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1.0 INTRODUCTION 

1.1 SUMMARY 

T h i s  paper summarizes the  techn ica l  e f f o r t s  f o r  r e s o l v i n g  issues 
on rock  mechanics as app l i ed  t o  development o f  a  nuclear  waste repos i -  
t o r y  i n  a  c r y s t a l l i n e  rock  formation. Th is  sec t i on  provides background 
i n f o r m a t i o n  and d e f i n i t i o n s  p e r t i n e n t  t o  rock  mechanics. Sect ion 2.0 
presents the  r o c k  mechanics issues r e l a t e d  t o  l i cens ing ,  design, and 
c o n s t r u c t i o n  o f  a  waste repos i to ry .  Sect ion 3.0 presents the  techn ica l  
approach t o  t h e  r e s o l u t i o n  o f  issues and concludes t h a t  a  mu l t i - f ace ted  
approach i n v o l v i n g  p r i n c i p a l l y  s i t e  cha rac te r i za t i on ,  l abo ra to ry  t e s t i n g ,  
numerical modeling and ana lys is ,  and i n  sit.11 t e s t i n g  and moni to r ing  i s  
requ i red .  While t h i s  techn ica l  approach i s  d i r e c t e d  t o  f u r t h e r  s c i e n t i f i c  
understanding and q u a n t i f i c a t i o n  o f  t h e  phenomena invo lved accompanying 
t h e  thermal hea t ing  o f  rock  from nuc lear  waste, i t  i s  emphasized t h a t  
f o rmu la t i on  o f  a  design bas is  f o r  an engineered rock s t r u c t u r e  w i l l  
precede the  development o f  a  l a r g e  waste repos i to ry .  The design process 
o f  an engineered s t r u c t u r e  would requ i re :  

Establ ishment of a  f i e l d  data base o f  t he  behavior a t  var ious scales 
f o r  purposes of s e l e c t i n g  appropr ia te  c o n s t i t u t i v e  r e l a t i o n s  o f  the  
rock  mass-d iscont inu i ty  system, s t ress  and displacement boundary 
cond i t i ons ,  and u l t i m a t e  s t rength ;  

e Numerical model ing and ana lys i s  v e r i f i c a t i o n  over the s h o r t  term 
f o r  p r e d i c t i o n  of rock  mass behavior over the long term; 

r Selection o f  appropr ia te  design loads, temperatures, and s a f e t y  
f a c t o r s  which w i l l  form a  design bas is  f o r  t he  repos i to ry .  

Sect ion  4.0 summarizes the  s ta tus  o f  r e s o l u t i o n  a c t i v i t i e s  i n  the  areas o f  
thermomechanical ef fects,  coupled thermal , mcchani eal , atid hydrologica 1 
phenomena, m i  ne- i  nduced f r a c t u r i  ng , mine s  t a b i  1  i t y  , and s e i s m i c i t y  . 
Sect ion  5.0 g ives  a  concluding statement. 

Under t h e  present  p r o j e c t  plans, t echn ica l  a c t i v i t i e s  are proceed- 
i n g  on mu1 t i p l e  f r o n t s  i n v o l v i n g  f i e l d ,  labora tory ,  and numerical 
model ing and a n a l y s i s  s tud ies  o f  t h e  impor tant  phenomena r e l a t e d  t o  the  
d isposa l  o t  r a d i o a c t i v e  waste i n  c r y s t a l l i n e  rock. The advancement o f  
t h e  s t a t e  o f  t h e  a r t  i n  rock  mechanics from these a c t i v i t i e s  w i l l  c u l -  
minate i n  the r i s k  analysls and t h e  fo rmu la t i on  o f  a  design basis f o r  
r cpos i  t o r i  es . 

1  .2  BACKGROUND 

The terrn I 1 c r y s t a l l  i n e  rocku app l i es  t o  a  wide v a r i e t y  o f  rocks 
i n c l u d i n g  igneous and metamorphic, b u t  exc lud ing sedimentary rocks. 
The c r y s t a l  1  i n e  rock  types p resen t l y  under cons ide ra t i on  i n  the Nat ional  
Waste Terminal Storage (NWTS) Program o f  the  Un i ted  States i nc lude  basa l t ,  
g ran i te ,  and t u f f .  



The rock  mechanics techn ica l  issues are  e s s e n t i a l l y  o f  equal impor- 
. tance f o r  each o f  these rock types. Rock mechanics encompasses a wide 

range o f  phenomena t h a t  a re  used t o  assess t h e  r e d i s t r i b u t i o n  o f  fo rces  
and displacements accompanying an excavation. Because nuc lear  wastes are  
heat  generat ing , rock mechanics aspects i n  r e p o s i t o r y  design a re  extended 
t o  i n c l u d e  n o t  o n l y  the  excavat ion of t h e  subsurface f a c i l i t i e s ,  b u t  
a l s o  the  s t ress  r e d i s t r i b u t i o n  r e s u l t i n g  from heat  t r a n s f e r  from t h e  
waste t o  the  surrounding rock.  

T r a d i t i o n a l l y ,  i n  rock  mechanics, excavations are designed f o r  rock 
mass s t a b i  1 i t y  using emp i r i ca l  design guide1 ines (Barton and Others, 1974) 
and f i e l d  experience, n e i t h e r  o f  which i s  w e l l  based on s c i e n t i f i c  
p r i n c i p l e s .  Such an approach i s  n o t  f u l l y  appropr ia te  f o r  t he  design 
o f  a nuc lear  waste repos i to ry .  I n  t h i s  case, s i g n i f i c a n t  s c i e n t i f i c  
q u a n t i f i c a t i o n  o f  rock mechanics p r i n c i p l e s  must be made p r i o r  t o  
t h e i r  appl i c a t i o n .  

2.1 IDENTIFICATION OF TECHNICAL ISSUES 

~ h ' e  U.S. Department of Energy has i n i t i a t e d  a number o f  programs and 
task fo rce  reviews t o  i d e n t i f y  and discuss the  techn ica l  issues w i t h  respect  
t o  the  long-term management of nuc lear  wastes. I n  March 1978, President  

' Car ter  es tab l i shed  an Interagency Review Group (IRG) t o  formulate recom- 
mendations f o r  establ ishment o f  a Uni ted Sta tes '  p o l i c y  on t h e  long-term 
management o f  nuclear  waste and support ing programs t o  implement t h i s  
p o l i c y .  The I R G  cons is ted  of members from 14 governmental agencies, which 
i n t e r a c t e d  w i t h  t h e  i n te res ted ,  pub1 i c ,  i ndus t ry ,  academia, and s t a t e  
governments through open debates and d i s t r i b u t i o n  o f  d r a f t  repo r t s .  The I R G  
forwarded a f i n a l  r e p o r t  t o  t h e  President  i n  March 1979 (IRG, 1979). 
The I R G  r e p o r t  c l e a r l y  focused t h e  Un i ted  .States1 a c t i v i t i e s  on t h e  manage- 
ment o f  nuc lear  wastes. 

