  o r th e  associated

room  is w idened, the chance for insta
bilities increase. T herefo re , changes in 
ro o f  b eam  ch a rac te ris tic s  shou ld  a l
ways b e  co nsidered  as new  faces are  
advanced.

M assive lim estone is very  strong, 
o ften  having com pressive streng ths of 
207 M P a (30,000 p s i)  an d  ten s ile  
stren g th s o f 14 M Pa (2,000 psi). U n 
fortunate ly , like any o th e r rock , lim e

stone contains d iscontinuities (vertical jo in ts o r fractures 
and  h o riz o n ta l b ed d in g  p lan es ) th a t  can  a ffec t roo f- 
beam  streng th . These d iscontinuities (b reaks) in th e  rock 
con tro l th e  stren g th  o f the rock mass. T herefo re , hazard  
assessm ent is based  m ainly on  recognizing the character
istics and  s tructu re  of the  local ro o f geology.

R ock  characteristics th a t should  be  m easu red  o r  ob 
served are: th e  o rien ta tion , th e  dip and  scale (spacing) o f 

th e  h o riz o n ta l b ed d in g  p lan es  
(sm ooth  surfaces), and  th e  high-angle 
vertical jo in ts (b reaks). W hen  drilling 
ex p lo ra tio n  holes, a geo log ist should  
be  em ployed to  log and  exam ine the 
co re  from  th e  m ining horizon , id en ti
fying the charac te r o f b o th  the in tact 
ro ck  an d  th e  o b se rv ed  f ra c tu re s  o r 
breaks. W hen a h ighw all exposure  of 
th e  m in ing  h o rizo n  is p re se n t, m e a 
su rem en t and  o b se rv a tio n  shou ld  be 
m ade of the bedding  and  jo in t charac
te r is tic s  w ith in  th e  h ighw all. If  th e  
face is w ea th e red , a new  “c le a n ” ex
p o su re  sh o u ld  be  d e v e lo p e d  if  p o s
sib le . P re sp lit tin g  a  sm all cu t o f 
highw all can  m inim ize b las t dam age 
an d  m axim ize th e  p e rcen tag e  o f  o b 
se rv ab le  “in -p lace” b reaks . I t  is also 
im p o rtan t to  exam ine th e  rock  debris 
le ft on  benches a fte r  b lasting. O ften , 
c o m p e te n t h o rizo n s  w ill p ro d u ce  
large boulders. N o te  the  location  and 
ch aracter o f rock fragm ents from  dif
fe re n t s tra ta . M ost su rface  q u a rr ie s  
have boulders p laced along road  sides 
to  act as beam s o r  barrie rs . F ind  ou t 
w here these bou lders cam e from .

A s a m ine d ev e lo p s  aw ay  from  
th e  highw all o r ou tcrop , underg round  
exposures m ust be  analyzed  to  deter-
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Abstract
F rom  1991  th ro u g h  1 9 9 5 , 4 4  

m iners o u t o f  a  to ta l w o rk  fo r c e  o f  
less than  2 ,0 0 0  were fa ta l l y  in ju red  
in  th e  s tone  industry. O f  these, 12  
occu rred  a t  u n d e rg ro u n d  m in in g  
opera tions w ith  n in e  dea th s resu lt
ing  fr o m  r o o f  o r  r ib  fa l l s .  A  sa fe r  
e n v ir o n m e n t can  be  a c h ie v e d  by  
eva lua ting  the na ture o f  the hazard 
ous g ro u n d  a n d  by develop ing  m ore  
e ffic ien t a n d  e ffec tive  g ro u n d -co n -  
tro l strategies. R o o f  a n d  r ib  co n d i
tions were observed  a n d  assessed in  
3 3  underground  s to n e  m in es in  I l l i 
nois, In d ia n a , K entucky, M aryland , 
M isso u r i, P e n n sy lv a n ia  a n d  W est 
V irg in ia  (F ig. 1). H a z a r d  a ssess
m en t in d ica ted  th a t the  g ro u n d  f a i l 
ures th a t occurred  u n d er m o d era te  
to  su b s ta n tia l overburden, i.e., >30  
m  (1 0 0  f t ) ,  w ere ca u sed  b y  s tre ss  
concen tra tions a n d  geo lo g ic  s tru c
tures. G ro u n d  fa ilu re s  n ea r th e  sur

fa c e  are caused by  so lu tio n  (water) 
processes. S e lec tio n  o f  th e  m in in g  
horizo n  a n d  m in e -la y o u t decis ions  
trem endously  in fluence  g ro u n d  s ta 
bility .
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Locations of underground stone mines evaluated in this 
study.

