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This report studies the thermal effects associated with the emplacement 
of aged radioact ive wastes in a geologic reposi tory , with emphasis on the 
following subjects : 

• the waste c h a r a c t e r i s t i c s , repository s t ruc tu re , a rock propert ies 
control l ing the thermally induced e f fec t s , 

• the current knowledge of the thermal, thermomechanic.• I, and thermo-
hydrologic impacts, determined mainly c..i the basis o levious 
studies that assume 10-year-old wastes 

• the thermal c r i t e r i a used to determine the repository waste loading 
dens i t i e s , and 

• the technical advantages and disadvantages ot surface c Ling of 
the wastes prior to disposal as a means of mit igat ing tJ thermal 
impacts. 

The waste loadiny densi t ies determined by repository des igns for 10 year-oId 
wastes are extended to older wastes using the near-f ie ld thermomechanica 1 
c r i t e r i a Dasea on room s t a o i l i t y considerat ions. Also discussed are the 
e f t ec t s or iong surrace cooling perioas determined on the basis ot f^r-field 
thermomechanica j. and the rmo hydro logic considerat ions. The extension of tne 
surface cooling period from 10 years to longe r periods can lcwer the near-
f ield therma1 impact but have only modest long-term effects for spent fuel. 
More s igm f icant lony-term effects can be achieved by surface cooli ng ot 
reprocessed high-leveI waste. 
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1. EXECUTIVE SUMMARY 

This r e p o r t d i s c u s s e s t h e t h e r m a l e f f e c t s t h a t could r e s u l t from t h e 
emplacement of r a d i o a c t i v e waste i n a g e o l o g i c r e p o s i t o r y end t h e p o t e n t i a l 
f o r m i t i g a t i o n of those e f f e c t s by s u r f a c e c o o l i n g of t h e was te p r i o r t o 
d i s p o s a l . Th i s E x e c u t i v e Summary l i s t s t h e main p o i n t s of t h e v a r i o u s key 
t e c h n i c a l f i n d i n g s i n s i x b r i e f s e c t i o n s . S e c t i o n i . l a d d r e s s e s t h e f a c t o r s 
t h a t c o n t r o l t h e r m a l e f f e c t s . S e c t i o n 1.2 c o v e r s the o v e r a l l t h e r m a l , t he rmo-
raechanical, and t h e r m o h y d r o i o g i c impac t s de te rmined mainly on t h e b a s i s of 
p r e v i o u s s t u d i e s t h a t assumed 1 0 - y e a r - o l d w a s t e s . Since t h e was te l oad ing 
d e n s i t y i n a r e p o s i t o r y i s de t e rmined by t h e r m a l c r i t e r i a , t h e r m a l c r i t e r i a 
t h a t have been p u b l i s h e d by t h e Depar tment of Energy (DOE) a r e d i s c u s s e d nex t 
i n S e c t i o n 1 . 3 . S e c t i o n 1.4 e v a l u a t e s t h e m i t i g a t i n g e f f e c t s of d i f f e r e n t 
s u r f a c e c o o l i n g p e r i o d s on the rma l p e r t u r b a t i o n s in t h e c a n i s t e r b o r e h o l e s , a t 
t h e r e p o s i t o r y l e v e l , and i n the s u r r o u n d i n g g e o l o g i c s e t t i n g . In a given 
was te d i s p o s a l sys tem, t h e s u r f a c e c o o l i n g p e r i o d would be de te rmined by a 
combina t ion of t e c h n i c a l , economic, s o c i a l , and e n v i r o n m e n t a l f a c t o r s . This 
r e p o r t examines mainly t h e t e c h n i c a l f a c t o r s and irom t h a t s t a n d p o i n t r ev iews 
t h e a d v a n t a g e s and d i s a d v a n t a g e s of s u r f a c e c o o l i n g in S e c t i o n 1 .5 . These 
s p e c i f i c p o i n t s a r e fo l lowed by an overview of t h e main t e c h n i c a l c o n c l u s i o n s 
i n S e c t i o n 1 .6 . 

1.1 CONTROLLING FACTORS OF THERMAL EFFECTS 

Thermal ly induced e f f e c t s a r e de te rmined by t h e wasta c h a r a c t e r i s t i c s , 
r e p o s i t o r y s t r u c t u r e , and rock p r o p e r t i e s . Ana lyses i n t h e l i t e r a t u r e show 
t h a t 

• For t h e same was te l o a d i n g d e n s i t y , s p e n t f u e l r e l e a s e s more h e a t 
a t longer t imes than r e p r o c e s sed v a s t e s , whi ch ha ve mos t of t h e 
l o n g - l i v e d p]u tonium and uranium i s o t o p e s removed. Thus the s p e n t 
f u e l w i l l i nduce much l a r g e r l o n g - t e r m the rma l impac t s than r e p r o 
c e s s e d h i g h - l e v e l r a d i o a c t i v e w a s t e . 

• Waste i n v e n t o r y s t u d i e s i n d i c a t e t h a t a s i g n i f i c a n t f r a c t i o n of the 
w a s t e s r e c e i v e d by r e p o s i t o r i e s wi11 be more than 10 y e a r s o l d , 
e s p e c i a l l y wi th t h e expec ted d e l a y s i n e s t a b l i s h i n g f u l l y c p e r a t i o n a l 
r e p o s i t o r i e s u n t i l c l o s e t o t h e t u r n of t h e c e n t u r y . 

• Many y e a r s of r e s e a r c h on s a l t as a r e p o s i t o r y medium and s e v e r a l 
r e c e n t i n v e s t i g a t i o n s on hard r o c k s a r e e n a b l i n g i n v e s t i g a t o r s t o 
d e v e l o p d e t a i l e d d e s i g n s of t h e c o n f i g u r a t i o n s of the emplacement 
h o l e s and t h e r o o m - a n d - p i l l a r s t r u c t u r e s . R e l a t i v e l y s imple r e p o s i 
t o r y g e o m e t r i e s , however, have btien used i n most f a r - f i e l d models . 
E v e n t u a l l y , t h e e x a c t d e p t h , s i z e , and shap^ of t h e r e p o s i t o r i e s wi11 
be de te rmined by t h e s i t e - s p e c i f i c s t r a t i g r a p h i c and r e g i o n a l con
s t r a i n t s of the g e o l o g i c s e t t i n g as well as t h e e n v i r o n m e n t a l impac t s 
of waste emplacement, 
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• Thermal p r o p e r t i e s of t h e rock f o r m a t i o n s can be measured f a i r l y 
a c c u r a t e l y i n t h e l a b o r a t o r y and in t h e f i e l d . Mechanical p r o p e r t i e s 
measured i n i n t a c t rock samples a r e no t r e p r e s e n t a t i v e of those 
of f r a c t u r e d rock masses . Hydro log i c p r o p e r t i e s , e s p e c i a l l y perme
a b i l i t y , have a wide range of u n c e r t a i n t y . 

1.2 THERMAL EFFECTS DETERMINED MAINLY ON THE BASIS OF STUDIES OF 
10-YEAR-OLD WASTES 

The v e r y - n e a r - f i e l d , n e a r - f i e l d , and f a r - f i e l d t he rma l e f f e c t s have been 
e x t e n s i v e l y s t u d i e d fo r 1 0 - y e a r - o l d w a s t e s . The main f i n d i n g s a r e t h a t 

• Waste package i n t eg r i t y and maximum waste and canis ter temperatures 
depend sens i t ive ly on the heat power of the emplaced waste and thermal 
conduct ivi t ies of the various components, including backf i i l or a i r 
gaps surrounding the can i s t e r . Borehole degradation should be con
t ro l l ed to maintain r e t r i e v a b i l i t y for a prescribed period of time. 

• Thermomechanical s t a b i l i t y of the room-and-pillar s t ructure is de ter 
mined by the s t ress changes due to both excavation and thern.dl loading. 
Controlling thermal loading and ven t i l a t ion , and u t i l i z i n g mining 
engineering techniques, such as roof bol t ing, wil l help to ensure 
mechanical s t a b i l i t y and maintain the safety of personnel during the 
waste emplacement and r e t r i e v a l operat ions. 

• The long-term, fa r - f i e ld temperature r i s e depends mainly on the heat 
capacity of the rock. Heat capacity i s the l eas t s i t e - spec i f i c and 
rock-specif ic property. This allows us to evaluate and predic t long-
term thermal effects with cautious optimism. 

• Surface up l i f t from thermal expansion of rock is la rges t for a spent 
fuel repository in s a l t . The surface u p l i f t depends on the cumulative 
heat energy in the rock formation, which pe r s i s t s over thousands of 
years . 

• Buoyancy flow wil l a lso p e r s i s t for more than 1000 years. Distort ion 
of the convection ce l l s by a regional pressure gradient does not s ig 
n i f i can t ly change the t rave l time for water zo move from the repository 
up to the surface. 
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1.3 RESEARCH NEEDS FOR THERMAL, THERMOMECKANICAL, AND THERMOHYDROLOGIC 
CRITERIA 

Waste l o a d i n g c r i t e r i a used by t h e DOE i n r e p o s i t o r y d e s i g n have n o t 
i n c l u d e d t h e f o l l o w i n g c o n s i d e r a t i o n s . 

• Thermohydrologic perturbation is not addressed in the exis t ing 
f a r - f i e ld c r i t e r i a . Althougn safety analysis requires including a 
descript ion of the ant ic ipated response of the bulk hydroseologic 
system to the maximum design thermal loading, the repository loading 
density i t s e l f i s not exp l i c i t l y bounded by the considerations of 
ve r t i ca l flow from the reposi tory to the surface. Further i n v e s t i 
gations are required to e lucidate the dependence of design waste 
loading on thermohydrologic impacts and the p red ic t ab i l i t y of long-
term thermohydrologic responses. 

• The very-near-f ield c r i t e r i a are based on l imits on the maximum 
temperature r i s e s occurring a t short times. The re la t ionships between 
these early-time maxima and the long-term waste package in tegr i ty and 
radionuclide re lease ra tes should be carefully evaluated. For s a l t , 
brine inflow to the borehole has been observed tc be low during the 
heating period and high after the heat power has been turned off. 
The poten t ia l long-term delay in brine migration due to entrapment in 
microcracks should be considered. 

• Tnermoelastic analyses do not p rea ic t the behavior of nonelast ic 
fractured rock masses. The rock fa i lure conditions should be eval
uated with fracture models that consider the couplings ot fracture 
deformation to thermal expansion of rock blocks and to t lu id flow 
through the f rac tures . 

• Thermomechanical i n s t a b i l i t y induced by tension outside the heated 
zone should be considered in addition to compress!ve fa i lu re . This 
should be dope for both the near- f ie ld room-and-pillar s t ructure and 
the fa r - f i e ld rock formations. Thermally induced tens i le s t r ess may 
open the fractures and change the permeabil i ty. 

1.4 EMPLACEMENT WASTE DENSITY AND THERMAL LOADING OF AGED WASTES 

The e f f e c t of d i f f e r e n t s u r f a c e c o o l i n g p e r i o d s on t he rma l impact can be 
summarized as f o l l o w s : 

• For constant mass of emplaced material per un i t area, surface cooling 
s igni f icant ly reduces the thermal impact for reprocessed waste, but 
only modestly for spent fuel. The main effect of surface cooling is 
to allow a s ignif icant portion of the f iss ion products to decay. For 
spent fuel containing long-lived ac t in ides , the thermal impacts over 
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thousands of years are not s ign i f ican t ly changed by extending the 
period of surface cooling from 10 to 100 years . 

• For constant power density at emplacement,- longer surface cooling 
increases the thermal impact s igni f icant ly for spent fuel , but only 
modestly for reprocessed waste. Since most of the design studies and 
economic analyses are expressed in terms of thermal power dens i t i e s , 
conclusions based on 10-year-old waste should not be applied to older 
wastes unless careful re-evaluat ions are made. 

• I f a h i g h e r w a s t e d e n s i t y i s c o n s i d e r e d in t h e des ign of a r e p o s i t o r y 
for o l d e r w a s t e s , l i m i t a t i o n s of l o a d i n g shou ld be c a r e f u l l y d e t e r 
mined by imposing bo th n e a r - f i e l d c r i t e r i a based on thermomechanica l 
s t a b i l i t y c o n s i d e r a t i o n s and f a r - f i e l d c r i t e r i a based on the rmohydro-
l o g i c p e r t u r b a t i o n c o n s i d e r a t i o n s . 

1.5 ADVANTAGES AND DISADVANTAGES OF SURFACE COOLING FROM THE STANDPOINT OF 
THERMAL IMPACT 

R e p o s i t o r y d e s i g n and e n v i r o n m e n t a l e v a l u a t i o n shou ld c a r e f u l l y c o n s i d e r 
t h e e f f e c t s of d i f f e r e n t s u r f a c e c o o l i n g p e r i o d s . 

• Surface cooling allows more concentrated waste emplacement and lower 
thermal loading. The quant i ta t ive changes depend sensi t ively on the 
waste type and on the thermal c r i t e r i a used in determining optimal 
loading. 

• For the region in the v ic in i ty of the waste package and the reposi
tory room-and-pillar, the lower thermal loadings associated with 
older wastes could reduce the short-term temperature r i se and the 
thermomechanical i n s t a b i l i t y . 

• Reductions in the near-f ie ld thermomechanicaJ perturbations are s ign i 
f icant for older wastes in sa l t and especial ly in hard rocks. If the 
near-f ie ld c r i t e r i a determine the waste loadings, the creep analyses 
for s a l t and the thermoelastic analyses for hard rocks should be care
fully evaluated to determine the optimal waste-loading densi t ies for 
older wastes. 

• If fa r - f ie ld c r i t e r i a are used, the extension of surface cooling 
periods wi l l alJow only a modest increase in waste density for spent 
fuel . The balance between a modest reduction in repository spa t ia l 
requirements and the addi t ional expense of the maintenance of surface 
storage f a c i l i t i e s wi l l be the determining factor in optimizing the 
duration of surface cooling. 
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• For r e p r o c e s s e d w a s t e , long s u r f a c e c o o l i n g can e f f e c t i v e l y lower t h e 
f a r - f i e l d t he rma l e f f e c t s . From a t e c h n i c a l s t a n d p o i n t , i t may be 
advan t ageous t o s t o r e r e p r o c e s s e d w a s t e s above ground for up t o 100 
y e a r s t o a l low a s i g n i f i c a n t f r a c t i o n of t h e f i s s i o n p r o d u c t s t o d e c a y . 

1.6 OVERVIEW OF SURFACE COOLING, WASTE LOADING, AND THERMAL CRITERIA 

Th i s r e p o r t s t u d i e s the s e n s i t i v e dependenc i e s of t h e r m a l l y induced 
e f f e c t s on was te t y p e s , s u r f a c e c o o l i n g , and w a s t e l o a d i n g . The s h o r t - t e r m , 
n e a r - f i e l d t h e r m a l impac t s a r e de te rmined by the emplacement h e a t power of t h e 
w a s t e s . The l o n g - t e r m , f a r - f i e l d t h e r m a l impac t s a r e de te rmined by the cumula
t i v e h e a t i n t h e rock f o r m a t i o n s . The e x t e n s i o n of t h e s u r f a c e c o o l i n g p e r i o d 
from 10 y e a r s to l o n g e r p e r i o d s can lower t h e n e a r - f i e l d the rma l impact bu t 
have on ly modest l o n g - t e r m e f f e c t s for s p e n t f u e l . More s i g n i f i c a n t l o n g - t e r m 
e f f e c t s can be a c h i e v e d by s u r f a c e c o o l i n g of r e p r o c e s s e d w a s t e . 

D e t a i l e d e v a l u a t i o n s of t h e t h e r m a l , the rmomechanica l , and the rmohydro-
l o g i c e f f e c t s a r e e s s e n t i a l t o t h e q u a n t i t a t i v e r e g u l a t i o n and d e s i g n of 
r e p o s i t o r i e s for g e o l o g i c d i s p o s a l of n u c l e a r w a s t e s . The op t ima l was te l o a d 
i n g d e s i g n i s de te rmined by t h e t h e r m a l c r i t e r i a . C r i t e r i a t h a t have been 
usp.d by DOE a r e based on t h e thermomechanica l s t a b i l i t y c o n s i d e r a t i o n s fo r the 
was te pacKage and r e p o s i t o r y s t r u c t u r a l components , a s we l l a s or. t h e a l l o w a b l e 
s u r f a c e u p l i f t due t o t h e r m a l expans ion of t h e s u r r o u n d i n g g e o l o g i c s e t t i n g . 
The v e r t i c a l buoyancy flow from t h e r e p o s i t o r y t o t h e s u r f a c e has no t been 
c o n s i d e r e d a s a bounding c r i t e r i o n i n t h e d e t e r m i n a t i o n of r e p o s i t o r y l o a d i n g 
d e n s i t i e s . 

C u r r e n t maximum d e s i g n the rma l l o a d i n g i s based on e x i s t i n g c r i t e r i a fo r 
1 0 - y e a r - o l d w a s t e s . I f a h i g h e r w a s t e d e n s i t y i s c o n s i d e r e d in t h e r e p o s i t o r y 
d e s i g n fo r o l d e r w a s t e s , l i m i t a t i o n s of l o a d i n g shou ld be de te rmined by c a r e 
f u l c o n s i d e r a t i o n s of bo th s h o r t - t e r m thermomechanica l e f f e c t s and l o n g - t e r m 
t h e r m c h y d r o l o g i c i m p a c t s . 
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2 . INTRODUCTION 

2.1 OVERVIEW 

Thermal l o a d i n g i s a p r i n c i p a l c o n s i d e r a t i o n i n t h e des ign and e v a l u a t i o n 
of a r e p o s i t o r y for g e o l o g i c d i s p o s a l of n u c l e a r w a s t e s . The age of t h e 
w a s t e s — t h e l e n g t h of t ime between t h e i r removal from t h e r e a c t o r c o r e s and 
t n e i r f i n a l emplacement i n a r e p o s i t o r y — i s a s i g n i f i c a n t f a c t o r i n d e t e r m i n 
i n g t h e w a s t e ' s h e a t power a t emplacement and t h e t h e r m a l e f f e c t s on t h e 
w a s t e ' s s u r r o u n d i n g s . Although many s t u d i e s i n t h e p a s t decade have demon
s t r a t e d t h e i m p o r t a n c e of t h e r m a l e f f e c t s on a l l components i n v o l v e d — t h e was te 
c a n i s t e r s , t h e r e p o s i t o r y s t r u c t u r e , and t h e s u r r o u n d i n g g e o l o g i c s e t t i n g — m o s t 
of t h e s t u d i e s have focused on t h e e f f e c t s of 1 0 - y e a r - o l d w a s t e s . Because no 
n u c l e a r w a s t e r e p o s i t o r i e s have y e t been c o n s t r u c t e d , a s u b s t a n t i a l p a r t of t h e 
w a s t e s e v e n t u a l l y p l a c e d i n a g iven r e p o s i t o r y would hav* been s t o r e d on t h e 
s u r f a c e much, longer t h a n 10 y e a r s . The emplacement of o l d e r w a s t e s may a l s o 
be p r e f e r r e d i f t h e t h e r m a l l y induced e f f e c t s a r e of major conce rn . S e v e r a l 
European c o u n t r i e s ( G r e a t B r i t a i n , West Germany, Sweden, Belgium) p l a n t o a l low 
t h e i r n u c l e a r w a s t e s t o c o o l on t h e s u r f a c e fo r l o n g e r p e r i o d s (25 , 40 , or 100 
y e a r s ) b e f o r e emplac ing t h e m a t e r i a l i n a permanent s i t e . 

To e v a l u a t e t h e e f f e c t s of d i f f e r e n t s u r f a c e c o o l i n g p e r i o d s and w a s t e 
l o a d i n g d e n s i t i e s , i t i s i m p o r t a n t t o s p e c i f y t h e s p a t i a l s c a l e s and the t ime 
spans of conce rn . In t h e immediate v i c i n i t y cf a was te c a n i s t e r , i t i s d e s i r 
a b l e t o m a i n t a i n t h e s t r u c t u r a l i n t e g r i t y of the was te package and t o l i m i t 
t h e r e l e a s e of r a d i o n u c l i d e s . In t h e n e a r - f i e l d , t h e thermomechanica l s t a b i l 
i t y of che s h a f t s and underground open ings may be a d v e r s e l y changed i f the h e a t 
power and the d e n s i t y of w a s t e s a r e t o o h i g h . The s t a b i l i t y of the r e p o s i t o r y 
s t r u c t u r e i s t h e main concern for the s a f e t y cf underground o p e r a t i o n s d u r i n g 
t h e e x c a v a t i o n , emplacement, and r e t r i e v a l p e r i o d s . On the r e g i o n a l s c a l e , the 
t h e r m a l impac t s p e r s i s t fo r t housands of y e a r s . Thermal l o a d i n g of t h e rock 
f o r m a t i o n may induce s u r f a c e u p l i f t and may change t h e h y d r o l o g i c p r o p e r t i e s of 
t h e r o c k s . The t h e r m a l l y induced buoyancy g r a d i e n t may cause v e r t i c a l rr-ovcmenc 
of t h e g roundwate r and t h u s a c c e l e r a t e cne t r a n s p o r t of r a d i o n u c l i d e s from t h e 
r e p o s i t o r y to tne a c c e s s i b l e env i ronmen t . 

The magni tudes of the t h e r m a l , m e c h a n i c a l , and h y d r o l o g i c impac t s depend 
on the h e a t power and was te d e n s i t y . The was te d e n s i t y i s a key pa rame te r in 
r e p o s i t o r y d e s i g n . Although i t i s d e s i r a b l e t o l o c a l i z e the was tes and m i n i 
mize t h e s i z e of a r e p o s i t o r y , i t i s a l s o n e c e s s a r y t o keep the was te d e n s i t y 
low to l i m i t t h e t h e r m a l l y induced i m p a c t s . The e x i s t i n g t he rma l d e s i g n c r i 
t e r i a a r e deve loped mainly on t h e b a s i s of many y e a r s of r e s e a r c h on s a l t and 
s e v e r a J r e c e n t i n v e s t i g a t i o n s on ha rd rocks as p o s s i b l e g e o l o g i c s e t t i n g s fo r 
a r e p o s i t o r y for 1 0 - y e a r - o l d w a s t e s . 
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2.2 OBJECTIVE OF THIS STUDY 

The o b j e c t i v e of t h i s s tudy i s t o e v a l u a t e t he rma l g u i d e l i n e s fo r op t ima l 
t h e r m a l l o a d i n g s , emphas iz ing t h e e f f e c t s of t h e s u r f a c e c o o l i n g p e r i o d s of 
t h e w a s t e s . As p a r t of t h i s e f f o r t , a comprehensive review was made of t h e 
a v a i l a b l e r e s e a r c h l i t e r a t u r e on t h e r m a l e f f e c t s , t he rma l c r i t e r i a , and m a t e r 
i a l p r o p e r t i e s of mined g e o l o g i c r e p o s i t o r i e s and t h e i r env i ronmen t . Such a 
rev'.ew of t h e s e n s i t i v i t y of t h e r e p o s i t o r y and t h e g e o l o g i c s e t t i n g t o v a r 
i o u s p a r a m e t e r s i s des igned t o e l u c i d a t e the s i g n i f i c a n c e of t h e s e p a r a m e t e r s 
i n a s s e s s i n g t h e r e p o s i t o r y pe r fo rmance . 

E v a l u a t i o n of t h e e f f e c t s of d i f f e r e n t s u r f a c e c o o l i n g p e r i o d s of t h e 
w a s t e s i s p a r t i c u l a r l y i m p o r t a n t f o r u n d e r s t a n d i n g t h e o p t i m a l t he rma l l oad ing 
of a r e p o s i t o r y . This a s p e c t of t h e t h e r m a l l o a d i n g has r e c e i v e d l i t t , quan
t i t a t i v e examina t i on i n t h e l i t e r a t u r e . Theref: r e , a d d i t i o n a l c a l c u l a t i o n s 
( fo rmu la s i n the Appendix) on s u r f a c e c o o l i n g t imes were performed t o s u p p l e 
ment the a v a i l a b l e d a t a in t h e l i t e r a t u r e . The r e s u l t s lead to a c l e a r e r 
u n d e r s t a n d i n g of t h e impor tance of s u r f a c e c o o l i n g i n e v a l u a t i n g t h e o v e r a l l 
t h e r m a l e f f e c t s of a r a d i o a c t i v e was te r e p o s i t o r y . 

2 .3 THERMALLY INDUCED IMPACTS 

To a s s e s s the the rma l impacts in g e n e r a l , and t h e e f f e c t s of d i f f e r e n t 
s u r f a c e c o o l i n g p e r i o d s i n p a r t i c u l a r , i t i s i m p o r t a n t to s p e c i f y the t he rma l 
l o a d i n g , t h e r e p o s i t o r y d e s i g n and o p e r a t i o n , and t h e g e o l o g i c s e t t i n g . With 
t h e s p e c i f i c a t i o n of t h e s e c o n t r o l l i n g p a r a m e t e r s , one can then e v a l u a t e t n e 
p e r t u r b a t i o n s of t h e t e m p e r a t u r e f i e l d , t h e rock d e f o r m a t i o n , and the f l u i d 
flow and r a d i o n u c l i d e m i g r a t i o n i n t h e e n g i n e e r e d s t r u c t u r e and i t s s u r r o u n d 
i n g e n v i r o n s . 

2 . 3 .1 Major Pa r ame te r s 

2 , 3 , 1 . 1 Thermal l o a d i n g 

In o rde r t o c o n t r o l t h e t he rma l e f f e c t s in and around the r e p o s i t o r y , i t 
i s c r u c i a l t o de t e rmine t h e the rma l l o a d i n g . The the rma l l o a d i n g i s s p e c i f i e d 
by the c o o l i n g and emplacement o p e r a t i o n s : 

• duration of surface cooling periods before repository emplacement, 

• waste types and heat power a t emplacement, and decay thereaf ter , 

• waste d i s t r ibu t ion and density within the reposi tory, and 

• loading sequence of waste emplacement. 

Once these i n i t i a l conditions have been specified, the thermal effects for a 
gj ren rock type can be readily determined, at leas t in ;erms of bounding values 
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from the known heat generation ra tes of the pa r t i cu la r waste types and the 
avai lable data on proper t ies of the rock formations. Optimizing the surface 
cooling of the wastes i s thus a v i t a l matter, since i t wi l l e s sen t i a l ly de ter 
mine the thermal impact in the reposi tory and i t s surrounding environment over 
time. 

2.3.1.2 Repository s t ruc ture and operation 

The waste emplacement configuration depends on the reposi tory s t ruc ture . 
A reposi tory wil l have several d i f fe ren t shafts for the t ranspor ta t ion of per
sonnel, equipment, wastes, and the flow of a i r for ven t i l a t ion . From the 
shaf ts , main corr idors and long storage rooms extend into the surrounding rock 
formation. The important design parameters for thermal considerations are the 
geometrical dimensions of 

• can is te r emplacement holes , 

• hole pat tern and arrays , 

• room-and-piilar separation, and 

• repository extension, shape, depth, and s i ze . 

The radius of the hole and the s ize of the gap between the canis ter and the 
rock are important for the determination of waste, canis te r , and hole tempera
t u r e s . The hole pitch (separation distance between holes) and row separation 
determine the region of rock to be heated by each waste can i s te r . The reposi
tory s ize , shape, and depth determine the waste emplacement capacity and the 
long-term thermal impact of a waste reposi tory . 

For the safety of operation during underground excavation and waste 
emplacement, ven t i la t ion wi l l be maintained throughout the operational l i f e of 
a repos i tory . The vent i la t ion will remove a fract ion of the heat released by 
the waste. This underground cooling i s an extension of surface cooling before 
emplacement. The requirement that the waste be maintained in a re t r ievable 
condition may extend the effect ive cooling period. NRC's proposed regulation 
(Code of Federal Regulations, T i t l e 10, Part 60, 1981) would require that the 
geologic reposi tory operations area be designed so tha t the en t i r e inventory 
of waste could be re t r ieved on a reasonable schedule, s t a r t ing a t any time up 
to 50 years after waste emplacement operations are complete. According to the 
same proposed regulat ion, a reasonable schedule i s one that requires no longer 
than about the same overal l period of ~\e tha t was devoted to construction of 
the reposi tory and emplacement of the wastes. 

2-3.1.3 Geologic se t t ing 

Heat released from the wastes in the repository wi l l be dissipated in the 
surrounding rock formations and wi l l eventually be transferred to the ground 
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surface. Depending on the location, the thermal impacts at a point in the 
rock formation will first increase and then slowly decrease, so that the host 
rock will eventually be returned to i ts original ambient condition, since the 
heat generation rate of the waste continuously decreases and the heat transfer 
processes slowly remove the heat. The spatial and temporal distribution of 
the thermal impacts depend on 

t» waste thermal loading in the repository, 

• rock types, 

• thermal, mechanical, and hydrologic properties, 

• lithology and boundaries, and 

• ambient conditions. 

Bedded and domed salt, granite, basalt, shale, tuff, and dry alluvium 
are among the rock formations being considered for waste repositories. The 
geologic setting is the last barrier to prevent the escape of radionuclides 
to the accessible environment. Over the geologic time scale of thousands of 
years, the geologic setting could be effective in providing the required 
isolation if a stable formation is chosen and a suitable location is found. 
However, the uncertainties associated with formation inhomogeneity and var
iation in rock properties require that conseiVBtive and stringent criteria be 
imposed on the magnitude of thermal perturbations to be allowed in the ambient 
temperature field, the in situ stress field, and the regional groundwater 
movement. 

2.3.2 Main Effects 

2.3.2.1 Temperature rise, stress change, and buoyancy flow 

The main concern in the assessment of the therma1 impact of the wastes is 
on the thermally induced phenomena at different locations and varicus periods 
of time: 

• temperature rise in the very-near--field of the canister-borehole 
region, 

• thermomechanical stability in the near-field of room-and-p:liar 
structure r and 

• thermohydrologic perturbation in the far-field over the groundwater 
basin and the r-echarge-discharge flow pattern. 

After the emplacement of a waste canister, the temperatures of the waste, the 
canister, and the borehole wall increase very rapidly to quasi-steady values 
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tha t are maintained over long periods. The primary concern about these 
elevated temperatures i s the maintenance of the i n t eg r i t y of the engineered 
containment. The s t a b i l i t y of the room roof and the p i l l a r support i s 
e s s e n t i a l for the safety of operations during the excavation, emplacement, 
and r e t r i e v a l per iods. The development of a buoyancy gradient over thousands 
of years i s d i r ec t ly re la ted to the effect iveness of the geologic se t t ing in 
i s o l a t i n g the radionuclides. 

2.3.2.2 Couplings between heat , f l u id , and rocks 

Before proceeding with a quan t i t a t ive discussion of the findings in the 
l i t e r a t u r e on these thermal, mechanical, and hydrologic e f fec t s , i t i s appro
p r i a t e to point out t ha t most of the s tudies evaluate waste impact on heat, 
rock, and f luid in a stepwise, uncoupled approach. For the low-permeability, 
small-deformation effects expected for the waste impact, the simple approach 
i s usually j u s t i f i a b l e . However, i t should also be real ized that s tudies 
employing coupling are needed for be t te r understanding of the physical and 
chemical processes involved, especia l ly in the near - f ie ld . The coupling proc
esses of primary concern are 

• thermal-buoyancy flow coupling, 

• thermal-stress coupling, and 

• f low-stress coupling. 

Both water and rocks exhibi t a ce r ta in number of temperature-dependent prop
e r t i e s . The density and viscos i ty of water are well-known functions of tem
pera tu re . The grav i ta t iona l force imbalance between the hot f luid near the 
reposi tory and the ambient cold f luid in the surrounding formation induces a 
v e r t i c a l l y upward driving gradient on the f luid flow. This may perturb the 
ex i s t ing pat tern of groundwater flow driven by pressure gradients . Also, the 
various rock types show varying degrees of expansion and deformation behavior 
as functions of temperature. Different rock formations may respond in a 
va r i e ty of ways to a thermal-stress coupling? e . g . , s a l t flows p l a s t i c a l l y , 
g ran i te fractures absorb thermal s t r e s s nonlinearly, and shale shrinks above 
the boi l ing point . This in turn may have implications for f luid flow through 
a permeabi l i ty -s t ress coupling. The counterbalance between the fluid pressure 
and the rock s t ress gives r i s e to the coupling between fluid behavior and rock 
deformation. 

The coupling effects may be more eas i ly appreciated ir* schematic form, 
which includes solute {e .g . , dissolved s a l t ) and radionuclide transport 
(Fig. 2 .1 ) . The thermal loading is c lear ly the main source for the heat t r ans 
fe r , which influences the rock s t r e s s , f luid flow, and chemical processes. In 
these r e l a t i onsh ips , the f luid flow i s l ike ly to have a rather small effect on 
the temperature f ie ld . Except for the near- f ie ld , rock formations chosen for 
the reposi tory should be nearly impermeable. The rock s t r e s s may s ignif icant ly 
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affect the fluid flow through the operation of the permeabi l i ty-s t ress coupling, 
especia l ly for fractured media. In addi t ion, heat may have a strong influence 
on the rock s t r e s s . 

The couplings involving chemical solute t ransport and react ions are impor
t a n t , but wi l l not be included within the scope of th i s study. The effect of 
temperature on s o l u b i l i t y , sorption, and ra tes of reaction may be generally 
known, but f-urther invest igat ion i s required to discover t he i r precise degree 
of influence on the rocks, water, and radionuclides involved in nuclear waste 
i s o l a t i o n . The couplings between f luid flow and chemical processes are l ike 
wise qui te important. Fluid flow t ranspor ts the chemical species, and any 
d isso lu t ion or p rec ip i ta t ion wi l l affect the geometry of flow paths, such as 
the f racture aperture, which in turn wi l l have a s igni f icant effect on fluid 
flow. The heat-rock-f luid-solute-radionucl ide couplings are probably c r i t i c a l 
a t the canister-borehole sca le . They may also be important a t the regional 
sca le , although the processes could be much slower. 