, The Uni t e d  States government imp1 emented the  I R G  recommenda1;i or,~s o f  
i n v o l v i n g  t h e  e a r t h  science community t o  a i d  i n  t h e  development o f  a 
coherent p lan  t o  reso lve  the  techn ica l  issues concerning nuclear  waste 
management. An Earth Sciences Technical Plan (ESTP) Working Group was 
es tab l ished by the  U .S. Department of Energy (DOE) and t h e  U .S. Department 
o f  the  I n t e r i o r .  The ESTP i s  p resen t l y  i n  d r a f t  form and i d e n t i f i e s  major 
e a r t h  science techn ica l  issues (ESTP, 1979). 

2.2 ROCK MECHANICS ISSUES 

Rock mechanics issues have been i d e n t i f i e d  i n  the  d r a f t  ESTP f o r  mined 
geo1og. i~  d isposal  o f  r a d i o a c t i v e  waste and a re  discussed below. 



2.2.1 Are Thermomechanical Effects Adequately Understood? 

An understanding of t he  thermomechanical e f f e c t s  o f  the placement . 
o f  r a d i o a c t i v e  waste i n  rock i s  an impor tant  aspect o f  r e p o s i t o r y  develop- 
ment, s ince t h e  a c t u a l  thermal loads t h a t  the  rock  mass w i l l  be subjected 
t o  a r e  unprecedented i n  t h e  f i e l d  o f  rock s t r u c t u r e s  excavated i n  c r y s t a l -  
1 i ne rock .  More s p e c i f i c a l l y  , t h i s  understanding requ i res  development o f  
i n f o r m a t i o n  i n  the  f o l l o w i n g  areas : 

a Thermal C o n d u c t i v i t y / D i f f u s i v i  ty--The sca la r  i n f l u e n c e  o f  j o i n t i n g  
as we1 1 as the  in f luence o f  moisture,  temperature, and s t ress  on . 
thermal c o n d u c t i v i t y  and d i f f u s i v i t y  must be determined. 

a Thermal Expansion Coef f  i c ien t - -The s c a l a r  i n f l uence  o f  j o i n t i n g  
as we l l  as the  i n f l u e n c e  o f  temperature, s t ress ,  thermal c y c l i n g ,  
and chemical change on the  thermal expansion c o e f f i c i e n t  must 
be determined. 

Ocformation Modulus-=The scdlclr. ' Inf luence O f  j o i n t i n g  as we1 1 as 
t h e  in f luence of temperature, s t ress ,  b l a s t  damage, and moisture 
changes on the  deformation modulus must be determined. 

a Rock Mass Strength--The s c a l a r  i n f l u e n c e  o f  j o i n t i n g  as w e l l  as 
t h e  i n f l u e n c e  o f  temperature, c o n f i n i n g  s t ress ,  b l a s t  damage, and 
moisture on rock  mass s t reng th  must be determined. A d e f i n i t i o n  
o f  f a i l u r e  must be developed which recognizes p o s t - f a i l u r e  
response ,o f  rock  once u l  t imate  s t reng th  i s  exceeded. 

Temperature Limits--Temperat.ure ranges must bc es tab l ished f o r  
which the re  i s  confidence i n  p r e d i c t i n g  long-term response. 
Temperature l e v e l s  f o r  which chemical and moisture changes produce 
unacceptable changes i n  rock s t r u c t u r e  must be determined. 

2.2.2 Are the  E f f e c t s  o f  Coupling the  Thermal Hydrau l ic  and 
Thermal -Mechanical Phenomena Adequately Understood? 

An understanding o f  t he  thermal-mechanical-hydrological e f f e c t s  o f  
the  placement of r a d i o a c t i v e  waste i n  rock i s  an important  aspect o f  
r e p o s i t o r y  developme,nt. More s p e c i f i c a l l y  , t h i s  coupled effect. requ i res  
development o f  i n f o r m a t i o n  i n  the  f o l l o w i n g  areas : 

r Hydrau l ic  Conduct iv i  ty--The e f f e c t  o f  s t ress ,  chemical a1 t e r a t i o n ,  
temperature, f l  u i d  pressure, and f r a c t u r e  deve l opnier~ L or1 hydrau l l  c 
conduct i  v i  t y  must be determined. 

a F l u i d  Pressure--The in f l uence  o f  f l u i d  pressure on rock mass s t reng th  
must be determined s ince the  generat ion o f  pore pressure can reduce 
e f f e c t i v e  st resses t ransmi t ted  i n  the  rock  mass. 

a Phase Changes--The i n f l u e n c e  o f  p o t e n t i a l  phase change on s t a b i l i t y  
and heat t r a n s f e r  f rom the waste t o  the  rock mass must be determined. 



2.2.3 Are Induced Fractures by M i  n i  ng Adequately Understood? 

The development o f  mining-induced f r a c t u r e s  i s  dependent on rock 
type, the  r a t e  and method o f  d r i l l i n g  and b l a s t i n g ,  i n  s i t u  s t ress  f i e l d s ,  
and design geometry. Min imiz ing  induced f r a c t u r e s  i s  most impor tant  
where p o t e n t i a l  condui ts  f o r  groundwater m i g r a t i o n  can be created. The 
s h a f t  and major subsurface access d r i f t s  a re  areas o f  concern. S p e c i f i c  
areas which r e q u i r e  understanding are : 

o Rock Mass Permeabi l i ty--The change i n  pe rmeab i l i t y  o f  the  rock mass 
surrounding the  opening must be determined as a f u n c t i o n  o f  i n i t i a l  
s t ress ,  rock  qua1 i ty, design geometry, rock mass s t reng th  (peak- and 
p o s t - f a i  1 ure)  , and water pressure. 

Grouting--The a b i l i t y  o f  g rou t ing  techniques t o  r e e s t a b l i s h  pre-  
d is turbance s ta tes  o r  s u f f i c i e n t l y  reduce pe rmeab i l i t y  must be 
assessed. 