FIGURE 2

A smooth roof line produced by a persistent bedding- 
plane lamination within the limestone roof beam.

T hese exposures are  found  in existing 
ro o f  falls, shafts o r declines (ram ps).
In  addition , observation  holes should 
be  drilled  in to  the ro o f a t regu la r in 
tervals. A  g re a t d ea l o f in fo rm a tio n  
can be gained from  these observation  
ho les . D rill-h o le  p e n e tra tio n  ra te s  
and  drill cuttings can o ften  be  used to  
identify  the roo f-beam  rock type and  
thickness. A ny b reaks o r separa tions 
an d  re la tiv e  in d ica tio n s  o f m a te ria l 
h a rd n e ss  sho u ld  be  n o te d  an d  re 
co rded  fo r fu tu re  com parisons as de
velopm ent proceeds.

W eather, hum idity , tem p e ra tu re  
and  g roundw ater can  all have a  d e tri
m en ta l effect on  the  stren g th  o f ro o f 
and  rib  rocks. In  g en era l, rocks th a t 
are  resistan t to  these forces are  highly 
desirable. Shales and  clays a re  gener
ally very susceptib le to  w ea ther influ
ences, especia lly  if  th ey  possess 
sw elling charac te ristics. L im estones 
an d  san d s to n e  g en e ra lly  w e a th e r  
slowly. H ow ever, th e  o ccu rren ce  of 
c e rta in  m inera ls, b an d s  o f sha le  o r 
clay, in ternal structures, etc., can  p ro 
vide gaps o r o p en in g s by w hich  
w eathering  forces a ttack  and ev en tu 
ally w eaken even lim estone.

Several practical and  sim ple tech 
n iq u es  ex is t fo r d e te rm in in g  th e  
w eathering  characteristics o f rocks. If 
rocks a re  clays o r  shales, specim ens 
p laced  in  a glass o f w a te r ov e rn ig h t 
can d e te r io ra te  in to  fine particles, in 
d icating  th a t they  reac t un favo rab ly  
to  m oisture. For lim estone, an equally  
sim ple techn ique  exists. R ocks from  
d ifferen t p o ten tia l ro o f beam s can be 
m ark ed , p h o to g ra p h e d  and  lo ca ted  
ou tside th e  underg ro und  m ine. R o u 
tin e  tem p e ra tu re  and  m o istu re  fluc
tu a tio n s  a tta c k  th e  fu ll-scale  
specim en, allowing for th e  d irec t o b 
se rv a tio n  o f th e  w ea th e rin g  ch a rac te ris tic s  (W inick , 
1996).Finding a stable roof line. A n o th e r im p o rtan t as
sessm ent fac to r is to  evalua te  po ten tia l stab le  ro o f lines. 
If several stable roo f beam s exist, the  one th a t produces 
a p e rs is ten t, sm oo th  ro o f p ro file  m ost o ften  shou ld  be 
se lec ted . I f  th e  s tab le  ro o f  line does n o t occu r th e n  a 
sm oo th  ro o f  p ro file  shou ld  be  p ro d u ced  using drilling  
(a ltered  drilling densities n ea r the roo f and  rib  line) and 
blasting (pre- and  post-sp litting) techniques.