2 .3 .2 .3 Effect on radionuclide t ranspor t 

The focus of a l l of these in te rac t ive processes i s the transport of radio
nuclides through the geologic se t t ing to the accessible environment by f luid 
flow. I t i s generally recognized tha t the pr incipal means of radionuclide 
t ranspor t i s the movement of groundwater in to , through, and out of the repos i 
to ry . Even tncugh rock s t ress i s important to the understanding of the thermal 
ef fec ts in and around the repository, i t s influence on radionuclide t ransport 
i s largely through i t s effect on permeability for fluid flow. Also, although 
several chemical processes are qui te s igni f icant in radionuclide transport 
( s o l u b i l i t y , complexing, sorption, e t c . ) , they basical ly determine only the 
extent to which radionuclides can be dissolved and how well they are retarded 
while being carr ied by the groundwater. Thus the most conservative way of 
est imating t rave l times of the waste to the accessible environment is to ca l 
cula te the time for the fluid to reach the surface from the repository, assum
ing perfect so lub i l i ty of the waste and negligible re tardat ion by -omplexing, 
sorpt ion , prec ip i ta t ion , e t c . 

Fluid t ranspor t of the radioactive wastes has important implications for 
the r epos i to ry ' s thermal c r i t e r i a . Even though the host rock may have a very 
low permeabil i ty, the thermal pulse from the decaying wastes wil l produce a 
buoyancy gradient in the groundwater surrounding the reposi tory . The effect 
of t h i s gradient i s to create a driving force for water movement from the 
reposi tory to the surface a t rates above the typical regional flow. Travel 
paths may become more ve r t i ca l , and therefore shorter than unperturbed 
regional flow paths. Such thermohydrologic effects have received inadequate 
quan t i t a t i ve consideration in waste i so la t ion s tudies up to now. An impor
tan t point of the present study is to bring these effects in to consideration 
and to discuss the i r implications for the thermal c r i t e r i a of a nuclear waste 
repos i to ry . 
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2 .4 OUTLINE OF THIS REPORT 

In S e c t i o n 3 , t h e t e m p e r a t u r e r i s e , thermomechanica l s t a b i l i t y , and 
t h e r m o h y d r o l o g i c p e r t u r b a t i o n s due t o the p r e s e n c e of a n u c l e a r was te 
r e p o s i t o r y a r e rev iewed on t h e b a s i s of c u r r e n t l i t e r a t u r e . Most of t h e s e 
d i s c u s s i o n s a r e fo r t h e c a s e of 1 0 - y e a r - o l d w a s t e s , which have r e c e i v e d t h e 
most a t t e n t i o n . A b s t r a c t s from some of t h e l i t e r a t u r e t h a t was surveyed a r e 
r e p r o d u c e d i n t h e b i b l i o g r a p h y a t t h e end of t h i s r e p o r t . In S e c t i o n 4 , 
e x i s t i n g t h e r m a l c r i t e r i a for n u c l e a r w a s t e r e p o s i t o r i e s a re summarized and 
e v a l u a t e d . Both the c o n c e p t u a l and t h e e x p e r i m e n t a l ba se s of t h e c r i t e r i a a r e 
i n v e s t i g a t e d , and f u r t h e r r e s e a r c h needs a r e d e f i n e d . S e c t i o n 5 p r e s e n t s a 
d e t a i l e d examina t ion of t he rma l c a l c u l a t i o n s c o n c e r n i n g d i f f e r e n t s u r f a c e 
c o o l i n g p e r i o d s . I t i s shown t h a t t h e b e n e f i t of a l onge r s u r f a c e c o o l i n g 
p e r i o d i s s u b s t a n t i a l f o r r e p r o c e s s e d h i g h - l e v e l w a s t e s b u t i s m a r g i n a l fo r 
s p e n t f u e l . Grea t c a r e must be e x e r c i s e d i f one a t t e m p t s t o s c a l e r e s u l t s of 
r e p o s i t o r y d e s i g n s t u d i e s and c a l c u l a t i o n s based on 1 0 - y e a r - o l d w a s t e s t o 
o l d e r w a s t e s . 
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3 . THERMAL, THERMOMECHANICAL, AND THERMOHYDROLOGIC 
EFFECTS OF 10-YEAR-OLD WASTES 

The need t o manage e x i s t i n g and p r o j e c t e d r a d i o a c t i v e was t e s i s noted i n 
many s t u d i e s . Al though t h e e f f e c t s of t h e d u r a t i o n of s u r f a c e c o o l i n g p e r i o d s 
have been c o n s i d e r e d i n s e v e r a l p a r a m e t r i c s t u d i e s (whii:h a r e rev iewed i n 
S e c t i o n 5 ) , most s t u d i e s t r e a t 1 0 - y e a r - o l d w a s t e a s t h e .base l ine c a s e . T h e r e 
f o r e , t h i s s e c t i o n i s devoted main ly t o t h e r ev iew of t h e e f f e c t s of s t o r i n g 
1 0 - y e a r - o l d w a s t e s . S ince t h e decay h e a t c h a r a c t e r i s t i c s a r e i m p o r t a n t for 
t h e a s s e s s m e n t of was te i m p a c t s , s e v e r a l a s p e c t s of decay h e a t g e n e r a t i o n a r e 
d i s c u s s e d i n S e c t i o n 3 . 1 , a l o n g w i t h w a s t e i n v e n t o r y p r o j e c t i o n s . S e c t i o n 3.2 
t h e n r e v i e w s r e l e v a n t f e a t u r e s of t h e mined r e p o s i t o r y d e s i g n , and S e c t i o n 3.3 
summarizes the t h e r m a l , m e c h a n i c a l , and h y d r o l o g i c p r o p e r t i e s of the rock f o r 
m a t i o n s be ing c o n s i d e r e d as h o s t s f o r w a s t e r e p o s i t o r i e s . Fo l lowing t h i s a r e 
d e t a i l e d r e v i e w s of t h e t h e r m a l impac t of 1 0 - y e a r - o l d w a s t e s on t h e t e m p e r a t u r e 
r i s e a t t h e c a n i s t e r - h o l e s c a l e i n S e c t i o n 3 . 4 , t h e the rmomechanica l s t a b i l i t y 
of the r o o m - a n d - p i l l a r s t r u c t u r e i n S e c t i o n 3 . 5 , and t h e t he rmohydro log i c 
p e r t u r b a t i o n of g roundwate r movement a t t h e r e g i o n a l s c a l e i r S e c t i o n 3 . 6 . 
This su rvey of t he rma l impac t s n o t on ly summarizes r e s u l t s of c u r r e n t was te 
h e a t s t u a i e s , b u t a l s o s e r v e s as a b a s i s f o r d i s c u s s i n g t h e e f f e c t s of d i f f e r 
e n t s u r f a c e c o o l i n g p e r i o d s i n l a t e r s e c t i o n s . 

3.1 WASTE HEAT SOURCE CHARACTERIZATION 

The magni tude of t h e r m a l l y induced impac ts i s c o n t r o l l e d by the s p a t i a l 
and t empora l d i s t r i b u t i o n s of was te h e a t s o u r c e s . The amount of h e a t for a 
g i v e n amount of was te depends on t h e was te c o m p o s i t i o n , which i n t u r n depends 
on the n u c l e a r f u e l c y c l e employed. Some d e t a i l s c o n c e r n i n g the h e a t source 
c h a r a c t e r i s t i c s cf t h e most widely s t u d i e d f u e l c y c l e s a r e g iven in S e c t i o n s 
3 .1 .1 t o 3 . 1 . 4 . S e c t i o n 3 . 1 . 5 g i v e s a b r i e f a ccoun t of t h e p r o j e c t i o n s of 
w a s t e i n v e n t o r i e s , s i n c e t h e t o t a l amount of was te t o be managed depends on 
t h e e x p e c t e d number of n u c l e a r r e a c t o r s needed for e l e c t r i c i t y g e n e r a t i o n . 

3 .1 .1 Decay Heat Gene ra t ion of Nn.clear Fuel Cycles 

The compos i t ion of n u c l e a r was te depends on r e a c t o r o p e r a t i o n and t h e 
n u c l e a r f u e l c y c l e . In t h e Uni ted S t a t e s , the commercial n u c l e a r r e a c t o r s 
used a r e p r i n c i p a l l y l i g h t wa te r r e a c t o r s (LWR), which use o r d i n a r y ( l i g h t ) 
wa t e r b o t h as a c i r c u l a t i n g c o o l a n t and a s a neu t ron moderator, , This r e p o r t 
p r i m a r i l y d i s c u s s e s the impac t s of LWR. The LWR c o r e s c o n t a i n narrow rods ot" 
UO-3 p e l l e t s . The uranium f u e l c o n s i s t s of 97-98% U-238, 2-3% U-235, and 
t r a c e amounts of o t h e r i s o t o p e s . During i r r a d i a t i o n , the U-235 f i s s i o n s and 
r e l e a s e s e n e r g y , and i n the p r o c e s s some of t h e U-238 i s conver t ed to Fu-239 
by n e u t r o n c a p t u r e ; t h i s plu^onium i s o t o p e can a l s o f i s s i o n and r e l e a s e energy . 
D i f f e r e n t r e a c t o r s w i th a l t e r n a t i v e f u e l c o m p o s i t i o n s , c o o l i n g f l u i d s , and 
m o d u l a t i n g m a t e r i a l s have a l s o been deve loped . These i n c l u d e t h e h e a v y - w a t e r -
modu la t ed , n a t u r a i - u r a n i u m - f u e l e d r e a c t o r (HWR), the l i q u i d - m e t a l - c o o l e d , 
f a s t b r e e d e r r e a c t o r (FBR), and t h e h i g h - t e m p e r a t u r e , g a s - c o o l e d , g r a p h i t e -
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modulated reactor (HTR). The International Nuclear Fuel Cycle Evaluation 
Conference (INFCE, 1980) compares the thermal impacts of the different fuel 
cycles. 

After a specified "bun.dp" time, the fuel is removed from the reactor, 
and the remaining uranium or plutonium, or both, can be recycled by fuel 
reprocessing if desired. Three cycles for LWP have been studied extensively 
by the NRC, the Environmental Protection Agency (EPA), and the DOE for their 
impact on commercial high-level waste management: 

• Spent Fuel Cycle: This is the "throwaway" or orce-through cycle. The 
irradiated fuel assemblies from an LWR core are disposed of directly 
as waste after being removed from the reactor. The spent fuel (SF) 
contains both uranium and plutonium as waste components. 

• Uranium—"."]v Recycle: This is a "Dartial" r o ' , »c 1 ' ' ^Deratin" The 
spent 4.uel from an LWR is reprocessed by r^.^.ing m-^t ot the uranium 
and plutonium in order to recycle the uranium for further use as fuel. 
The reprocessed high-level waste (HLW) contains only trace amounts of 
uranium and plutonium. 

• Uranium and Plutonium Recycle: This is a "total" recycle, in which 
both uranium and plutonium are recovered from the spent fuel to form a 
"mixed oxide" (MOX) of U02 and Pu02 for further use as fue 1. With 
effectively more extensive burnup in a MOX cycle, tne tract amounts of 
uranium and plutonium remaining in the MOX reprocessed waste are higher 
than those contained in the U-only recycle. 

These fuel cycles produce waste types of different composition and decay 
heat generation races. Figure 3.1 shows the power densities for each of the 
three cycles. The wastes al l originate from the same amount of fue] ; MTHM 
(metric ton of heavy metal U), charged to a pressurized water reactc: ^WR). 
Figure 3,1 also compares the results from several different reports, which are 
discussed in Section 3.1.3. 

3.1.2 Fission Products and Actinides 

Radioactive waste from any of the nuclear fuel cycles is composed of two 
main components: fission products (such as Sr-90 and Cs--137) and transuranic 
actinides (such as Pu, Am, and Cm). For the f i rs t few hundred years, the 
fission products are the principal contributors to tha decay heat generation. 
This fission product activity is largely independent of the fuel mix, and the 
heat generation is similar for a l l three cases of the nuclear fuel cycle. 
However, the quantities of actinides vary widely according to the fuel cycle. 
After the f irst few hundred years, these relatively long-lived heavy trans
uranic actinides become the major contributors to the decay heat generation. 
Therefore, .̂n the long term i t is the decay heat characteristics of the act i
nides and their daughters that control the heat generation of the radioactive 
was tes. 
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As a r e su l t of reprocessing, i t i s assumed tha t 99.5% of the uranium and 
plutonium o i ig ina l ly in the spent fuel i s removed, but other a c t u u d e s formed 
by the transmutation of uranium and plutonium are retained in the high-level 
waste. The removal of plutonium especial ly causes the decay heat ra te to be 
much lower af ter the f i r s t few hundred years . Most of the f iss ion products 
are retained in the high-level waste, with the exception of a l l the t r i t ium, 
the noble gases (He, Kr, and Xe) r and 99.9% of the vo la t i l e elements (I and 
Br) t h a t escape during reprocessing. 

3.1.3 Details of Different Recycle Options 

In Figure 3.1 the sol id curves are plot ted from tabulated data given in 
Kisner e t a l . (1978). The U-only recycle contains only the reprocessed high-
level waste (HLW) without the plutonium. The U + Pu recycle i s based on the 
assumed 1:3 blend of MOX fuel and U02 fuel . Both recycles correspond to 
the equilibrium values af ter many reprocessing charge-discharge cycles. For 
comparison, Figure 3.1 a lso includes points plot ted from the tabulated data in 
repor ts by the EPA (1977) and the DOE (,980a). The spent fuel data are con
s i s t e n t among a l l three data s e t s . For the U + Pu HLW cycle, the EPA report 
assumed a 1:2 M0X:U02 r a t i o . The same study also included the cladding waste 
together with the HLW. In the draf t Generic Environmental Impact Statement 
(GEIS) on Commercial Waste Management (DOE, 1979b), a l l three cycles were con
sidered. In the f ina l Environmental Impact Statement (EIS) (DOE, 1980a), the 
U-only recycle case was deleted because of the low likelihood tha t i t would be 
implemented. The differences in Figure 3.1 among the resu l t s of the three 
reports r e f l e c t the s e n s i t i v i t y of the contents of long-lived plutonium in the 
wastes to d i f ferent assumptions in fuel mix, reactor burnup, and reprocessing 
treatment. Storch and Prince (1979) discuss the d i f i e ren t source term data 
s e t s and other po ten t ia l fuel cycles . 

Figures 3.2 and 3.3 give a detai led comparison of the cycles of a PWR 
and a boil ing-water reactor (PWR). Although the PWR and the BWR differ in 
de ta i led design, modulation, and cooling operat ions, the power functions are 
qui te s imi la r . The PWR values are s l i gh t ly higher than the corresponding BWR 
values because of the higher fuel burnup (PWR: 33,000 MW(t)-d/MTHM, BWR: 
27,500 MW(t)-d/MTHM). The PWR i s the reference reactor in the previously 
mentioned EPA and DOE studies and most other s tud ies . 

Figures 3.2 and 3.3 both show that there i s l i t t l e difference between 
the U-recycle and no-recycle curves. The no-recycle curve is a subfuel cycle 
corresponding to the special case when the discharged waste i s reprocessed 
only once and the reprocessed uranium i s not used in fabricating addi t ional 
fuel elements. Although isotope compositions of reprocessed uranium and fresh 
uranium are d i f ferent , the small difference between the U-recycle and no-
recycle curves re f lec t s the small contribution of uranium to the t o t a l heat 
generation ra te of the wastes. 
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There i s also l i t t l e difference between the HLW + Pu0 2 of U-recycle and 
the spent fuel curves. The HLW + Pu0 2 curve represents the sum of U-only 
equilibrium recycled waste and the reprocessed and separated plutonium stored 
together in the reposi tory . The reprocessing treatment of spent fuel does not 
s ign i f i can t ly change the t o t a l sum of f i ss ion products in the reprocessed 
waste plus plutonium recovered from the spent fuel. 

The long-term heat generation r a t e i s sensi t ive to the plutonium content. 
With successive generations cf MOX burnup, the t o t a l plutonium discharge in 
creases with each cycle (Kee e t A1. , 1976). For the MOX curves in Figures 3*2 
and 3 .3 , an equilibrium condition of the plutonium recycle was assumed (Kisner 
e t a l . , 1978). The amount of ac t in ides in equilibrium MOX wastes approaches 
the amount in spent fuel over the whole l i fet ime of the wastes. The to ta l MOX 
cycle, however, i s not expected to be used in the near future. The M0X-U02 

r a t i o of 1:2 in the EPA (1977) study and the 1:3 r a t i o in the GEIS study 
(Science Applications I n c . , 1976) r e f l e c t the l ikelihood tha t a low percentage 
of the MOX cycle wi l l be used for e l e c t r i c i t y generation. 

For reference. Figure 3.4 compares the heat generation ra te of defense 
h igh- level waste (DHLW), described by Savannah River Laboratory {DuPont, 1980), 
with tha t of commercial wastes. The DHLW i s assumed to be 15 years out of 
reactor a t emplacement in the reposi tory . The DHLW from plutonium production 
decays f a s t e r than the commercial HLW af ter 10 years of emplacement. 

We wi l l concentrate mainly on the commercial spent fuel cycle. The spent 
fuel cycle hac the highest decay heat r a t e over long periods of time. For the 
same amount of wastes, the long-term impact from spent fuel i s expected to be 
most severe. For bounding ca lcu la t ions , however, we wi l l also consider the 
HLW no-recycle case. 

3.1.4 Waste Packages and Thermal Propert ies 

The individual spent fuel canis ter usually contains one fuel assembly. 
For a PWR, the waste content of one fuel assembly i s 0.4614 MTHM. This means 
tha t for 10-year-old wastes, the heat power is 0.55 kw/canister. For a EWR, 
the waste content i s 0.1833 MTHM, and the 10-year-old heat power i s 0.18 kW 
for each spent fuel assembly (Kisner e t a l . , 1978). The poss ib i l i ty of pack
ing i^ore than one fuel assembly in to one canis ter was also considered by sev
e r a l groups; for example, four PWR assemblies per canis ter by the EPA (1977) 
and three PWR assemblies per canis ter by Altenbach (1978). 

For reprocessed HLW, the waste content in each canister can be controlled 
in the reprocessing procedure. Indeed, the maximum canister load i s a design 
parameter that can be determined by a very-near-f leld thermal c r i t e r i on . For 
10-year-old HLW, high emplacement heat-power values have been used in ea r l i e r 
s tud ie s ; for example, a 5-kW/canister value in Cheverton and Turner (1972) and 
Cal3ahan e t a l . , (1975), and 3.95-kW/canister in EPA (1977). However, there 
i» a general trend to lower the canis ter heat power, ref lec t ing the concern 
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Table 3.1. Description of Reference Canistered Waste. 

C h a r a c t e r i s t i c s SF HLW DHLW 

Waste D e s c r i p t i o n 
A c t i v e l ength (m) 3 . 7 2 . 4 2 . 3 
A c t i v e volume (m^) NA 0 .18 0 .63 
Age of waste (yr) 1 0 a 1 0 a 1 5 a 

Thermal loading 
( k w / c a n i s t e r ) 0.5 5 b 2 . 1 6° or 1, . 0 d 0 . 3 1 e 

C a n i s t e r Dimensions 
Outer diameter (m) 0 . 3 5 6 f 0.3 2 4 g 0 . 6 1 0 h 

Inner diameter (m) 0.337 0.305 0.591 
Length (m) 4 . 7 3 . 0 3 . 0 

M a t e r i a l s 
Waste U023 g l a s s ^ g l a s s J 
F i l l e r i n c a n i s t e r hel ium a i r a i r 
C a n i s t e r carbon s t e e l 3 0 j s t a i n l e s s 304L s t a i n l e s s 

s t e . d l s t e e l 

(NWTS, 1980) 

At emplacement ( y e a r s a f t e r d i s c h a r g e from r e a c t o r ) . 

Heat g e n e r a t i o n r a t e fo r a s i n g l e PWR assembly 10 y e a r s o u t of the r e a c t o r . 
BWR a s s e m b l i e s would have a lower h e a t g e n e r a t i o n r a t e J t t h i s v a l u e has 
been chosen as i t s use r e s u l t s in p r e d i c t i n g maximum t e m p e r a t u r e s i n a 
r e p o s i t o r y . 

Heat g e n e r a t i o n r a t e f o r commercial HLW used i n s a l t and t u f f s t u d i e s to 
d a t e . 

Heat g e n e r a t i o n r a t e fo r commercial HLW used i n g r a n i t e and s h a l e s t u d i e s 
t o d a t e . 

Maximum e x p e c t e d t he rma l l o a d i n g for Savannah River P l a n t w a s t e s ; many 
c a n i s t e r s wi11 have a lower l o a d i n g . 

Nominal 14 - inch s chedu le 30 ca rbon s t e e l p i p e . 

Nominal 12- inch s chedu le 40s 304L s t a i n l e s s s t e e l p i p e . 

Nominal 24 - inch s c h e d u l e 20 304L s t a i n l e s s s t e e l p i p e . 

The c h o i c e of waste form fo r t he se c a l c u l a t i o n s was based on t h e i r advanced 
s t a t e of e n g i n e e r i n g development . The c a l c u l a t e d envi ronments o u t s i d e the 
was te forms a r e i n s e n s i t i v e t o the d e t a i l s of the waste forms themse lves 
o t h e r t h a n h e a t o u t p u t and p h y s i c a l d i m e n s i o n s . 
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over the waste heat impacts. In the interim report generated by the Reference 
Repository Conditions Interface Working Group in the National waste Terminal 
Storage (NWTS) Program (NWTS, 1980), the values 2.16 kw/canister and 1.0 kw/ 
canis te r were used, as shown in Table 3 .1 . 

The spent fuel waste form consis ts of an assembly of fuel rods coated with 
z i r ca l loy cladding. With low thermal power per can is te r , high cladding thermal 
conductivi ty (Table 3 .2) , and addi t ional rad ia t ive heat t ransfer among the fuel 
rods (Cox, 1977), the spent fuel temperature r i s e i s lower in most of the cases 
studied than the reprocessed HLW temperature r i s e . 

The reprocessed HLW waste form depends on the so l id i f i ca t i on process 
employed. The low thermal conductivity and leach res is tance of the calcined 
type of HLW (formed by drying l iquid HLW a t high temperature) can be improved 
upon by the v i t r i f i c a t i o n process, which incorporates HLW in a glass or cer
amic form. Bnbedding waste-containing beads within a metall ic matrix has been 
suggested to improve the thermal conductivity of reprocessed wastes. 

In addition to carbon s t e e l and s t a in les s s t e e l , titanium and copper are 
p o t e n t i a l candidates for canis te r mater ial . The canis te r wall may a lso be 
thickened to r e s i s t corrosion and to withstand the high temperatures. Most 
s tudies assume tha t the canis ter i s a cylinder. However, rectangular-shaped 
can i s t e r s for spent fuel assemblies have also been considered. Outside the 
can i s t e r , an overpack can be added for addi t ional protect ion. In addition to 

Table 3.2. Thermal Propert ies of Waste Packages. 

uo 2 

Zircalloy Cladding 

Vi t r i f i ed HLW 

Calcined HLW 

Sta in less Steel 304L 

Carbon S tee l 

Thermal C o n d u c t i v i t y Spec i f : c Heat Dens i ty 
(W/m-°C) ( J A g - ' •c) (kg /m 3 ; 

7 . 0 1 - 2 . 3 0 3 234-31 4 a 10960 

14.1 - 2 0 . 4 b 2 9 3 - 3 6 0 b 6600 

1 .21 8 3 7 2995 

0 .35 8 3 7 129 7 

16.4 461 7817 

45 .0 461 7849 

(Science Applications, I n c . , 1978) 
a 150-1650°C. 

b 20-650°C. 
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metals , ceramics, graphite and carbon mater ia l s , a wide var ie ty of glasses and 
spec ia l ly selected cements are being studied as po ten t ia l overpack materials 
(DOE, 1980a), 

3.1.5 Waste Inventory Projections 

3.1.5.1 Huclear capacity growth schedule 

Project ions of the amounts of radioact ive waste are required in order to 
determine the number and s ize of waste r epos i t o r i e s . The projections are 
determined by the growth r a t e of nuclear power generation capacity. Table 3.3 
shows the sens i t ive dependence of the t o t a l waste accumulated through year 
2040 on the five nuclear power growth scenarios studied in the DOE Final Envi
ronmental Impact Statement (EIS) for the management of commercially generated 
radioact ive waste (DOE, 1980a). The power growth curve for Case 3 in the EIS, 
together with the project ions by the Energy Information Administration (EIA) 
(quoted by Storch and Prince, 1979) and the e a r l i e r estimates by EPA (1977) 
and the Office of Waste I so la t ion (OWI) (Kisner e t a l . , 1978) are shown in 
Figure 3 .5 . After the peak capacity a t year 2000, i t was assumed tha t no r e 
ac tors were to be s ta r ted up and that the remaining reactors were to be allowed 
to complete the i r assumed 40-year l i f e before being decommissioned. 

Table 3 .3 . Total Nuclear Waste Disposal Requirements Accumulated Through 
Year 2040. 

Nuclear Power Growth 
Assumption 

Total Energy 
Generated 

(GW(e)-yr) 
Total Spent Fuel 
Discharged (MTHM) 

Present inventory only. 200 
P.eactors shut down in 1980 
Present capacity (50 GW(e)) 
and normal reactor l i f e 1300 
250 GW(e) by year 2000 and 
normal reactor l i f e 
(no new reactors af ter 
year 2000) 6400 
250 GW(e) by year 2000 and 
s teady-s ta te capacity to 
year 2040 (new reactors 
to maintain output) 8700 
250 GW(e) by year 2000 and 
continuously expanding to 
500 GW(e) by year 2040 12,100 

10,000 

239,000 

316,000 

427,000 

(DOE, 1980a) 
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Figu re 3 .5 P r o j e c t i o n s of n u c l e a r power growth th rough 2040 ( p l o t t e d froir. 
t h e d a t a of EPA, 1977; K i sne r e t a l . , 1978; S t o r c h and P r i n c e , 
1979; DOE, 1980a) . [XBL 8 1 8 - 3 4 3 : 
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The maximum of 480 GW(e) c a p a c i t y a t y e a r 2000 i n the OWI p r o j e c t i o n was 
based e s s e n t i a l l y on t h e e s t i m a t e d a v a i l a b l e uranium r e s o u r c e s i n 1977. The 
U. S. n u c l e a r growth c a p a c i t y has been lowered i n r e c e n t y e a r s wi th changes i n 
n a t i o n a l energy p l a n s , e n v i r o n m e n t a l and r e g u l a t o r y c o n s t r a i n t s , and e l e c t r i 
c i t y demands. The; EIA f o r e c a s t s and t h e peak c a p a c i t y of 250 GW(e) a t yea r 
2000 c o n s i d e r e d by t h e EIS a r e c o n s i s t e n t wi th t h e p r o j e c t i o n of 175.2 GW(e) 
i n 1994 (quo ted by Joy fit a l . , 1980) and t h e p r o j e c t i o n of 183 GW(e) i n y e a r 
1995 (DOE, 1979a) based on u t i l i t y p l a n s f o r r e a c ' i o r s i n o p e r a t i o n , under con 
s t r u c t i o n , o r on o r d e r . 

3 . 1 . 5 . 2 . E s t i m a t e s of r e p o s i t o r y i n v e n t o r i e s 

F i g u r e 3 .6 shows t h e e s t i m a t e s of cumula t i ve s p e n t f u e l d i s c h a r g e from 
n u c l e a r r e a c t o r s f o r the p r o j e c t i o n s of t h e ElS-Case 3 (DOE, 1980a ) , t h e EPA 
(1977) s t u d y , and t h e p r o j e c t i o n based on u t i l i t y p l a n s (DOE, 1980b) . The 
c u m u l a t i v e s p e n t f u e l of 239 ,000 MTHM r e q u i r e s up t o four r e p o s i t o r i e s , each 
hav ing t h e assumed s i z e of 8.1 x 10" m (2000 a c r e s ) , a t h e r m a l l o a d i n g of 
10 W/m2 (40 kW/acre) of 1 0 - y e a r - o l d w a s t e , o r a was te d e n s i t y of 8.3 x 1 0 ~ 3 

MTHM/m2 (34 MTHM/acre) (DOE, 1980c) . 

The r e p o s i t o r y was te i n v e n t o r y depends on t h e r e p o s i t o r y s t a r t u p d a t e , 
r e p o s i t o r y r e c e i v i n g c a p a c i t y , and t h e backlog of w a s t e s . With t h e system 
l o g i s t i c s c o n s i d e r e d i n t h e EIS , an example of t h e s p e n t f u e l r e p o s i t o r y i n 
v e n t o r y i s shown i n F i g u r e 3.7 fo r t h r e e assumed r e p o s i t o r y s t a r t u p d a t e s . 
(The r e p o s i t o r y i n v e n t o r y r e f e r s t o t h e t o t a l i n v e n t o r y of w a s t e s , no t the 
amount of s t o r a g e i n an i n d i v i d u a l r e p o s i t o r y . ) With r e p o s i t o r y s t a r t u p a t 
y e a r 2010, F igure 3 . 8 shows t h a t most of t h e s p e n t f u e l r e c e i v e d by the r e f o s 
i t o r y w i l l be much o l d e r than 10 y e a r s . For the c a s e of a 2030 s t a r t u p , t h e 
minimum age i s 19 y e a r s . The e s t i m a t e d range of s t a r t u p d a t e s for the f i r s t 
r e p o s i t o r y by DOE i s 1998-2004 (DOE, 1 9 8 1 ) . 

For t h e remainder of S e c t i o n 3 we w i l l assume 1 0 - y e a r - o l d w a s t e s fo r the 
c a l c u l a t i o n s . However, i n S e c t i o n 5, t h e e f f e c t s of o l d e r w a s t e s w i l l be con
s i d e r e d i n d i s c u s s i n g t h e o p t i m i z a t i o n of s u r f a c e c o o l i n g p e r i o d s . 

3.2 MINED REPOSITORY DESIGN 

The i n i t i a l Un i t ed S t a t e s r e p o s i t o r y d e s i g n s tudy was P r o j e c t S a l t V a u l t 
i n Lyons , Kansas (Bradshaw and McClain, 1971; Chevtjrton and T u r n e r , 1972) . 
Expe r imen t s and d e s i g n s t u d i e s i n t h e 305-m ( 1 0 0 0 - f t ) deep beddect s a l t r e p o s i 
t o r y were conducted for r e p r o c e s s e d HLW s t o r a g e . S ince t h e n , model ing s t u d i e s 
have been per formed t o c h a r a c t e r i z e t h e t he rma l envi ronment i i . d i f f e r ? * media 
f o r t h e s t o r a g e of s p e n t f u e l and r e p r o c e s s e d HLW. These i n c l u d e the e n g i n e e r 
i n g d e s i g n s t u d i e s of a r e p r o c e s s e d HLW r e p o s i t o r y i n domed s a l t ( S t e a r n s - R o g e r 
E n g i n e e r i n g C o . , 1979) , a s p e n t fue l r e p o s i t o r y in bedded s a l t (Ka i se r E n g i 
n e e r s , 1 9 7 8 a , b ) , and a s p e n t f u e l r e p o s i t o r y in b a s a l t (Ka i se r Eng inee r s e t 
a l . , 1 9 8 0 ) , a s w e l l a s g e n e r i c and scop ing s t u d i e s fo r g r a n i t e (Lindblom e t 
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Figu re 3.b E s t i m a t e s of cumula t i ve SF f u e l d i s c h a r g e through 2040 ( p l o t t e d 
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a l . , 1 9 7 7 ) , sha l e (Thomas e t a l . , 1981> r tuff (Bulmer and Lappin, 1980), and 
dry alluvium (Smyth et a l . , 1979). Reference repository conditions for the 
f irs t five rock types are currently being developed in a DOE/NWTS study. The 
various features of repository structure (emplacement hole, room-and-pillar 
configuration, overall repository geometry) to be tabulated in this section 
are from an interim paper that summarizes the activities of ttie NWTS Reference 
Repository Conditions Interface Working Group to 1980 (NWTS, 1980). The com
pletion of generic reference conditions for salt, granite, basalt, shale, and 
tuff will be published as DOE/NWTS reports in the near future (G. E. Raines, 
personal communication, 1982). 

3.2.1 Emplacement Hole Description 

Current reference repository designs specify placing waste canisters in 
vertical holes drilled into the storage room floors. Table 3.4 summarizes the 
characteristics of the emplacement hole (also referred to as the borehole) for 
different rock types. One canister per hole is assumed. The SF hole is deeper 
than the HLW hole to accommodate the longer canister required (see Table 3.1). 
Additional borehole characteristics not included in Table 3.4 are the carbon 
steel liner for holes in salt and the use of grout for holes in basalt. After 
canister emplacement, the hole in plugged with either concrete or backfill 
material. More detailed designs are being studied to use an engineered back
f i l l ana liner to provide additional protection for the waste package and to 
maintain the retrievability option; usually this will require a larger diameter 
hole. The main thermal concern is to design engineered structures with high 
thermal conductivities in order to avoid excessive temperature rises in the 
canLSter and waste. Crushed rock and small air qups are poor thermal conduc
tors (see discussion in Section 3.4.1 on backfill and air gaps around the can
i s t e r ) . Typically, the thermal conductivity of crushed rock is one-tenth that 
of th.2 uncrusned in terials. 

3.2.2 Room-and-Pillar Dimensions 

ThF qeometrical dimensions of the storage rooms and the separation of the 
tunnels are two important factors in determining the stability of the excava
tion and i t s convenience for underground operations. Table 3.5 shows the room-
anc'-pillar dimensions and the arrangement of canisters in the storage room for 
different rock types. The pillar width has more than doubled from the 7.6-m 
value considered in Chsverton and Turner (1972) for a bedded salt HLW reposi
tory. Many other room-and-pillar arrangements and canister patterns have been 
studied for the thermal environment. The main concerns of room-and-pillar de
sign have been the room deformation (roof sag, wall convergence, floor heave) 
in soft rocks and the possibility of rock fracturing in hard rocks during the 
repository operation-retrievability periods. These are the main factors con
sidered in determining the allowable thermal xoading in a repository. 



T a b l e 3 . 4 . E m p l a c e m e n t H o l e D e s c r i p t i o n . 

Rock S a l t G r a n i t e 
W a s t e SF HLW SF HLW 

H o l e D e p t h (m) 7 . 0 5 . 5 6 . 7 5 . 0 

H o l e D i a m e t e r 
(m! 0 . 5 4 0 . 5 4 0 . 5 6 0 . 5 2 

B a c k f i l L 
T h i c k n e s s (m) 0 . 0 5 1 0 . 0 5 1 0 .1 0 . 1 

B a c k f i l l c r u s h e d c r u s h e d c r u s h e d 
M a t e r i a l s a l t s a l t g r a n i t e h e n t o n i t e 

T a b l e 3 . 5 . S t o r a g e Room D e s c r i p t i o n . 