Rock Support--An eva lua t ion  o f  rock support systems must be made i n  
order  t o  determine t h e i r  r e l a t i v e  a b i l i t i e s  t o  preserve rock i n t e g r i t y  
and m i  n imi  ze t ime dependent f r a c t u r i n g  . 
Excavation .Methods--A comparison of d r i l l i n g  and b l a s t i n g  must be 
made i n  order  t o  determine mine-induced f r a c t u r e s  associated w i t h  the  
var ious methods. 

Thermal Inf luence--The impact o f  rock f r a c t u r e s  on thermal ly  
i nduced st resses must be determined and c r i  t e r i  a developed t o  prov ide  
a design l i m i t  f o r  such st resses.  

The f a c t o r  which i s  common t o  the  geomechanical and geohydrological  
p roper t i es  i s  the i n f l uence  o f  d i s c o n t i n u i t i e s .  The p r i n c i p a l  problem i n  
rock mechanics a r i ses  from the f a c t  t h a t  sampling a t  a small  scale may ignore  
weaker o r  more compl i a n t  d i s c o n t i n u i t i e s  a t  a 1 arger  scale (Bieniawski , 
1968 and Bieniawski and Van Heerdon, 1975). The approach t h a t  i s  needed 
i s  t o  per form var ious t e s t s  a t  geometric scales ranging from labo ra to ry  
s i z e  t o  room s i z e  i n  order  t o  assess a t  what l e v e l  sampling w i l l  be repre-  
s e n t a t i v e  o f  the  l a r g e  r e p o s i t o r y  scale and rock mass behavior.  

' 

2.2.4 Are the  E f f e c t s  o f  Seismic Events on the  O ~ e r a t i o n a l  
Repos i t o r y  Adequately Understood 

The issues r e l a t i n g  t o  seismic events i nc lude  bo th  the  i n f l uence  o f  
reg iona l  s e i s m i c i t y  on t h e  r e p o s i t o r y  and any change i n  s e i s m i c i t y  induced 
by cons t ruc t i on  o f  a waste repos i to ry .  The f o l l o w i n g  issues have been 
i d e n t i f i e d :  

Magnitude and Return Period--The magnitude and r e t u r n  pe r iod  o f  
var ious seismic events which could cause subsurface s t r u c t u r a l  
damage a t  the  r e p o s i t o r y  l e v e l  must be determined. 
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A n a l y t i c a l  Techniques--Analyt ical  techniques need t o  be developed 
t o  adequately model seismic/ rock s t ruc tu re / rock  support i n t e r a c t i o n s  
as w e l l  as the  s t a t i s t i c a l  eva lua t ion  o f  magnitude and r e t u r n  pe r iod  
o f  the repos i  t o r y  l e v e l  . 

a Thermal l y  Induced Fracturing--Thermal loads may resu l  t i n  thermal l y  
indu.ced f r a c t u r i n g  o f  the  rock mass and, thus, a l t e r  t he  dynamic 
response o f  t h e  s t r u c t u r e .  Considerat ion must be g iven t o  a l t e r e d  
dynamic response due t o  p o t e n t i  a1 thermal f r a c t u r i n g  . 
Blast- Induced F r a c t u r i n g  o f  t he  Rock Mass--The use o f  explos ives 
i n  rock excavat ion  cou ld  p o t e n t i a l l y  lead t o  overbreak where smooth- 
w a l l  b l a s t i n g  i s  n o t  e f f e c t i v e .  Considerat ion must be g iven t o  
a1 te red  dynami c response due t o  b last- induced f r a c t u r i  ng . 
Micro-Seismic Events--The impact o f  changes i n  the  reg iona l  s t ress  
f i e l d  around a r e p o s i t o r y  upon the  frequency and magnitude o f . m i c r o -  
seismic events needs t o  be determined. Basel ine cond i t i ons  must be 
determined. 

Induced Seismic i ty- -The impact o f  thermal l oad ing  and openings such 
as sha f t s ,  access d r i f t s  , and rooms on seismic a c t i v i t y  must be 
determined. Acceptable l i m i t s  must be determined. 

2.2.5 Are Mine S t a b i l i t y  Issues Adequately Understood? 

The issues of r e p o s i t o r y  s t a b i l i t y  r e l a t e  t o  the  combinat ion o f  geo- 
mechanical, hyd ro log ica l ,  and seismic phenomena. The r e s o l u t i o n  o f  these 
issues requ i res  development o f  i n fo rma t ion  i n  the  f o l  1 owing s p e c i f i c  
areas : 

Operat ional  Sa fe ty - -Cr i t e r i a  must be developed t o  ensure a safe 
working environment i n  the  subsurface. The r o l e  o f  a r t i f i c i a l  r o o f  
support  n u s t  be assessed. 

Waste R e t r i e v a l  --Design c r i t e r i a  must be developed f o r  combined 
mechanical, se ismic,  and thermal load ing such t h a t  s t a b i l i t y  can be 
ensured d u r i n g  the  r e t r i e v a l  per iod.  

Reposi tory In teg r i t y - -The  consequences of rock mass f a i l u r e  around 
an opening i n  hard rock  must be determined. This i s  p a r t i c u l a r l y  
r e l e v a n t  t o  the  design o f  engineered b a r r i e r s  where rock f a i l u r e  
cou ld  induce gross permeabil i t.y chanqes i n  the  rock  mass and could 
i n i t i a t e  f lowpaths t o  the  biosphere. 

Regional I n t e g r i t y - - A n  assessment o f  away-from-repository s t ress  and 
s t r a i ' n  cond i t i ons  must be made w i t h  respect  t o  the  impact on changes 
on reg iona l  hydrology, se i sm ic i t y ,  and sur face displacement. 