A  persistent, sm ooth ro o f line is generally fo rm ed by 
b e d d in g -p lan e  lam in a tio n s  an d  ro ck -lay e r in te rfa c e s  
(Fig. 2). A  technical defin ition  o f bedding-plane lam ina
tions can be found  in K rum bein  and  Sloss (1963). They 
re fe r to  a bed  (beam ) as a rock u n it com posed of several 
s tra ta  o r lam inae. The lam inations contained  w ithin each 
layer a re  characterized  by th e ir  ease o f b reak ing  along 
b ed d in g  p lanes. In te rface s  b e tw een  beds o f  d if fe re n t 
lim estone types o r even d ifferen t rock types (shale, clay,

etc.) o ften  separa te  with the sam e ease o f b reak ing  as the 
bedding  planes. B oth  bedding  p lanes and  in terfaces can 
have th in  layers o f clay w hich greatly  facilitate th e  sep a 
ra tio n  process.

T he ad v an tag e  o f b e d d in g -p lan e  la m in a tio n s  and  
rock interfaces is th a t p roperly  d rilled  b lastho les can  re 
su lt in a clean  b reak  along such a ho rizon . H ow ever, if 
to o  m any bedding  plane lam inations o r rock-layer in te r
faces exist, th e  ro o f can  sep a ra te  w ith  tim e  in to  m any 
th in  layers th a t a re  inheren tly  unstable.

B lasting  also  has a tre m e n d o u s  in flu en ce  on  ro o f  
and rib  stability. O v erb reak  can dam age th e  ro o f  rock, 
w hile  b o o tleg s (p o o r ro ck  b re a k a g e  a t th e  en d  o f  a 
b las tho le  due  to  in ad eq u a te  explosive b u rn ) can  leave 
b ro k e n  rock  along  rib  an d  face  su rfaces. If  a n a tu ra l 
sm o o th  ro o f p lane  does n o t ex is t, b las tin g  p ro ced u res  
such as p re sp littin g  can be  u sed  to  p ro d u ce  a sm o o th  
ro o f p lane . P resp littin g  req u ire s  a d d itio n a l d rill ho les 
along th e  roo f and rib  line, o ften  d rilled  a t close spacing
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Width-to-height ratios of pillars used in development and benching 
sections.

Width—to-height

FIGURE 4

Buckling failure in a limestone roof beam caused by high horizontal 
stresses. Note the low-angle shear associated with the failure.

SH A LE

FIGURE 5

Optimum mine layoutfor controlling strata in high horizontal-stress 
conditions.

□ R e c ta n g u la r  p illa rs  hav ing  
lo n g  a x is  o r ie n te d  with 
p rin c ip al s t r e s s  d ire c tio n

'  Wide ro o m s  o r ie n te d  with /  p rin c ip al s t r e s s  d ire c tio n

S to g g e re d  o n d  a rc h e d  
n o rrro w  ro o m s  o r ie n te d  with 
p rin c ip a l s t r e s s  d ire c tio n

a n d  ch a rg ed  w ith  spec ia l low - 
s tre n g th  exp losives. A s th e  face is 
b lasted , the perim e te r holes are  shot 
p rio r to  th e  re s t o f th e  drill ho les to  
in itia te  a b re a k a g e  p lan e . P o s t
sp littin g  o r tr im b la s tin g  is a n o th e r  
techn ique  used  to  p roduce  sm ooth , 
undam aged  rock  a ro u n d  th e  surface 
o f th e  face. T he d rill h o le s  a ro u n d  
th e  p e rim e te r o f th e  face a re  b lasted  
las t a n d  a re  lo a d e d  w ith  e ith e r  a 
h ig h er o r low er s tren g th  explosive. 
T h ese  te c h n iq u e s  ac t to  even ly  
b re a k  th e  final ro ck  p u lled  along  a 
p e rim e te r plane.