Rock S a l t G r a n i t e 
W a s t e SF HLW SF HLW 

Room W i d t h (m) 5 . 5 5 . 5 7 . 5 7 . 5 

Room H e i g h t (m) 6 , 4 5 , 5 7 . 0 7 . 0 

P i l l a r W i d t h (m) 2 1 . 3 1 8 . 3 2 2 . 5 2 2 . 5 

C a n i s t e r P i t c h (m) 1 . 6 7 3 . 6 6 1 . 8 3 2 . 6 7 

C a n i s t e r Rows 
P e r Room 2 1 2 2 

f j w S e p a r a t i o n !ra) 1 . 6 7 NA 2 . 5 2 . 5 

B a s a l t S h a l e T u f f 
SF HLW SF HLW SF HLW 

6 . 4 NA 7 . 0 5 . 5 8 . 0 6 . 0 

1 . 1 5 NA 0 . 5 1 0 . 5 1 0 . 4 1 0 . 3 7 

O.i 52 NA 0 . 0 5 1 0 . 0 5 1 0.025 0.025 

tailored c r u s h e d c r u s h e d 
backfill NA shale shale air air 

________ 

_ 

B a s a l t S h a l e T u f f 
SF HLW SF HLW SF HLW 

4 . 3 NA 5 . 5 5 . 5 7 . 5 5 . 0 

6 . 1 NA 6 . 4 5 . 5 7 . 0 5 . 0 

32.3 NA 18 .0 18 .0 3 0 . 0 2 0 . 0 

3 . 6 6 o r NA 2 . 3 4 2 . 8 5 1 . 1 9 3 . 5 0 

1 . 2 2 

1 NA 2 1 2 1 

NA NA 1 . 6 7 NA 2 . 5 NA 

(NWTS, 1 9 8 0 ) 
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3 . 2 . 3 Repos i tory Configuration 

The area l thermal loading and the r e p o s i t o r y d e p t h below surface for the 
WWTS re ference r e p o s i t o r i e s are shown in Table 3 . b . The average area l loading 
i n c l u d e s s h a f t s , d r i f t s , and p i l l a r s , whereas the l o c a l area l loading r e f e r s 
only to the space wi th in the s torage room. The thermal loading value ot 
25 W/m2 (100 kW/acre) for s a l t , g r a n i t e , and tu f f i s two- th irds of the 37-w/m 2 

{150-kW/acre) value t h a t was considered in the mid-1970s. The l a t t e r value i s 
ad jus ted downward from the maximum p e r m i s s i b l e thermal loading of 39 VJ/m2 

(158 kW/acre) based on s a l t temperature c o n s i d e r a t i o n s (Cheverton and Turner, 
1972) . The WWTS va lues for s a l t and other rocks , however, are h igh , e s p e c i a l l y 
for spent f u e l r e p o s i t o r i e s . 

Table 3.o. NWTS Areal Load mc !• 
Rock 
Waste 

Salt 
SP HLW 

Granite 
SF HLW 

Basalt 
SF HLW 

Shale 
SF HLW 

Tuff 
SF HLW 

Depth (m) bOO bOO 1000 1000 1000 NA 600 600 800 800 
Local Areai 
Thermal Loading 
(W/m2) 25 25 20 2b 12.3 NA 10 10 25 
Average A r e a l 
Thermal Loading 
(W/m 2 ) 15 < 2 . <20 <25 8.2 NA 8 b <25 

(NWTS, 19801 

Table 3.7 p r e s e n t s the GEIS va lues (Sc ience A p p l i c a t i o n s , I n c . , 1978) 
based on a the imomechamca l a n a l y s i s dur ing the 25-year r « t r l e v a b i l i t y pe r iod 
f o r s p e n t f u e l ana the 5-year r e t r i e v a b i l i . y pe r iod for HLW. Long-term, f a r -
f i e l c c o n c e r n s for s u r f a c e u p l i i t have a l s o imposed a c o n s t r a i n t on the a l l o w 
a b l e t hernial l e a d i n g for so i T (Lincoln e t a l . , 1978; L lewel lyn , 1978) . Areal 
therma 1 l o a d i n g i s t h e mos < nipor t a n t \ a ra ineter in de termi n; ng t h e r e p o s i t o ry 
d e s i g n . In S e c t i o n 4, we DISCUSS the c o n t r o l l i n g f a c t o r s for d e t e r m i n i n g the 
a l l o w a b l e t ne rma l Loading and p r e s e n t the d e t a i l e d r e s u l t s on a l l o w a b l e the rmal 
l o a d i n g s in the d r a f t <JhiS and f i n a l EIS s t u d i e s . 

A s i n g l e mi net) l ayer ai ; given d e s i r a b l e dep th has been c o n s i d e r e d in 
most of the r e p o s i t o r y des ign s t u d i e s . Such a c o n f i g u r a t i o n i s i d e a l t o r l a y 
e r e d f o r m a t i o n s (such as bedded s ' ' t ) , which a r e r e l a t i v e l y t h i n but a r e a l l y 
e x t e n s i v e . Kor i n t r u s i v e rorma t i o . . d , Fiich as sa I t domes and g r a n i t i c j j l u t o n s , 
t h e l a t e r a l e x t e n s i o n i s l i m i t e d , and e i t h e r a m u l t i l a y e r r e p o s i t o r y s t r u c t u r e 
or d e e p e r b o r e h o l e s wi th s t acked c a n i s t e r s may be r e q u i r e d ( Jus t 1978; 
Kevenaar e t a l . , 1979) . 
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Table 3 . 7 . GEIS Area l Loading Based on N e a r - F i e l d Thermomechar.i c a l 
S t r e s s S t u d i e s . 

Rock S a l t G r a n i t e B a s a l t Sha le 
Waste SP3- HLW b SF* HLWb SF 3 , HLWb S F 3 HLWb 

A r e a l L o a d i n g (V*/m2) 9 37 20 47 20 47 14 30 

(Sc ience A p p l i c a t i o n s , I n c . , 1978) 

a 2 5 - y e a r r e t r i e v a b i l i t y . 

5 -year r e t r i e v a b i l i t y . 

The r e p o s i t o r y d ep t h s c o n s i d e r e d in most of t h e s t u d i e s range from 300 m 
t o 1000 m. The a r e a l e x t e n s i o n s a r e t y p i c a l l y 1-3 km. A d i s k wi th a l.fc b 
r a d i u s c o v e r s an a r ea of 2000 a c r e s . The 2000-acre r e p o s i t o r y has been c o n s i d 
e r e d in a number of s t u d i e s (EPA, 1 9 7 7 ; Ka i se r E n g i n e e r s , 1978a; DOE, 1980a) . 

3 .3 ROCK FORMATION PROPERTIES 

In a d d i t i o n t o the was te h e a t source and r e p o s i t o r y d imens ions , the 
t he rma l impac t s depend on t h e rock p r o p e r t i e s of t h e g e o l o g i c fo rma t ions s u r 
round ing t h e r e p o s i t o r y . This s e c t i o n d i s c u s s e s the t h e r m a l , mechan i ca l , and 
h y d r o l o g i c p a r a m e t e r s c o n t r o l l i n g t h e was te i m p a c t s . 

3 . 3 .1 Tnermal P r o p e r t i e s 

The b a s e l i n e t he rma l p r o p e r t i e s of four major rock types ( s a l t , g r a n i t e , 
b a s a l t , and s h a l e ) c o n s i d e r e d i n t h e GEIS (DOE, 1979b) and t h e ranges of 
v a l u e s of t u f t c o n s i d e r e d by Ty le r (1979) and of dry a l l uv ium c o n s i d e r e d by 
Smyth e t a l . (1979) a s c a n d i d a t e r e p o s i t o r y h o s t r o c k s a r e summarized i n 
Table 3 . 8 . For c o n d u c t i v e h e a t t r a n s f e r , the c o n t r o l l i n g pa rame te r s a re the 
t h e r m a l c o n d u c t i v i t y and t h e v o l u m e t r i c h e a t c a p a c i t y ( s p e c i f i c h e a t t imes 
d e n s i t y ) . For the s h o r t - t e r m t e m p e r a t u r e s near t h e c a n i s t e r - r o c k i n t e r f a c e , 
the t e m p e r a t u r e r i s e i s i n v e r s e l y p r o p o r t i o n a l to t h e the rma l c o n d u c t i v i t y . 
For t h e a v e r a g e t e m p e r a t u r e r i s e a t t h e r e p o s i t o r y l e v e l , the t e m p e r a t u r e r i s e 
i s d e t e r m i n e d by the p r o d u c t of t he rma l c o n d u c t i v i t y and v o l u m e t r i c h e a t c a p 
a c i t y . The v o l u m e t r i c h e a t c a p a c i t y i s t h e c o n t r o l l i n g f a c t o r for the l o n g -
te rm, f a r - f i e l d t he rma l r e s p o n s e . The r a t e of hea t conduc t ion i s governed by 
t h e t h e r m a l d i f f u s i v i t y , i . e . , t h e r a t i o of t he rma l c o n d u c t i v i t y to v o l u m e t r i c 
h e a t c a p a c i t y . 

The the rma l p r o p e r t i e s of the rocks around t h e c a n i s t e r s can be d e t e r 
mined by in ' j i t u h e a t i n g e x p e r i m e n t s . In most c a s e s , the in s i t u v a l u e s a g r e e 
w i th the v a l u e s measured in the l a b o r a t o r y . These t he rma l p r o p e r t i e s can be 
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Table 3.8. Thermal Properties of Rocks. 

Rock 

Salt 

Granite 

Basalt 

Shale 

Turf (welded) 

(nonwelded) 

Alluvium 
(indurated unsaturated) 1.0 -1.2 

Thermal Conductivit 
(W/m-°C) 

• y 3 Spec i f i c Heat b 

<J/kg-°C) 
Density 

(kg/mJ) 

2.08-6.1 1 840-9 20 2128 

1.99-2.85 880-960 2640 

1.16-1 .5b 710-920 2880 

1.47-1.68 800-880 2560 

1 .2 -1 .9 800-900 2000-2400 

0.4 -0 .8 800-1700 1500-2100 

1000 1700 

{DOE, 1979b; Smyth, e t a l . , 1979; Tyler, 1979) 

Over the temperature range 0-400°C (except tutf and alluvium). 

Over the temperature range 0-200°C (except tuff and alluvium). 

functions of temperature. The temperature-dependence of the therma 1 conduc
ts vi t i e s and volumetric heat capaci t ies of four d i f ferent rocks are shown in 
Figures 3.9 and 3.10. In comparison with thermal conduct ivi t ies , the volumet
r i c heat capaci t ies are less sens i t ive to both the temperature and the rock 
type^. The temperature-dependence of the therma1 propert ies i s considered in 
mos t de t a i l ea calculat ions of the very-near-f ield temperatures, where the spa
t i a l var iat ion (temperature gradient) i s high at early times. 

The thermal proper t ies of the rocks depend on their mineral compositions. 
For example, a sa l t - sna le mixture containing 20% shale has a thermal conduc
t i v i t y of 3.2 v*/m°C a t 100°C compared to 4.2 W/m°C for pure s a l t at the same 
temperature (cneverton and Turner, 1972). The grani te in St r ipa , Sweden, with 
i t s hiyh quartz content, has a high value of 3.23 W/m°C for tnermal conductiv
i t y at 100°C (Prat t e t a l . , 1977; Chan et a l . , 1980). 

The thermal propert ies of the rocks also depend on their water content. 
For example, a nonwelded tuff, which has a high water content, generally has a 
lower thermal conductivity and higher heat capacity than a welded tuff, which 
has less porosity and a more dense and compacted s true ture (Tyler 1979). Trie 
unsaturated rocks usually have lower thermal conductivity because the a i r that 
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f i g u r e 3.9 Thermal c o n d u c t i v i t y as a f u n c t i o n of t e m p e r a t u r e t o r four major 
rock types (DOE, 1979b) . [XBL 818-J441] 
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Figure 3.10 Volumetric heat capacity as a function of temperature for four 
major rock types (DOE, 1979b). [XBL 818-3442] 
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r e p l a c e s wa te r i n t h e p o r e s i s l e s s c o n d u c t i v e . The low the rma l c o n d u c t i v i t y 
of a l l u v i u m or t u f f under p a r t i a l l y s a t u r a t e d c o n d i t i o n s i s one of t h e con
c e r n s i n c o n s i d e r i n g t h e s e fo rma t ions as p o t e n t i a l g e o l o g i c s e t t i n g s f o r a 
n u c l e a r w a s t e r e p o s i t o r y . 

The t h e r m a l p r o p e r t i e s of rocks may a l s o c o r r e l a t e w i th t h e i r mechan ica l 
b e h a v i o r . For example , i t was obse rved in t h e Eleana Nea r -Su r f ace H e a t e r 
Exper iment (Lappin e t a l . , 1981) t h a t above 100°C t h e t he rma l c o n d u c t i v i t y of 
s h a l e d e c r e a s e s as a r e s u l t of d e h y d r a t i o n more t h a n expec ted on t h e b a s i s of 
m a t r i x p r o p e r t i e s . This r e s u l t s u g g e s t s t h a t t h e r e i s a s t r o n g c o u p l i n g of 
t h e r m a l b e h a v i o r and v o l u m e t r i c c o n t r a c t i o n fo r t h i s rock t ype , which c o n t a i n s 
a p p r e c i a b l e amounts of expandable c l a y s . 

3.3.2 Mechanical Properties 

The mechan ica l p r o p e r t i e s of f i v e rocks a r e g iven in Table 3 . 9 . The v a l 
ues g i v e n for the f i r s t four rocks a r e e s t i m a t e s used i n t h e GEIS s tudy (DOE, 
1979b) . The range of v a l u e s of t h e two t u f f t y p e s i l l u s t r a t e s the v a r i a b i l i t y 
of mechan ica l p r o p e r t i e s w i th rock t e x t u r e . For l o o s e l y packed t u f f , t h e 
s t r e n g t h may be l e s s than 30 MPa. For d e n s e l y welded t u f f , t h e s t r e n g t h may 
approach t h a t of hard rocks l i k e g r a n i t e and b a s a l t . 

Most of the thermomechanica l s t r e s s a n a l y s e s assume l i n e a r e l a s t i c behav
i o r w i t h e i t h e r i s o t r o p i c or o r t h o t r o p i c e l a s t i c p r o p e r t i e s . The dependence 

Table 3 . 9 . Mechanical P r o p e r t i e s of Rocks. 

Unconfined 
Compressive T e n s i l e 

Rock Young's Modulus P o i s s o n ' s R a t i o S t r e n g t h S t r e n g t r 
(GPa) (MPa) (MPa) 

S a l t 1 1 0 

C'-laiatt 17.2 

b a s a l t 12.4 

Sha le ( h o r i z o n t a l ) 4.1 

{ve r t i c a l ) 2.1 

Tuff (welded) 23-41 

(nonwelded) 7-9 

0 .35 

0 .18 

0.26 

0.1 5 

0.1 5 

NA 

22 .1 0 . 3 4 

131 .0 0 

124 .0 0 

27 .6 0 

27.6 0 

117.0 NA 

7-30 0.1-1.4 

(DOE, 1979b; T y l e r , 1979) 
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of e la s t i c properties on temperature, pressure, and time i s ignored. However, 
for rea l i s t i c representation of the thermomechanical behavior, the nonlinear-
i t y of the rocks must be taken into account. The p l a s t i c i t y and creep-flow 
behavior of sa l t has received some attention in the l iterature ( e . g . , Wahi e t 
a l . r 1977). Yet the effects of j o in t s and fractures on repository s t ructures 
in hard rocks have not been well established. One of the d i f f i c u l t i e s in 
assessing these effects i s the lack of data and the corresponding incomplete 
understanding of the fracture behavior under normal and shear s t r e s s e s . Even 
though hard rock mining experience i s extensive, the effects of thermal load
ing on fracture s tabi l i ty are poorly understood. Blasting during excavation 
and the resulting stress concentration around the perimeter of the workings 
introduce local f rac tures . Tine i n s t a b i l i t y of thess fractures under thermal 
loadings i s one of the main concerns for the safety of repository operations. 

Mainly because of f rac tures , the thermomechanical proper t ies of a large 
rock mass cannot be represented by the e l a s t i c parameters determined by small 
core samples measured in the laboratory. A rock mass consists of i n t ac t blocks 
of rock separated by se t s of f rac tures . The spacing, width, o r ien ta t ion , 
extent , f i l l i n g mater ia l , e t c . , of the fracture se ts determine the correction 
factor t ha t scales the i n t ac t block value to the rock mass value of a large 
volume. The values of the e l a s t i c proper t ies of g ran i t e , basa l t , and shale 
shown in Table 3.9 have been modified by correction factors to approximate 
these s ize e f f ec t s . In the GEIS valuss, a 1.5-m (5-ft) cube specimen was 
assumed to be large enough to represent the rock mass, with the effects of 
minor jo in t s taken in to account for a l l rock proper t ies . The effects of major 
f rac tures are not incorporated in the GEIS study (Dames and Moore, 1978a). 

In addit ion to the s ize e f fec ts , the temperature dependence of the mech
anical proper t ies may also be an important consideration, especial ly for the 
cases in which the strength of the rock mass reduces with increasing tempera
tu r e . The temperature dependence of mechanical p roper t ies , together with the 
thermally induced s t r e s s from thermal expansion, couples the mechanical proc
esses with the thermal behavior of the rock. The mechanical processes also 
couple with the hydrologic behavior because of the in terac t ion between rock 
s t r e s s and fluid pressure. The compressibil i ty of the rock matrix affects the 
storage capacity of the fluid in the rock mass. 

3.3.3 Hydrologic Properties 

The GEIS study (DOE, 1979b) produced a generic descript ion of the hydro-
logic s t r a t i g r aph ic sect ions , including hydrologic proper t ies , for four major 
rock types . Hydrologic data for tuff and alluvium have also been compiled 
(Smytn e t a l . , 1979; Tyler, 1979; Bulmer and Lappin, 1980). Table 3.10 l i s t s 
a t yp ica l value and the range for both the permeability and the porosity of 
the repos i tory host in te rva l or layer of the par t icu la r rock type. The table 
does not properly represent the geologic environments of a reposi tory, since 
the layers both above and below the host rock in tervals are also important in 
determining the hydraulic flow pa t te rns . Tv«e regional groundwater movement 
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Table 3.10. Hydrologic Properties of Rocks. 

Permeability {m2) Porosity 
Type Typ ica l Range Typica l Range 

Sa l t n i l 10-17 - 2 x 1 0 - 3 0 0.005 NA 

Grani te 5 x 1 0 _ 1 7 1 0 - 1 3 - 1 0 " 1 7 0.004 NA 

Basal t 10-17 2, .7 X 1 0 - 1 4 - I D " 1 8 0.006 NA 

Shale 7.1 x 1 0 " 1 b 1 0 - 1 2 - 1 0 - 1 9 0.16 NA 

Tuf f (we I d . ed) 10-17 0 . 4 X 1 0 - 1 5 0.10 0. .02 - 0. 25 

(nonwe l d i ad) 10-16 1 0 - 1 5 - 1 0 " 1 S 0.35 0, .25 - 0. .55 

Al luv ium 3 x 10-18 2. .4 X 1 0 - 1 " - 1.2 x 10-21 0.31 0. ,16 - 0. .42 

(Dames and Moore, 1978c,d? DOE, 1979b; Smyth e t a l . r 1979; T y l e r , 1979) 

a l s o depends on t h e d i s t a n t r e c h a r g e and d i s c h a r g e a r e a s and on t h e o v e r a l l 
r e g i o n a l g r a d i e n t . C o n s e q u e n t l y , the g e n e r i c h y d r o g e o l o g i c c o n d i t i o n s a r e 
d i f f i c u l t t o d e t e r m i n e . 

The u n c e r t a i n t y and v a r i a t i o n i n h y d r o l o g i c p r o p e r t i e s , e s p e c i a l l y 
p e r m e a b i l i t y , i s much h i g h e r t h a n i n t h e r m a l and m e c h a n i c a l p r o p e r t i e s . The 
p e r m e a b i l i t y v a l u e i s h i g h l y s i t e s p e c i f i c , and t h e s i z e e f f e c t i s d r a s t i c . 
The l a b o r a t o r y measurements of i n t a c t rock samples a r e much lower t h a n t h e 
b o r e h o l e measurements , and the b o r e h o l e measurements may be obscured by the 
s m a l l volume of rock s u r r o u n d i n g t h e b o r e h o l e . The sampl ing of a l a r g e volume 
of r o c k , e s p e c i a l l y a l o w - p e r m e a b i l i t y rock fo rmat ion s u i t a b l e fo r a r e p o s i 
t o r y , i s a major c h a l l e n g e and a s i g n i f i c a n t source of u n c e r t a i n t y ' t he 
a s s e s s m e n t of r e p o s i t o r y i m p a c t . 

3 .4 THERMAL ENVIRONMENT OF THE WASTE PACKAGE 

The key f a c t o r s i n d e t e r m i n i n g t h e v e r y - n e a r - f i e l d the rma l envi ronment a r e 

• canis ter thermal loading, 

• d e t a i l s of canister-borehole design, 

• thermal proper t ies of the wastes, canister-borehole components, and 
host rock, and 

• average canis ter spacing. 
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The maximum temperature and temperature gradient occur within the waste 
package and in the immediate v ic in i ty of the waste can i s t e r s . The principal 
problems associated with the high temperatures are 

• waste canis ter i n t eg r i ty for effective containment of the radio
nucl ides , and 

• canis te r recoverabi l i ty during the r e t r i e v a b i l i t y period. 

The following subsections discuss the maximum temperature r i ses in the 
waste, can i s t e r , and borehole; the s t ruc tu ra l i n s t a b i l i t y of the various com
ponents in the very-near-f ield; and the long-term hydrological environment 
expected for the waste package. 

3.4.1 Maximum Temperature Rises of Waste, Canister , Borehole 

Many studies have been made to model the very-near-f ield temperatures in 
various rock formations. As an i l l u s t r a t i v e example, the resu l t s of Claiborne 
e t a l . (1980) for the temperature h i s to r i e s in s a l t containing HLW and SF are 
shown in Figures 3.11 and 3.12 for temperatures at the waste center l ino, the 
canis ter surface, and the wall of the emplcement hole. The center l ine temper
a ture of HLW peaks at about 320°C between 1 and 2 years after emplacement and 
decreases to about 120°C a t 100 years . The canis ter temperature peaks at 260°C, 
and the maximum s a l t temperature peaks at less than 160°C. These temperatures 
correspond to a 2.16-kw v i t r i f i e d waste in a s t a in l e s s s tee l canister with an 
area l loading of 25 W/m2 (100 kW/acre). The canis ter is emplaced in a 0.54-m 
diameter hole with crushed s a l t backfi l l between the carbon s tee l canister 
overpack and the hole l i ne r . The SF r e s u l t s , with an emplacement power of 
0.55 kW have lower s a l t , canis ter , and cladding temperatures, and the peaks 
are l a t e r in time than those for HLW (Fig. 3.12). These peaks occur within 
60 years after emplacement. Similar calcula t ions have been made for the can
i s t e r and repository loading and configurations described in Tables 3.1 and 
3 .4-3 .6 . The peak temperatures for reference repos i to r ies in s a l t , g rani te , 
b a s a l t , shale , and tuff are summarized in Table 3.11. 

Many other studies have been made to model the very-near -field tempera
tu r e . The rock temperature has been shown to be r e l a t ive ly independent of the 
de t a i l ed waste package design. The balance of the heat flux from the waste 
package and the heat conduction into the rock determines the temperature r i s e . 
The temperature r i s e i s proportional to the waste power, i s inversely propor
t i ona l to the rock thermal conductivity, and has weak (logarithmic) dependence 
on the thermal d i f fus iv i ty and well-bore radius . The temperature r i s e a t the 
wall may affect the s t ruc tu ra l in tegr i ty of the borehole. 

The temperature r i s e at the canis ter surface depends sens i t ive ly on the 
thermal proper t ies and heat transfer modes in the gap between the rock and the 
can i s t e r . With crushed, low-thermal-conductivity rocks backfi l l ing the gap, 
a hiyh-temperature gradient i s induced. The peak canis ter temperature of a 
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Table 3 .11. Reference Peak Near-Field Temperatures ( °C) a , 

Host Hock Location SF° 

Sal t Host rock 140 

Canister wall 145 

Waste b 175 

granite Host rock 150 

Canister wall 170 

Waste b 190 

Jasal t Host rock 165 

Canister wall 170 

Waste b 185 

jhale Host rock 125 

Canister wall 140 

Waste b 165 

ul'f Host rock 185 

Canister wall 190 

Wasteb 230 
(NWTS, 1980) 

Assumes i n i t i a l formation temperature of 34°C for s a l t , 20°C for grani te , 
57CC for basal t , 38°C for shale, and 35°C for tuff. 

Maximum center i ine temperature for HLW and DHLW; maximum cladding tempera
ture for SF. The canister loadings of 10-year-old wastes art 0.55 kw/can-
i s t e r for SF, 2.16 kW/canister for HLW in s a l t and tuff, 1.00 kw/canister 
for HLW in granite and shale, and 0.31 kw/canister for DHLW. The area 
loadings are 25 w/m2 (100 kw/acre) for SF and HLW in s a l t and tuff and HLW 
in g ran i t e ; 20 W/m2 (80 kW/acre) lor SF in grani te ; 12.3 W/m2 (50 kW/acre) 
for SF in basa l t ; 10 W/m2 (40 kw/acre) for SF, HLW, and DHLW in shale; 
11.6 W/m2 (47 kW/acre) for DHLW in s a l t ; and 13.5 W/m2 (55 kw/acre) for 
DHLW in g ran i t e . 

160 80 

260 90 

320 100 

165 105 

205 115 

225 120 

NA NA 

NA NA 

NA NA 

140 125 

210 1 35 

2 3D 140 

225 NA 

260 NA 

295 NA 

Results for 1 PWR element per canister waste package configuration. 
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4.61-kW HLW canis te r with a 0.076-m {3-inch) crushed s a l t backf i l l has been 
modeled to be 194°C (350°F) hot ter than would r e s u l t if the gap were l e f t un
f i l l e d (Davis, 1979). If the gap i s unf i l led , the heat t ransfer across the 
gap depends not only on conduction but a l so on heat transfer by radia t ion and 
convection. If there i s a large a i r gap, the s igni f icant contribution of a i r 
convection and radia t ion may r e su l t in higher equivalent conductivity than if 
there were perfect thermal contact between the canis ter and the rock medium. 
For a small a i r gap, the equivalent thermal conductivity of the dead air i s 
low. I t has been shown tha t a small gap on the order of 0.025 m (1 inch) 
should be avoided, since the canis ter temperature as a function of the gap 
s ize i s highest a t t h i s c r i t i c a l value {Lowry et a l . , 1980). 

3.4.2 Wall Decrepitation and Canister Ret r ievabi l i ty 

With waste emplacement, the highest thermally induced compressive s t resses 
from rock expansion are expected a t the heater borehole wall. When the maximum 
ax ia l and/or tangent ia l s t r e s ses are approaching the compressive strength, 
spal l ing of the rock around the borehole wi l l most l ikely occur, especial ly in 
b r i t t l e rocks. Decrepitation can also occur in s a l t at elevated temperatures 
(>250°C), but in the long term, p l a s t i c flow may heal the crusheJ s a J t . 

The s t a b i l i t y of the boreholes has been examined through in s i t u experi
ments. For example, the borehole walls surrounding a 5-kW heater in the gran
i t e experiment a t a depth of 384 m in S t r ipa , Sweden, did not begin to f a i l 
u n t i l a temperature in excess of 300°C was reached (Witherspoon et a l . , 1981). 
In the near-surface experiment on shale a t 23 m depth, no borehole fa i lure was 
observed for i t s 3.8-kW heater up to 350°C (Laopin e t a i . , 1981). 

At Project Sal t Vault (bedded s a l t ) , closure was observed along with 
de te r io ra t ion of the hole surface due to migrating br ine. The maximum hole 
closure was approximately 0.0127 m (0.5 inch) over the time of the heater 
experiment, about one and a half years {Bradshaw and McClair., 1971). The 
heater power varied during the experiment, ranging from 1.6 kW/canister to 
4.8 kW/canister, with the average a t approximately 3.2 kW/canister. 

In order to re t r i eve the waste, i t may be necessary to i n s t a l l l i ne t s for 
the boreholes in bedded or domed s a l t r epos i to r i e s . The same effect can be 
achieved by reinforcing the hole by grouting, as has been suggested for the 
case of the basal t reference repository (Kaiser Engineers et a l . , 1980). For 
g ran i t e , the inherent strength of the rock may make r e t r i e v a b i l i t y r e l a t i ve ly 
eas ie r to a t t a in for long periods of time, so that soecial measures may not be 
required. 

3.4.3 Brine Migration and the Canister Environment 

In the presence of heat, small amounts of saturated brine trapped in small 
pockets or inclusions in the s a l t wj11 migrate up the temperature gradient 
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toward the can is te r , provided that the vapor phase is not present in the inclu
sion. Waste package corrosion from brine accumulation has been a major i so l a 
t ion concern in s a l t media, especial ly bedded s a l t . This phenomenon has been 
studied in Project Sal t Vault in bedded s a l t (Bradshaw and Mcclain, 1971), in 
the Asse s a l t mine experiment in a s a l t an t i c l ine (Rothfuchs and Durr, 1980), 
in the Avery Island s a l t mine experiment in domed s a l t (Krause e t a l . , 1980), 
and in Sanaia ' s s a l t block experiment with samples from the Waste I so la t ion 
P i lo t Plant (WIPP) s i t e {Hohlfelder and Hadley, 1979). 

A phenomenological model based on the experimentally observed migration 
r a t e in s ingle s a l t c rys ta l s has been developed (Jenks, 1979), and the accu
mulated in"lux of orine has been calculated (Rickertsen, 193C). Figure 3.13 
shows the spendence of t o t a l flow in to a canis te r hole on the waste emplace
ment densi les for 10-year-old SF and reprocessed HLW. For a spent fuel 
reposi tory of 15 W/m2 (60 kw/acre), the t o t a l flow in 1500 years i s about 
6 l i t e r s . This inflow continues to increase af ter 1500 years because of the 
slow decay rate of spent fuel . For reprocessed HLW with i t s higher power a t 
emplacemen the inflow i s higher, especia l ly a t early times. The volumes of 
the 0.05-m ,2 - in . ) - th ick annulus between the overpack and the borehole wall 
are 560 l i t e r s for the 7.6-m (25-ft) SF hole and 400 l i t e r s for the 5.5-m 
(18-ft) HLt. hole. The annulus is assumed to be backfi l led with crushed s a l t 
(Claiborne • t a l . , 1980). 

The n.oc ;l ing resu l t s incorporate the fluid migration of brine inc lus ions r 

but not the ^apor-phase t ransport and the entrapment of fluid in c rys ta l grain 
boundaries. I t was observed that more than 90% of the brine in Project Sal t 
Vault and 40^ of the brine in the s a l t block experiment were released after 
the heater wf-s shut down—i.e., when the thermal s t resses were released upon 
cooling, the trapped water in the s a l t was allowed to break free (Bradshaw and 
McClain, 1971 Hohlfelaer and Hadley, 1979). If these observations can be 
extenoea to r- pository operation condit ions, the entrapment of brine wi l l 
delay the inf. :>w into the borehole during the heating phase. I t is not clear 
if the entrapped urine wil l be released during the slow cooling phase of a 
reposi to ry . 

In additi> i to the f luia inclusions and entrapments, the water chemically 
bound to miners s in the rock can be re leased upon heating. The impact of 
f luid migration and release needs to be assessed for tuff and shale, which 
contain clay ai erat ion products, and for granite and basal t if the fractures 
contain c lays . ~f the fractures in the l a t t e r two rock types are open, the 
f luid t ransmit te through them i s l ike ly to be greater than the water released 
by c lays . The h ng-term in tegr i ty of the canis ter and waste form wi l l be de
termined mainly L / the chemical composition of the hot f luid surrounding th° 
waste packages. 

The pressure iround a waste canis ter depends on the borehole sea l . The 
pressure in an imj- ' r fect ly sealed hole wi l l be essen t ia l ly equal to the ncar-
atmospheric (0.1 Hi a) pressure in the room during repository operations. The 
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p r e s s u r e i n a p e r f e c t l y s e a l e d h o l e w i l l change as a func t ion of t ime i n r e 
sponse t o t e m p e r a t u r e and r a t e of b r i n e i n f l o w . For HLW i n s a l t a t an a r e a l 
l o a d i n g of 25 W/m2 (100 kw/ac re> , t h e p r e s s u r e peaks a t a b o u t 3,2 MPa a t 
10 y e a r s a f t e r emplacement . For SF a t 10 W/m2 (40 k w / a c r e ) , the p r e s s u r e 
s t e a d i l y i n c r e a s e s up t o 0 .45 MPa a t 50 y e a r s a f t e r emplacement ( C l a i b o r n e e t 
a l . , 1 9 8 0 ) . S i m i l a r c a l c u l a t i o n s have been made fo r o t h e r n o n s a l t r ocks 
(NWTS, 1 9 8 0 ) . A r e p o s i t o r y l o c a t e d below t h e wa te r t a b l e in t h e s e r o c k s i s 
e x p e c t e d t o be s lowly f i l l e d wi th w a t e r . I f t h e r e p o s i t o r y e x c a v a t i o n i s r e -
f l o o d e d , t h e p r e s s u r e would t h e n r i s e t o h y d r o s t a t i c . The l o n g - t e r m e f f e c t s 
of p r e s s u r e a r e l i k e l y t o be s m a l l e r than those induced by chemica l and t h e r 
mal i n f l u e n c e s on t h e c a n i s t e r i n t e g r i t y , 

3 .5 THERMOtfECHANICAL ENVIRONMENT OF THE EXCAVATION 

Key f a c t o r s i n d e t e r m i n i n g t h e n e a r - f i e l d the rmomechanica l impac t s a r e 

• thermal loading densi ty, 

• s izes of rooms and p i l l a r s and canis ter depth re la t ive to the storage 

rooms, 

• thermal and mechanical propert ies of the rocus, and 

• vent i la t ion and heat transfer in the d r i f t . 

The mam concerns in underground operations are 
• adequacy of the thermal environment for the function ot personnel 

and equipment, ana 

• mecnanical s t a b i l i t y of the rock for safe operations during 
the excavation, emplacement, and r e t r i e v a l periods. 