2 . 3  DEVELOPMENT OF ROCK MECHANICS CRITERIA 

I n  a d d i t i o n  t o  the  issues i d e n t i f i e d  i n  the  preceding sec t ion ,  
i n v e s t i g a t i o n s  a re  needed t o  s e l e c t  rock  mechanics design c r i  t e r i a  such 



t h a t  a  safe, long- term i s o l a t i o n  r e p o s i t o r y  woul d  r e s u l  t . The se l  e c t i  on 
o f  design c r i t e r i a  requ i res  the  f o r m u l a t i o n  of a  design bas i s .  The 
design bas is  would: 

I d e n t i f y  the  per iods  o f  cons t ruc t i on ,  operat ion,  r e t r i e v a l  , and 
f i n a l  i s o l a t i o n ;  

m I d e n t i f y  the design temperatures of t h e  source waste t o  be p laced i n  
the  r e p o s i t o r y  f o r  the var ious  t ime per iods;  

I d e n t i f y  the procedure f o r  de terminat ion  of acceptable l e v e l s  o f  
s t ress  ; I 

m I d e n t i f y  the  combinat ion of geomechanical , geohydrological ,  seismic, 
and thermal events which r e s u l t  i n  a  most severe t e s t  o f  r e p o s i t o r y  
o r  subs t ruc ture  i n t e g r i t y  du r ing  the  var ious  t ime per iods  ; 

I d e n t i f y  the  load f a c t o r s  associated w i t h  geomechanical, geohydro- 
l o g i c a l ,  seismic, and thermal loads t o  p rov ide  adequate design margin 
f o r  t he  r e p o s i t o r y  o r  subs t ruc tures  f o r  the  var ious  t ime per iods;  

I d e n t i f y  the methods by which the  design can be v e r i f i e d  by numerical  
modeling and ana lys i s  over  t he  l ong  term o r  f i e l d  v e r i f i c a t i o n  
over  the  s h o r t  term. 

3.0 ,TECHNICAL APPROACH TO RESOLUTION OF ISSUES 

3.1 OVERALL ROCK MECHANICS PROGRAM 

A c t i v i t i e s  on f i v e  broad f r o n t s  a re  requ i red  f o r  adequate r e s o l u t i o n  
o f  t he  issues enumerated i n  Sect ion  2.0. These areas o f  s p e c i a l i z a t i o n  
i n c l  ude : 

S i t e  c h a r a c t e r i z a t i o n  must answer the  quest ion  o f  what a re  the  rock 
mass cond i t i ons  ( f a b r i c  s t r u c t u r e ,  hydrology, s t ress ,  and temperature) 
be fo re  r e p o s i t o r y  cons t ruc t ion ;  

m Laboratory t e s t s  mus,t i d e n t i f y  phenomena and a l l ow  measurement of 
p r o p e r t i e s  o f  components of t he  rock  mass under c o n t r o l  1  ed cond i t ions ;  

I n  s i t u  t e s t s  must be undertaken t o  demonstrate i n t e r a c t i o n  o f  
rock  mass components t o  eval  uate l a rge -sca le  phenomena, t o  charac- 
t e r i z e  rock  mass p rope r t i es ,  t o  v a l i d a t e  computer models, and t o  
v e r i f y  design assumptions ; 

m Numerical models must be developed, modif ied, and app l i ed  t o  eva lua te  
the  s i g n i f i c a n c e  o f  rock mechanics phenomena and f o r  support  o f  r i s k  
assessment, p r e d i c t i v e  ana lys i s  o f  i n ' s i t u  t e s t s ,  and f o r  r e p o s i t o r y  
design; 



a Design applications include defini t ion of rock mechanics c r i t e r i a ,  
evaluation. of a r t i f i c i a l  rock support schemes, and implementation 
of rock mechanics c r i t e r i a  and data into a design bas; s f o r  waste 
reposi tor ies  . 
Activi t ies  in  each of these f i e lds  a re  required prior to  development 

of an underground waste repository. The following discussion summarizes 
the general technical approach. 

S i t e  characterization will be required to  assess -the re la t ive  ranking 
of candidate s i t e s  from the rock mechanics viewpoint. Comparisons are 
needed on the basis of in  s i t u  s t a t e  of s t r e s s ,  geophysical rock mass 
properties,  rock mass strength and deformational properties,  large-scale 
and s~nal l  -scdle r-uck 111dss: d iscontinui t ies ,  selsiil?ci ty , and groundwater 
hydro1 ogy . 

The use of laboratory test ing allows fo r  the determination of,con- 
s t l t u t i v e  thermomechanical and hydrological properties of in t ac t  c rys ta l -  
l i n e  rock. Laboratory test ing i s  valuable because of the controlled 
nature of s c i e n t i f i c  experiments. Relationships between important variables 
can be determined, whi  1 e secondary variables can be randomi zed ( ~ i  1 son, 
1952). A high degree of standardization ex i s t s  in the performance of labo- 
ratory t e s t s  allowing fo r  meaningful comparisons of rock properties of one 
s i t e  w i t h  those of other s i t e s .  

In s i  t u  t es t ing  i s  required due to  the fundamental problem of modeling 
discont inui t ies  i n  rock mechanics. Relationships between strength,  defor- 
mational properties,  and permeability a re  strongly dependent on the scale 
of the rock mass s t ruc ture .  Large-scale i n  s i t u  t e s t s  allow for  assess- 
ment of the reduction in magnitude of strength and s t i f fness  properties 
w i t h  increasing rock mass volume. 

Numerical model s must be developed and appl i ~ d  tn  properly account for  
i n  s i  t u  material const i tut ive properties,  thermal force,  and displacement 
boundary conditions and geo~netry of the rock mass s t ructure.  The use of 
numerical models i s  important because they are the only means avai.lable 
t o  assess the long-term effects  of waste storage for  which no data will  be 
avai lable .  The comparison of resu l t s  from in s i t u  t e s t s  will  be used t o  
verify a l l  numerical modeling aspects over the short  term. Having 
ident i f ied  the important physical laws governing thermal, mechanical, 
and hydrological behavior of ttie repository and verifying const i tut ive 
re la t ions ,  numerical models can be used for  parametric studies of 
long-term e f fec t s .  

The culmination of the above act i ,vi t ies  i s  the design applications 
process and establishment of a design basis.  The analysis,  design, and 
construction of a waste repository wi 11 require technical judgment in 
assessing predictive capabi l i ty .  I t  i s  accepted tha t  greater design margin 
will  be required f o r  those elements tha t  are  l e s s  capable of prediction. 
Once a l l  investigations a re  complete, there should e x i s t  a general scien- 
t i f i c  consensus tha t  the design basis fo r  a waste repository i s  conservative. 



I n  a d d i t i o n  t o  those a c t i v i t i e s  requ i red  f o r  ana lys i s ,  design, and 
cons t ruc t i on  o f  a repos i to ry ,  mon i to r ing  du r ing  const ruc t ion ,  operat ion,  
and post-decommissioning i s  essen t ia l  t o  r e s o l u t i o n  o f  long-term rock  
mechanics issues.  