Safe mine layouts
A fte r  d e te rm in in g  th e  op tim al 

m in ing  h o rizo n , safe  m in e  lay o u ts  
n eed  to  be evaluated . Typically, m ine 
lay o u ts  a re  c o n tro lle d  by h au lag e , 
ven tila tion , crush ing  and  sto rage  re 
q u irem en ts . O b se rv a tio n s  in d ica te  
th a t m ore  c o n sid e ra tio n  sh o u ld  be 
g iven to  design ing  th e  shapes, sizes 
and  o rien ta tio n s  o f m ine s truc tu res 
th a t m inim ize stress and  geologic r e 
la ted  hazards.Vertical stress. In  general, d a n 
gerous levels o f vertica l stress w ere 
only observed  in  very  deep , b en ch 
ing o r m u ltip le-level m ining o p e ra 
tio n s  w h ere  p illa r  sizing an d  p illa r 
p o s itio n in g  p ro d u c e d  h igh  s tre ss  
concentrations. O verburdens ranged 
from  <10 to  360 m  (<30 to  1,200 ft), 
b u t m ost w ere  b e tw een  30 and  100 
m  (100 and  300 ft). V ertical stress is 
a fu n c tio n  o f th e  o v e rb u rd e n . B e 
cause  m o s t u n d e rg ro u n d  s to n e  
m ines a re  re la tively  n ea r to  the sur
face, h igh v ertica l-stress cond itions 
a re  uncom m on.

P illa r  design  is g en e ra lly  p e r 
ceived as a less critical design issue 
in  u n d e rg ro u n d  s to n e  m ines, b e 
cause o f th e  low vertical-stress con
d itio n s  an d  th e  in h e re n t h igh  
streng th  o f lim estone. T herefore , the 
p illa r w id th -to -h e ig h t ra tio  fo r d e 
velopm ent room s a re  re latively  low, 
averag ing  1.72 w ith  a s ta n d a rd  d e 
v iation  o f 0.66 from  a sam ple o f  33 
m ines (Fig. 3). P illar design becom es 
a m uch m ore  significant issue w hen 
second  m ining o r bench ing  is p ra c 
ticed . T w enty  o f  th e  33 m ines ex 
trac ted  benches ranging from  3 to  24 
m  (10 to  80 ft) and  averag ing  8.6 m  
(28 ft)  in  o n e  to  as m an y  as th re e  
lifts. T he w id th - to -h e ig h t ra t io s  o f 
p illars in  ben ch  room s w ere signifi
can tly  low er, averag ing  0.84 w ith  a 
s ta n d a rd  d ev ia tio n  o f 0.31 (Fig. 3). 
T hese  p illa rs  a re  s le n d e r  an d  a re
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m ore susceptible to buckling failure 
o r to  failu re  along large geologic 
s tru c tu res  such as faults o r slips 
angled through the entire pillar.

M ultip le-level m ining was o b 
served  a t four mines. T h ree  o f the 
mines did not practice superposition 
of the pillars (i.e., superim posing de
veloping pillars directly over or under 
existing pillars using similar sizes and 
shapes). S uperposition ing  helps to 
funnel vertical loads th rough  a con
tinuous column of rock and has been 
highly successful in mitigating stress- 
re la ted  rock failures in o ther mining 
situations (m etal, nonm etal and coal 
multilevel mines). It is also beneficial 
for long-term  stability to leave a sub
stantial in terburden betw een mining 
levels. The m edian for the four mines 
was 12 m (40 ft), which appeared ad
equa te  considering the geology and 
mine layout.

H orizon ta l s t re s s .  Perhaps one 
of the m ost unrecognized factors af
fecting mine layouts is high horizon
ta l stress. W hen  lim estone ro o f 
contains extensive horizontal bedding 
o r is lam inated  in natu re , the ro o f 
beam  can be though t o f as a p la te  
loaded  along its slender axis. A s in 
any struc tu re , high axial loads can 
cause th e  beam  to  bend  and finally 
buckle (Fig. 4). The shear planes d e 
veloped in response to  this buckling 
occur a t low angle to the m ine roo f 
and are oriented perpendicular to d i
rection of loading.