The sa te ty ot personnel and maintenance of operating conditions were the 
focus of e a r l i e r design s tud ies . Indeed, as shown in a la ter section, the 
exi s t ing maximum allowaole therma 1 loadings ii\ the repository designs were 
determined primarily by thermomechanical s t a b i l i t y considerat ions. However, 
tne thermomechanical analyses are more complex than heat transfer ca lcula t ions . 
We f i r s t discuss the thermal f ield in the room-and-pillar region and then pre
sent an out l ine of the thermomechanical analyses and the approximations asso
ciated with these analyses. In the l a s t subsection, we briefly review the 
e f fec t s ot ven t i l a t ion in underground cooling. 

3. b. 1 Temperature FieId Surrounding the Storage Room 

Following the emplacement of wastes, the rock in. the immeaiate v ic in i ty 
of tne can is te r neats up. As tne heat slowly t ransfers into the rock mass, 
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heat flows from neighboring canis te rs in te rac t and the temperatures of the 
rock masses above and below the canis ter horizon increase. The temperature 
evolution surrounding a storage room for the GEIS 47-W/m2 (190-kW/acre) HLW 
repository in grani te i s shown in Figure 3.14. 

The main i n t e r e s t in these near-f ie ld analyses i s the temperature in the 
p i l l a r center and around the room during the emplacement and r e t r i eva l periods. 
The two-ditnensiona un i t c e l l was used to get the resul t s shown in Figure 3.14. 
The reposi tory is modeled as an i n f i n i t e array of storage rooms with homogen
eous heat sources buried below the storage room f loors . The effects of sur
rounding storage rooms are taken in to account by the insulat ing {adiabatic} 
side boundaries of the uni t c e l l on the center l ines of the room and the p i l l a r . 
Upper and lower boundaries of the model are suf f ic ient ly removed from the 
canis ter and room so that they have no effect on the near-f ield temperarures 
during the period of i n t e r e s t . 

The temperature h i s t o r i e s for three locations away from the canister are 
shown in Figure 3.15. These locations correspond to points near the upper 
corner ot the storage room, mid-pi l lar a t the storage floor level , and mid-
p i l l a r at the canis ter level , respect ive]- ' . Ventilation in the storage room 
is not consiaered in these r e s u l t s . The GEIS report also presents modeling 
r e su l t s tor SF in s a l t , basa l t , and shale . For the locations away from the 
waste can i s t e r , the two-dimensional temperature resu l t s agree fai rly well wi th 
tne three-dimensional resu l t s between the can i s t e r s . 

These temperature d i s t r ibu t ions are used as input for the thermomechamcdi 
ca l cu la t ions . Most thermomechanical calculat ions to date for room s tabi lx ty 
have oeen two-dimensional. Because s t r e s s and s t r a i n are tensor ia l quan t i t i e s , 
tnreti-dimensional calculat ions are more complex than two-dimensional modeling. 
Tnp next subsection discusses two-dimensional thermoelastic resul t s that re;>-
r e ^ n t the averages along the storage room and ignore the variat ions of s t ress 
anc s t ra in between canis te rs in the same row. 

3 ,' -.2 Rock Deformation and Stress Perturbation 

Tne s t a o i l i t y of the room-and-pillar s t ruc ture depends on both the exca
vation and the tnermal loading. The effects of excavation can be minimized by 
a Hinai 1 extract ion r a t io (the r a t io of the volume removed to the vo lume remain
ing) . For a radioactive waste reposi tory, the ext ract ion r a t io will be in the 
10-20% range, which is low compared to conventional mine operations for remova1 
of mineral ore. The key question i s whether the addi t ional thermal loading 
wi l l induce i n s t a b i l i t y . 

For soft rocks l ike s a l t , the main concern is for the room c 1 )sure. Salt 
under s t r e s s can flow slowly, or "creep." With therms loading, the creep ra te 
increases . I t i s important to l imit roof sag, floor heave, and wall conver
gence so tna t emplacement and r e t r i eva l equipment can be transpor ted through 
the tunnel. The heated p i l l a r experiment in Project Salt Vault measured in 



48 

11,9m-

6,7m 

™^lzqeo 
3,0m 
J 
2,4 m Waste f) 

6,7m 

__l2t 

\ 121 

149 

J 

\ 121 

149 

year 5years 

lOyears 25 years 

Figu re 3 .14 N e a r - f i e l d i s o t h e r m a l p r o f i l e s (°C) fo r a 47-Vj/m^ (190-kW/acre) 
HLW r e p o s i t o r y in g r a n i t e (Sc ience A p p l i c a t i o n s , I n c . , 1978) . 

[XBL 819-11576] 



49 

O o 

a. 
E 

i i i i i 

Granite -190 kW/acre 

Spent fuel 
200 - HLW 

— C 
/ ^ ^ ^-B 

/ " - " - r A 

150 
/ s ^ ^ ^ B 

7 , < ^ ^ / / - ^ ^ 
/ / ^ ^ Or 

100 

/ / 

Point A (0.3m from 
-

/ / 
\ room at roof 
\ level) 

Insulating boundary 

' / / Storage 
/ # room 

"Point B (floor 17/ ^ "Point B (floor 17/ I^Waste level) 

'ft i-PointC (waste 'ft i-PointC (waste 
50 ~ '// 

1 1 
I 1 

I I 
ill 

center l ine) -

i l i i 

10 15 20 
Elapsed time (yrs.) 

25 30 
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s i t u thermomechanical responses, and th i s data base has been used in model 
evaluation s tudies (Wahi et a l . , 1978). In the design studies for s a l t 
(Stearns-Roger Engineering Co., 1979; Kaiser Engineers, 1978a,b), Lomenick's 
formula, based on laboratory s a l t p i l l a r data, has been used to calculate 
creep. Lomenick's formula shows that s t r a in i s proportional to T^«^, where 
T i s the absolute temperature expressed in kelvins (K), which indicates the 
possible temperature dependence of the creep r a t e . More recent work has ind i 
cated tha t Lomenick's formula may be nonconservative for cer ta in conditions 
and tha t the room closure predicted in both conceptual designs may have been 
underestimated (Stearns-Roger Services, I n c . , 1980). Although s a l t has been 
extensively studied for the past 20 years , further s tudies both in in s i tu 
experiments and modeling of creep are required to understand the important 
effects of thermal loading on the s t a b i l i t y of a s a l t reposi tory . 

For hard rocks, creep is not a problem. The main concern i s the presence 
of f r ac tu res . During excavation, d r i l l i n g and blas t ing can sha t te r the rock 
around the perimeter of the tunnel. The s t r e s s concentration around the 
excavation may open exis t ing f ractures or create new ones. However, most of 
the modeling s tudies to date are based on thermoelastic ca lcu la t ions , which 
neglect the effect of f rac tu res . In addition to the GEIS study (Dames and 
Moore, 1978a), thermoelast ic analyses have been done in grani te (Ratigan, 
1977), basa l t (Hardy and Hocking, 1978), and shale (Thomas et a l . , 1981). The 
in s i tu g ran i te experiment in S t r ipa , Sweden, shows that thermoelast ic i ty can
not account for the rock displacements induced by the heater , as shown in Fig
ure 3.16 (Hood e t a l . , 1979; Witherspoon e t a l . , 1981). The fractures can 
absorb the thermal expansion of rocks, and the thermomechanical responses are 
nonlinear . The signif icance of f ractures for rock displacements in regions 
away from the heater canis te r has not yet been assessed, especial ly the i r 
s ignif icance for the s t a b i l i t y of the storage room. 

Although thermoelastic analyses neglecting fractures may not be quant i ta 
t ive ly cor rec t , they can q u a l i t a t i v e l y ident ify thp zones of potent ia l ins tab
i l i t y . In the GEIS study i t was shown chat the roof top i s the most c r i t i c a l l y 
s t ressed area. Figure 3.17 i s an example of thermally induced s t resses for the 
47-W/iir- (190-kw/acre) HLW reposi tory in gran i te . In th i s example, the maximum 
compressive s t ress pa ra l l e l to the roof surface is 20.7 MPa (3000 p s i ) . The 
corresponding compressive s t r e s s induced a t the same point by the excavation 
i s 31.0 MPa (4500 p s i ) . ( I t i s of i n t e r e s t to note that the in s i t u s t r ess 
f ie ld without the excavation i s assumed to be 13.8 MPa (2000 psi) ve r t i c a l and 
20.7 MPa (3000 psi) hor izonta l . ) Therefore, a t a roof temperature of 121°C 
(250°F), the t o t a l compressive s t r e s s a t the roof top due to the sum of the 
s t r e s s e s rrom thermal loading and excavation i s 51.7 MPa (7500 p s i ) , one-half 
of the uniaxia l compressive s trength 103.4 MPa (15,000 p s i ) . The above numer
i c a l example i l l u s t r a t e s the procedure used in the GEIS to determine the maxi
mum allowable thermal loading; thermal loading is adjusted so that induced 
s t ress i s one-half the rock s t rength. For grani te , th is procedure gives the 
value 47 W/nî  (190 kW/acre). In Table 3.12 the maximum area loadings from 
th i s procedure is given for grani te , shale , and basa l t . 
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Ttm« (cloys) 

Figure 3.1b Predicted (broken) and measured (solid) ve r t i ca l displacements 
between anchor points 3 m above and 3 m below heater midplane 
(Hood e t a l . , 1 9 7 9 ) . [ XBL 8 1 9 - 1 1 5 8 7 ] 



S t r e s s S c a l e : 10 MPa HH 

F i g u r e 3 .17 S t r e s s e s a t 5 y e a r s a f t e r emplacement i n g r a n i t e a t a dep th of 
580 m (1900 f t ) fo r an HLW r e p o s i t o r y loaded a t 47 W/m2 

(190 kW/acre) (Dames and Moore, 1978a ) . [XBL 819-11588] 
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Table 3.12. Maximum Areal Loadings Based on 
Near-Field Thermomechanical Stress 
Studies. 

HLW a n d SF 
Rock T y p e ( 5 - y e a r r e t r i e v a b i l i t y ) 

W/m 2 ( k W / a c r e ) 

G r a n i t e 47 ( 1 9 0 ) 
B a s a l t 47 ( 1 9 0 ) 
S h a l e 30 ( 1 2 0 ) 

(Science Applicat ions, I n c . , 1978) 

In the Swedish Nuclear Fuel Safety Program (Karnbranslesakerhet, or KBS), 
the thermomechanical responses for a reposi tory in grani te were modeled 
(Ratigan, 1977). Like the GEIS study, the KBS calcula t ions were thermoelast ic , 
and s t r e s s e s were calculated without taking fractures into account. Fracture 
s e t s were assumed to e x i s t in the rock mass, however, and after the s t ress 
ca lcu la t ions were made, the rock mass was assumed to f a i l along the f rac tures . 
A l inear Mohr-Coulomb shear c r i t e r ion was used to identify the regions of 
s trength f a i lu re . This fa i lure c r i t e r i on i s d i f ferent from the compressive 
fa i lu re c r i t e r ion used in the GEIS study. 

Figures 3.18 and 3.19 i l l u s t r a t e the dependence of strength fa i lure on 
j o in t o r i en ta t ion . Each figure shows the progressive fa i lure due to the com
bined effects ot thennomechanical and excavation-induced s t r e s s e s . To control 
s t rength fa i lure in locat ions where i t may be undesirable, the character iza
tion of j o i n t s must be carr ied out. Nonlinear s t r ess analyses that take the 
i n e l a s t i c responses of fractures in to account should be performed to determine 
reposi tory s t a b i l i t y in hard rock. 

The Str ipa experiment, the GEIS study, and the KBS calcula t ions discussed 
above indicate the inadequacy of the thermomechanical analyses used in repos i 
tory des ign s tud ies . For the importance entrusted to them, the thermoelastic 
analyses employed in determining the allowable thermal loading seem to be based 
on too crude a foundation. A more refined analysis that includes the effects 
of fractures should be i n i t i a t e d . 

Although the current capabi l i ty in modeling thermomechanical s t a b i l i t y is 
rudimentary and inadequate in several respec ts , i t tends to be the control l ing 
c r i t e r i o n in determining the maximum allowable thermal loading. There i s a 
need to develop analyt ic approaches that bound the uncer ta in t i es . In addit ion, 
the safety of the excavation can be maintained by engineering techniques. For 
example, the use of rock bol ts has been included in design studies of beJded 
s a l t and basa l t . Sound engineering reinforcement and careful monitoring wi l l 
improve ana maintain the margin of safety during the short period of reposi
tory operat ions. 



T = 0 . 1 YRS T = 1.0 YRS T = 4 YRS T - 10 YRS T = 40 YRS T = 100 YRS T = 1000 YRS 

sr/iiE: 
I 1 1 

NOTF: REGIONS OF STRFNGTH FAILURE INDICATED 
WITH SHADING 

Figure 3.1S Progressive strength fa i lure due to excavation and tnermomech-
anical s t resses with j o i n t s at 0° and 90° (Ratigan, 1977). 

[XBL 819-22589] 
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100O YDS 

SCALE: NOTE: REGIONS OF STRENGTH FAILURE 

INDICA ED WITH SHADING 

Figure 3.19 Progressive strength fa i lure due to excavation and thermomech-
anical s t resses with joint-i at 45° and -45° (Ratigan, 1977). 

[XBL 8 1 9 - 1 1 5 9 0 ] 
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3 . 5 . 3 V e n t i l a t i o n Cool ing 

The l a s t t o p i c to be d i s c u s s e d c o n c e r n i n g e x c a v a t i o n c o n d i t i o n s i s t h e 
e f f e c t of v e n t i l a t i o n . To m a i n t a i n the working env i ronment , v e n t i l a t i o n w i l l 
be p r o v i d e d du r ing t h e e x c a v a t i o n and emplacement o p e r a t i o n s . The h e a t r e 
moved by a i r c i r c u l a t i o n e f f e c t i v e l y p ro longs the c o o l i n g p e r i o d of the w a s t e s . 
If r e t r i e v a l of t h e was t e s were t o be i n i t i a t e d a f t e r s e a l i n g t h e t u n n e l , 
r e c o o l i n g of the room would be r e q u i r e d be fo re the was te c a n i s t e r s could be 
r e a c h e d . Both pre-emplacement and pos t - emplacemen t v e n t i l a t i o n e f f e c t s have 
been s t u d i e d i n t h e l i t e r a t u r e . 

Heat t r a n s f e r from t h e f l o o r s , r o o f s , and w a l l s t o t h e rooms and the 
n a t u r a l and forced convec t i on of the v e n t i l a t i n g a i r through the rooms remove 
a l a r g e p o r t i o n of the h e a t d u r i n g t h e v e n t i l a t i o n p e r i o d . Cheverton and 
Turne r CI 97 2) show t h a t a t about 5 y e a r s a f t e r b u r i a l , a maximum of 40% of the 
was te h e a t can be removed wi th room v e n t i l a t i o n for a 39-W/m2 (158-kW/acre) 
HLW r e p o s i t o r y in s a l t . Al tenbach (1979) shows t h a t up t o 90% of t h e waste 
h e a t can be removed a f t e r 44 yea r s for a 9-W/m2 (36-kW/acre) SF r e p o s i t o r y in 
s a l t . The amount of c o o l i n g depends on a number of f a c t o r s : 

• flow r a t e and t e m p e r a t u r e of t h e a i r , 

• t he rma l l o a d i n g and the b u r i a l depth of the w a s t e , 

• h e a t t r a n s f e r in tne rock , and 

• h e a t t r a n s f e r in tiie room. 

The l a s t f a c t o r depends on the roughness of the rock wal l (Boyd, 1978) . With 
v e n t i l a t i o n , the e x c a v a t i o n w i l l e x p e r i e n c e l e s s j t r e n g t h f a i l u r e ( R a t i g a n , 
1977) . V e n t i l a t i o n can L-ubstan f . a l i y lower b o r e n o l e , c a n i s t e r , and was te tem
per a t.u r e s , e s p e c i a l l y i f the o o r e h o i e i s no t backf l l i e d wi th low-con due t i v i ty 
c ru shed rocks (C la ibo rne e t a i . , 1980*. 

When r e - e n t r y i s d e s i r e o , a w a i t i n g pe r iod i s r e q u i r e d to a l low the roon; 
f l o o r t o coo l t o an a c c e p t a b l e t e m p e r a t u r e . Al tenoach and Lowry (1980) show 
t h a t i t t a k e s i e s s than 6 months l o r the f l o o r to coo l down a f t e r 50 y e a r s ' 
s t o r a g e i n a 9 - W / R 2 (36-kW/acre ; r e p o s i t o r y (see F ig , j . 2 0 K Boyd (1978) 
shows t h a t l e s s than 10 yea r s i s r e q u i r e d for the room t e m p e r a t u r e to drop to 
49°C a f t e r 30 yt >rs in a 18.5-W/m 2 (75-kW/acre) WIPP d r i f t . The e f f e c t s of 
r e c o o l i n g on roon s t a b i l i t y are not we l l known. 

The p r i n c i p a l advantage of v e n t i l a t i o n i s the c o o l i n g of s t o r a g e rooms 
d u r i n g t h e opera t i o n s phase of the r e p o s i t o r y . However, the r e d u c t i o n in t h e 
accumula t ed t n e r m a l ou t pu t of the waste du rxng s h o r t p e r i o d s of v e n t i l a t i o n i s 
e x p e c t e d to be sma 11 . V e n t i l a t i o n cannot be used to reduce s ig ru f i ca n t l y the 
prooiems caused oy was te hea t over thousands of y e a r s (Koplik e t a l . , 1979) . 
The underground v e n t i l a t i o n c o o l i n g i s e s s e n t i a l l y an e x t e n s i o n of s u r f a c e 
c o o l i n g o e r o r e was te emplacement . 
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30 40 50 60 
TIME AFTER EMPLACEMENT-Y 

Figu re 3 .20 S t o r a g e room f l o o r t e m p e r a t u r e h i s t o r i e s r e p r e s e n t i n g cool-down 
by 4 .72 m 3 / s (10,000 f t 3 / m i n ) of a i r from an u n v e n t i l a t e d 
s t a t e a f t e r 5, 10, and 50 > e a r s (Al tenbach and Lowry, 1980) . 

[XBL 819-1 1591 ] 
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3.6 THERMOHYDROMECHANICAL ENVIRONMENT IN ROCK FORMATIONS 

The key f a c t o r s i n d e t e r m i n i n g t h e f a r - f i e l d thermohydromechanica l e n v i r 
onment a r e 

• time dependence of waste heat power and thermal loading densi ty, 

• reposi tory depth, s ize , and shape, 

• rock proper t ies , and 

• in s i tu environment and boundary condit ions. 

The main concerns in the geologic s e t t i ng are 

• groundwater buoyancy flow from the reposi tory to the surface, 

• surface up l i f t and in t eg r i ty of the rock formation, and 

• cumulative heat energy that remains in the formation. 

The waste repository impact on the rock, formation may pe r s i s t for thou
sands of years over thousands of meters. Quantitative predict ions of the 
long-term thermal, mechanical, and hydrologic perturbat ions can be made only 
through modeling of the repository and i t s geologic se t t i ng . With these pre-
di ct ions one can ca lcula te the degree of long-term i so la t ion . In this sect i on 
we review the resu l t s of far - f ie ld thermal modeling and parametrie s tud ies , 
d iscuss the surface up l i f t and s t r e s s changes, and analyze the h^drologic per
turbat ions due to buoyancy flow. 

3.5.1 Long-Term Thermal Perturbations in Rock Formations 

Rock formations are poor thermal conductors. I t takes hundreds to thou
sands of years for the waste heat to transfer from a 500- to 1000-m-deep 
repos i tory to the ground surface. The waste re leases heat continuously a t a 
decreasing ra te over thousands of years. 

The long-term temperature var ia t ions and d is t r ibu tions in the rock forma
t ion surrounding a repository depend on the thermal loading, the repository 
cha rac te r i s t i c s , and the rock proper t ies . The effects of these three control
l ing fac tors on the fa r - f i e ld temperature r i s e wi l l be discussed in the follow
ing three subsections. 

3.6.1 .1 SF reposi tory versus an HLW reposi tory 

Figure 3.21 i l l u s t r a t e s the evolution of the temperature f ield in a 
10-W/m (40-kW/acre) SF disk-shaped repository in granite (Wang et a l . , 1981). 
In thi s case, the heat leaks out to the atmosphere af ter 1000 years, d i s tor t ing 
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Figure 3.21 Isotherms and prof i les of the temperature r i se around an SF 
repository in granite after 10, 10 2 , 10 3 , and 10 4 years (Wang et 
a l . , 1 9 8 1 ) . [XBL 0 1 9 - 1 1 5 9 2 ] 



BIBLIOGRAPHY ON 
THERMALLY RELATED PROBLEMS IN A NUCLEAR WASTE REPOSITORY 

This b i b l i o g r a p h y i s t h e p r o d u c t of a s e a r c h of t h e l i t e r a t u r e on t h e r m a l 
l y r e l a t e d problems in n u c l e a r was te s t o r a g e . Inc luded wi th 3ach t i t l e i s the 
a b s t r a c t t h a t appeared w i t h t h e o r i g i n a l a r t i c l e . We hope t h a t s c i e n t i s t s and 
e n g i n e e r s i n t e r e s t e d i n t h e s e problems w i l l f ind t h i s c o m p i l a t i o n u s e f u l . As 
more a r t i c l e s on t h i s s u b j e c t a r e b rough t to o u r a t t e n t i o n , we hope to update 
t h e c o l l e c t i o n . A r t i c l e s i n c l u d e d a r e a r r a n g e d a c c o r d i n g t o t h e fo l l owing 
g r o u p s : 

B.I THERMAL EFFECTS ( p . 1 4 3 ) : Con ta ins p a p e r s on t he rma l model ing . Most of 
t h e s e pape r s assume only conduc t ion h e a t t r a n s f e r and n e g l e c t the e f f e c t s 
of g roundwate r movement, 

B.2 THERMOMECHANICAL EFFECTS ( p . 1 7 1 ) : C o n t a i n s pape r s on t h e r m a l l y induced 
mechanica1 e f f e c t s . 

B.J THERMOHYDROLOGIC EFFECTS ( p . 183) : Con ta ins r e p o r t s i n d i c a t i n g t h e 
g roundwate r flow as a r e s u l t of the rmal g r a d i e n t s . 

B.4 ROCK PROPERTIES ( p . 193) : Con ta ins r e p o r t s d i s c u s s i n g in s i t u t e s t i n g s . 

B.5 GENERAL REPORTS ( p . 205) : Con ta ins pape r s t h a t do no t d i s c u s s any one of 
the problems in d e t a i l b u t cover d i r e c t l y r e l a t e d p rob lems . 

B.6 FOREIGN PROGRAMS ( p . 219) : Con ta ins pape r s d e a l i n g w i th i n t e r n a t i o n a l 
was te management p rograms . 
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Fiyure 3.22 Isotherms and profiles of the temperature rise around an HLW 
repository in granite after 10, 10 1 n 3 = " l H 1 n 
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62 

20 

T 16 o 
(V 

i 12 

S 8 
o 
"o 

0 

1 1 1 1 1 1 

Spent f u e l / 
i L^" 1 

1,0km 

- A--""" D = 
IS 

0,5 km 

/ Reprocessed waste 

! i i i i i i i i i 

0 2 4 6 8 10 
Storage time (I0 3year) 

Figu re 3 .23 b o l i d c u r v e s show hea t r e l e a s e d by the bu r i ed w a s t e s . Broken 
cu rves show hea t remain ing in the g r a n i t e i o rma t ion for a d i s k -
sn.aped r e p o s i t o r y 3 km in di aineter a t d i f f e r en t depchs (Wang e t 
a l . , 19t i0) . [XBL 808-2736] 
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hole or using a multilevel repository have been considered for laterally lim
ited rock formations (Hamstra and Kevenaar, 1978; Just, 1978; Tammemagif 1978). 
Table 3.13 compares the temperature i nc r ea se s in a s i n g l e - l e v e l r e p o s i t o r y 
with a those of a t h r e e - l e v e l r e p o s i t o r y . Use of a mu l t i l eve l b u n a ] concept 
reduces the r e p o s i t o r y temperature ; the thermal i n t e r a c t i o n among ad jo in ing 
l a y e r s delays the peak temperature . However, the t o t a l energy remaining in 
the formation wi l l i nc rease s l i g h t l y . 

In each of the above r e s u l t s , the r epos i t o ry i s approximated by a disk 
hea t source (assumed to be s imul taneously loaded) , with the waste uniformly 
d i s t r i b u t e d over the d i s k . In more d e t a i l e d r e p o s i t o r y des igns , more r e a l i s 
t i c r e p r e s e n t a t i o n s of the r e p o s i t o r y conf igura t ion and opera t ions have been 
made. 

For example, in the conceptual design study for the NWTS-1 r e p o s i t o r y in 
domed s a l t (Stearns-Roger Engineering Co. and Woodward-Clyde Consu l t an t s , 
1978), the waste loading i s not in s t an taneous and a more r e a l i s t i c ra te of 
waste a r r i v a l a t the r epos i t o ry i s assumed. The r e p o s i t o r y shape i s not a 
simple disk but a r ing-shaped region with an inner rad ius of 344 m (1128 f t ) 
and an outer rad ius of 1378 m (4522 f t ) . There i s no waste emplacement in the 
i n n e r - r a d i u s region in order to p r o t e c t the c e n t e r l i n e shaf t fur waste t r a n s 
p o r t a t i o n . The r epos i t o ry i s loaded from the outermost boundary toward the 
inner r a d i u s . Figure 3.24 shows the evolu t ion of the temperature d i s t r i b u t i o n 
aJom? the rad ius of the r e p o s i t o r y . This r e s u l t i l l u s t r a t e s the s e n s i t i v e 
j . , Kiidunce of shor t - t e rm e f f e c t s on s e q u e n t i a l loading , as well as on r e p o s i 
tory c o n n gu ra t i on . 

Tne reposi tory conf igura t ion can have a f a r - f i : ld impact. For exniiple, 
tJi'1 s u r tdce u p l i f t above a rec tangu la r r epos i t o ry with a shaf t p i l l a r has been 

to be siii.-iller than t h a t above a disk r epos i t o ry (Dames and Moore, 1978a). 
.->;.: . ,.JL upl i f t i s d iscussed in de t a i 1 in Sect ion 3 . 6 . 2 . 1 . In the remainder of 
u;.. • r e p o r t , the r epos i to ry i s assumed to be a s i n g l e - l e v e l disk for the f a r -
r.i ..• i-.: -jejjuric eva lua t i on . I t should r e p r e s e n t the most compact conf igura t ion 

( ) . , i nauce tne g r e a t e s t impact in most c a s e s . 

T-.i'ie 3. 1 3. Peak Temperature of Single-Level and Three-I.evel Repos i to r ies . 1 ^ 

Domed S a l t Grani te 
Temperature Time Temperature Time 
Increase (°C) (years) Increase (°C) (years) 

S i n g l e - l e v e l 37.0 60 48.1 70 

T n r e e - l e v e l 3 4 . 6 125 38 .3 175 

a Scalea from Jus t (1978) for a 10 W/m2 (40 kW/acre) £F r e p o s i t o r y . The 
tempera t u r e i s ca l cu l a t ed from a f a r - f i e l d model. 

Nu-T.De r 
L-.t Layers 
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Figure 3.24 Evolution of the temperature d i s t r ibu t ion for a repository in 
domed s a l t loaded sequentially from tne outermost boundary toward 
tne dome center (Stearns-Roger Engineering and Woodward-Clyde 
Consultants, 1978). [ XBL 819-11594] 
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3 . 6 . 1 . 3 C o n t r o l l i n g rock p r o p e r t i e s fo r f a r - f i e l d t e m p e r a t u r e s 

The t e m p e r a t u r e f i e l d in t h e r e p o s i t o r y and i n t h e rock fo rma t ion depends 
on 

• t h e r o c k ' s c a p a c i t y t o s u s t a i n a t e m p e r a t u r e r i s e , and 

• t h e h e a t t r a n s f e r from t h e r e p o s i t o r y t o t h e s u r r o u n d i n g f o r m a t i o n . 

F igure 3 .25 shows t h e dependence of t h e r e p o s i t o r y t e m p e r a t u r e h i s t o r y on the 
rock t y p e , where t e m p e r a t u r e r e p r e s e n t s the a r e a l t e m p e r a t u r e ave rage between 
c a n i s t e r s . I t p roduces a c o n s e r v a t i v e e s t i m a t e of t h e rock t e m p e r a t u r e i n t h e 
p i l l a r . For a l l rock t y p e s , t h i s ave rage r e p o s i t o r y t e m p e r a t u r e peaks b e f o r e 
100 y e a r s . 

The maximum r e p o s i t o r y t e m p e r a t u r e r i s e i s a p p r o x i m a t e l y p r o p o r t i o n a l t o 
t h e i n v e r s e squa re r o o t of t h e p r o d u c t of t h e r m a l c o n d u c t i v i t y and v o l u m e t r i c 
h e a t c a p a c i t y . (This i s an e x a c t r e s u l t i f t h e h e a t power i s a s i n g l e - t e r m 
e x p o n e n t i a l decay f u n c t i o n . ) The h igh t he rma l c o n d u c t i v i t y of s a l t i s compen
s a t e d f o r by i t s low h e a t c a p a c i t y . Table 3 .14 summarizes the the rma l p r o p e r 
t i e s used in F i g u r e 3 . 2 5 . 

Table 3 . 1 4 . Thermal P r o p e r t i e s of Rocks Used i n t h e F a r - F i e l d Model. 

Rock Type 

Thermal 
C o n d u c t i v i t y 
(K, W/m-°c) 

Volumet r ic 
Heat C a p a c i t y 
(PC, J / m 3 - ° C ) 

Thermal 
D i f f u s i v i t y 
(K /MC, m 2 / s ) 

S a l t b 4 .20 1.87 x 1 0 6 2.24 X 10~ 6 

Gi a m t e b 2.56 2 .43 x 1 0 6 1.05 X 1 0 - 6 

a a s a l t ' J 1.26 2 .30 x 1 0 6 0.547 X 1 0 ~ b 

s h a l e " 1.54 2.1 5 x 1 0 6 0.71b X 1 0 - 6 

T u r t c 1.60 1 . 87 x 1 0 6 0.856 X 1 0 - 6 

Alluvium' 3 1.00 1.70 x 1 0 6 0.588 X 1 0 " 6 

A n a l y t i c 
Approx ima t ion 3 

4.02 

4.52 

6 .b2 

6.1 9 

6.52 

8.65 

A n a l y t i c app rox ima t ion for the t e m p e r a t u r e r i s e pe r area. l l o a d i n g in W/rrr 
0 .305 (see Eq. (A-6) i n t h e Appendix: —- , t = 30 y e a r s . 

[KPc£n(2 ) / t ] V 2 " l / 2 

GEIS v a l u e s a t 100°C (DOE, 1979b) . 

T y p i c a l v a l u e s of welded t u f f ( T y l e r , 1979) . 
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The s imi la r i ty of the calculated reposi tory temperatures in g ran i te , 
bedded s a l t , and domed s a l t was also noted previously in the EPA (1977) study. 
The v e r t i c a l temperature prof i les for grani te and domed s a l t from the EPA 
study are shown in Figures 3.26 and 3.27, respect ive ly . Away from the repos
i t o ry , the temperature d i s t r ibu t ions are not very sens i t ive to the di f ferent 
rock types . At early times, the ve r t i ca l temperature variat ion (gradient) i s 
high and local ized close to the reposi tory. The temperature gradient a t the 
reposi tory l eve l , re la ted to the heat flux released by the waste, i s monotoni-
cal ly decreasing. The temperature gradient at the surface, representing the 
heat flux leaked from the rock to the atmosphere, wi11 be noticeably above i t s 
ambient value only after hundreds of years . When the heat flux from the waste 
i s equal to the heat flowing out of the rock, the heat remaining in the rock 
i s a t i t s maximum and the temperature prof i le from the repository to the 
surface i s nearly l i nea r . This occurs a t times on the order of thousands of 
years, depending on rock type and reposi tory depth. 

After th i s quasi-equilibrium s t a t e , the temperature r i s e from the reposi
tory to the surface i s determined by the heat in the rock divided by the heat 
capaci ty . Although the heat, t ransfer i s determined by both thermal conductiv
i t y and volumetric heat capacity, the magnitude of the long-term, far - f ie ld 
temperature r i s e i s more sens i t ive to the l a t t e r . 

Many modeling s tudies have been done for d i f fe ren t s t ra t ig raphies in var
ious rock formations (EPA, 1977; Science Applications, I n c . , 1978; DOE, 19B0a). 
Although the rock layers in different s t r a t i g raph ic models have very di f ferent 
thermal conduct iv i t ies , the temperature prof i les are a l l quite s imilar , with 
only mild kinks across the boundaries. The i n s e n s i t i v i t y of the temperature 
p ro f i l e s to the heterogeneity of the rock layers has stemmed from the s imi lar 
i t i e s among the heat capaci t ies of the di f ferent rocks. Among a l l the rock 
proper t ies discussed in Section 3.3 (see Tables 3.8 and 3.14), the heat cdpac-
i ty is the leas t s i t e specif ic and the l eas t rock speci f ic . 

This strongly suggests that we can easi ly mode 1 and understand the long-
term temperature changes in the surrounding rock. The uncertainty associated 
witti our incapabi l i ty to measure rock proper t ies in detai 1 over large rock 
formations does not seriously l imi t our capabi l i ty to assess the long-term 
temperature changes. A pessimist ic viewpoint prevai ls in the l i t e r a t u r e tha t 
geologic se t t ings are too complex and the uncertainty of the predicted resu l t s 
too great to give meaningful bounding values. However, a reserved optimism 
may be more appropriate, because, as we have seen above, a reasonable cer ta in ty 
can be assigned to our generic quant i ta t ive evaluation of the overal l tempera
ture changes in di f ferent rock formations. 

3.b.2 Far-Field Thernomechanical Perturbations 

One of the consequences of a temperature r i s e in the rock formation is 
the thermal expansion of the rock. When the rock mass expands, the ground 
surface r i s e s . Of a l l the fa r - f i e ld per turbat ions , surface up l i f t has received 
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the most a t t en t ion , especial ly in s a l t , with i t s high thermal expansion 
coef f ic ien t . Thermal s t r e s s may also induce permeability changes. Surface 
u p l i f t and rock displacement will be discussed in th is section. 