3.2 PROGRAM RESPONSIBILITY 

The r e s o l u t i o n  o f  t he  rock  mechanics issues i s  pursued i n  the  Un i ted  
States a t  two l e v e l s ,  through gener ic  and s i t e - s p e c i f i c  s tud ies  i n  the  DOE- 
sponsored programs. The ONWI has responsi b i  1 i ty  t o  develop the  s c i e n t i f i c  
base and technology common t o  a l l  t he  host  rock types.  S i t e - s p e c i f i c  
programs i n  rock mechanics are undertaken by the  B a s a l t  Waste I s o l a t i o n  
P r o j e c t  (BWIP) f o r  b a s a l t  and t h e  Nevada Nuclear Waste Storage I n v e s t i -  
ga t i on  f o r  g ran i  t e  and t u f f  programs. The ONWI coordinates p a r t i  c i  p a t i o n  
i n  i n t e r n a t i o n a l  cooperat ive programs. Major p a r t i c i p a n t s  i n  the  Un i ted  
States ' programs f o r  c r y s t a l l i n e  rock media are shown i n  Table 1. 

The U.S. Geological Survey i s  represented d i r e c t l y  on the  ESTP com- 
m i  t t e e ,  provides major techn ica l  and personnel assis tance f o r  a v a r i e t y  
o f  s i t e  c h a r a c t e r i z a t i o n  programs d i r e c t e d  by ONWI and the  s i  t e - s p e c i f i c  
programs, and has ongoing independent techn ica l  programs t o  develop 
s c i e n t i f i c  data o f  a gener ic  na ture  t o  support t h e  NWTS. 

The U.S. Nuclear Regulatory Commission (NRC) has r e s p o n s i b i l i t y  t o  
issue l i censes and must rev iew the  techn ica l  issues associated w i t h  
r a d i o a c t i v e  waste d isposa l .  They are support ing an independent research 
and development program t o  i d e n t i f y  rock  mechanics issues associated 
w i t h  the  NWTS Program so t h a t  they can s e t  acceptance c r i t e r i a  and de- 
ve l  op the  methodology t o  adequately review the  1 icense appl i c a t i o n s  . 
A t  the  present  t ime, DOE and NRC research and development programs are 
independent, a l though communications a re  maintained through publ ished 
s ta tus  repor t s .  

3.3 SITE-SPECIFIC ROCK MECHANICS PROGRAMS I N  THE UNITED STATES 

Described i n  t h i s  sec t i on  are c u r r e n t  programs a t  s p e c i f i c  s'i t es  i n  
g ran i te ,  t u f f ,  and b a s a l t .  

3.3.1 The Spent 'Fuel Test i n  Gran i te  a t  the  
Nevada Test S i  t e  

The e f f e c t  o f  nuc lear  spent f u e l  i s  being evaluated i n  g r a n i t e  a t  the  
Nevada Test  S i t e  (NTS) (F igure  '1). The pr imary o b j e c t i v e  o f  t h i s  i n  s i t u  
t e s t  i s  t o  evaluate the  f e a s i b i l i t y  o f  sa fe  and r e l i a b l e  emplacement, 
shor t - te rm storage, and r e t r i e v a l  o f  spent f u e l  assemblies a t  a depth o f  
420 meters i n  a t y p i c a l  g ran i te .  I n  a d d i t i o n  t o  the  pr imary ob jec t i ve ,  
i n fo rma t ion  w i l l  be obta ined on the  s u i  t a b i  1 i t y  o f  g r a n i t e  as a storage 
medium f o r  r e p o s i t o r y  design. The t e s t  i s  be ing conducted i n  a newly 
mined tunnel adjacent  t o  an e x i s t i n g  tunnel  . 



TABLE 1. Major Rock Mechanics P a r t i c i p a n t s  
i n  Nat iona l  Waste Terminal Storage-- 

Hard Rock Programs 

Gran i te  
NNWS I 

Basa l t  T u f f  
BWIP NNWSI 

S i t e  Character- ONWI, Savannah Rockwell, USGS Sandia 
i z a t i o n  R iver ,  I C  S t a t e  Ayencl es 

Labora tory  Tests LLL, LBL, I C  FSI Sandia 

I n  S i t u  Tests CSM, USGS, I C ,  : Rockwell NTS (Sandia) 
lJTS (LLL), 
Savannah R i  ver  

Numerical Model s LBL, LLL, ONWI Rockwell/DbN/UM Sandia 

BWIP - B a s a l t  Waste I s o l a t i o n  P r o j e c t  

CSM - Colorado School o f  Mines 

D&M - Dames & Moore 

FS I - Foundation Sciences, Inc. 

I C - I n t e r n a t i o n a l  Cooperation 

KP - Ka iser  Engineers/Parsons B r i n c k e r h o f f  
Quade & Douglas, Inc .  

LBL - Lawrence Berkeley Laboratory 

LLL - Lawrence L'i vermore Laboratory 

BNW I - U t t i c e  o f  Nuclear Waste I s o l a t i o n  

t NTS - Nevada Test  S i t e  
NNUS I - Nevadd Nuclcar  Waste Storage I i ~ v r b L  i y a t i o n  

Rockwell - Rockwell Hanford Operat ions 

Sandia - Sandia Labora tor ies  

UM - U n i v e r s i t y  o f  Minnesota 

USGS - U.S. Geological  Survey 
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The thermal h i s t o r y  o f  a  r e p o s i t o r y  conta in ing  a  l a r g e  number of 
assemblies w i l l  be s imula ted w i t h  11 can is te rs  o f  spent f u e l ,  6 e lec-  
t r i c a l  l y  heated s i m u l a t o r  can is te rs ,  and 20 auxi  1  i a r y  e l e c t r i c  heaters. 
The e f f e c t s  on g r a n i t e  o f  heat  alone ( f rom the e l e c t r i c  s imula tors )  w i l l  
be compared w i t h  the  combined e f f e c t s  o f  heat and r a d i a t i o n  ( f rom the  
spent  f u e l  ) . Other measurement programs w i  11 evaluate t h e  magnitude of 
displacement e f f e c t s  f rom mining ( f o r  comparison w i t h  thermal l y  induced 
displacement),  the  e f f e c t s  o f  mine v e n t i l a t i o n  on heat d i s s i p a t i o n  from 
t h e  waste, and poss ib l y  (as a  mid- test .  add-on) the  heat  d i s s i p a t i o n  and 
s t a b i l i t y  e f f e c t s  o f  an i n  s i t u  heat  and r a d i a t i o n  f ie1.d i n . b a c k f i l 1  
m a t e r i a l s .  