High levels of ho rizontal stress, 
ranging from 14 to  70 M Pa (2,000 to
10,000 psi) in the first 5 m  (16 ft) 
above the mine roof, w ere m easured 
at stone m ines in P ennsylvania 
(Iannacch ione  et al., 1996) and  in 
K entucky (P arker, 1996). The h o ri
zontal-stress field is biaxial w ith one 
d irection  usually g reater than  its or
thogonal horizon ta l-stress com po
nent. The greater stress m agnitude is 
called the m ajor principal horizontal 
stress, and the lesser stress m agnitude 
is called the m inor principal horizon
tal stress. The d irec tionality  o f the 
horizontal-stress field is considered to 
be largely the result of tectonic forces 
due to  m ovem ents o f the e a r th ’s 
plates. M any of th e  u n d erg round  
stone operations in the U nited States lie within the large 
m idplate stress province that is com pressional in nature 
and usually exhibits a E N E  or EW  principal horizontal- 
stress direction.

The direction and m agnitude of the horizontal-stress 
field  and  its app lication  a t shallow  lim estone m ining 
depths (where the vertical stress is generally very small) 
has resulted  in the developm ent of novel control m ea-

A histogram of major joint orientations in the Loyalhanna 
formation near the Lake Lynn Laboratory, showing the 
relationship between orientation and structural folding 
of stone bearing strata.
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Photograph of a low-angle slip plane that created an 
unstable roof wedge.

sures. For instance, openings driven parallel, o r nearly so, 
to  the m ajor principal-stress direction at affected mines 
w ill usually  have m ore stab le  conditions. C onversely, 
those driven perpendicular to  the m ajor stress direction 
(in the m inor p rincipal stress d irec tion ) will have the 
p o o res t g round  conditions (Fig. 5). T herefore, contro l 
techniques such as orienting openings in the favorable 
direction(s), maximizing mine layout in the good direc



tio n , an d  m in ing  sm alle r  w id th  room s, possib ly  w ith 
a rched  openings in the  bad  d irection , a re  m ethods th a t 
can  help  con tro l horizontal-stress dam age.

G e o lo g ic  d is c o n tin u it ie s .  Jo in ts a re  natu rally  oc
curring  cracks o r fissures p resen t in all rock th a t a re  c re 
a ted  by geologic processes o r in p lace stress conditions. 
W hile it o ften  seem s as if th e re  is no  consistency associ
a ted  w ith jo in t location, o rien ta tion  and  dip, a closer ex
am in a tio n  o fte n  rev ea ls  p re fe re n tia l charac te ris tic s . 
K now ing w hat these p re fe ren tia l characteristics are  a l
lows for p lanning  th a t can  reduce long-term  ro o f and  rib 
instability  problem s.

T h e re  a re  m any  te ch n iq u es  av a ilab le  to  m easu re  
jo in t o rien ta tion , dip  and  spacing, bu t, fo r the m iner, one 
in s trum en t has prov ided  reliab le  in fo rm ation  w ith m ini
m al co s t an d  im p lem en ta tio n . T h a t in s tru m e n t is th e  
pocke t o r B run ton  com pass w ith th e  follow ing essential 
fe a tu re s : a m ag n e tic  n eed le , a g ra d u a te d  su rface , a 
“bu ll’s-eye” level, a level tube  and  a line-of-sight viewing 
capability.

T he d isplay of jo in t o rien ta tio n  and  d ip  d a ta  using 
sim plified graphical solutions is th e  p re fe rred  m eans of 
evaluating  large am ounts o f m easu rem en t data . The ste- 
reographic  and  h istogram  pro jection  techniques are  rec
om m en d ed  fo r g raph ica l display. B ecause  m ost o f the 
field applications in stone m ining involve vertical jo in ts 
w ith dips approaching  90°, a sim ple h istogram  p lo t p ro 
vides an excellent m eans of evaluating  p re fe ren tia l jo in t 
trends. A  h is tog ram  uses re c tan g u la r bars to  rep re sen t 
frequency, w here th e  w idth of each rectang le  rep resen ts 
a  band o f o rien tations (usually in bands o f 5° to  10°), and 
th e  h e ig h t o f each  rec tan g u la r b a r  re p re se n ts  th e  f r e 
quency of jo in ts w ithin th a t band  (Fig. 6).