3.6.2.1 Surface u p l i f t 

The volumetric thermal expansion of the rock creates an up l i f t of the 
rock mass in which the waste is buried. The maximum thermal up l i f t Ki l l be 
aDove the center of the reposi tory, where the maximum temperature r i se within 
the s t r a t a wi l l occur. Thermally induced rock displacements are pervasive and 
cumulative. Surface u p l i f t depends on temperature r i s e , or equivalently, on 
the waste heat energy in the whole rock formation. Conservative estimates can 
be made for surface up l i f t with rock movement constrained in the axial d i rec
t ion (Callahan and Gnirk, 1978). Table 3.15 summarizes the resu l t s of maximum 
surface u p l i f t for axisymmetric analyses in the GEIS study for s a l t (Callahan 
and Ratigan, 1977; Russell , 1979), g ran i te , basa l t , and shale (Dames and Moore, 
1978a). Also included are the l inear thermal expansion coefficients ^nd the 
Poisson r a t i o factor of the different rock types. 

The thermal loadings in the table are determined by near- f ie ld , excavation 
s t a b i l i t y ana lys i s . The concern over large surface upl i f t for an SF reposi tory 
in s a l t has resul ted in a lowering of the waste loading from 37 w/m^ ( jcy ^w/ 
acre) t o 15 VJ/m2 (60 kW/acre). This i s the only case in the l i t e r a t u r e for 
which long-te>"m fa r - f i e ld consideration of the waste impact has imposed a con
s t r a i n t on 'Jie tnermal loading. 

Table 3.15. Surface Uplif t . 

Rod: 
W a s t e 

S a j t 
SF HLW 

G r a n i t e 
SF KLW 

B a s j l t 
SF HLW 

S h a l e 
SF HLW 

Maximum S u r f a c e 
U p l i f t (m) 3 . 4 5 1 .27 0 . 9 4 0 . 3 4 0 . 5 8 0 .1 8 0 . 7 9 0 . 3 4 

T i m e ( y e a r s ) 1 0 0 0 150 3000 1 0 0 0 7 0 0 0 3 0 0 0 3 5 0 0 1800 

T n e r m a l L o a d i n g , 
W / m 2 ( k w / a c r e ) 3 7 ( 1 5 0 ) 47 ( 1 9 0 ) 47 ( 190) 30 ( 1 2 0 ) 

L i n e a r T h e r m a l 
E x p a n s i o n 
C o e f f i c i e n t 

rc-') 4 X 1 0 " 5 8 .1 X 1 0 ~ b 5 . 4 x 1 0 ~ b 8,1 x 1 0 _ t 

P o i s s o n R a t i o 
F a c t o r ( 1 + U / 1 - M ) 2 . 0 8 1 . 4 4 1 . 7 0 1 .35 

(Lames ana Moore, 1978a; R u s s e l l , 1979) 
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The surface up l i f t calculated by thermomechanical analyses did not in
clude the opposite effect of subsidence. Subsidence is caused by the eventual 
closure ot the excavation. Even if the repository is backfi l led with crushed 
rock before de commissi on ing, the deformation of the rock to f 111 trie void wi 11 
lead to a lowering of the surface, especial ly in the case of s a l t , with i t s 
tendency to creep. This subsidence could cancel out part of the thermal up
l i f t . Figure 3.28 shows such a phenomenon for an HLW repository in s a l t at 
600 m depth <INFCE, 1980). 

Both the up l i f t and subsidence processes are slow, their effects per
s i s t i n g over long periods of time. In comparison to the ground displacement 
predicted for the waste reposi tory, much higher subsidence over shorter time 
periods has been observed in petroleuai and geothennal f i e ld s . The main con
cern of surface u p l i f t in repository studies i s not the ve r t i ca l displacement 
i t s e l f but the long-term s t a b i l i t y of the geologic formations. This xs d i s 
cussed in the following subsection. 

3.6.2.2 Stress perturbations and crack openings 

The rock 's volumetric "hermal expansion can induce both axial and la t e r a l 
s t r e s s changes. The .;". veltpment of thermally induced tensi ie s t resses near the 
ground surface has bee., n'^te.i in thermomechanica 1 ana lyses (Dames and Moore, 
1978a; Hodgkinson and Bourse, 1980), The tens i le s t resses ex i s t in the angu
la r d i rec t ion perpendicular to the r a d i a l - v e r t i c a l !rz) plane. The horizontal 
components of t ens i l e s t r e s s wi11 reduce the norma 1 s t ress across pre-exis t ing 
v e r t i c a l f rac tures , which wi l l in turn increase their aperture and subs tan t i a l 
ly change the rock mass permeability. I t net tension is to be avoidec, the 
rocK mass must have large compressive horizontal in s i tu s t resses to counter 
the induced t ens i l e s t r e s se s . 

The magnitude of the i nduced tens i le s t resses can be controlled by the 
therma 1 loading and reposi tory depth. The analy t i c model of a spherical repos-
l tory snowed that the induced t ens i l e s t resses a t the ground surface cire in
verse ly proportional to the cube of the mean reposi tory depth (Hcdgkmson and 
Bourke, 1980). 

The concern over the thermally induced t ens i l e component i s not limited 
to t rac turea hard rocks bu t exis ts also for s a l t . The large di f terent ia1 of 
the thei mal expansion between bedded s a l t and trie overly ing shale layers , or 
between domed s a l t and i t s sheath, may cause a breach in the hydro logic bar
r i e r protect ing the s a l t . 

Although the significance of the tens i le s t resses has been noted in ther -
moelastic analyses, tne quant i ta t ive assessment of their impact i s di tf icu.l t . 
Tne opening cZ fractures wil l redis t r ibu te the load and s t r e s s . The displace-
ment t ieJd wi l l be different from continuum analyses. As we noted e a r l i e r , the 
heater experiments in Str ipa , Sweden, indicate that fractures under compression 
can absoro the thermally induced rock displacements in trie near-f ie ld at early 

http://tficu.lt
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F i g u r e 3.2U Comparison of r e p o s i t o r y c l o s u r e and t he rma l expans ion for an 
HLW r e p o s i t o r y in s a l t {INFCE, 1980] . [XBL 819-11598] 
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t imes. I t i s not clear to what degree the pre-exis t ing f ractures in the fa r -
f ie ld under tnermally induced tens i le s t r e s s wi l l a l t e r the displacement of 
the fractured rock mass. 

The main concern of thermomechanical per turbat ions , both in the near- and 
f a r - f i e l d , i s the induced permeability changes in the rock mass. Permeabili ty 
may decrease with fracture closure in the compressive regions and increase with 
fracture opening in the t ens i l e zones. Neither the temperature-stress nor the 
s t ress-permeabi l i ty re la t ionships are well known, especial ly for large volumes 
of rcjk mass, These considerations in coupled processes have contributed some
what to th<- ••..•.ncertainty in the evaluation of long-term, fa r - f ie ld e f f ec t s . In 
the next sect ion, other uncer ta in t ies in the assessment of hydrologic per turba
t ions wil l be discussed. I t i s e s sen t i a l tha t we understand the origin of 
these uncer ta in t ies in order to base our evaluation and c r i t e r i a on quan t i t i e s 
tha t can be accurately calculated. 

3.6.3 Long-Term, Far-Field Thermohydrologic Perturbations in the 
Rock Formations 

The thermally induced movement of groundwatc r from the reponi tory to the 
surface may be the dominant mechanism for radionuc lide transpor t at a parti cu-
lar s i t e . The magnitude of the f luid velocity i s d i f f i c u l t to determine be
cause of the var ia t ions of the hydrologic parameters in the surrounding rock 
formations. This section discusses the significance and uncertainty of tht-
therii'ohydrologic perturbations over thousands of years. 

3.6.3.1 Variations i i hydrologic conditions 

The fluid flow is proportional to the permeability of the rock formation. 
Permeability may vary over six orders of magnitude even for the same rock type, 
as shown in Section 3 .3 .3 . The permeability value depends on the scale of the 
rock volume measured (Brace, 1980). Typically, the value measured in the 
field i s larger than the value measured with small samples in the laboratory. 

The velocity of water within the flow channels (fractures ot connected 
pores) i s inversely proportional to the porosity of the rock. Of the to ta l 
void space measured in the laboratory, only a small f rac t i on corresponds to 
the continuous flow paths (Norton and Knapp, 1977). The uncertainty associa
ted with porosity may be as high as two to three orders of magnitude. 

Scale dependence and the heterogeneity of the rock hydrologic proper t ies 
largely or iginate irom the presence of f rac tures . Most of the modeling s tudies 
use ei ther a porous medium model to represent the average behavior of fractured 
rock masses (Dames and Moore, 1978b; Hardy and Hocking, 1 ' J 7 8 ; Burgess et a l . , 
1979; Hodgkinson, 1980; Bourke and Robinson, 1981) or a simple fracture model 
for worst-case s tudies (Wang and Tsang, 1980; Wang et a l . , 1981). In view of 
the uncertainty of the hydrologic p roper t i es , these determinis t ic modeling 
studies must eventually be supplemented by s t a t i s t i cai anci lyses in order to 
assess the ef tect iveness of the rock formation to isola te radionuclides. 
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3.6.3.2 Buoyancy flow 

Although many dif ferent generic representat ions of the hydr«. logic condi
t ions have been assumed in various modeling s tudies , they a l l demonstrate the 
s ignif icance of the ve r t i ca l buoyancy flow, which has been shown to pe r s i s t 
over thousands of years . 

Figure 3.29 shows a sketch of a v e r t i c a l f racture tha t is assumed to 
extend from a 1O-W/m2 (40-kW/acre) reposi tory to the surface. The hydraulic 
aperture of the fracture i s assumed to be 1 yin, corresponding to a fracture 
permeability of 8.3 x 10~ 1 9 m2, and the l a t e r a l width of the fracture i s 
assumed to be smaller than the diameter of the reposi tory. The i n l e t of the 
fracture a t the repository level i s assumed to be in d i rec t contact with ambi
ent groundwater. This model represents a very bad hydrologic condition for 
v e r t i c a l buoyancy flow, with a continuous fracture connecting the repository 
to the surface and ins tan t recharge at the repository level . The ins tan t r e 
charge can be maintained only with an effect ively i n f i n i t e permeable zone at 
the reposi tory l eve l . Although the fracture model i s very simple, i t should 
possess the same physical behavior as that of the more complex systems in 
fractured rock masses. 

Figure 3.30 i l l u s t r a t e s the temporal dependence of thp water velocity in 
such a v e r t i c a l f racture as a function of fuel cycle and depth. I t shows that 
the maximum buoyancy flow occurs at thousands of years for SF repos i tor ies and 
a t hundreds of years for reprocessed HLW repos i to r i e s . For the same thermal 
loading a t waste emplacement, the magnitude of the buoyancy flow induced by SF 
i s much larger than that by reprocessed HLW. 

Figure 3.30 also shows that the maximum buoyancy flow occurs at a l a te r 
time for a deeper reposi tory. The buoyancy flow is determined by the in tegra
ted temperature d i s t r ibu t ion from the repository to the ground surface. For a 
deeper reposi tory, i t wil l take longer for the waste heat to reach the surface. 
The average temperature r i s e , or equivalently the amount of heat remaining in 
the rock formation, reaches i t s maximum value when the heat flowing out of the 
rock on the ground surface is equal to the heat released by the waste. The 
time of occurrence of the maximum value i s approximately proportiona1 to the 
square of the repository depth. 

The maximum ver t i ca l velocity corresponds to the minimum t r a n s i t time 
from the reposi tory to the surface, called in the GEIS study the "minimum sur
face approach time." In that inves t iga t ion a porous medium model was used to 
represent the average hydroiogic proper t ies of a fractured rock mass. The 
r e su l t s are tabulated in Table 3.16 along with the estimated times of occur
rence of these minimum approach times. The porous-medium resul t s agree qua l i 
t a t i v e l y with the calculat ions from the s ingle-f rac ture model above, indica t 
ing tha t buoyancy flow can be an important effect regardless of the par t icular 
approximation for the flow paths in the rock mass. 
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Figure 3.29 Sketch of a ve r t i ca l f racture from within the epos: tory to the 
surface with v z = v e r t i c a l veloci ty , D = repository- depth, 
W = fracture width, b 2 = f racture aperture (Wang et a l . , 1981). 

[XBL 819-11599] 
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Table 3.16. Minimum Surface Approach Time. 

! . y.-tni .-' i i • 

i n s e i / L i o n 
C_S a r e 

,yar. ' 
u p l i 

j e t err. 

Minimum S u r f a c e A p p r o a c h 

t i m e ( y e a r s ) a 100 1 4 4 - 1 6 8 0 " ' 0 0 

Time of O c c u r r e n c e ( y e a r s ) 1 0 0 0 - 5 0 0 0 50 - lOOO' i l o n o - ^ - n n 

(Dam*-- inc. M^or< <78b) 

I t i s o f i n t e r e s t t o n o t e t h e s i m i l a r i t y b e t w e e n 
t i o n s d i s c u s s e d h e r e a n d t h e s u r f a c e u p l i f t s d e s c n 
e f f e c t s h a v e maximum v a l u e s . l o n g t i m e s . b o t h el 
c u m u l a t i v e h e a t r e m a i n i n g i n jne r o c k f o r m a t i o n . i n . 
f r o m t h e d e r m a l e x p a n s i o n o f t h e w a t e r , a n d t h e s u r . 
f r o m t n e r n a i e x p a n s i o n of t h e r o c k . 

3 . b , 3 o 3 D i s t o r t i o n o f c o n v e c t i o n e e l 

T h e r e p o s i t o r y r e p r e s e n t s a h e a l s o u r c e o f ±"i n i L. s i z e . •fricit 
h o s t r o c k . , T h e t e m p e r a t u r e r i s e i s l o c a l i z e d a r o u n r ' n e rep>. : . 
s i t y c o n t r a s t b e t w e e n t h e h o t w a t e r i n t h e r e p o s i t o i y v i . . i t y <> 
w a t e r away f r o m t h e r e p o s i t o r y c a u s e s t h e fo rmat* , on • . . ..v-><~u 
c o n v e c t i o n c e l l s i n a n e x t e n d e d v e r t i c a l f r a r t u r t ( s e - J-'i'.j. i . '• 
a r e i l l u s t r a t e d i n F i g u r e 3 . 3 2 . Two c o n v e c t i on c e l l s -ye riew 1 opt 
e d g e s of t h e r e p o s i t o r y . H e a t e d w a t e r f l o w s up i r o m tht- c<-•:.: 
r e p o s i t o r y , a n d i n c o m i n g w a t e r i s d r a w n r r o m t h e r e c h . i - :'. --s o;. 
s i d e s (is km f r o m t h e r e p o s i t o r y c e n t e r ) a n d h o r n t h e q r .d s u r : 
f r o m t h e c e n t e r o f t h e r e p o s i t o r y . T h e d i a m e t e r o l * <• .< i l - - -.it 
o r d e r a s t h e d e p t h of t h e r e p o s i t o r y a t 1 0 0 0 y e a r s . A; ' i ch • i r 
t h e c o n v e c t i o n c e l l s a r e l o c a l i z e d i n t h e r e g i o n s of • ,,u t<:-r ; or 
in tne immediate reposi tory v i c i n i t y . The buoyancy JW ami Uie 
c e l l s groi as the cumulative heat increases in the rot k t'-'rmatio:'- . 
thermally induced phenomena wi l l eventual ly disappear when thf- t. . i-
Dy the atmosphere and the rock re turns to i t s o r i g ina l condi '. • „ 
thousands of years . 

The shape of the convection c e l l s depe.ids no:. -.I, iy . -n tne h<j 11 
rocks but a l so on the regional groundwater flow t: .ven L-V ; •' pr- -. 
d ien t between the recharge zone and the di L-charge ;ne. L • ; i - -.. . 
d i s t o r t i o n of the ce l l s with a hor izonta l qi * iient of ' m/u,. '•' 
groundwater flow suppresses the convection o-l 1 on t , ,. -.i q<- -. 
reposi tory and di s t o r t s the c e l l on the di :.< ;M r ,j(-> s ; •• • 
component ot vater veloci ty is only weakly A-, U- •. t. 
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Fiyurt.- S. 3 1 Sketcn or H ver t i ca l r t a :tu re tii rouyh tho repos I tory to the 
.surface wjih D --- repository de^th, R = repository radius, 
L - distdiii.e tf renharye zone, b 7 = f iacture aperture 
(Vw'ing et al . r 1 SJ8U) . [XBL 8 1 9 - 7 2 b 9 ] 
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Figure 3.32 Convection c e l l in an extended ve r t i ca l fracture around a repos i 
tory; hor izontal gradient = 0.0 m/m {Wang and Tsang, 1980). 

[XBL 806-10034] 
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flow. The flow pat tern in Figure 3.33 i s essen t ia l ly a superposition of the 
horizontal regional groundwater flow upon the flow of the unperturbed ce l l s in 
Figure 3.32 (Wang and Tsang, 1980). 

The s t r a t ig raph ic sect ions and the depth dependence of permeabilty also 
d i s t o r t the convection c e l l s (Dames and Moore, 1978b; Burgess et a l . , 1979). 
The water pa r t i c l e s move slowly in low-penneability zones and accelerate when 
entering high-permeability zones. In the GEIS and KBS studies on grani te , 
permeability decreases monotonically with depth. For shale and basal t (Dames 
and Moore, 1978b; Hardy and Hocking, 1978), the pos s ib i l i t y of high-permeabil
i t y layers below the reposi tory has also been considered. 

3.6.3.4 TherTtiohydrologic e f fec t s : Further study needed 

In waste repository s tudies , modeling of the long-term thermohydrologic 
impacts have only recently received a t ten t ion in regard to the p o s s i b i l i t y of 
s tor ing waste in hard rocks. Part ly because of the uncertainty associated 
with hydrologic proper t ies and par t ly because of the t r ad i t i ona l focus on room 
closure in s a l t , the long-term consequences of hydrologic perturbation and the 
resu l t ing impacts upon radionuclide migration have been shown to be only of 
generic importance. To date, the thermohydrologic effects have not been 
regarded as r e s t r i c t i v e enough to be control l ing factors in determining the 
reposi tory thermal loading l imi t . In future s i t e - s p e c i f i c s tud ies , the a n t i 
cipated response of the bulk thermohydrologic system to the maximum design 
thermal loadings must be carefully evaluated to determine if the long-term 
buoyancy perturbation i s s ignif icant enough to be a limi ting consideration in 
thermal loading designs. 
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4. CRITERIA EVALUATION 

A number of r e s e a r c h s t u d i e s have deve loped t he rma l c r i t e r i a fo r g e o l o g i c 
r a d i o a c t i v e waste r e p o s i t o r i e s . These c r i t e r i a cover a l l t h r e e l e v e l s of 
b a r r i e r s i n was te i s o l a t i o n : v e r y - n e a r - f i e l d ( c a n i s t e r s c a l e ) , n e a r - f i e l d 
( r e p o s i t o r y s c a l e ) , and f a r - f i e l d ( g e o l o g i c s e t t i n g and a c c e s s i b l e e n v i r o n 
m e n t ) . They i n c l u d e bo th t e m p e r a t u r e l i m i t s and thermomechanica l s t r e n g t h - t o -
s t r e s s r a t i o s . These c r i t e r i a have been g a t h e r e d in t h e EIS document for t h e 
management of commercia l ly g e n e r a t e d r a d i o a c t i v e was te (DOE, 1980a) and i t s 
s u p p o r t i n g t e c h n i c a l r e p o r t {DOE, 1979b) . They a r e p r e s e n t e d i n S e c t i o n 4 . 1 . 
S e c t i o n 4.2 makes a c a r e f u l rev iew of t h e s e c r i t e r i a and examines the d a t a 
on which they a r e based and the models or e x p e r i m e n t s employed. An a n a l y s i s 
of t h e s e r e s u l t s f o l l o w s , wi th comments and n o t e s from v a r i o u s p u b l i c a t i o n s in 
t h e l i t e r a t u r e c o n c e r n i n g t h e i r scope and a p p l i c a b i l i t y ; a l s o i n c l u d e d a r e the 
a c h i e v a b l e t he rma l l o a d i n g l i m i t s computed for s a l t , g r a n i t e , b a s a l t , and 
s h a l e . F i n a l l y , S e c t i o n 4 .3 i d e n t i f i e s c u r r e n t r e s e a r c h needs , e s p e c i a l l y the 
l a c k of c o n s i d e r a t i o n g iven to r a d i o n u c l i d e t r a n s p o r t . Sugges t i ons for f u r t h e r 
r e s e a r c h a re a l s o made. 

4 .1 EXISTING THERMAL CRITERIA FOR NUCLEAR WASTE REPOSITORIES 

4 . 1 . 1 B r i e f D e s c r i p t i o n and Summary Tab les 

The e x i s t i n g t he rma l c r i t e r i a fo r r e p o s i t o r y d e s i g n s t u d i e s a r e g iven in 
Taole 4 . 1 . They a r e grouped a c c o r d i n g t o t h e genera 1 s e a l e of o p e r a t i o n . 

4 . 1 . 1 . 1 V e r y - n e a r - f i e l d c r i t e r i a 

Typ i ca l b o r o s i l i c a t e waste g l a s s e s have a t r a n s i t i o n t e m p e r a t u r e of 
a p p r o x i m a t e l y ^00°C, wi th a s l i g h t l y h i g h e r s o f t e n i n g t e m p e r a t u r e . Abovf the 
sof t e n i n g t e m p e r a t u r e , t h e heavy waste e l emen t s embedded by v i t r i f ica t i o n may 
m i g r a t e and form s e p a r a t e phases in the g l a s s . S i g n i f i c a n t i n c r e a s e s in c r a c k 
ing and i n l each r a t e s might occur . For c a l c i n e d and s i n t e r e d g l a s s ce ramic , 
t h e maximum a c c e p t a b l e t e m p e r a t u r e s of was te a r e 700°C and 800°C, r e s p e c t i v e l y 
( J e n k s , 1977) . For s p e n t f u e l , the maximum p in t e m p e r a t u r e of 300°C was s p e c i 
f i e d from s t r e s s r u p t u r e c o n s i d e r a t i o n s . 

S t r u c t u r a l i n t e g r i t y of the was te package i s a l s o an i m p o r t a n t c o n s i d e r 
a t i o n . The a u s t e n i t i c s t a i n l e s s s t e e l , p r o b a b l y 304L, t h a t has been proposed 
f o r HLW c a n i s t e r s i s Known to undergo s t r u c t u r a l changes when hea t ed ab:-v2 
400°C; i t a l s o e x h i b i t s i n c r e a s e d s u s c e p t i b i l i t y to s t r e s s c r a c k i n g when ox-
posed t o w a t e r . 

The maximum rock t e m p e r a t u r e s sugges t ed wi11 vary wi th t h e s p e c i f i c rock 
t y p e . G e n e r a l l y , a p p r o x i m a t e l y 250°C may be a p p r o p r i a t e t o r s a l t and s h a l e , 
and 3 ! J 0 ° C may be a c c e p t a b l e fo r b a s a l t and g ran i t e . However, s i nce t h e s e 
p roper t i e s depend on the s i t e - s p e c i f I C c h a r a c t e r i s tic:., of the hard rock , only 
a g e n e r a l r ange of t e m p e r a t u r e has been g i v e n . 
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Table 4 . 1 , Th rmal and Thermomechanical L imi t s fo r Concep tua l Design S t u d i e s . 

Very-Near-}: ^e ld C o n s i d e r a t i o n s 

Maximum HLW t e m p e r a t u r e as 
v i t r i f i e d w a s t e 

Maximum s p e n t f u e l p in 
t e m p e r a t u r e 

Maximum c a n i s t e r t e m p e r a t u r e 

• 'aximum rock t e m p e r a t u r e 

Maximum f r a c t u r e of n o n s a l t 
rock 

500°C ( J e n k s , 1977) 

300°C (Blackburn e t a l . , 1 y78) 

375°C ( J e n k s , 1977) 

2bO°C t o 350°C 

15 cm a n n u l u s around c a n i s t e r { R u s s e l l , 
1979) 

N e a r - F i e l d C o n s i d e r a t i o n s 
Room c l o s u r e d u r i n g ready 
r e t r i e v a b i i i t y p e r i o d — s a l t 

Room s t a D i l i t y - - g r a n i t e , 
o a s d l t rock s t r e n g t h - t o -
s t r e s s r a t i o 

Room s t a b i l i t y - - s h a l e w i th 
c o n t i n u o u s s u p p o r t rock 
s t r e n g t h - t o - s t r e s s r a t i o 

Pi l i a r s t a b i l i t y - - n o n . n a l t 
s t r e n g t h - t o - s t r e s s r a t i o 

10 t o 15% of o r i g i n a l room opening 
( R u s s e l l , 1979) 
2 wi t h i . . 1.5 m of openi rigs (Dames and 
Moore, 1978a) 

1 w i t h i n l..b m of openings (Dames and 
Moore, 1978a) 

2 a c r o s s mia -he i ght of pi l i a r (Dames 
and Moore, 1978a) 

F a r - F i e l d C o i . s i d e r a t i o n s 

Maximum u p l i t t over r e p o s i t o r y 

Tempera ture r i s e a t s u r f a c e 

Tempera tu re r i s e in a q u i f e r s 

1.2 to l.b m (Russell, 197y) 
0. 5°C (Science Applicati ons, Inc. , 197b} 
6°C (Science Applications, Inc., 197b) 

(DOE, 1979b, 1980a) 

an a n n u l a r zone of c rushed r o c k , due t o e i t h e r t h e b a c k f i l l i n g of c rushed 
rock or t o t h e f r a c t u r i n g of h o s t rock , w i l l occupy the space between the can 
i s t e r and t h e w a l l or the b o r e h o l e . This zone of d e c r e a s e d the rma l c o n d u c t i v 
i t y and i n c r e a s e d p e r m e a b i l i t y i s l i m i t e d t o l e s s than 15 cm to c o n t r o l the 
c a n i s t e r t e m p e r a t u r e and t o l i m i t the s u s c e p t i b i l i t y of the c a n i s t e r t o aqueous 
s o l u t i o n s . 
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4.1.1.2 Near-field c r i t e r i a 

At the room-and-pillar scale , cer ta in thermomechanical considerations must 
be taken in to account to ensure safety in operation and to maintain, r e t r i eva-
b i l i t y of the waste if a decision on waste r e t r i e v a l were made. These l imits 
vary according to the thermal and mechanical proper t ies of the host rock types. 
The r e t r i e v a l operation can proceed if the rooms and tunnels remain accessible 
and the excavation i s s t ab le . 

For s a l t , calculated room closures of less than 10-15% of the origina1 
room height imply that the repository wil l generally remain s t ruc tura l ly 
s table throughout the r e t r i e v a l period; however, loca l rock conditions not 
accounted for in the analysis may r e su l t in some local f a i lu re . 

The s t resses around grani te or basa l t excavations are limited to no 
greater than one-half of the rock mass strength to ensure that no minor ins ta 
b i l i t i e s occur. If any minor fa i lu res were to occur, they would probably take 
place ins t an t ly and give r i se to addi t ional and larger fa i lures before repair 
could be made. 

Shale 1 J weaker and more duct i le than granite and basa l t . Engineered 
supports may be required to construct excavations and assure s t a b i l i t y . With 
pioper and continuous support, the s t rength/s t ress r a t i o of the perimeter of 
tne opening may be less than 2 out should be greater than 1.0 within a 1.5 m 
sKin around the excavation. 

To ensure p i l l a r s t a b i l i t y , the average s t ress across th mid-height of 
the p i l l a r should be less than one-half of the uniaxial compressive s t rength. 
This c r i t e r i o n was established from past mining experience in hard rocks 
(Jaeger and Cook, 1979). If the edges of the p i l l a r are subjected to s t resses 
greater than one-haIf of i t s rock mass s t rength, reinforcement ot the excava
tion sidewalls is requi red to maintain the in t eg r i ty of the p n ' a r . 

4.1.1 .3 Far-field criteria 

On the regional scale i t is necessary to l imit the surface uplift over 
'.he reposi tory cen t e r lme . A number of modeling studies have shown that 1.2 
to 1.5 m would be the ma xi muni up l i f t to be expected -jver a repos l tory in domed 
s a l t (DOU, 19b0a). This range ot surface up l i f t was obtained by l inear tr.ermo-
mechanical expansion studies for a 37-W, in2 (1 50-kW/acre) reposi tory. In tne 
same study, simi lar calculat ions for granite and basal t for loadings of <4 7 W/ n>.2 

(190 kW/acre) and foi shale for 30 W/m2 (120 kW/acre) show less than 0.4 n of 
suiface u p l i f t . This l imit is one that must bt; evaluated at a specif ie s i t e , 
since the ef t ec t s of tne rock mass movement OP. the hydrology and yeology of 
the region wi l l vary according to the s i t e . 

To avoid problems with the biota (both flora ard fauna}, the temperature 
r i s e should be lesc than 0.5°C at the repository center lme surface. This is 
also s i t e spec i f ic . 
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The temperature r i s e in aquifers i s limited to less than 6°C to prevent 
thermal pollution in the region overlying the reposi tory . There have also 
been proposals to l imi t the temperature r i s e in stagnant aquifers 30 and 90 m 
deep to 8° and 28°C, respect ively . This l imi t must be re-evaluated for each 
specif ic s i t e because -,.t var ia t ions in geohydrologic and geochemical condit ions. 

4.1.2 Repository Thermal Load Limits Based on Thermal Cr i te r ia 

In the DOE l i t e r a t u r e , a seven-step i t e r a t i v e procedure has been employed 
using the above thermal c r i t e r i a to determine acceptable therma1 loads for a 
conceptual reposi tory . The local areal thermal load is f i r s t adjusted so that 
room-and-pillar s t a b i l i t y i s maintained during a readily re t r i evab le period of 
at l e a s t five years. For t-aprocessed HLWr the canis ter load is kept low 
enough to stay within the very-near-fie.ld l imits of Table 4 .1 . Calculations 
are then made to ensure that the f a r - f i e ld thermal and surface upl i f t c r i t e r i a 
are f u l f i l l e d . In these ca lcu la t ions , reasonable estimates rfere made for the 
proper t ies of the engineered bar r ie rs and geologic formations. Severr.l simpli
fying assumptions were also made: (1) the repository i s loaded simultaneously 
and instantaneously, (2) the presence of water i s neglecte^, and (3) only the 
spent fuel (once through) and U + Pu HLW ( to t a l recycle) fuel cycles are con
sidered. The resu l t s are tabulated in Table 4.2. The thermal load l imit and 
i t s cont ro l l ing thermal c r i t e r i o n are given for each scale of operation and 
for each type of the four geologic media selected as possible repository envir
onments. (Par t icular a t ten t ion should bn given to the notes below Table 4.2.) 
The age of the spent fuel and reprocessed HLW are assumed to be 6.5 years . 

The thermal load l imits given in the table for v i t r i f i ed HLW are widely 
accepted values for the canis ter loading in each qeologic media. The areal 
thermal loading l imits are dominated mainly by the c r i t e r i a for room closure, 
with the exception of s a l t . The parameter of surface up l i f t i s strongly re 
s t r i c t i v e for spent fuel in s a l t because the addi t ional heat generated by i L 
ac t in iaes operates over the long term. Thus, in a spent fuel repository in 
s a l t , a thermal loading of 15 W/m2 (60 kW/acre) i s needed to control the 
surface up l i f t in the f a r - f i e ld . 

Some addi t ional adjustments have been applied to the above figures on the 
basis of engineering and operat ional cons t ra in t s . In order to ensure a conser
vative estimate of repository capacity, design areal thermal loadings were 
taken at two-thirds of the value of Table 4 .2 . Moreover, assuming 6.5-year-
old waste rather than 10-year-old waste provided an addit ional degree of 
conservatism, since the thermal c r i t e r i a were based on 10-year-old waste with 
lower thermal output. The resu l t ing thermal loadings are given in Table 4 .3 . 
In each case an as te r i sk denotes the l imiting thermal parameter for the gi ven 

iding and emplacement medium. 

From the table i t i s apparent that in nearly a l l cases, the near-f ie ld 
i. luc tu ra l l imi ta t ions are the l imit ing parameters. For spent fuel in s a l t , 
as previously mentioned, the fa r - f i e ld c r i t e r ion of surface u p i n t i s the 
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Table 4 .2 . Thermal Load Limits for Conceptual Repository Designs. 

Tnermal Load Limit (control l ing f a c t o r ) 9 

Sal t Granite Basalt Shale 

Canister Limits During 
Retr ieval Period (kvDb 

V i t r i f i e d g l a s s HLW 3 . 2 ( A ) 1 . 7 ( A ) 1 . 3 ( A ) 1 . 2 ( A ) 

C a l c i n e d HLW 2 . 6 ( A ) 1 . 6 ( A ) 1 . 1 ( A ) 1 . 1 ( A ) 

Near-Field Local Areal Thermal 
Loading Limits (W/m 2) c 

5-year r e t r i e v a l - HLW 37(B) 47(B) 
5-year retrieval - SF e 47(B) f 

Far-Field Average Repository 
Thermal Loading Limits (W/m 2) a 

HLw 3 7 ( C ) 4 7 ( B ) 

SF 1 5 ( C ) 4 7 ( B ) 

4 7 ( b ) 

47 (B) 

4 7 ( B ) 

4 7 ( B ) 

3 0 ( B ) 

4 7 ( B ) f 

30(B) 

30(B) 

Controll ing fac tors : A = canister temperature l imi t , 
c = ear th surface u p l i f t . 

(1 JE, 1 9:0a) 

= room closure. 

D Analysis assumes 15-cm annulus of crushed rock around waste package. 
c Area includes rooms and adjacent p i l l a r s , but not corr idors , but t ress 

p i l l a r s , and receiving a reas . To convert to kw/acre, multiply by 4.05. 

Area includes storage area for waste, including corridors and vent i la t ion 
d r i f t s , but does not include area for shafts or storage areas for other 
waste types if separate . To convert to kw/acre, multiply by 4.05. 

e In s a l t , the emplacement of spent fuel and HLW with plutonium i s con
t r o l l e d by the more r e s t r i c t i v e 15 W/m2 (60 kw/acre) fa r - f i e ld thermal l imi t . 
Otherwise the near-f ie ld l imit would be 37 W/m2 (150 kw/acre). 

In order to maintain spent fuel cladding temperatures within the 300°C 
l imi t with these areal thermal loadings, the annulus around the canister is 
l e f t open (no oack f i l l ) . Heat is t ransferred across th is air space more 
reaai ly than through crushed backfi l l material and resul t s in cooler canis
ter and cladaing temperatures. 
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Table 4.3. Thermal Loading! Achieved at Conceptual Repositories. 