Rock temperatures, s t resses,  and displacements w i l l  be measured 
c o n t i n u a l l y  by thermocouples, stressmeters, and extensometers du r ing  
the  storage p e r i o d  a t  more than 600 l o c a t i o n s .  These data w i l l  be 
cornpared w i t h  c a l c u l a t e d  values a t  each l o c a t i o n .  I n  add i t i on ,  there 
w i  11 be a  s e r i e s  o f  p r e - t e s t  measurements i n  the  l abo ra to ry  and i n .  t he  
f i e l d .  Rock p r o p e r t i e s  (thermal .and s t reng th ) ,  the  i n  s i t u  s t a t e  o f  
s t r e s s ,  geologic and hyd ro log ic  parameters, seismic phenomena, i n  s i  t u  
thermal p roper t i es ,  and t h e  mechanical resporlse o f  t he  rock  t o  min ing 
w i  11 a1 1  be measured. 

Throughout t h e  t e s t  and a t  t he  end, measurements w i l l  be made t o  
document d i f f e rences  between the response o f  the  rock t o  spent f u e l  
and i t s  response t o  the  e l e c t r i c  s imula tors .  A f t e r  the  t e s t ,  rock 
samples w i l l  be recovered from the storage ho le  w a l l s  and s tud ied i n  
the  1  aboratory . 

3.3.2 Basa l t  Waste I s o l a t i o n  P ro jec t ,  Hanford S i t e  

The BWIP (Rockwell, 1979) i s  p resen t l y  engaged i n  a comprehensive 
program i n  the  major  areas of s p e c i a l i z a t i o n  from s i t e  cha rac te r i za t i on  
through design appl i c a t i o n s  . Subsurface i n v e s t i g a t i o n s  have been c a r r i e d  
o u t  by d r i l l i n g  f i v e  boreholes t o  below the p o t e n t l a l  r e p o s i t o r y  hor izon 
f o r  assessments of rock  mass q u a l i t y .  Regional s tud ies  are being per-  
formed u t i l i z i n g  geophysical surveys (Rockwell Hanford Operat ions) and 
s e i s m i c i t y  s tud ies  (Rockwell Hanford Operations and U n i v e r s i t y  o f  Washing- 
ton )  , reg iona l  rock mass-di scon t i  nu i  ty sys tern cha rac te r i  z a t i  on, and t o  
generate a  s c i e n t i f i c  data base f o r  r e l a t i n g  earthquake magnitudes t o  
r e t u r n  per iod .  Laboratory t e s t i n g  (Foundation Sciences, Inc  . ) i s  being 
performed t o  determine i n t a c t  rock mass p roper t i es  re1 a ted t o  dens i t y  , 
p o r o s i t y  , thermal d i f f u s i v i  t y  , thermal expansion c o e f f i c i e n t ,  conf ined 
and unconfined compressive u l t i m a t e  s t rength ,  B r a z i l i a n  t e n s i l e . s t r e n g t h ,  
and e l a s t i c  modul i .  

The i n  s i t u  t e s t i n g  program i s  p resen t l y  being implemented a t  t he  
Near-Surface Test F a c i l i t y  (NSTF) (FBgure 2)  t o  assess t h e  i t i f l u e r ~ c e  o f  
sca le  on rock mass p r o p e r t i e s .  The t e s t s  i nc lude  j o i n t e d  b lock t e s t s  
f o r  t h e  very near f i e l d ,  canister-sc,a le heater  t e s t s  f o r  the  near f i e l d ,  
and a  proposed acce lera ted room t e s t  f o r  the  f a r  f i e l d .  
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Jointed block t e s t s  (2.0 meters by 2.0 meters by 2.5 meters deep) 
will  be perforrned a t  several d i f fe rent  locations within . the NSTF. Fif- 
teen small, 1-kilowatt heaters will be used to create the desired heat 
d is t r ibut ion  and large f la t jacks  .will provide the confinfng s t r e s s .  

One fu l l - sca le  heater t e s t  will simulate the conditions closely 
resembl ing those i n  the actual repository. The expected temperatures 
the waste w i  11 undergo i n  a repository i n  basalt  will be reproduced in 
a controlled fashion u t i l iz ing  e l e c t r i c  heaters to  model the waste 
canis te r .  This t e s t  will  be run a t  a power level of approximately 
1 t o  2 kilowatts. A second ful l -scale  heater t e s t  will be used to 
determine the ultimate power capacity of the boreholes and the e f fec ts  
of decrepitation of the borehole, fracturing in the near f i e l d ,  and 
the subsequerit e f f ec t s  on the i n  s i t u  thermal conductivity. The t e s t  
will be operated a t  power levels u p  t o  5 kilowatts. 

An accelerated room t e s t ,  which has 60 1 -kilowatt heaters,  will 
simulate repository conditions a t  time periods of 25 to  50 years a f t e r  
only 1.5 to  2.0 years of tes t ing.  This t e s t  will provide data on s t r e s s  
and deformation on a room scale ( la rger  volume of basal t )  close to the 
strength l imits  of the basalt  and the shotcrete roof support system. 
The accelerated room t e s t  will serve f o r  ver if icat ion of selection of 
const i tut ive relat ions a t  room scale from the smaller scale t e s t s .  

Numerical model i  ng and analysi s  scopi ng calculations have been . 

performed f o r  purposes of selection of instrumentation layout and t e s t  
procedures f o r  the larger  scale in  s i t u  t e s t s .  As i n  s i t u  t e s t  data 
become avai 1 able , the numerical model s w i  11 be ref i  ned to. i ncorporate 
nonlinear and post-peak const i tut ive relat ions for  the rock mass and 
d iscre te  discont inui t ies .  

Design application has progressed t o  a stage of formulating prel ill15 - 
nary o r  preconceptual design c r i t e r i a  for  repository temperatures as  well 
as selection of load factors to provide design margin for  a repository in 
basal t .  This design e f f o r t  has ident i f ied a number of c r i t i c a l  design 
areas such as vent i la t ion and access dimensions, canis ter  re tr ievabi l  i  t.y, 
and roof support. The design wi l l ,  uti 1 ize  in s i  t u  t e s t  resu l t s  obtained 
from the NSTF. 

3 . 3 . 3  'l'uff Investigations a t  G-Tunnel , Nevada Test S i t e .  