R o ck  jo in ts  pose  special p ro b lem s w hen  th ey  a re  
c losely  spaced , <0.5 m  (1.6 f t) , an d  th e ir  o r ie n ta tio n s  
m atch those of th e  m axim um  unsuppo rted  spans found  
within m ine entries. Joints also play a very im portan t role 
in  in itia ting  rib  instability, especially w hen benching op 
e ra tio n s  low er the w id th -to -he igh t ra tio  o f suppo rting  
pillars. O nce th e  o rien ta tio n  and  d ip  o f th e  jo in ts  have 
b een  de te rm in ed , th e  spacing o f the  m ajo r jo in t trends 
should  be  determ ined . Spacing is a m ajo r concern  in d e 
term ining the size of the m ine room  along w ith the de te r
m in a tio n  o f ro o f-b o lt p a tte rn s  an d  th e  n eed  for 
add itional su p p o rt like screening.

C ross-bedding  fea tu res  (low -angle, re la tively  short 
n a tu ra l b reak s  in  th e  s tra ta )  w ere  found  to  be  p a rticu 
larly  im p o rtan t in  scaling opera tions and  rib contro l. In 
g en e ra l, w hen  cross b ed d in g  is p re s e n t, th e se  s t ra ta  
b reak s  a re  from  0.3 to  2 m  (1 to  6 ft) ap a rt and  are  ca
pab le  o f  p roducing  dangerous loose w edges o f ro o f rock 
(Fig. 7). Scaling procedures m ust concen tra te  on rem ov
ing as m any o f these w edges as soon  as possible.

S o lu tio n  re la te d  fa ilu res  such as w ea th e red  jo in ts  
and  sink  h o les  occasionally  occu r in lim es to n e  m ines 
n ear the fo rm ation  outcrop, under <30 m (100 ft) o f over
b u rden  (Iannacch ione  e t al., 1995). Solution  failu res are 
caused by w ater dissolving lim estone along jo in t surfaces 
th a t som etim es develop  in to  silt filled cavities o r voids 
(sink holes). In  general, vertical w eathered  jo in ts iso late 
large unsuppo rted  blocks in the roo f beam . O ptim ization  
of m ine layouts can  m inim ize unsuppo rted  spans. These 
op tim ization  techn iques consist o f a ltering  room  widths, 
staggering crosscuts, and  changing en try  o rien ta tio n s to  
m inim ize th e  occurrence  of unsuppo rted  ro o f beam s. In 
new  m ine  d ev e lo p m en ts , jo in t p a tte rn s  and  lo ca tio n s  
should be know n and  considered  so th a t po rta ls  a re  no t 
la te r  su b jec ted  to  u n s ta b le  co n d itio n s  b ro u g h t on  by 
w eather changes.

Conclusions
R o o f and  rib  hazard s rep resen t a significant safety  

concern for underg round  stone mines. These hazards can 
b e  re d u c e d  by  p ro p e r  assessm en t an d  u tiliz in g  te c h 
n iques th a t m in im ize s tra ta  in stab ilities . T hese  assess
m en t techn iques consist o f finding a s tab le  ro o f  beam , 
selecting a stab le  ro o f line and  designing a  safe m ine lay
ou t specific to  local stress, geologic and  m in ing  co n d i
tions. A  s tab le  ro o f  b e a m  sh o u ld  be  m assive , s tro n g , 
persisten t, w ea th e r res is tan t and  as thick as requ ired . If 
several stab le  ro o f beam s exist, th e  one th a t p rov ides a 
persisten t, sm ooth  ro o f profile  should be selected . If  the 
s tab le  ro o f  line  d o es n o t ex is t, a  sm o o th  ro o f  p ro file  
sh o u ld  th e n  b e  d e v e lo p e d  using  d rillin g  a n d  b las tin g  
techniques. A fte r de term in ing  the op tim al m ining h o ri
zon, safe m ine layouts n eed  to  be evaluated . T he shape, 
size and  o r ie n ta t io n  o f m ine  s tru c tu re s  sh o u ld  be  d e 
signed to  m inim ize stress and  geologic re la ted  hazards. 
These ro o f and  rib  hazard  assessm ent techn iques can  be 
used  to  d e v e lo p  s tab le  m ine  s tru c tu re s  a n d  m in im ize 
roof, rib  and  face falls. ■
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