Cycle Thermal Loading at Emplacement Salt Granite Basalt shale 

Once- PWR 
through k w / c a m s t e r 

N e a r - f i e l d l o c a l (W/m 2 ) a 

F a r - f i e l d average ( « / m 2 ) a 

BWR 
kW/canister 
N e a r - f i e l d l o c a l <w/m 2 ) a 

F a r - f i e I d average ( w / m 2 ) a 

CJ and Pu HLW 
Recycle kW/canister 

N e a r - f i e l d l o c a l ( w / » 2 ) a 

F a r - f i e l d average ( w / m 2 ) a 

RH-TRU ( h u l l s ) 
k w / c a n i s t e r 
N e a r - f i e l d l o c a l (W/m 2 ) a 

F a r - f i e l d average (W/m 2 ) a 

To conver t to kw/acre, mul t ip ly by 4 . 0 5 . 

Denotes l i m i t i n g thermal parameter. 

r e s t r i c t i o n . The conceptual des igns cons ider both PWR and BWR c a n i s t e r s 
i n the spent f u e l r e p o s i t o r y and both reprocessed HLW and remotely handled 
transuranic waste (RH-TRU) for the r e c y c l i n g opt ion r e p o s i t o r y . In the case 
of BWR i n s h a l e and RH-TRU i n n o n s a l t media, s t r u c t u r a l l i m i t a t i o n s on c a n i s 
ter placement l i m i t thermal loading . 

These t a b l e s demonstrate the use of thermal c r i t e r i a in e s t a b l i s h i n g 
des ign l i m i t s for a nuclear waste r e p o s i t o r y . 

0.72 0.72 O.""1 0.72 
12 32* 32' 20* 
10* 25 25 16 

0.22 0.22 0.22 0.2 2 
12 32* 32* 14 
10* 25 25 11 

3 . 2 1.7 1.3 1.2 
25* 32* 32* 20* 
19 23 23 5 

0.32 0.32 0.32 . 3 2 
25* 23 19 
19 17 15 8 

(DOE, 1980a) 



88 

4 .2 COMMENTS AND SUGGESTIONS IN THE LITERATURE CONCERNING THE EXISTING 
THERMAL CRITERIA 

Many comments and sugges t i ons have been ra ised c o n c e r n i n g t h e e x i s t i n g 
thermal c r i t e r i a . These comments are found both in the o r i g i n a l research 
r e p o r t s from which the c r i t e r i a were drawn and in s i m i l a r s t u d i e s or l a t e r 
p u b l i c a t i o n s i n which they were reviewed. They have been c o l l e c t e d and summa
r i z e d here to help eva lua te the current s t a t u s of thermal c r i t e r i a f o r n u c l e a r 
waste r e p o s i t o r i e s . 

4 .2 .1 Very-Near-Fie ld C r i t e r i a 

The canister and waste forms have cha rac t e r i s t i c thermal p roper t i e s . In 
the very-near-fielo. sca le , they have led to the c r i t e r i a l imits in Table 4 . 1 . 

The l imi t of 500°C for HLW glass was determined on the assumption that 
the reprocessed HLW and plutonium are embedded together in the g lass . Jenks 
(1977) noted that above the softening temperature (a few degrees above 500°C), 
plutonium and other heavy metal phases might separate and migrate. The 1977 
EPA report gave a figure of 600°C based on e a r l i e r work. Approximately 50% of 
the plutonium wouid form a separate phase in the glass if i t were above the 
sof tening temperature, since the so lub i l i ty of plutonium in HLW glass may be 
only about 2% by weight. I t should be noted, however, tha t separate storage 
of plutonium i s commonly considered to be the most l ikely scheme for the 
uranium-only recycle case. 

The canister temperature l imit is also se t by Jenks (1977). He c i t es 
previous research in wnich recommended maximum temperatures for aus ten i t i c 
s t a in l e s s s t ee l ranged from 277°C to 427°C (Mecham e t a l . , 1976; Atlantic 
Richt ield Hanford Company ana Kaiser Engineers, 1977). These temperatures 
were modeled for 100-year re t r ievable storage in a i r , whereas Jenks assumed 
5-year re t r ievable storage for HLW and 25 years for SF. He chose 375°C as a 
reasonable figure, part ly because the canis ter should be at the maximum tem-
pe rature for only about one year. Retrievable storage for longer periods or 
long-tern containment of radionuclides by waste packages, as would be required 
by NkC's proposed regulation 1U CFK Part 60, may require a closer examination 
of the temperature l imi ts for the canister mater ia l . 

The l imi t on maximum fracture of nonsalt rock raises further problems re 
lated to the presence or absence of a canister backf i l l . The conceptual waste 
package is frequently described as a canister with sleeve surrounded by a 
backfl11 tha t may include materials for sorption of radionuclides, inhib i t ing 
water invasion, e t c . (EPA, 1977; DOE, 1979b, 1980a; Klmgsberg and Duguid, 
1980). However, such a crushed-rock zone is l ikely to have a thermal conduc
t i v i t y an order of magnitude lower than that of solid rock, which could lead 
to unacceptabiy high canister wall temperatures. Lowry et a l . (1980) have 
discussed the possible dangers of a crushed-rock armulus, whether from back
f i l l or decrepi ta t ion . They stated that crushes rock should be avoided because 
of i t s effect on canister temperatures av: that even a sleeve could have a 
de le te r ious ef fec t . 
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The rock temperature range (250-350°C) i s a very general l imi t . For 
example, one report suggested a maximum temperature of 500°C to l imit decrep
i t a t i o n of basal t (Kaiser Engineers e t a l . , 1980). For s a l t , some samples 
showed decrepi ta t ion in the 260-320°C range, but samples from another location 
heated to 400°C produced no decrepi ta t ion {Russell, 1979). The s ta ted c r i t e r 
ia a t l ea s t provide a conservative l imi t , with the provision that the proper
t i e s of the host media should be determined for the proposed reposi tory s i t e . 

Although u i n e migiaiion in to the v ic in i ty of 'Jie waste canister has been 
extensively studied for s a l t formations (Project Sal t Vault, WIPP s a l t block, 
Avery Is land, Asse s a l t mines) and the corrosion effects of hot brine on can
i s t e r and waste have been generally recognized, the exis t ing thermal c r i t e r i a 
on waste and canis ter i n t eg r i t y do not exp l i c i t l y take these thermochemical 
effects in to account. Both thermal s t r e s s rupture and chemical corrosion over 
long periods of time must be considered for be t te r thermal c r i t e r i a in the 
very-nea r - f i e l d . 

' 4.2.2 Near-Field Criteria 

Cheverton and Turner (1972) proposed two temperature l imits for repos i 
t o r i e s in s a l t . One was tha t temperatures should not be allowed to exceed 
250CC in more than 1% of the s a l t within the boundaries of the waste canis ter 
array; th i s would control p l a s t i c flow in the immediate vic ini ty of the can
i s t e r . This local c r i t e r ion can be achieved by appropriate canister thermal 
loading (EPA, 1977). The other l imit was that approximately 25% of the s a l t 
between canis ters should oe kept below 2 00DC. Concern for room collapse and 
the breakage of shale layers above the canis ters led to the adoption of th is 
limit.. The EPA report (1977) real ized tha t collapse is a thermomechanical 
matter concerning repository excavation design and involving s a l t mechanics 
considerat ions in addition to a general thermal l imi t . Russell (1979) a lso 
recognized thi s and accounted for d i f ferent design configurations in his study. 
He formula ted his collapse cr i terion as a room closuie less than 10-15% of the 
or igi nal room opening ra ther than a mere tempera cure l imit . 

For hard rocks, the near-fie Id c r i t e r i a are framed in terms of s t rength-
to-H tres.3 ra t ios (safety factors) for room stabi l i t y based on the GEIS s tudies 
(Dames and Moore, 1978a). They have been supported by addit ional analyses in 
basa l t (Kaiser Engineers e t a l . , 1980). These c r i t e r . a were based on exper-
lence in mines not subject to thermal loading. Much ~iore work remains to be 
done to assess these c r i t e r i a ; the effects of heat in a fractured rock mediuir 
must be taken in tc account. Fractured media deform r. ->n linear ly, and the ade
quacy of thermoelastic analyses remain to be checked. 

4.2.3 Far-Field Cr i te r ia 

Only three stated fa r - f ie ld c r i t e r i a have found cceptance so far. The 
f i r s t i s the 1.2- to 1.5-m l imit on up l i f t over the r< pository. The EPA re 
port (iy77) points out the significance of this c r i t e ion. Geologic s t resses 
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cou ld cause a b r each of r e p o s i t o r y i n t e g r i t y . The NRC and Department of 
I n t e r i o r have commented t h a t a l t hough t h e " s e l f - h e a l i n g b e h a v i o r " of s a l t i s 
be ing r e l i e d on t o p r e s e r v e an impermeable s e a l between t h e r e p o s i t o r y and 
o v e r l y i n g a q u i f e r s by t h e DOE, such r e l i a n c e i s q u e s t i o n a b l e and has y e t t o be 
f u l l y and t ho rough ly i n v e s t i g a t e d (DOE, 1980a) . The w o r s t c a s e of t h e r m a l l y 
or mechan i ca l l y induced f r a c t u r e s a f f o r d i n g an e n t r y for wa t e r i n t o t h e s a l t 
has n o t been a d e q u a t e l y a d d r e s s e d . 

The 0 . 5 ° C - s u r f a c e - t e m p e r a t u r e l i m i t , chosen t o avo id problems wi th the 
u i o t a , a p p e a r s t o be r e a s o n a b l y a c h i e v a b l e (Chever ton and T u r n e r , 1972; Sc ience 
A p p l i c a t i o n s , I n n . , 1976; EPA, 1977) . 

The 6°C l i m i t on t e m p e r a t u r e r i s e i n f r e s h w a t e r a q u i f e r s a l s o a p p e a r s t o 
be a c h i e v a b l e (Chever ton and T u r n e r , 1972; Sc ience A p p l i c a t i o n s , I n c . , 1976; 
EPA, 1 9 7 7 ) . This c r i t e r i o n i s based on two l i m i t s of 8° and 28°C for a q u i f e r s 
30 and 90 m deep , which t h e Sc i ence A p p l i c a t i o n s , I n c . s tudy took irom the 
e a r l i e r r e s e a r c h by Chever ton and Turner ( 1 9 7 2 ) . These a r e the on ly thermohy-
d r o l o g i c c r i t e r i a a c c e p t e d so f a r . However, a q u i f e r s a t dep th s of 30 and 90 m 
a r e c l e a r l y w i t h i n the r e g i o n e a s i l y a c c e s s e d by man. The b a s i s fo r concern 
a b o u t s h a l l o w a q u i f e r s i s t h e e f f e c t of t he rma l p o l l u t i o n r a t h e r than r a d i o n u 
c l i d e t r a n s p o r t . The the rmohydro log ic e f f e c t s between a r e p o s i t o r y ( a t l e a s t 
460 m deep) and such a q u i f e r s (nea r the ground s u r f a c e ) i s no t c o n s i d e r e d in 
t h e s e c r i t e r i a . The problems of r a d i o n u c l i d e t r a n s p o r t th rough the g e o l o g i c 
s e t t i n g by t h e r m a l l y induced buoyancy flow have no t been a d d r e s s e d . Conse
q u e n t l y , t h e r e i s an i m p o r t a n t gap in t h e p r e s e n t s e t of e x i s t i n g the rma l 
c r i t e r i a . 

4 .3 RESEARCH NEEDS: CRITERIA CONCERNING RADIONUCLIDE TRANSPORT 

The p r imary conce rn of was te i s o l a t i o n i s t o l i m i t r a d i o n u c l i d e t r a n s p o r t 
trom t h e r e p o s i t o r y t o t h e a c c e s s i b l e e n v i r o n m e n t . The s a f e t y of underground 
o p e r a t i o n s i s a l s o of g r e a t i m p o r t a n c e , b u t i t i s g e n e r a l l y b e l i e v e d t h a t our 
s c i e n t i t i c knowledge and e n g i n e e r i n g e x p e r i e n c e , suppor t ed by i n t e n s i v e in 
s i t u t e s t i n g and m o n i t o r i n g , can p r o v i d e t h e n e c e s s a r y margin of s a f e t y and 
c o n f i d e n c e i n the r e p o s i t o r y o p e r a t i o n s . However, the long- t e rm p r e d i c t i o n of 
r l o n u c l i d e t r a n s p o r t th rough rock f o r m a t i o n s i s p lagued by the h igh degree 
ui u n c e r t a i n t y i n v o l v e a in t h e a b i l i t y t o c h a r a c t e r i z e the r e l e v a n t rock p r o p 
e r t i e s and the g e o l o g i c p r o c e s s e s t h a t a f f e c t t h e movement of r a d i o n u c l i d e s . 

The e x i s t i n g the rma l c r i t e r i a for r e p o s i t o r y env i ronmen ta l impacts a r e 
l i m i t e a i n scope and have only an i n d i r e c t b e a r i n g on r a d i o n u c l i d e t r a n s p o r t . 
Tnese c r i t e r i a s c a r c e l y touch upon the f a r - f i e l d h y d r o l o g i c reg ime, e x c e p t for 
one s u g g e s t e a t e m p e r a t u r e l i m i t for sha l l ow a q u i f e r s . The n e a r - f i e l d c r i t e r i a 
a d d r e s s t h e thermomechanica l s t a b i l i t y around the e x c a v a t i o n but no t the zones 
beyond t h e h e a t e d r e g i o n . The v e r y - n s a r - f i e l d c r i t e r i a for peak t e m p e r a t u r e s 
focus on p o t e n t i a l f a i l u r e soon a f t e r emplacement . That t h e e x i s t i n g the rmal 
c r i t e r i a l ack any b e a r i n g on r a d i o n u c l i d e t r a n s p o r t w i l l be d i s c u s s e d l a t e r in 
t h i s s e c t i o n . 
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4.3.1 Waste-Caniater In tegr i ty 

By l imit ing the peak temperatures of the waste, can is te r , and rock wall , 
the waste package could be ensured to remain i n t ac t during the maximum thermal 
impact, which occurs within decades after emplacement. However, once the peak 
temperature i s reached, the ra te of cooling iB much slower than the r a t e of 
heat ing. During the long periods of cooling, the migration of f luids through 
s a l t , tuff, and shale and the reflooding of nonsalt rocks via f ractures wi l l 
subject the can i s te r s to hos t i l e aqueous condi t ions. The major challenge for 
material s c i e n t i s t s i s to ensure the in teg r i ty of the waste package for a long 
period of time; i . e . , i t should be maintained for a t leas t 1000 years, as 
would be required by NRC's proposed regulation 10 CFR Part 60. After the 
breaching of the waste package, the controlled re lease factor of 10~ 5 must be 
maintained. I t i s clear tha t t h i s long-term waste-canis ter behavior depends, 
if not exclusively, a t l ea s t s ign i f i can t ly , on the thermal input. The ra te of 
corrosion of the waste canis ter i s expected to depend on the thermal environ
ment. Therefore, i t i s ideal to minimize temperatures to reduce the corrosion 
r a t e . I t is not c lear tha t the current thermal c r i t e r i a are conservative 
enough to meet these long-term goals. 

4.3.2 Rock Stress and Deformation 

The repository excavation could be ensured to remain open and safe for 
emplacement and/or r e t r i e v a l operations if the near- f ie ld c r i t e r i a for room 
closure in s a l t and the room-and-pillar s t a b i l i t y c r i t e r i a for nonsalt rocks 
are used. Beyond the heated region, however, tension zones ex i s t . As the 
heat slowly t ransfers away from the repository, the host rock wi l l undergo a 
tension-compression cycle. Rocks, especial ly fractured ones, are known to 
deform noniinearly and exhibi t hys teres is under cycl ic loading. Thus pathways 
could be created for waste migration. One means of control i s to ensure that 
tne host rock would return, as close as possible, to i t s or ig inal s ta te af ter 
the thermal pulse. To reduce the pos s ib i l i t y of weakening the rock and in
creasing the permeability from the repository outward during the thermal pulse, 
l imits would have to be placed on the allowable thermal loading. I t is not 
clear whetner the rock s t r e s s and deformation c r i t e r i a are suff ic ient to l imi t 
the a l t e r a t i o n of rock hydrologic propert ies beyond the excavation perimeter. 
Furthermore, most of the present thermomechanical analyses assume that the 
rock masses are thermoelastic. Thermoelastic analyses may not be suf f ic ien t 
to predic t the in s i tu behavior of fractured rock masses. If i t were deter
mined tha t long-term radionuclide migration should be controlled by means of 
thermal loading l im i t s , larger .safety margins could be necessary to ensure 
tnat the exis t ing fractures around the repository wi l l not be opened, new 
cracks wi l l not be created, and adsorption propert ies of the rock mass wi l l 
not be a l te red to allow radionuclides to escape. 

4.3.3 Hydrologic Disturbance 

The fa r - f ie ld c r i t e r i a for the surface upl i f t and temperature r i se are 
per ipheral to tne main concern: transport of water and radionuclides to the 
surface. 
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Concern about up l i f t over the reposi tory originated from the considera
t ion of po ten t ia l fracturing in the rock. For s a l t , especial ly domed s a l t , 
the thermal expansion of the s a l t block may lead to fracturing in the over
burden and opening of channels for shallow water to reach the s a l t formation. 
For hard rocks with smaller thermal expansion coef f ic ien ts , the up l i f t s are 
not regarded as a primary concern; i . e . , not serious enough to warrant l imi t 
ing the thermal loading. The up l i f t c r i t e r i a ind i rec t ly address the potent ia l 
per turbat ion of the hydrologic proper t ies of the rock formation, but not the 
perturbat ion of the movement of water and radionuclides. 

The l imi ts on the temperature r i s e in stagnant, shallow aquifers do not 
d i r ec t ly address the movement of groundwater e i t he r . These l imi ts mainly stem 
from an environmental concern over the effects of thermal pollut ion in near-
surface s o i l s . The issue of radionuclide t ransport from the repository to the 
access ible environment through the geologic se t t ing cannot be quantified by 
the temperature r i s e a t the surface. We have discussed the dependence of the 
thermohydrologic disturbance on the temperature r i s e over the whole rock for
mation rather than the local increase a t the surface. Thus even the far - f ie ld 
thermal c r i t e r i a lack a d i rec t bearing on the cen t ra l concern of radionuclide 
t ranspor t to the accessible environment. 
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5 . EFFECTS OF THE SURFACE COOLING PERIOD ON THERMAL IMPACTS 

For a g iven amount of w a s t e , a l o r g s u r f a c e c o o l i n g p e r i o d a l l o w s t h e 
s h o r t - l i v e d r a d i o n u c l i d e s t o decay and the h e a t power t o d e c r e a s e . In t h e 
Uni ted S t a t e s , 10 y e a r s has been r e g a r d e d as t h e s t a n d a r d c o o l i n g p e r i o d . 
The b a s i s f o r t h e c h o i c e of a 1 0 - y e a r c o o l i n g p e r i o d i s b r i e f l y d i s c u s s e d i n 
S e c t i o n 5 , 1 . With l o n g e r s u r f a c e c o o l i n g p e r i o d s , t h e v e r y - n e a r - f i e l d t emper 
a t u r e r i s e s around t h e was te c a n i s t e r w i l l be lower , a s shown i n S e c t i o n 5 . 2 . 
The e f f e c t s of s u r f a c e c o o l i n g on t h e n e a r - f i e l d t e m p e r a t u r e r i s e in t h e r e p o s 
i t o r y depend s e n s i t i v e l y on t h e was te d e n s i t y end t h e r m a l l o a d i n g schemes, a s 
d i s c u s s e d i n S e c t i o n 5 . 3 . There i s a growing c o i s e n s u s , e s p e c i a l l y i n t h e 
European c o u n t r i e s c o n s i d e r i n g permanent d i s p o s a l of r e p r o c e s s e d HLW, t h a t an 
e x t e n s i o n from 10 y e a r s t o 100 y e a r s of c o o l i n g t ime may be b e n e f i c i a l . Sec 
t i o n 5.4 d i s c u s s e s t h e t r a d e - o f f between a l onge r s u r f a c e c o o l i n g p e r i o d and a 
h i g h e r was te l o a d i n g d e n s i t y as de t e rmined by e x i s t i n g n e a r - f i e l d thermomech-
a n i c a l c r i t e r i a . S e c t i o n 5 .5 a d d r e s s e s t h e q u e s t i o n of t h e c o o l i n g p e r i o d and 
t h e r m a l l e a d i n g from t h e l o n g - t e r m , f a r - f i e l d p o i n t of v iew. 

5.1 ECONOMIC CONSIDERATIONS OF THE SURFACE COOLING PERIOD 

Temporary s t o r a g e of waste above ground a l l o w s h e a t g e n e r a t i o n r a t e s and 
r a d i a t i o n i n t e n s i t i e s to decrease , , thereby r e d u c i n g s u b s e q u e n t t r e a t m e n t and 
d i s p o s a l e x p e n s e s . However, the main tenance of s u r f a c e f a c i l i t i e s can be 
e x p e n s i v e . For r e p r o c e s s e d HLW, t h e c o s t of was te s o l i d i f i c a t i o n and w a s t e 
t r a n s p o r t a t i o n t o and from t h e p r o c e s s i n g s i t e depends on the w a s t e age ( D i l l o n 
e t i i ' t . , 1971) . The summation of t h e p r e d i s p o s a l and d i s p o s a l expenses as a 
f u n c t i o n of was te age a t b u r i a l was shown to have a minimum of 3 t o 10 y e a r s , 
and l i k e l y c l o s e r t o 10 y e a r s because of i n c r e a s e s in e s t i m a t e d expenses for 
the r e p o s i t o r y (Chever ton and T u r n e r , 1972) . Most of t h e subsequen t t he rma l 
a n a l y s e s have t aken t h e work of Chever ton and Turner as the benchmark and con
s i d e r e d 10 y e a r s as t h e op t ima l c o o l i n g p e r i o d . 

S e v e r a l f a c t o r s have s i n c e c o n t r i b u t e d t o t h e u n c e r t a i n t i e s of t h e e c o 
nomics of mined g e o l o g i c r e p o s i t o r i e s . One f a c t o r i s t h a t SF i s now b e i n g 
c o n s i d e r e d as a p o t e n t i a l was te form. C u r r e n t l y , most of t h e d i s c h a r g e d SF 
a s s e m b l i e s a r e s t o r e d i n c o o l i n g ponds a t r e a c t o r s i t e s . Away-f rom-reac tor 
s t o r a g e f a c i l i t i e s a r e b e i n g c o n s i d e r e d to accommodate t h e SF when the o n - s i t e 
c a p a c i t i e s a re s a t u r a t e d (DOE, 1979a, 1980a ) . With t h e de l ay in t h e r e p o s i 
t o r y s t a r t - u p d a t e s , t h e f r a c t i o n of o l d e r w a s t e s t o be emplaced i n the 
r e p o s i t o r y w i l l i n c r e a s e ( see S e c t i o n 3 . 1 . 5 ) . The was te form, the rmal l o a d i n g , 
and t ime d e l a y s a r e among t h e key v a r i a b l e s in d e t e r m i n i n g t h e expense of a 
r e p o s i t o r y . U n c e r t a i n t i e s in r e p o s i t o r y c o s t s a r e expec ted t o be q u i t e l a r g e 
( F o r s t e r , 1979) . 

The s e n s i t i v i t y of the expense of a r e p o s i t o r y t o i t s d e s i g n p a r a m e t e r s 
has been e v a l u a t e d in a number of r e c e n t s t u d i e s ( K a i s e r E n g i n e e r s , 1978b; 
S t e a r n s - R o g e r E n g i n e e r i n g C o . , 1979; DOE, 1 9 8 0 a , b ) . The c h o i c e s of rock t y p e , 
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t h e r m a l l o a d i n g , and r e p o s i t o r y s i z e a l l i n f l u e n c e r e p o s i t o i y c o s t s s i g n i f i 
c a n t l y . Table 5.1 g i v e s r e p r e s e n t a t i v e c o s t f i g u r e s for b a s a l t and g r a n i t e 
r e p o s i t o r i e s f o r each of two the rma l l o a d i n g s . The t o t a l expenses pe r r e p o s 
i t o r y d e c r e a s e wi th lower t he rma l l o a d i n g . However, und i scoun ted u n i t c o s t s 
i n c r e a s e s h a r p l y , i n d i c a t i n g t h a t the t o t a l c o s t r e d u c t i o n s ach ieved a r e no t 
i n p r o p o r t i o n t o t h e d e c r e a s e i n waste r e c e i p t s . Table 5.2 shows the e f f e c t s 
of tne r e p o s i t o r y s i z e on the expenses f o r domed s a l t r e p o s i t o r i e s . The t o t a l 
e x p e n s e s pe r r e p o s i t o r y a r e i n s e n s i t i v e t o r e p o s i t o r y s i z e . The u n d i s c o u n t e d 
u n i t c o s t s d e c r e a s e as s i z e i n c r e a s e s . 

Table 5 . 1 . E s t i m a t e d R e p o s i t o r y Expenses fo r Vary ing Thermal L o a d i n g s . 

25 W/m2 

B a s a l t 
10 W/tiT 25 W/m 

G r a n i t e 
2 10 W/mz 

(100 kw/ac re ) (40 kw/ac re ) (109 kw/ac re ) (40 kw/ac re ) 

C a n i s t e r s of SH' S to r ed 
MTHM S t o r e d 
R e p o s i t o r y Area , 
km 2 ( a c r e s ) 
MTHM/m2 (MTHM/acre) 
C a n i s t e r s / m 2 (per a c r e ) 
Years of O p e r a t i o n 
T o t a l Expense (MS) 
Undiscounted Uni t 
Cos t (S /kg ) 

400 ,000 
1 70 ,000 

160 ,000 
6 8 , 0 0 0 

400 ,000 
170 ,000 

160 ,000 
6 8 , 0 0 0 

8 .1 (2000) 8 .1 ( 2 0 0 0 ! 8 .1 ( 2000 ) 8 .1 ( 2000 ) 
0 .021 (85) 
0 . 0 5 (200) 

32 
3950 

2 3 . 2 0 

0 .0083 (34) 
0.02 ( 

14.9 
3150 

4 6 . 3 0 

0) 
0 .021 ( 8 5 ! 
0 .05 (200) 

32 
3940 

0 .0083 (34 ) 
0 . 0 2 (80) 

1 4 . 9 
3130 

(DOE, 1980c) 
Note : A l l expenses in 1980 d o l l a r s , u n e s c a l a t e d , u n d i s c o u n t e d . 

Table 5 . 2 . E f f e c t s ol S i z e on S a l t Dome R e p o s i t o r y Expenses . 

S t a n d a r d i z e d R e p o s i t o r y S ize 
4 . 9 km 2 8.1 km 2 11.3 km 2 

I tem (1200 a c r e ) (2000 a c r e ) (2800 a c r e ) 

Assumed Heat Loading W/m2 (kw/ac re ) 
C a n i s t e r s of S F S t o r e d 
MThM S t o r e d 
MTHM/m2 (MTHM/acre) 
C a n i s t e r s / m 2 ( p e r a c r e ) 
Years o t O p e r a t i o n 
T o t a l Expense (MS) 
Una i scoun ted Uni t Cos t s (S/kg) 

10 (40) 
9 6 , 0 0 0 
4 1 , 0 0 0 

.0083 (34 ) 

.02 (80) 
1 0 . 4 
2470 

60 .2 0 

10 (40) 
160,000 

68,000 
.0083 (34 ) 
,02 (80) 

14 .9 
2490 
3 b . 6 0 

10 (40) 
224 ,000 

9 6 , 0 0 0 
0083 (34 ) 
02 (80 ) 

19.5 
2850 
29.70 

Note : A i l expenses in 1980 d o l l a r s , u n e s c a l a t e d , u n d i s c o u n t e d . 
(DOE, 1980c) 
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The representative results given in Table 5.2 illustrate the sensitivity 
of repository expenses. It is important to point out that in the examples of 
economic analyses presented above, and in the repository design considerations 
discussed previously in Sections 3 and 4, the repository capacities are ex
pressed in terms of areal thermal loadings. The thermal loading values are 
referred to a fixed waste age. When wastes of different ages (cooling periods) 
are considered, the corresponding thermal loading values change drastically 
(see description in Section 5.2). If the economic analyses of repository de
sign based on 10-year-old wastes are used for different waste ages, the results 
must be carefully scaled to avoid nonconservative and erroneous conclusions. 
As will be shown in Sections 5.3-5.5, nonconservative conclusic- 0 could be made 
i f l o n g - t e r m , f a r - f i e l d e n v i r o n m e n t a l c o n s i d e r a t i o n s a re no t i n c l u d e d i n t h e 
economic a n a l y s e s and d e s i g n s t u d i e s . 

5.2 REDUCTION OF VERY-NEAR-FIELD THERMAL IMPACTS 

In t h e v e r y - n e a r - f i e l d , t he s h o r t - t e r m r i s e s in t e m p e r a t u r e around t h e 
was te c a n i s t e r s a r e very s e n s i t i v e t o the d u r a t i o n cf the s u r f a c e c o o l i n g 
p e r i o d . I f the s t r u c t u r a l i n t e g r i t y of the w a s t e package and emplacement 
b o r e n o l e i s t h e pr imary c o n c e r n , i t i s advan tageous t o a l low the h i g h l y a c t i v e 
waste e l e m e n t s to decay and the t e m p e r a t u r e to d e c r e a s e . 

5 .2 .1 Decay o t F i s s i o n P roduc t s 

R a d i o a c t i v e decay and n e u t r o n - i n d u c e d n u c l e a r r e a c t i o n s in t h e w a s t e e l e 
ments d e t e r m i n e t h e r a d i o a c t i v i t y and the h e a t g e n e r a t i o n r a t e of t h e s t o r e d 
w a s t e s . Table 5.3 shows t h e c o n t r i b u t i o n s from t h e p r i n c i p a l r a d i o n u c l i d e s to 
t h e h e a t power of SF 10 y e a r s a f t e r be ing d i s c h a r g e d from a PWR. The h e a t of 
1 0 - y e a r - o l d w a s t e i s r e l e a s e d mainly by the s h o r t - l i v e d f i s s i o n p r o d u c t s . The 
time dependence of the h e a t power between 10 and 100 y e a r s w i l l be de te rmined 
mainly by S r - 9 0 and Cs -137 , wi th h a l f - l i v e s of 28 and 30 y e a r s , r e s p e c t i v e l y . 

The main e f f e c t of a long s u r f a c e c o o l i n g p e r i o d i s to reduce t h e concen 
t r a t i o n of the s h o r t - l i v e d r a d i o n u c l i d e s . The h e a t r e l e a s e d by t h e l o n g - l i v e d 
i i c t i m d e s Pu-^3y , Pu -240 , and Am-241 w i l l no t be reduced s i g n i f i c a n t l y wi th 
the e x t e n s i o n of c o o l i n g from 10 y e a r s to 100 y e a r s . The composi t i o n of was te 
content , depends on the f u e l c y c l e s d i s c u s s e d in S e c t i o n 3 . 1 . 1 . Table Z. 4 sum-
ma r i z e s the hea t g e n e r a t i o n r a t e s f o r d i f f e r e n t was te ages and d i f f e r e n t f u e l 
c y c l e s from a given amount of waste (1 MTHM). Among the t h r e e f u e l c y c l e s , 
t h e r e p r o c e s s e d HLW wi th both U and Pu r e c y c l e d c o n t a i n s t h e h i g h e s t concen
t r a t i o n of f i s s i o n p r o d u c t s , and the SF c o n t a i n s the h i g h e s t c o n c e n t r a t i o n of 
a c n i n i d e s . The c o n t r a s t in the was te compos i t i ons among d i f f e r e n t f u e l c y c l e s 
must be c a r e f u l l y taken i n t o accoun t i n s t u d y i n g the e f f e c t s of d i f f e r e n t s u r 
f ace c o o l i n g p e r i o d s . 
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Table 5 . 3 . Radionucl ide Heat Generation Rates for 10 -year -o ld PWR SF. 

P r i n c i p a l Radionucl ides H a l f - l i f e ( years ) 

Heat Power 

W/MTHM * of T o t a l 

F i s s i o n Products 

Kr-85 
S r - 9 0 
Y-90 a 

Sb-125 
Cs-134 
Cs-137 
Ba-137 a 

Pr-144 a 

Pm-147 
Eu-154 

10.76 
28 

7.39 x 1 0 " 3 

2.7 
2.1 

30 
4.94 x 1 0 - 6 

3.29 x 1 0 " 5 

2.6 
16 

7. 
71 

330 
2. 

95 
89 

320 
1. 
2. 

50 

0.6 
6 

28 
0 .2 
8 
7 

27 
0.1 
0.2 
4.2 

Ac t imdes 

Pu-238 
Fu-239 
Pu-2'.O 
Pu-241 
Am-241 
Cm-244 
O t h e r s 

89 
2.4 x 
6.t> x 

13 
458 

18.1 

10 4 

10 4 

T o t a l 

73 
10 
15 
3.3 

59 
47 
14 

6.1 
0.8 
1 .3 
0.3 
5.0 
3.9 
1.2 

( A r b i t a l e t a l . , 1 979) 
S h o r t - l i v e d d a u g h t e r p r o d u c t s . 

Table 5 . 4 . I n i t i a l Heat G e n e r a t i o n R a t e s fo r D i f f e r e n t Waste Ages and Types . 

Heat Power (W/MTHM) 

Years after Discharge Spent Fuel PWR HLW: u + Pu Recycle HLW: No Recycle 

1 
2 
5 
10 
40 
100 

10430 
5640 
2011 
1 189 
625 
289 

11 542 
61 77 
225b 
1340 
540 
139 

10274 
5500 
1867 
1032 
431 
109 
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5.2.2 Decreases in Temperature Rise 

When heat power decreases, the temperature r i s e decreases. Figure 5.1 
i l l u s t r a t e s the sens i t ive dependence of the very-near-f ie ld temperature r i s e 
on the duration of the surface cooling period. The temperature r i s e s are for 
the point located a t 0.26 m from the canis ter axis in the midflane of a s ingle 
HLW can i s t e r measuring 0.162 m in diameter and 3 m in length and containing 
2.09 MTHM of waste. If the thermal in te rac t ion from neighboring can i s t e r s i s 
neglected, the very-near-f ield temperature r i ses in d i f ferent rocks are approx
imately proport ional to the inverse of the thermal conduct iv i t ies , and the 
times are scaled by the thermal di- j.usivi t i e s control l ing the heat conduction. 
The thermal proper t ies in Table 3.14 are used in the scaling in Figure 5 . 1 . 