Tuffaceous rocks are being investigated a t  the NTS as par t  of the 
Nevada Nuclear. Wastc Storage Investi yat iuns  . In s i  t u  tes t ing i s  under 
way a t  the G-Tunnel to  observe the response of welded tuff  to  an imposed 
thermal load. The t e s t  zone i s  located i n  a perched water zone of satur-  
ation and the mlgration and chemistry of water near the emplaced heater 
will be monitored. The jo.inted s t ructure of the tuff  media in G-T~~nnel 
will be cdrefully mapped and sampled for  mineralogical characterization 
to  he1 p s i t e  the planned expanded t e s t  faci 1 i  ty .  Laser interferometry 
i s  being used t o  augment extensometer measurements of s t r a in  induced by 
thermal expansion and/or dehydration reactions. A thermocouple array will 
monitor heat diss ipat ion in the tuf f  mass surrounding the heater.  



Results from laboratory measurements and in s i t u  t e s t s  will be used 
to  ref ine computer codes tha t  simulate time-dependent responses of tuff  
to  ant ic i  pated reposi tory conditions . Theoretical studi:es of the re1 a- 
tionships of f lu id  pressure, confining pressure, and temperature t o  
thermal properties of jointed rock mass will  a l so  be conducted to  yield 
more r e a l i s t i c  models fo r  code'development. 

As data from a l l  tuff  study a c t i v i t i e s  become avai lable ,  they will 
be integrated by a planning ac t iv i ty  for  future i n  s i t u  t e s t s  to  determine 
the e f fec ts  of joints  and contained water on the response of tuff  to  a 
reposi tory environment . 

3 .4  SWEDISH-AMERICAN COOPERATIVE PROGRAM 

A cooperative program between the Swedish Nuclear Fuel Supply Company 
and the former U.S. Energy Research and Development Administration was 
organized i n  July 1977. The principal objectives of the program to date 
(Withcr~poon and D~g~rman,  1978) hgve been to  investigate the e f fec ts  of 
elevated temperatures on the geomechanical response and fracture hydroluyy 
of Stripa granite.  

The program i s  principally sc i en t i f i c  in nature and emphasizes in te r -  
national cooperation i n  technical areas of hydrological and chemical t rans-  
port phenomena, rock mechanics, and engineered bar r ie rs .  The Swedish 
participants provided technical support in smooth-wall blasting of the 
underground experimental f a c i l i t i e s  of the Stripa Mine (Figure 3 )  as well 
as performing important baseline s tudies .  The Swedish Geological Survey 
has been involved i n  assembling geological information and performing 
geophysical surveys and mechanical borehole measurements for  purposes of 
rock mass characterization. Laboratory test ing to  assess in t ac t  thermo- 
mechanical properties of Stripa granite have been performed a t  the Uni -  
vers i ty  of Lulea i n  Sweden. 

Full-scale and time-scale heater t e s t s  have been conducted and 
analyzed in the Stripa Mine t o  assess the geomechanical response of 
the Stripa granite.  Numerical modeliny incorporating l inear  thermo- 
e l a s t i c  analyses from both laboratory and i n  s i t u  t e s t  properties has 
been performed. 

Ongoing appl ied research ac t i  v i  t i e s  presently include di rect i  onal 
permeabi 1 i ty  tes t ing ,  in s i  t u  s t a t e  of s t r e s s  determinations by hydraul i c  
f ractur ing,  and macroscopic permeability of Stripa granite i n  a large- 
scale  room t e s t .  

Once .the geohydrological subsurface properties and conditions of the 
fractured granite a re  determined and verif ied against the gross seepage 
r a t e  i n  the large-scale room t e s t ,  a multi-national e f f o r t  i n  the areas 
of borehole plugging and shaf t  sealing i s  planned. 
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F IGURE 3. S t r i  pa Mine Exper imenta l  Layout.  
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4.0 STATUS OF RESOLUTION OF ROCK MECHANICS ISSUES 

Summarized i n  t h i s  s e c t i o n  are  the  s ta tus  t o  date o f  gener ic  s tud ies  
and s i t e - s p e c i f i c  i n v e s t i g a t i o n s  i n  g r a n i t e ,  b a s a l t ,  and t u f f  aimed a t  
r e s o l u t i o n  o f  t,he rock  mechanics issues  i d e n t i f i e d  i n  Sect ion 2.2. 

4.1 THERMOMECHANICAL EFFECTS 

To date, the l a r g e s t  amount of i n  s i  t u  thermomechanical data has been 
generated f o r  g r a n i t e  from the  S t r i  pa i n t e r n a t i o n a l  cooperat ive e f f o r t .  
I n  t he  Un i ted  States,  l abo ra to ry  and model ing programs support  t h a t  e f f o r t .  
I n  s i t u  t e s t s  i n  g r a n i t e  a t  t he  Colorado School o f  Mines and a t  t h e  NTS are  
j u s t  s t a r t i n g .  

The #most recent  ana lys is  (Chan and Others, 1980) o f  t he  S t r i p a  heater  
t e s t  data i n d i c a t e s  the" importance o f  account ing f o r  temperature dependence 
i n  thermoel as t i c  p rope r t i es .  The p r e d i c t i o n  o f  d i  sp l  acement i nduced by 
thermal l oad  i s  improved when cons ider ing  the  temperature dependence o f :  

r Thermal c o n d u c t i v i t y ,  k;  

0 Young's modulus, E; 

Poisson's r a t i o ,  p; 

Thermal expansion c o e f f i c i e n t ,  a. 

Whi le the  p r e d i c t i o n  o f  displacement i s  improved by cons ider ing  tem- 
pera ture  dependence, p a r t i c u l a r l y  as i t  re1 a tes  t o  the  thermal expansion 
c o e f f i c i e n t ,  t he  r a d i a l  s t ress  p r e d i c t i o n s  based upon l i n e a r  t h e m o e l a s t i c i t y  
us ing  l a b o r a t o r y  values are s t i l l  h igher .  However, i f  account i s  taken f o r  
the  i n  s i t u  rock  modulus, the p red i c ted  r a d i a l  s t ress  i s  scaled down. The 
development o f  thermal s t ress  i s  s e n s i t i v e  t o  the  increased compliance a t  
t he  l a r g e r  scale.  This  p o i n t s  t o  the  need t o  assess the  e f f e c t s  of sample 
s i z e  on fundamental rock n~ec l~an ics  p r o p e r t i e s .  

For b a s a l t ,  l abo ra to ry  t e s t s  a re  being conducted. The NSTF (F igure  2)  
has been excavated f o r  and i s  p resen t l y  being instrumented f o r  t he  f u l l  
range of i n  s i t u  t e s t s .  The NSTF i n  s i t u  t e s t s  a re  t a k i n g  on added im- 
portance i n  view o f  the  c l o s e r  j o i n t  spacing i n  g r a n i t e  as compared t o  
b a s a l t .  These t e s t s  w i l l  p rov ide  engineer ing and s c i e n t i f i c  data t o  
assess the  s i t e - s p e c i f i c  i n f l u e n c e  o f  sca le  on geomechanical p rope r t i es  
o f  a  h i g h l y  j o i n t e d  basa l t .  

I n  t u f f ,  a  reduced e f f o r t  i s  under way w i t h  l i m i t e d  l abo ra to ry  and 
i n  s i t u  t e s t s .  I n  many respects,  t he  thermomechanical problems associated 
w i t h  t u f f  a r e  more complex than f o r  t he  o t h e r  two hard rocks.  For low 
l e v e l s  o f  thermal loading,  however, t h e  techn ica l  issues are  e s s e n t i a l l y  
the  same as f o r  harder  c r y s t a l l i n e  rock .  



4.2 COUPLED THERMOMECHANICAL AND HYDROLOGICAL PHENOMENA 

Programs are c u r r e n t l y  i n  progress i n  g ran i te ,  basal;, and t u f f  t o  
reso lve  the issues associated w i t h  coupled thermomechanical and hydro- 
l o g i c a l  phenomena. Primary emphasis has been on the  f i e l d  work a t  S t r i pa ,  
w i t h  suppor t i ve  l a b o r a t o r y  t e s t i n g  and model i n g  i n  the  Uni ted States. 
Model ing w i t h  f u l l y  coupled thermal, mechanical, and hydro log ica l  codes 
i s  under way under sponsorship of ONWI and BWIP. F u l l - s c a l e  v e r i f i c a t i o n  
t e s t i n g  o f  these models i s  p resen t l y  r e s t r i c t e d  t o  back ana lys i s  o f  the 
v e n t i l a t e d  room t e s t  a t  S t r i p a .  Laboratory and bench-scale t e s t i n g  i s  
under way o r  planned a t  several  l o c a t i o n s  which should be o f  general 
a p p l i c a t i o n  t o  a l l  j o i n t e d  c r y s t a l l i n e  rocks. '  

4.3 MINE-INDUCED FRACTURING 

A c t i v i t i e s  a re  i n  progress t o  reso lve  issues r e l a t e d  t o  mine-.induced 
f r a c t u r i n g  i n  g r a n i t e  and basa l t .  A b lock t e s t  i s  under way a t  the 
Colorado School o f  Mines ' t e s t  mine. The accelerated room t e s t  i n  the  
NSTF w i l l  p rov ide  engineer ing and s c i e n t i f i c  data f o r  both thermal and 
b l a s t - i  nduced f r a c t u r i n g .  No a c t i v i t i e s  i n  t h i s  area are  c u r r e n t l y  under 
way i n  t u f f .  

4.4 RELATIONSHIP BETWEEN S E I S M I C  EVENTS AND 
STRUCTURAL INTEGRITY OF A REPOSITORY 

A c t i v i t i e s  are  progressing t o  reso lve  the rock  mechanics issues 
associated w i t h  s e i s m i c i t y .  Most s tud ies  are centered on the  e f f e c t  
of a seismic event  on a r e p o s i t o r y .  H i s t o r i c a l  data bases are being 
developed f o r  BWIP and NTS from which t o  p r e d i c t  t he  maximum l i k e l y  
event  i n  these areas. Generic s tud ies  are c u r r e n t l y  being conducted t o  
assess the  e f f e c t  o f  depth on ground motion, and a l s o  t o  determine s e v e r i t y  
o f  damage a t  r e p o s i t o r y  depth w i t h  respect  t o  sur face damage. The e f f e c t  
o f  a design bas is  earthquake on the  underground r e p o s i t o r y  i s  being 
assessed us ing numerical models. 

4.5 MINE STABILTITY 

A c t i v i t i e s  t o  reso lve  mine s t a b i l i t y  issues are under way as p a r t  o f  
t h e  BWIP. Rock mechanics design c r i t e r i a  were inc luded i n  the precon- 
ceptual  desi qn of a r e p o s i t o r y  i n  Basa l t  . Considerat ions reqard i  ng 
opera t i ona l  sa fe ty ,  waste r e t r i e v a l  , and r e p o s i t o r y  i n t e g r i t y  are 
incorpora ted i n t o  t h e  programs f o r  conceptual design o f  a r e p o s i t o r y  i n  
b a s a l t .  

The acce lera ted room t e s t  w i t h i n  the  NSTF o f  the  BWIP w i  11 provide 
engineer ing and s c i e n t i f i c  data f o r  the  basal t l s h o t c r e t e  support  i n t e r -  
a c t i o n  and the  post-peak behavior o f  b a s a l t  a t  room scale.  

Eva luat ion  o f  the  reg iona l  impact o f  a r e p o s i t o r y  i s  being conducted 
f o r  hard  rock media through modeling and p r e d i c t i v e  ana lys i s .  



5.0 CONCLUSIONS 

The rock  mechanics issues t h a t  have been i d e n t i f i e d  i n  preceding 
sec t ions  a re  the  most complex issues t h a t  have ever  been encountered i n  
t he  ana lys i s ,  design, and c o n s t r u c t i o n  o f  an underground f a c i  1 i ty. To 
qua1 i f y  a waste r e p o s i t o r y  i n  c r y s t a l  1 i n e  rock, s c i e n t i f i c  and engineer ing 
data f rom labo ra to ry  t e s t i n g ,  i n  s i t u  t e s t i n g ,  mon i to r ing ,  and numerical 
ana lys i s  w i l l  have t o  be compiled and evaluated i n  a s h o r t  pe r iod  o f  t ime. 
The advancement of t he  s t a t e  of t he  a r t  i n  rock  mechanics on mu1 t i p l e  
f r o n t s  i n  a s h o r t  p e r i o d  of t ime i s  e s s e n t i a l  f o r  f i n a l  r i s k  assessment, 
and fo rmu la t i on  of a design bas i s  f o r  a r e p o s i t o r y .  Th is  i s  a fundamental 
goal o f  the Un i ted  S ta tes '  program i n  rock  mechanics f o r  t he  NWTS Program. 
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