The very-near-f ie ld temperature r i s e i s approximately proport ional to the 
can is te r emplacement heat power, which decreases sharply with surface cooling 
durat ion. The short cooling periods are therefore especial ly effect ive in 
lowering the very-near-f ield thermal impacts. By applying the very-near-f ie ld 
thermal c r i t e r i a (Section 4 .1) , the waste content in each reprocessed HLW can
i s t e r can be determined. For an SF canis te r containing one fuel assembly, the 
waste content (0.4614 MTHM for PWR, 0.1833 MTHM for BWR) i s lower than for a 
reprocessea HLW can i s t e r , and the very-near-f ie id temperature r i s e s around a 
single SF canis te r wi l l be lower than those shown in Figure 5 .1 . 

For a more concentrated SF can i s te r , the very-near-f ield temperature 
r i ses are correspondingly higher. Table 5.5 l i s t s the u n i t - c e l l r e su l t s of 
Altenbach {1978) for the maximum s a l t temperature around a concentrated SF 
canis ter containing 650 fuel rods (or approximately 3 PWR fuel assemblies) . 
{The area of the uni t c e l l occupied by one canister i s 5.5 m (18 f t ) by 23.8 m 
(78 f t ) . ) To show tha t the very-near-field temperature r i s e is approximately 

Table 5 .5 . Peak Sal t Temperature for Various Emplacement Times. 

Surface 
Cool ing Emplacement Maximum Temperature to Time of 
Pe r iod Power Tempera ture Power R a t i o Maximum 
( y e a r s ) ( k w / c a n i s t e r ) Rise ( ° C ) a (°C/kw) ( y e a r s J 

0 . 4 28 .8 5 1 0 18 0 .26 

1.4 11 .6 221 19 0 .46 

3 . 4 4.fa1 8 8 19 0 .59 

5 . 4 2.81 57 2 0 1 . 02 

a Ambient temperature 370c (98°F) was subtracted from the resul t s of 
Altenbach (1978). 
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Figure 5.1 Temperature r i s e at the borehole as a function of suriace 
cooling period. [XbL 817-3278] 
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p r o p o r t i o n a l t o emplacement power, t h e r a t i o of b o r e h o l e t e m p e r a t u r e r i s e t o 
i n i t i a l c a n i s t e r power i s a l s o i n c l u d e d i n Table 5 . 5 . The u n i t - c e l l r e s u l t s 
a l s o t a k e i n t o a c c o u n t t h e t he rma l i n t e r a c t i o n among n e i g h b o r i n g c a n i s t e r s . 
For c a s e s wi th h igh a r e a l w a s t e d e n s i t y and c l o s e c a n i s t e r s p a c i n g , the t h e r 
mal i n t e r a c t i o n i s an i m p o r t a n t f a c t o r i n d e t e r m i n i n g t h e maximum rock 
t e m p e r a t u r e . As a r e s u l t of t he rma l i n t e r a c t i o n , t h e t e m p e r a t u r e r i s e trom _ne 
combined c o n t r i b u t i o n of t h e c a n i s t e r a r r a y i s h i g h e r than t h a t i n d u e d by a 
s i n g l e c a n i s t e r . 

These a n a l y s e s i l l u s t r a t e t h a t the s e n s i t i v e t he rma l e f f e c t s near the 
w a s t e package a t s h o r t t imes a r e a p p r o x i m a t e l y p r o p o r t i o n a l to the emplacement 
h e a t power. With a long s u r f a c e c o o l i n g p e r i o d , t h e h e a t power a t emplacement 
d e c r e a s e s and the t e m p e r a t u r e r i s e d e c r e a s e s c o r r e s p o n d i n g l y . The p o t e n t i a l 
a d v a n t a g e of a long s u r f a c e c o o l i n g p e r i o d i s t o lower t h e l i k e l i h o o d of 
u n d e s i r a b l e t h e r m a l l y induced e f f e c t s such as c a n i s t e r c r a c k i n g and b o r e h c l e 
d e g r a d a t i o n , 

5 .3 WASTE DENSITY AND THERMAL LOADING 

If t h e was te c o n t e n t of each c a n i s t e r and t h e s p a c i n g between the c a n 
i s t e r s a r e f i x e d , i t i s obv ious t h a t l onge r s u r f a c e c o o l i n g w i l l reduce the 
t h e r m a l impac t a t a l l s c a l e s of o p e r a t i o n and over a l l t i m e s . However, e c o 
nomic c o n s i d e r a t i o n s may r e q u i r e t h a t the r e ; o s i t o r y d e s i g n t ake advantage ot 
t h e lower t he rma l impac t by u t i l i z i n g a more c o n c e n t r a t e d emplacement scheme. 
S e c t i o n s 5 . 3 . 1 - 5 . 3 . 3 d i s c u s s and compare t h e r e s u l t s of d i f f e r e n t l oad ing 
schemes . 

5 .3 .1 Loading a t C o n s t a n t Waste Dens i t y 

For a s t a n d a r d r e p o s i t o r y w i th 1 0 - y e a r - o l d SF s t o r e d a t a t he rma l l o a d i n g 
ot 10 W/m2 (40 KW/acre) , the c o r r e s p o n d i n g w a s t e d e n s i t y i s 0 .0083 MTHM/m2 

( 3 3 . 6 MTHM/acre). F igu re 5.2 i l l u s t r a t e s the dependence of the r e p o s i t o r y 
t e m p e r a t u r e i n c r e a s e on t h e s u r f a c e c o o l i n g p e r i o d i f t h i s was te d e n s i t y i s 
h e l d f i x e d . 

Each curve i n F i g u r e 5.2 has s e v e r a l peaks or bumps a t d i f f e r e n t t i m e s . 
The 1-year c o o l i n g cu rve shows t h i s s t r u c t u r e most c l e a r l y . These f e a t u r e s 
appea r o e f o r e 10 y e a r s and around 1 0 2 , 1 0 3 , and 1 0 4 y e a r s . The s h o r t - t i m e 
f e a t u i e s d i m i n i s h r a p i d l y w i th l o n g e r s u r f a c e c o o l i n g p e r i o d s . The e a r l i e r 
peaks o r i g i n a t e from the s h o r t - l i v e d r a d i o n u c l i d e s . The l o n g - l i v e d r a d i o n u 
c l i d e s c o n t r o l the l o n g - t e r m t h e r m a l impac t . Although t h e s u r f a c e c o o l i n g 
p e r i o d s d r a s t i c a l l y change t h e r e p o s i t o r y peak t e m p e r a t u r e , t h e r e p o s i t o r y 
w i l l n e v e r t h e l e s s have a s i g n i f i c a n t t e m p e r a t u r e r i s e above the ambien t fo r 
over 1 0 4 y e a r s , even for a s u r r a c e c o o l i n g p e r i o d of 100 y e a r s . 

The r e s u l t s i n F i g u r e 5.2 a r e c a l c u l a t e d wi th a uniform d i s k r e p o s i t o r y 
model i n g r a n i t e and s c a l e d t o o t h e r rock fo rma t ions by the i n v e r s e squa re 
r o o t of t he rma l c o n d u c t i v i t y - v o l u m e t r i c h e a t c a p a c i t y p r o d u c t s ( see E q u a t i o n 
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(A-6) in the Appendix), This scal ing i s exact if the heat power is a s ing le -
term exponential decay function. The small differences in the shapes of the 
temperature r i s e curves among d i f fe ren t rocks (see, for example. Figure 3.25) 
are neglected in the scal ing used in Figures S.2-5.7. 

If reprocessed HLW instead of SF i s stored with the same waste densi ty , 
extending the cooling time from 10 years to 100 years can lower the reposi tory 
temperature much more e f fec t ive ly . This is shown in Figure 5 .3 . Reprocessed 
HLW has most of i t s long-lived ac t in ides removed, and the repository tempera
ture can therefore return to ambient much fas t e r . If an effective h a l f - l i f e 
of 30 years i s assumed for the reprocessed wastes, a 40-year cooling wi l l r e 
duce the a c t i v i t y of 10-year-old waste by half and a 100-year cooling period 
wi l l lower the heat power of 10-year-old waste by a factor of 8. 

If the waste density i s fixed, the r e su l t s for both SF and reprocessed 
HLW ind ica te that surface cooling can lower the peak temperature a t early 
times. The long-term thermal impact depends on the act in ide content, which i s 
not sens i t ive to the duration of the surface cooling period. 

5.3.2 Loading a t Constant Emplacement Power Density 

x*i t h i s sect ion, we wi l l consider the same repos i to r ies but with a con
s tan t thermal power density instead of a constant waste density. Two reasons 
have prompted UR to present these r e s u l t s . F i r s t , the resu l t s of most eco
nomic analyses and reposi tory design studies are presented in terms of areal 
thermal loading. I t i s in t e res t ing to study the effects of surface cooling by 
t r ea t ing the familiar a rea l thermal loading (w/m2 or kW/aure) as a fixed 
parameter. Second, the very-near-f ield analys is discussed in Section 5.2 
ind ica tes tha t the r i ses in temperature around the waste package scale with 
emplacement heat power. If only the very-near-f ield impacts are considered, 
a constant neat power wi l l induce the same thermal impact, independent of the 
waste age. 

Figure 5.4 i l l u s t r a t e s the dependence of temperature increase on the 
surface cooling period of an SF repository with a constant emplacement power: 
density of 10 W/m2 (40 kW/acre). With the same emplacement power densi ty, the 
reposi tory temperature r i s e s do not stay the same with different cooling 
per iods . With longer cooling periods, the repository temperature increases . 
This anomalous trend is especial ly d r a s t i c for surface cooling periods chang
ing from 10 to 40 to 100 years. 

By imposing the same emplacement heat power densi ty, the 1 00-year-ola 
waste, with most of the shor t - l ived f iss ion products already decayed, wil l 
contain a subs tan t ia l ly larger amount of act inides per uni t acre. Therefore, 
the long-term tnermal impact increases accordingly. For reprocessed HLW, the 
anomalous difference between 10-year cooling and 100-year cooling is less 
d r a s t i c , as shown in Figure 5.5. 
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Unlike the very-near-f ield impacts which scale approximately with emplace
ment heat power alone, the near- f ie ld and fa r - f ie ld thermal impacts depend on 
both the i n i t i a l power and the subsequent time decay. Since the heat power 
decay depends sens i t ive ly on the waste content, the effects of surface cooling 
must be assessed for each different fuel cycle. 

5.3.3 Comparison of Different Loading Schemes 

The r e su l t s of Section 5.3.1 for constant waste density and the r e su l t s 
of Section 5.3.2 for constant power density are summarized in Figures 5.6 and 
5.7, r espec t ive ly . These resu l t s i l l u s t r a t e tha t en t i r e ly di f ferent conclu
sions can be made about the effects of surface cooling periods, depending on 
the parameters chosen and the waste type considered. Comparing the 10-year 
r e s u l t s with the 100-year r e su l t s leads to the following conclusions. 

• With constant waste densi ty , surface cooling reduces the thermal 
impacts s ign i f ican t ly for reprocessed HLW but modestly for SF. 

• With c o n s t a n t emplacement power d e n s i t y , s u r f a c e c o o l i n g i n c r e a s e s the 
t h e r m a l impac t s i g n i f i c a n t l y f o r SF b u t very modes t ly fo r r e p r o c e s s e d 
HLW. 

We emphasize t h e s e p o i n t s because the t h e r m a l l o a d i n g d e n s i t y has been 
t h e most f r e q u e n t l y used pa rame te r i n the l i t e r a t u r e . The r e l a t i o n s h i p b e 
tween t h e r m a l l o a d i n g and w a s t e d e n s i t y has been r e c o g n i z e d i m p l i c i t l y -n some 
of the l i t e r a t u r e . We hope t h a t the above e x p l i c i t comparison w i l l c a l l a t t e n 
t i o n t o t h i s s imp le b u t i m p o r t a n t d i f f e r e n c e . 

5.4 OPTIMIZATION OF WASTE LOADING WITH NEAR-FIELD CRITERIA 

Waste l o a d i n g d e n s i t y i s one of t h e key p a r a m e t e r s i n t h e d e s i g n of a 
r e p o s i t o r y . N e a r - f i e l d thermomechanica l c r i t e r i a have been used t o d e t e r m i n e 
t n e o p t i m a l w a s t e l o a d i n g d e n s i t y f o r 1 0 - y e a r - o l d w a s t e s ( s e e S e c t i o n s 3 . 5 . a 
and 4 . 1 . 2 ) . With l o n g e r s u r f a c e c o o l i n g p e r i o d s t o lower t h e h e a t power p e r 
u n i t w a s t e , i t seems l o g i c a l t o a l low a more c o n c e n t r a t e d was te l o a d i n g scheme. 
S e c t i o n 5 .4 .1 d i s c u s s e s the a l l o w a b l e was te l o a d i n g d e n s i t i e s based on t h e 
t e m p e r a t u r e r i s e c r i t e r i a . In S e c t i o n 5 . 4 . 2 , t he e x i s t i n g thermomechanica:,. 
c r i t e r i a fo r d i f f e r e n t rock types a r e used t o e x t e n d the d e s i g n d e n s i t i e s f o r 
1 0 - y e a r - o l d w a s t e s t o o l d e r w a s t e s . 

5 . 4 . 1 Al lowable Loading w i t h N e a r - F i e l d Tempera ture C r i t e r i a 

In t h e c l a s s i c a l c o n c e p t u a l d e s i g n s tudy fo r s a l t , Chever ton and Turne r 
(1972) used the 1* and 25* s a l t t e m p e r a t u r e c r i t e r i a t o de t e rmine t h e maximum 
p e r m i s s i b l e l o a d i n g d e n s i t y . Between t h e c a r . i s t e r s , no more than 1% of t h e 
s a l t was a l lowed t o have a t e m p e r a t u r e above 250°C and no more than 25% of the 
s a l t was a l lowed t o have a t e m p e r a t u r e above 200°C. The r e s u l t s f o r a room 
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4.6 m wide are shown in Figure 5.8. The resu l t s were calculated with 1-, 4 - , 
and 10-year-old reprocessed HLW and extrapolated to 100 years on the assump
t ion that the effect ive ha l f - l i f e of the waste i s 30 years . (A constant half-
l i f e r e su l t s in a constant maximum permissible emplacement power leve] per 
waste package.) For a waste age of less than 4 years , the 1* s a l t c r i t e r ion 
(very-near-f ie ld) becomes l imiting and the permissible loading depends on the 
pitch along a canis ter row. For older wastes, the 25% s a l t c r i t e r ion (near-
f ie ld) determines the loading. 

For older wastes with near-f ie ld instead of very-near-f ield c r i t e r i a 
cont ro l l ing the permissible loading densi ty, we could use a simpler mcdel that 
assumes a uniform waste loading to ca lcula te the maximum repository tempera
ture and determines the allowable waste dens i t ies accordingly. For example. 
Table 5.6 i l l u s t r a t e s the acceptable waste density and the corresponding 
thermal loading in granite if a 47°C cemperature r i s e l imit is imposed as a 
c r i t e r i o n . The 47°C temperature r i s e i s specified frr a grani te repository 
containing 10-year-old spent fuel loaded a t a thermal density of 10 W/m2 

(40 kW/acre). With longer surface cooling, i t i s E iown that the same reposi
tory can accommodate more waste, but only if emplacement power density is 
lower. 

Tne maximum reposi tory temperature determines the thermomechwiical s tab
i l i t y ot the mined repos i to r i es . In the current thermal design c r i t e r i a for 
d i f fe ren t rock types, the maximum allowable temperature-rise l imi ts are r e 
placed by thermomechanical c r i t e r i a . The resu l t s of the extens ion of thermo-
mechanical analyses for 10-year-old wastes to older wastes are discussed in 
the next sect ion. 

Taole 5.6. Waste Density and Thermal Loading for Repository Ter.iperaf»-e Rise 
of 47°C in Granite. 

Spent Fuel Reprocessed HLW 

S u r f a c e Coo l ing 
P e r i o d ( y e a r s ) 

MTHM/m2 

(HTHrt/acre) 
W/m2 

(kW/acre) 
MTHM/m2 

(MTHM/acre) 
W/m2 

(kW/acre) 

10 0.0083 
(33 .6) 

10.0 
(40) 

0.0117 
(47 .2) 

12.0 
(49) 

40 0.0118 
(47.7) 

7.4 
(30) 

0.0240 
(97 .2) 

10.3 
(42) 

1 0 0 0.0142 
(57 .5) 

4.1 
(17) 

0,0921 
(373) 

10.1 
(41) 
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5.4,2 Allowable Waste Density with Near-Field Thermomechanical Cr i t e r ia 

The exist ing thermomechanical c r i t e r i a are expressed in terms of s t r a in 
of room closure for s a l t and s t r eng th - to - s t r e s s r a t io s for hard rock reposi
to r i e s (shown e a r l i e r in Table 4 .1) . Imposing these exist ing c r i t e r i a on 
older wastes enables allowable waste dens i t i es to be determined. The s a l t and 
nonsalt analyses are discussed in the following two subsections. 

5.4.2.1 Reduction of s t r a i n for room convergence in s a l t 

Room convergence in s a l t mines depends on the temperature, p i l l a r s t r e s s , 
and time. In Project Sal t Vault (Bradshaw and McClain, 1971), the resul t s of 
model p i l l a r t e s t s of rock s a l t from the Lyons mine were f i t t ed with an analy
t i c formula called Lomenick's formula (see Appendix, Section A.2). I t has 
been used in the NWTS conceptual designs for domed and bedded s a l t (Kaiser 
Engineers, 1978a,b; Stearns-Roger Engineering Co., 1979) and in the NWTS con
ceptual reference repository descript ion (Bechtel, 1981). In th i s section we 
extend the NWTS r e su l t s for 10-year-old wastes to older wastes. 

The WWTS reference s a l t repository contained 10-year-ola wastes emplaced 
a t 37 W/m2 (150 kW/acre) a t 640 m (2100 f t ) depth with an average p i l l a r 
s t r e s s of 14.5 MPa (2100 p s i ) , The waste storage rooms were 6.1 m (20 ft) 
wide and 4.8 m (15 f t 9 i n . ) high. After 5 years, however, the roof height 
had shortened by 0.23 m (9 i n . ) . Older wastes stored in the same room and a t 
the same waste emplacement density have a lower average temperature r i s e a t 
5 years , thereby reducing the cumulative room convergence (Fig. 5 .9) . If 
0.23 m of room convergence (5% l inear s t r a in ) i s acceptable for safe opera
t ions in the reposi tory, the waste emplacement density can be increased. The 
allowable waste dens i t i es and the corresponding thermal densi t ies are tabula
ted in Tables 5.7 and 5.8 along with the resu l t s for hard rocks, discussed in 
the following subsection. 

5.4.2.2 Reduction of s t r eng th - to - s t ress ra t ios in g ran i te , basa l t , and shale 

The s t r e s s f ie lds around a room 1n hard rncks such as grani te , basa l t , 
and shale depend on the temperature, the in s i t u s t r e s s f ie ld , and the change 
in load due to excavation (see Section 3 .5 .2) . The thermomechanical s t a b i l i t y 
l imi t s for mined repos i tor ies in hard rock were established in tha GEIS study 
(Dames and Moore, 1978a; DOE, 1979b). These near-f ie ld c r i t e r i a determine the 
r.epository loading density of 10-year-old wastes (see Section 4 .1 .2) . 

The near- f ie ld thermomechanical c r i t e r i a are expressed in terms of 
s t r e r ig th - t c - s t r e s s r a t i o s , as shown ea r l i e r in Table 4 . 1 . The repos i tor ies 
contain 10-year-old wastes stored a t a thermal power density of 47 W/m2 (190 
kW/acre) in grani te ana basa l t and 30 W/m2 (120 kW/acre) in shale. At 5 years 
af ter waste emplacement, the sum of the thermally induced s t r e s s and the exca
vation-induced s t r e s s within 1.5 m of the openings is half the magnitude of 
the rock strength for granite and basal t and equal to the rock strength for 
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Table 5.7. Allowable Waste Density Determined by the Near-Field Thermomechanical C r i t e r i a . 

C o o l i n g 
l y e a r s ) 

S a l t G r a n i t e B a s a I t S h a l a 

Su r face 
Pf r i o d 1 

C o o l i n g 
l y e a r s ) 

SF 
MTHM/m2 

(MTHM/acre 

HLW 

) 

SF 
MTHM/m2 

(MTHM/acre 

HLW 

) 

SF 
MTHM/m2 

(MTHM/acre 

HLW 

) 

SF 
MTHM/m2 

(MTHM/acre 

HLW 

) 

1 0 0.0311 
(126 .0) 

0 .0359 
(145.2) 

0 .0394 
(159 .b) 

0 .0454 
(183 .9) 

0 .0394 
(159 .6) 

0 .0454 
(183 .9) 

0 .0249 
(100 .8 ) 

0 .0287 
(116 .1) 

4 0 0.0534 
(216.1) 

0 .0713 
(288.7) 

0 .0797 
(322 .5) 

0.1 173 
(474 .6) 

0.0699 
(282 .7) 

0.1011 
(409 .2 ) 

0.0441 
(178 .5) 

0.0639 
(258 .4) 

100 0.078b 
(318.2) 

0.1 112 
(450.0) 

0 .1759 
(711.8) 

0.4799 
(1942) 

0 .1478 
(598.1) 

0 .3966 
(1605) 

0 .0933 
(377 .8 ) 

0.2505 
(1014) 

Table b .8 . Allowable Thermal Loading Density Determined by the Near-Field Thermomechanical C r i t e r i a . 

Surface Cooling 

S a l t G r a n i t e B a s a l t S h a l e 
SF 

W/m 2 

( k w / a c r e 

HLW 

) 

= F 
W / m 2 

( k w / a c r e 

HLW 

) 

SF 
W/m 2 

( kW/ac re 

HLW 

:) 

SF HLW 
W/m 2 

( k w / a c r e ) 

37 
(150) 

37 
(150) 

47 
(190) 

47 
(190) 

47 
(190) 

47 
(190) 

30 
(120 ) 

30 
(120) 

33 
(135) 

31 
(124) 

50 
(201) 

51 
(204) 

44 
(177) 

44 
(176 ) 

28 
(111) 

28 
(111) 

23 
(92) 

12 
(49) 

51 
(205) 

52 
(212) 

43 
(173 ) 

43 
(175) 

27 
(109) 

27 
(111) 
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shale . Older wastes Btored a t the same waste emplacement density have a lower 
average temperature r i s e af ter 5 years, ai.a the thermally induced sL^^b io 
l ess (Fig. 5.10}. The temperature r i s e s a t the end of 5 years are used to 
determine the s t ress values. If the same s t r eng th - to - s t r e s s r a t i o c r i t e r i a 
can be used for older wastes to ensure mine s t a b i l i t y , the waste emplacement 
densi ty can be increased to accommodate more Wu^tes in the reposi tory, as 
shown in Table 5.7. The temperature dependence of the rock strength is taken 
in to account. The corresponding thermal loading dens i t i es are less sens i t ive 
to the surface coolirg period, as shown in Table 5.8. 

5.4.2.3 Increase of waste emplacement density 

The r a t io s of allowable waste dens i t i es of older wastes (tabulated in 
Table 5."?) t o the values of 10-year-old wastes are i l l u s t r a t e d in Figure 5.11. 
I t shows tha t older wastes could be emplaced a t more concentrated dens i t i e s . 
These r e su l t s are based on the assumption tha t the near-f ie ld thermomechanical 
c r i t e r i a developed for 10-year-old wastes are acceptable independent of the 
surface cooling period. For reprocessed HLW wit1-, a small thermal contribution 
from the long-lived ac t in ides , these conclusions may be val id . However, for 
spent fuel r epos i to r i e s , the long-term, fa r - f i e ld effects could become the 
l imi t ing considerat ion. This i s discussed in Section 5.5, 

Figure 5.11 also shows that the increase in allowable waste density i s 
moaest for s a l t compared to the r e su l t s for hard rocks. For s a l t , the increase 
in allowable waste density grows a t a slower ra te for the longer surface cool
ing times. Thus the option of a longer surface cooling period may be less 
a t t r a c t i v e for s a l t than for hard rock r epos i t o r i e s . The difference in the 
form of the curves for s a l t and for hard rocks r e su l t s mainly from the d i f fe r 
ent thermomechanical behaviors assumed in the analyses. For s a l t , the p l a s t i c 
creep s t r a in i s proportional to ( T ^ ^ + ^T)9*5, where T a mj-, i s the ambient 
temperature in kelvins and "T J.S the waste-induced temperature r i s e (see 
Lomenick's formula in the Appendix, Section A.2). For hard rocks, thermoeias-
t i c i t y i s assumed for the s t r e s s changes, and the thermally induced s t r e s s i s 
proport ional to ^T. As longer surface cooling periods lower the temperature 
r i s e , i*T, the nonlinear temperature dependence of the creep for s a l t shows less 
s e n s i t i v i t y to UT, r e su l t ing in a smaller increase in allowable waste densi ty. 

The thermoelast ic i ty assumed for hard rocks may be oversimplified in view 
of the po ten t ia l nonlinear contr ibut ions from the presence of f r ac tu res . Addi
t iona l research beyond the scope of th i s report i s required to study the ther 
momechanical behavior of fractured rock masses. The temperature dependence of 
the e l a s t i c constants are also not taken in to account in the ca lcu la t ions . 
The dependence of rock strength on temperature, however, i s taken in to account. 
Within the temperature range of i n t e r e s t for these calculat ions (below 120°C 
or 250°F), granite exhibi ts a noticeable change in rock strength with tempera
ture , whereas the basa l t and shale strengths are almost temperature independent 
(Dames and Moore, 1978a). For cooling periods of 10 to 100 years, th i s gain 
in s t rength witn lower temperature permits an approximate increase of 20% in 



114 

30 

25 

20 

o 10 
E 

i r 
Basalt 

Thermally Induced Stress 
5 years after emplacement 
— Spent Fuel 

Reprocessed Waste 

20 40 60 
Surface cooling,year 

80 100 
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was te d e n s i t y for g r a n i t e r e l a t i v e t o i t s a l l o w a b l e l i m i t fo r a f i x e d s t r e n g t h 
a t 120°C. Since t h e mechan ica l p r o p e r t i e s and rock s t r e n g t h s a r e h i g h l y s i t e 
s p e c i f i c , t h e q u a n t i t a t i v e c o n c l u s i o n s i n t h e s e c a l c u l a t i o n s shou ld be c a r e f u l 
l y r e - e v a l u a t e d f o r any s p e c i f i c rock type and any p o t e n t i a l r e p o s i t o r y s i t e . 

5 .5 LIMITATION OF LOADING BY LONG-TERM, FAR-FIELD CONSTRAINTS 

The l o n g - t e r m , f a r - f i e l d thermohydromechanica l e f f e c t s depend on t h e 
t e m p e r a t u r e r i s e i n t h e h o s t r o c k , e s p e c i a l l y i n t h e r e g i o n between the 
r e p o s i t o r y and t h e s u r f a c e . Before we p r e s e n t more d e t a i l e d r e s u l t s for the 
o p t i m a l l o a d i n g s based on f a r - f i e l d c o n s i d e r a t i o n s , i t i s of i n t e r e s t t o p r e 
s e n t one example of t h e f a r - f i e l d t e m p e r a t u r e s i n g r a n i t e induced by a r e p o s i 
t o r y u n i f o r m l y loaded wich a c o n s t a n t mass d e n s i t y . F igure 5 .12 i l l u s t r a t e s 
t h e t e m p e r a t u r e r i s e a t a p o i n t midway between the r e p o s i t o r y and the s u r f a c e . 
S i m i l a r magni tudes of t h e maximum t e m p e r a t u r e r i s e s a r e e x p e c t e d for o t h e r 
r o c k s , s i n c e t h e v o l u m e t r i c h e a t c a p a c i t i e s c o n t r o l l i n g t h e f a r - f i e l d t empera 
t u r e a re i n s e n s i t i v e t o t h e d i f f e r e n c e s i n rock t y p e s . Comparing t h e s e r e s u l t s 
w i t h t h e n e a r - l i t Id r e s u l t s shown e a r l i e r i n F i g u r e s 5.2 and 5.3 makes i t 
e v i d e n t t h a t the f a r - f i e l d r e s u l t s a r e l e s s s e n s i t i v e t o t h e s u r f a c e c o o l i n g 
p e r i o d , e s p e c i a l l y fo r t h e SF r e p o s i t o r y . 

The t e m p e r a t u r e r i s e from t h e r e p o s i t o r y t o t h e s u r f a c e d e t e r m i n e s the 
s u r f a c e u p l i f t and t h e buoyancy f low. The r e p o s i t o r y l o a d i n g d e n s i t y could be 
l i m i t e d by t h e s e f a r - f i e l d c o n s t r a i n t s . These c o n s t r a i n t s a r e d i s c u s s e d in 
t h e f o l l o w i n g two s e c t i o n s . 

5 .5 .1 S u r f a c e U p l i f t C o n s i d e r a t i o n s 

To i l l u s t r a t e t h a t t h e s u r f a c e u p l i f t c o n s i d e r a t i o n s can d e t e r m i n e w ; te 
l o a d i n g d e n s i t i e s , we w i l l summarize t h e r e s u l t s of t h e f i n a l EIS (DOE, 1980a) 
on t h e e f f e c t of was te age for s a l t , g r a n i t e , b a s a l t , and s h a l e . The e x i s t i n g 
t h e r m a l c r i t e r i a d i s c u s s e d in S e c t i o n 4.1 were used t o de te rmine the maximum 
t h e r m a l l o a d i n g f o r bo th SF and r e p r o c e s s e d HLW a t 5 , 10, and 50 y e a r s of a g e . 
The l o a d i n g t a k e s i n t o a c c o u n t t h e t e m p e r a t u r e and thermomechanica l l i m i t a 
t i o n s l i s t e d i n Table 4 . 1 . These l i m i t a t i o n s i n c l u d e the maximu.n a l l o w a b l e 
t e m p e r a t u r e s a t was te c e n t e r l i n e , c a n i s t e r s u r f a c e , and bo reho le w a l l ; t h e 
maximum room c l o s u r e for s a l t ; s t r e n g t h - t o - s t r e s s r a t i o s for hard r o c k s ; and 
t h e maximum a i t o w a b l e s u r f a c e u p l i f t s . 

The f i n a l t he rma l l o a d i n g s used i n t h e EIS s tudy a re shown in Table 5 . 9 . 
The f a r - f i e l d ave rage l o a d i n g t a k e s i n t o a c c o u n t t h e unused p a s s i v e a r e a s fo r 
c o r r i d o r s , e t c . A s a f e t y margin of t w o - t h i r d s i s i n c l u d e d in t h e r e s u l t s . The 
l i m i t i n g p a r a m e t e r i s denoted by an a s t e r i s k . Usua l ly the n e a r - f i e l d c r i t e r i a 
d e t e r m i n e t h e t he rma l l o a d i n g s ; however, the f a r - f i e l d s u r f a c e u p l i f t i s a l s o 
a l i m i t i n g f a c t o r i n a number of c a s e s , i n c l u d i n g not only the SF r e p o s i t o r i e s 
i n s a l t b u t a l s o 5 0 - y e a r - o l d HLW i n s a l t and 5 0 - y e a r - o l d SF i n s h a l e . These 
r ? "suits i n d i c a t e t h a t f o r o l d e r w a s t e s , the f a r - f i e l d c r i t e r i a become more 
i m p o r t a n t i n d e t e r m i n i n g the r e p o s i t o r y l o a d i n g . 
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Table 5.9. EIS Thermal Loadings for Waste Repositories (W/m 2). 

Age of Waste 
S p e n t Fue: T HLW 

Age of Waste Near -F ie I d Far-- F i e l d N e a r - F i e l d F a r - F i e l d 
a t Emplacement Local Average Local Ave r age 

Format ion (yr) Loading Loading Loading Loading 

S a l t 5 
10 
50 

21 
12 

6 

17* 
10* 

5* 

32* 
25* 
17 

24 
19 
13* 

G r a n i t e 5 
10 
50 

49* 
32* 
23* 

40 
26 
19 

35* 
32* 
30* 

27 
25 
23 

B a s a l t 5 
10 
50 

49* 
32* 
23* 

40 
26 
19 

35* 
32* 
30* 

27 
25 
23 

Sha l e 5 
10 
50 

30* 
20* 
13 

24 
1b 
10* 

23* 
20* 
20* 

17 
15 
15 

(DOE, 1980a) 
* Denotes l imit ing parameters. 

The reposi tory waste capaci t ies calculated for these loadings are plotted 
in Figure 5.13 for SF and in Figure 5.14 for reprocessed HLW for a 8.1 km2 

(2000-acre) repos i tory . The capacity of a s a l t repository for SF i s substan
t i a l l y l e s s than for reprocessed HLW and increases only about 10% from 5 to 50 
years . Increases in capacity for the other media range from 30% for SF in 
shale to 100% for reprocessed wastes in grani te . 

The sens i t ive dependence of the repository capacity on fuel cycles and 
waste age was studied in d e t a i l a t the In ternat ional Nuclear Fuel Cycle Eval
uat ion ( INFCE) Conference. In the technical appendix of their proceedings, 
prepared by a jo in t effor t of the Federal Republic of Germany.. The Netherlands, 
and the United Sta tes {IMFCE, 1980), the waste dens i t i es and thermal loadings 
were calcula ted for seven fuel cycles and for 10-year-old and 40-year-old 
wastes in s a l t . Only the far - f ie ld c r i t e r ion of maximum surface up l i f t of 
1,5 m was used as the limiting parameter for a l l fuel cycles and waste ages. 
The nea r - f i e ld and very-near-field i-emperature profi les were calculated only 
to assure compliance with near-f ield and very-near-f ield temperature c r i t e r i a . 

The r e s u l t s of the INFCE study are shown in Table 5.10. A comparison of 
the 10- and 40-year-old waste data c lear ly i l l u s t r a t e s the in te res t ing features 
of allowed a rea l thermal loadings and emplacement densi t ies that are impacted 
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Figure 5.13 R e p o s i t o r y c a p a c i t y as a f unc t i on of SF age (LOE, 1980a) . 
[XBL 8 1 9 - 1 1 6 0 2 ] 
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Figure 5.14 Repos i t o ry c a p a c i t y as a f u n c t i o n of HLW age (DOE, 1980a) . 
1XBL 819-11603] 



Table 5 . 1 0 . INFCE C a n i s t e r and R e p o s i t o r y Thermal Loadings and Waste Emplacement D e n s i t y . 

10-Year-Old Waste 40-Year -01d Waste 

C a n i s t e r Area l C a n i s t e r Area l 
Thermal Thermal Emplacement Thermal Thermal Emplacement 
Loading Loading D e n s i t y Loading Loading D e n s i t y 

F u e l Cyc le ( k w / c a n i s t e r ) (W/m 2) ( c a n i s t e r / m 2 ) ( k w / c a n i s t e r ) (W/m 2) ( c a n l s t e r / m 2 ) 

#1 LWR 
S p e n t F u e l 0 . 5 6 15 0 . 0 2 7 0 . 3 0 9 0 . 0 2 9 

#2 LWR 
U + P u - R e c y c l e 1 . 8 6 37 0 . 0 2 0 0 . 7 4 27 0 . 0 3 7 

#3 FBR 
u + P u - R e c y < ; l e 1 . 2 6 16 0 . 0 1 3 0 . 6 4 10 0 . 0 1 6 

#4 HWR 
S p e n t F u e l . 3 0 8 0 . 0 2 7 0 . 1 7 5 0 . ^ 2 7 

#5 HWR 
U + P u - R e c y c l e 2 . 2 9 25 0 . 0 1 1 0 . 9 5 14 0 . 0 1 5 

* b HWR 
U + T h - R e c y c l e 1 . 5 6 35 0 . 0 2 2 0 . 7 7 35 0 . 0 4 5 

#7 HTR 
U + T h - R e c y c l e 1 . 0 9 32 0 . 0 2 9 0 . 5 3 29 0 . 0 5 5 

( INFCE, 1 9 8 0 ) 
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by surface cooling. Although the allowed thermal loading is reduced by aging 
the waste an addi t ional 30 years pr ior to emplacement, the density of emplace
ment i s increased. The increase in the amount of waste (number of can i s te r s 
in Table 5.10) tha t can be emplaced per- uni t area varies from about 1.5% for 
the SF of heavy water reactors (HWR) to about 103% for the HLW of HWR with 
both uranium (U) and thorium (Th) recycled. The corresponding enhancement 
percentages for the l i gh t water reactors (LWR), which are the main i n t e r e s t 
in the United S t a t e s , are 7% for SF and 83% for HLW with U and Pu recycled. 

5.5.2 Surface Cooling, Cumulative Heat, and Far-Field Thermal Effects 

The control l ing quanti ty in assessing the f a r - f i e ld thermal ef fec ts i s the 
cumulative heat released by the emplaced wastes. Figure 5.15 i l l u s t r a t e s the 
dependence of t o t a l heat released by the buried waste in an 8.1-km^ (2000-acre) 
reposi tory on the surface cooling period. The waste heat wi l l remain in the 
rock formation for a long period of time. Although the curves in Figure 5.15 
are independent of rock type and character ize only the waste heat source, most 
of the r e su l t s on fa r - f i e ld effects presented e a r l i e r in th i s section can be 
understood from these curves. SF re leases more heat over a longer period of 
time than reprocessed HLW; extension of the surface cooling period removes only 
a small fraction of the cumulative heat released. On the other hand, the heat 
from reprocessed HLW i s mainly released ea r ly . The cumulative heat of reproc
essed HLW i s much lower than tha t of SF; the heat removed by surface cooling 
is a s ign i f ican t fract ion of the cumulative heat . 

The r a t i o s of cumulative heat released by 40- and 100-year-old wastes to 
that released by 10-year-old wastes are plotted in Figure 5.16, This figure 
represents the re la t ive dependence and s e n s i t i v i t y of surface cooling effects 
over the time range of i n t e r e s t . A lower r a t io of cumulative heat erergies 
indica tes a greater advantage obtained from longer surface cooling. I t i s 
clear from the figure that the effect of surface cooling is more s igni f icant 
for reprocessed wastes than for spent fuel in terms of long-term, fa r - f i e ld 
e f fec t . The po ten t ia l advantage of a A 00-year cooling period for reprocessed 
waste i s to lower the surface u p l i f t and buoyancy flow to less than half the 
magnitude of a 10-year cooling period. 

European countr ies , including Belgium, Sweden, the United Kingdom, and 
West Germany, have also considered longer cooling periods for reprocesse-i 
waste (Harmon e t a l . , 1980). The reasons range from near-f ie ld concerns ovur 
clay s t a b i l i t y (Belgium), to backf i l l s t a b i l i t y above 100°C (Sweden), to far-
field buoyancy perturbation (United Kingdom). I t i s of i n t e r e s t to note tha t 
an unpublished United Kingdom report quoted by Bredehoeft and Maini (1981) 
s t a t e s tha t "if waste i s allowed to cool for 40 to 60 or 70 years, depending 
on the waste type, the heat would be reduced to the point where buoyancy-
induced flow would not be s ign i f i can t . " 
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Figure 5.15 Cumulati se heat released by SF and HLW as a function of surface 
cooling period. [XBL 817-3268] 
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Fiyure 5.16 Ratio of cumulative heat released by 40-year-old and 100-year-old 
wastes to that released by 10-year-old wastes. [XBL G17-3269J 
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5.5.3 The Importance of Surface Cooling Effects 

In the evaluation of the thermal effects of waste r epos i to r i e s , waste age 
i s an important parameter contoll ing waste heat . The heat released in to the 
rocks by the waste i s determined by the following three primary parameters: 
waste age, waste type, and waste loading densi ty . From these parameters the 
thermal loading density a t waste emplacement and the cumulative heat energy 
can be derived. 

Although these derived quant i t i es characterize the thermal effect for 
scales of operation ranging from the very-near-f ie ld to the fa r - f i e ld , and tor 
times ranging from days to thousands of years , the primary waste parameters 
are more d i rec t ly re la ted to waste management and economic considerat ions. 
The waste loading density especial ly determines the size of the repository and 
the excavation cos ts . To determine the waste heat c h a r a c t e r i s t i c s , waste age 
and type mL'st also be specified. The review and evaluation in th i s report 
ind ica tes "j.iat the effects of waste age (or sur face cooling periods) should 
be carefully studied in repository design and in regulatory evaluation. 
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6 . CONCLUSIONS 

Thermal l o a d i n g i s a p r i n c i p a l c o n s i d e r a t i o n i n t h e d e s i g n and e v a l u a t i o n 
of a r e p o s i t o r y for g e o l o g i c d i s p o s a l of n u c l e a r w a s t e s . For a g i v e n amount 
of w a s t e , s u r f a c e c o o l i n g has an i m p o r t a n t r o l e i n d e t e r m i n i n g t h e r m a l l o a d i n g 
because i t can remove a p o r t i o n of t h e h e a t g e n e r a t e d by t h e w a s t e b e f o r e i t 
i s emplaced unde rg round . Most p r e v i o u s s t u d i e s have assumed uni form l o a d i n g 
of 1 0 - y e a r - o l d w a s t e s , b u t t h e concern over t h e r m a l e f f e c t s and the a n t i c i p a t e d 
d e l a y i n e s t a b l i s h i n g f u l l y o p e r a t i o n a l r e p o s i t o r i e s r e q u i r e t h a t a t t e n t i o n 
s h o u l d be g i v e n t o o l d e r w a s t e s . 

The e f f e c t s of s u r f a c e c o o l i n g p e r i o d s , was te l o a d i n g , and t he rma l 
c r i t e r i a have been e v a l u a t e d i n t h i s r e p o r t . 

The o p t i m a l was te l o a d i n g s a r e de te rmined by t h e t h e r m a l c r i t e r i a . E x i s t 
i n g c r i t e r i a a r e based on t h e the rmomechanica l s t a b i l i t y c o n s i d e r a t i o n s fo r t h e 
was te package and r e p o s i t o r y s t r u c t u r a l components , a s wel l a s on the a l l o w a b l e 
s u r f a c e u p l i f t due t o t he rma l expans ion of t h e s u r r o u n d i n g g e o l o g i c s e t t i n g . 
We have ex tended t h e w a s t e l o a d i n g t o o l d e r w a s t e s u s i n g t h e thermomechanica l 
c r i t e r i a deve loped mos t ly by s t u d i e s of 1 0 - y e a r - o l d w a s t e s . The e f f e c t of 
c o o l i n g based on f a r - f i e l d c r i t e r i a has been d i s c u s s e d . The c u r r e n t f a r - f i e l d 
c r i t e r i a do n o t q u a n t i t a t i v e l y a d d r e s s t h e v e r t i c a l buoyancy flow from the r e 
p o s i t o r y to t h e s u r f a c e when a p p l i e d t o t h e d e t e r m i n a t i o n of r e p o s i t o r y l o a d i n g 
d e n s i t i e s ; t h e r e f o r e , the impor tance of the t h e r m o h y d r o i o g i c e f f e c t s hav-^ a l s o 
been p r e s e n t e d . 

The a l l o w a b l e was te d e n s i t i e s and t h e r m a l l o a d i n g s for wasCvi.s of d i f f e r e n t 
ages have been s t u d i e d on t h e b a s i s of e x i s t i n g t h e r m a l c r i t e r i a and thermo-
n y d r o - m e c h a n i c a l c o n s i d e r a t i o n s . Waste l o a d i n g was found to be s e n s i t i v e t o 
the was te t y p e s . Longer s u r f a c e c o o l i n g p e r i o d s could be b e n e f i c i a l fo r 
r e p r o c e s s e d h i g h - l e v e l w a s t e s by min imiz ing t h e r m a l impac t s and i n c r e a s i n g 
was te l o a d i n g d e n s i t y . The f a r - f i e l d e f f e c t s may be q u i t e i m p o r t a n t for s p e n t 
f u e l a l s o , b u t f u r t h e r r e s e a r c h i s r e q u i r e d to e v a l u a t e the u s e f u l n e s s of 
longer s u r f a c e c o o l i n g p e r i o d s . 
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APPENDIX: ANALYTIC FORMULAS 

A number of a n a l y t i c s o l u t i o n s fo r t h e r m a l l y induced e f f e c t s a r e p r e 
s e n t e d i n t h i s a p p e n d i x . These formulas i l l u s t r a t e t h e f u n c t i o n a l dependence 
of t e m p e r a t u r e r i s e , thermomechanical deformation, and t h e r m o h y d r o l o g i c p e r 
t u r b a t i o n on t h e thermal loading , rock p r o p e r t i e s , and r e p o s i t o r y d i m e n s i o n s . 

Simple a p p r o x i m a t i o n s a r e made i n t h e s e s o l u t i o n s so t h a t t h e c o n t r o l l i n g 
p a r a m e t e r s i n t h e v e r y - n e a r - f i e l d , t h e n e a r - f i e l d , and t h e f a r - f i e l d can be 
e a s i l y i d e n t i f i e d . 

A.I VERY-NEAR-FIELD FORMULAS 

The maximum t e m p e r a t u r e r i s e i n t h e rock on the bo reho le wa l l s u r r o u n d i n g 
a r a d i o a c t i v e was te c a n i s t e r i s a p p r o x i m a t e l y g iven by (Hodgkinson and Bourkc, 
1978): 

q ( 0 ) 
A(L, r ) - 3L 

f8AA(L, r ) w 
"LK 

\ V 3 

A(L, r ) L 
2r 

1/2 
(A-l ) 

9^.(0) = c a n i s t e r emplacement power, W / c a n i s t e r , 
L = c a n i s t e r l e n g t h , m, 
r w = b o r e h o l e r a d i u s , m, 
K r o c k = t he rma l c o n d u c t i v i t y of t h e rock , W/m°C, 
k r o c k = t n e r m a l d i f f u s i v i t y of t h e rock , m 2 / s , 
A = r a d i o a c t i v e decay c o n s t a n t , J c n ( 2 ) / t . / 2 * 1 / s . 

The t e m p e r a t u r e r i s e a c r o s s t h e c y l i n d r i c a l gap between the c a n i s t e r and 
t h e b o r e h o l e w a l l may be computed w i t h t h e s t e a d y - s t a t e s o l u c i o n 

q (0) 
I = -

gap 2nLK 
( A - 2 ) 
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K = effect ive thermal conductivity of the gap, W/m°C, 
r = canis te r radius , m. 

The temperature r i s e in the waste may be computed using the s teady-s ta te 
solution in an i n f i n i t e l y long cylinder of waste 

- , ( A - 3 } 
waste 4nLK 

waste 
where K - thermal conductivity of the waste, W/m°C. 

waste 
These s teady-s ta te solut ions were used in the GEIS study (Science Appli

ca t ions , I n c . , 197a) to val idate numerical models. 

Equations (A-1) and (A-J) i l l u s t r a t e that the very-near-f ield temperature 
r i s e s are proportional to the waste emplacement power and inversely prt >r-
t iona l to the thermal conduct ivi t ies of the various waste components ana oi 
the surrounding rock. 
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A,2 NEAR-FIELD FORMULAS 

The t e m p e r a t u r e r i s e a t t h e p i l l a r c e n t e r l i n e between c a n i s t e r rows can 
be approx ima ted c o n s e r v a t i v e l y by a model w i t h w a s t e s un i formly d i s t r i b u t e d 
a long t h e rows a t t h e r e p o s i t o r y l e v e l . The r e p o s i t o r y t e m p e r a t u r e i n t h i s 
model (Cars law and J a e g e r , 1959) i s g iven by 

s^t") 

J i ™ ™ * ^ - *•>! 
r e p o s i t o r y 2pc I *., s i 1 / 2 

r rock / [TIK 1+ - ** • ^! ' rock 

( A - 4 ) 

where 

y o l t ' ) = h e a t power pe r u n i t a r e a a t t ime t ' , w /m 2 , 
P C r o c v = v o l u m e t r i c h e a t c a p a c i t y of t h e r o c k , o r p r o d u c t of t h e 

rock d e n s i t y and s p e c i f i c h e a t , W/m-*°c. 

The r e p o s i t o r y t e m p e r a t u r e f o r a r a d i o a c t i v e decay a r e a l h e a t source 
( B e y e r l e i n and C l a i b o r n e , 1980; Hodgkinson ana Bourke , 1978} i s 

a T = j £ ^ p ^ ! l \ 1 / 2

I m W ( u t > V 2 ( A . 5 ) 

r e p o s i t o r y 2 * ^ I A J 

g^tO) = t he rma l l o a d i n g d e n s i t y , V*/m2

f 

ImW = imag ina ry p a r t of t h e e r r o r f u n c t i o n of complex a rgument . 

The maximum t e m p e r a t u r e r i s e i s 

Q_(0) L , \ V 2 Qn(0) max _ ,_ *R / rock 1 n „ , *R uT = 0.305 - 0 .305 . A-6) r e p o s i t o r y K , \ X / , 1/2 r J rock \ / (K , P c X) ' \ / rock rock 

Equat ion (A-6) shows t h a t t h e n e a r - f i e l d maximum t e m p e r a t u r e r i s e i s p r o p o r 
t i o n a l t o t h e a r e a l t he rma l l o a d i n g and i n v e r s e l y p r o p o r t i o n a l t o t h e s q u a r e 
r o o t of t h e p r o d u c t of the rmal c o n d u c t i v i t y , h e a t c a p a c i t y , and e f f e c t i v e 
r a d i o a c t i v e decay c o n s t a n t . 

The t e m p e r a t u r e r i s e i nduces s t r e s s and s t r a i n changes i n t h e rock medium 
s u r r o u n d i n g t h e r e p o s i t o r y . If the rock medium i s e L a s t i c , the t h e r m a l l y 
i n d u e d s t r e s s - s t r a i n changes a r e p r o p o r t i o n a l t o iiT. T h e r m o e l a s t i c a n a l y s e s 
were used i n t h e GEIS s tudy (Dames and Moore, 1978a) and i n t h e r e s u l t s g iven 
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i n S e c t i o n 3 . 5 , 2 f o r hard rocks ( g r a n i t e , b a s a l t , s h a l e ) . Lomenick 's fo rmula , 
deduced from c r e e p s t u d i e s i n P r o j e c t S a l t Vau l t (Bradshaw and McClain, 1971}, 
was t r e q u e n t l y used i n r e p o s i t o r y d e s i g n s fo r s a l t as a p l a s t i c rock medium. 
In SI u n i t s t h e formula i s 

9 .5 3.0 0.3 E = CT 0 t 

where 

E = c u m u l a t i v e s t r a i n , m/m, 
T = T

a m h i e n t + ^ T ' a b s o l u t e t e m p e r a t u r e , K, 
o = a v e r a g e p i l l a r s t r e s s , Pa , 
t = t i m e , s , 
C = 3.4 E-50 . 

The c u m u l a t i v e s t r a i n i s t h e r e f o r e a n o n l i n e a r f u n c t i o n of £sT. 
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A.3 FAR-FIELD FORMULAS 

The t e m p e r a t u r e r i s e around a d i s k - l i k e r e p o s i t o r y a t any p o i n t ( r , z) 
(Cars law and J a e g e r , 1959; Wang e t a l . , 1981) i s g iven by 

u T ( r , z , t ) 

t 

( r , z , t - f ) - V ( r , z , t - t M l d t ' r 
( A - 7 ) 

V - D ( r , z , t ) 

, 3 Au 

4 U K r o c k t > 0 

/ 

2 2 2 
r + r* + (z ± D) r ' d r 1 , 

V+D = i n s t a n t a n e o u s d i s k h e a t sou rce of r a d i u s R i n the p l ane z = +D, 1/m, 
r = r a d i a l d i s t a n c e from t h e a x i s of the r e p o s i t o r y , m, 
I Q = z e r o t h - o r d e r modif ied B e s s e l f u n c t i o n of t h e f i r s t k ind , 
z = v e r t i c a l c o o r d i n a t e , n e g a t i v e below the ground s u r f a c e , m, 
t = t i m e , s . 

The a r e a l h e a t power f u n c t i o n Q R ( t ' ) could be e x p r e s s e d as a s e c i e s of 
e x p o n e n t i a l decay t e r m s . For each decay term, the t e m p e r a t u r e r i s e a long t h e 
z - a x i s of the r e p o s i t o r y i s 

z i T ( 0 , z , t ) = f } [ ( z + D J 2 / 4 <

r o c k

t J 1 / 2 ' t / 

- f t [ ( R 2 + (z + D > 2 > / 4 K r o c k t ] 1 / 2 , t j 

+ f | l ( Z - D ) 2 / 4 - o c k t ) 1 / 2 , t , 

1\l(n2 + ( z - U ) 2 ) / 4 K , t ] 1 / 2 , t | ( A - 8 ) 

f ( x , t ) = 
Q R ( O : 

1/2 

ImW( ( A t ) 1 / 2 + .!x] 
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The surface uplift due to the thermal expansion of rock between the repos
itory and the surface is given by 

IN- , A T d z , ( A - 9 ) 
rock 

where a r o cfc = thermal expansivity of the rock, 1/°C, and u = Poisson's ratio 
of the rocK • 

The buoyancy gradient due to the thermal expansion of water for flow from 
the repository to the surface is approximately given by 

AT ~ , (A-10) 
water D 

where u

w a + - e r

 = thermal expansivity of water, 1/°C. 

Both the surface uplift ana the buoyancy gradient are therefore determined 
by the integrated temperature rise in the rock formation, which is re lated to 
the cumulative heat remaining in the rock. 
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BIBLIOGRAPHY ON 
THERMALLY RELATED PROBLEMS IN A NUCLEAR WASTE REPOSITORY 

This b i b l i o g r a p h y i s t h e p r o d u c t of a s e a r c h of t h e l i t e r a t u r e on t h e r m a l 
l y r e l a t e d problems in n u c l e a r was te s t o r a g e . Inc luded wi th 3ach t i t l e i s the 
a b s t r a c t t h a t appeared w i t h t h e o r i g i n a l a r t i c l e . We hope t h a t s c i e n t i s t s and 
e n g i n e e r s i n t e r e s t e d i n t h e s e problems w i l l f ind t h i s c o m p i l a t i o n u s e f u l . As 
more a r t i c l e s on t h i s s u b j e c t a r e b rough t to o u r a t t e n t i o n , we hope to update 
t h e c o l l e c t i o n . A r t i c l e s i n c l u d e d a r e a r r a n g e d a c c o r d i n g t o t h e fo l l owing 
g r o u p s : 

B.I THERMAL EFFECTS ( p . 1 4 3 ) : Con ta ins p a p e r s on t he rma l model ing . Most of 
t h e s e pape r s assume only conduc t ion h e a t t r a n s f e r and n e g l e c t the e f f e c t s 
of g roundwate r movement, 

B.2 THERMOMECHANICAL EFFECTS ( p . 1 7 1 ) : C o n t a i n s pape r s on t h e r m a l l y induced 
mechanica1 e f f e c t s . 

B.J THERMOHYDROLOGIC EFFECTS ( p . 183) : Con ta ins r e p o r t s i n d i c a t i n g t h e 
g roundwate r flow as a r e s u l t of the rmal g r a d i e n t s . 

B.4 ROCK PROPERTIES ( p . 193) : Con ta ins r e p o r t s d i s c u s s i n g in s i t u t e s t i n g s . 

B.5 GENERAL REPORTS ( p . 205) : Con ta ins pape r s t h a t do no t d i s c u s s any one of 
the problems in d e t a i l b u t cover d i r e c t l y r e l a t e d p rob lems . 

B.6 FOREIGN PROGRAMS ( p . 219) : Con ta ins pape r s d e a l i n g w i th i n t e r n a t i o n a l 
was te management p rograms . 
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GROUP B.I: THERMAL EFFECTS 

Altenbach, T.J. 
Interim report on nuclear waste depository thermal ana lys i s . UCID—17865, 
Lawrence Livermore Laboratory, University of Cal ifornia , Livermore, CA, 
26 p . , July 1978 

A thermal analysis of a ueep geologic depository for spent nuclear fuel 
i s being conducted. The TRUMP f i n i t e difference heat transfer code i s used to 
analyze a 3-dimensional model of the depository. The model uses a unit c e l l 
cons is t ing of one spent fuel canis te r buried in s a l t beneath a vent i la ted room 
in the depository. A base case was studied along with several parametric 
va r i a t i ons . I t i s concluded tha t t h i s method i s appropriate for analyzing the 
thermal response of the system, and tha t the most important parameter in de te r 
mining the maximum temperatures i s the canis ter heat generation r a t e . The 
ef fec ts of room vent i la t ion and d i f fe ren t depository media are secondary. 

Altenbach, T.J. 
Three-dimensional thermal analysis of a high-level reposi tory. UCID-17984, 
Lawrence Livermore Laboratory, University of Cal ifornia , Livermore, CA, 
32 p . , April 1979. 

This report documents the three-dimensional thermal analysis of a high-
level waste reposi tory. The analysis used the TRUMP computer code to evaluate 
the thermal f ie lds for s ix reposi tory scenarios that studied the effects of 
room v e n t i l a t i o n , room backf i l l , and repository thermal d i f fus iv i ty . The 
r e su l t s for selected nodes are presented as p lots showing the effect of tem
perature as a function of time. 
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Altenbach, T. J . ; Lowry, W. E. 
Advanced three-dimensional thermal modeling of a baseline spent fuel 
repos i to ry . UCID--18660, Lawrence Livermore Laboratory, University of 
Cal i fornia , Livermore, CA, 50 p . , April 1980. (Also in "Heat Transfer 
in Nuclear Waste Disposal", ASME Proceedings, Vol. 2, p . 43-48, 1980) 

A three-dimensional thermal analysis using f i n i t e difference techniques 
was performed to determine the near-f ie ld response of a baseline spent 
fuel reposi tory in a deep geologic s a l t medium. A baseline design 
incorporates previous thermal modeling experience and OWI recommendations 
for a rea l thermal loading in specifying the waste form proper t ies , 
package d e t a i l s , and emplacement configuration. The base case in th i s 
thermal analysis considers one 10-year old PWR spent fuel assembly 
emplaced to yield a 36 kW/acre (8.9 W/m") loading. A unit ce l l model 
in an i n f i n i t e array is used to simplify the problem and provide upper-bound 
temperatures. Boundary conditions are imposed which allow simulations to 
1000 years . Variations studied incluae a comparison of vent i la ted and 
unventi lated storage room condit ions, emplacement packages with and 
without a i r gaps surrounding the canis ter , and room cool-down scenarios 
with ven t i l a t ion following an unventilated s t a t e for r e t r i eva l purposes. 
I t was found that a t th i s low-power level , ven t i l a t ing the emplacement 
room has an immediate cooling influence on the canis ter and effectively 
maintains the emplacment room floor near the temperature of the vent i la t ing 
a i r . 

The annular gap separating the canis ter and sleeve causes the peak 
temperature of the canister surface to r i s e by 10°F (5.6°C) over that 
from a no gap case assuming perfect thermal contact . i t was also shown that 
the time required for the emplacement room to cool down to 100°F (38°C) 
from an unventilated s t a t e ranged from 2 weeks to 6 months; when vent i la t ion 
was i n i t i a t e d af ter times of 5 years to 50 years , respect ively . As the work 
was performed for the Nuclear Regulatory Commission, these resu l t s provide 
a s igni f icant addition to the regulatory data base for spent fuel 
performance in a geologic reposi tory. Recommendations are made for future 
d i rec t ions of thermal analysis e f for t s , par t icu la r ly for an expansion 
of the uni t ce l l concept to t r e a t asymmetrical boundary condit ions. 
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Beyerlein, S.W.,- Claiborne, H.C. 
Poss ib i l i ty of multiple temperature maxima in geologic repos i to r ies for spent 

fuel from nuclear r eac to r s . 
ORNL/TM--7024, Oak Ridge National Laboratory, Oak RJdge, TN, 
40 p . , January 1980. (Also in "Heat Transfer in Nuclear Waste Disposal",. 
ASME Proceedings, Vol. 2, p. 48-57, 1980) 

Heat t ransfer s tudies show that two temperature maxima a t the 
disposal horizon could be experienced in CANDU spent fuel r e p o s i t o r i e s -
one at about 60 years and another s l igh t ly higher one a t 13,000 years . 
Because CANDU spent fuels display a montonically decreasing heat generation 
r a t e , i t i s not immediately obvious why this behavior should occur. This 
report inves t igates th i s behavior, confirms the Canadian r e s u l t s , demonstrates 
tha t the double peak phenomenon i s due to the presence of the r ight 
mixture of shor t - and long-lived nuclides in the fuel , and concludes that 
the 13,000 year maximum i s largely an a r t i f a c t of the i n f in i t e or very 
large plane source model. When more r e a l i s t i c reposi tory geometries are 
used, the second peak disappears for repository s izes less than about 1 
km2. Over the long term, rad ia l and surface heat transfer causes 
the thermal h is tory of the disposal region to deviate from that predicted 
by i n f i n i t e plane (or large f in i t e ) source models by reducing the magnitude 
of the second peak. Beyond a 1000-year time horizon, care should be 
exercised in modeling spent fuel repos i tor ies to include the proper 
boundary condit ions. For the f i r s t few centuries after emplacement, 
however, the in f in i t e source model i s consis tent with V- f in i te disk 
source model as well as with arrays of spherical and ]-.. . n t sources. The 
second temperature peak can be avoided by r e s t r i c t i n g the size of the 
reposi tory and/or pa r t i t ion ing out the long-lived components of the 
fuel . When spent fuel from PWRs was examined for multiple temperature 
maxima, only one peak was found, even for the i n f i n i t e plane source 
model. 
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Boyd, R.D. 
Forced-air cooling of a WIPP mine d r i f t . 
SAND--78-1122, Sandia Laboratories, Albuquerque, NM, 
39 p . , July 1978 

A one-dimensional model has been developed to predic t the time f t , 
required to cool a waste i so la t ion p i l o t plant (WIPP) mine d r i f t . Compar
isons have been made with a two-dimensional model and are found to be in good 
agreement for the period between four months to two years. If the mean 
roughness of the WIPP mine surface is greater than 1/8 inch, the mine floor 
can be cooled to 120°F in less than one year, depending on the time after 
waste emplacement a t which mine vent i la t ion commences. 

Bulmer, B.M.; Lappin, A.R. 
preliminary one-dimensional thermal analysis of waste emplacement in tu f f s . 
SAND79-1265, sandia Laboratories, Albuquerque, NM, April 1980 

One-dimensional calculat ions of near-f ie ld temperatures resul t ing 
from waste emplacement in a multiple-layered tuff s t ra t igraphy are presented. 
Results indicate a marked sens i t i v i ty of peak temperatures to assignment 
of i n - s i t u f luid pressure, geothermal-heat flux, waste type, and location of 
waste r e l a t i ve to a specif ic s t ra t ig raph ic discont inui ty . Under the c r i t e r ion 
that allowable ini t ia l-power densi t ies are limited by the occurrence of 
boi l ing a t a distance of 1Gm from emplaced waste, allowable power densi t ies 
are calculated to range up to 150 kw/acre or more, depending upon geothermal 
heat flux and waste type. 

Butkovich, T.D; Montan, D.N. 
A method for calculat ing internaL radiat ion and ventilat^on with the 

ADINAT heat-flow code. 
UCRL-52918, Lawrence Livermore Laboratory, University of California, 
Livermore, CA, 15 p . , April 1980 

One objective of the spent fuel t e s t in Climax Stock grani te (SFTC) i s tc 
cor rec t ly model the thermal t ransport , and the changes in the s t ress field and 
accompanying displacements from the application of the thermal loads. We 
have chosen the ADINA and ADINAT f i n i t e element codes to do these ca lcu la t ions . 
ADINAT i s a heat t ransfer code compatible to the ADINA displacement and s t ress 
analys is code. The heat flow problem encountered at SFTC requires a code with 
conduction, rad ia t ion , and vent i la t ion capab i l i t i e s , which the present version 
of ADINAT does not have. We have devised a method for calculat ing in terna l 
r ad ia t ion and vent i la t ion with the ADINAT code. This method effect ively 
reproduces the resu l t s from the TRUMP multi-dimensional f i n i t e difference 
code, which correctly models radiat ive heat transport between d r i f t surface, 
conauctive and convective thermal transport to and through a i r in the d r i f t s , 
ana mass flow of ai r in the d r i f t s . The temperature h i s to r i e s for each code 
in trie f i n i t e element mesh calculated with ADINAT using this method can be 
used direc t ly in the ADINA thermal-mechanicdi ca lcula t ion. 
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Callahan, J .L . ; Ratigan, J .L . ; Russell , J .E . ; Fossum, A.F. 
Heat t ransfe r analysis of the waste-container s l eeve / sa l t configuration. 
ORNL/SUB/4 269—7, Office of Waste I so la t ion , Oak Ridge, TN, 
68 p . , March 1975 

Prior to th i s inves t iga t ion , the heat t ranspor t considered was only 
tha t of s t r a igh t conduction. The waste container, a i r gap, and sleeve 
arrangement was considered to be a s ingle , cons i s ten t , time-dependent, 
heat-generat ing un i t in intimate contact with the s a l t . The conduction 
model does not accurately model the heat t ransfer mechanises avai lab le . 
Thus rad ia t ion and combined radia t ion and convection must =\lto be considered 
in the determination of the temperature f ie ld . As would De expected, the 
can is te r temperatures are higher for the case of radia t ion acro.ss airgap 
than those that r e su l t from conduction when the canis ter i s in intimate 
contact with the s a l t . For the radiat ion case, the canister temperatures 
r i s e rapidly to a temperature of approximately 1.140°F and maintain an almost 
steady s t a t e condition for one year whereafter the temperatures slowly 
decrease. The far f ie ld temperatures, near the pi l i a r center l i ne , are 
e s sen t i a l l y equivalent for a l l cases . As time proceeds, the far field 
temperatures of the conduction models are about 15% di f fe ren t . 

Carlsson, H. (KBS) 
Pi lo t heater t e s t in the Str ipa grani te . 
LBL-7G85, SAC-06, Lawrence Berkeley Laboratory, University of 
Cal i fornia , Berkeley, CA, 155 p . , August 1978 

In the Str ipa Mine, s i tuated in the centra l pa r t of Sweden, a p i l o t 
heater t e s t has been carr ied out a t 348-m leve l . The type of rock is a 
g ran i te with a rather high frequency of f rac tures . A centra l main heater 
with a length of 3 m, a diameter of 30 cm and a t o t a l power of 6 kW was 
placed at the bottom of a 10-m deep borehole. At di f ferent rad ia l d is tances , 
varying from 0.85 m to 2.95 m from the heater , s t ress and temperature 
changes were monitored. Additional measur^onts of movements along major 
f ractures on the surface and changes of water inflow in boreholes were 
carr ied out. The measured temperature d i s t r ibu t ion compares f a i r ly well 
with the predicted. A maximum temperature of 333.9°c was measured. 
The thermal conductivity of the rock mass has been calculated to Lambda = 
4.8 W/m°c. The thermally induced s t resses in the rock mass do not 
correspond well with the predicted values. Results of measurements 
in boreholes of the in s i tu modulus are found to be about half of the 
laboratory determinations. Displacements of major fractures on the floor 
of the t e s t d r i f t are very small. 
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Chan, T.,- Cook, N.G.W.; Tsang, C.F. 
T h e o r e t i c a l t e m p e r a t u r e f i e l d s fo r t h e S t r i p a h e a t e r p r o j e c t . Vol . 1. 
LBL-7082-1 /2 , SAC-09, Lawrence Berke ley L a b o r a t o r y , U n i v e r s i t y of C a l i f o r n i a , 
B e r k e l e y , CA, 65 p . , September 1978 

The r e p o r t concerns the rma l conduc t i on c a l c u l a t i o n s fo r t h e t h r e e 
i n - s i t u h e a t e r e x p e r i m e n t s a t S t r i p a which c o n s t i t u t e p a r t of t h e Swedish-
American c o o p e r a t i v e program on r a d i o a c t i v e w a s t e s t o r a g e i n mined 
c a v e r n s . A s e m i - a n a l y t i c s o l u t i o n based on t h e G r e e n ' s f unc t i on method 
has been deve loped f o r an a r r a y of a r b i t r a r y t ime -dependen t f i n i t e l i n e 
h e a t e r s in a s e m i - i n f i n i t e medium. This method a s we l l a s a t h r e e 
d i m e n s i o n a l n u m e r i c a l model u s i n g IFD ( i n t e g r a t e d f i n i t e d i f f e r e n c e ) 
t e c h n i q u e has been a p p l i e d t o model t h e f i e l d s i t u a t i o n s a t S t r i p a . 
Comparison has d e m o n s t r a t e d t h a t t h e f i n i t e l i n e s o u r c e s o l u t i o n fo r t h e 
rock t e m p e r a t u r e i s i n e x c e l l e n t agreement wi th the n u m e r i c a l model 
s o l u t i o n a s w e l l a s w i t h a c l o s e d form f i n i t e c y l i n d e r source s o l u t i o n . 
I t was found t h a t maximum t e m p e r a t u r e r i s e i n t h e rock w i t h i n the two 
y e a r e x p e r i m e n t p e r i o d w i l l be 178°c fo r t h e 3.6 kw f u l l - s c a l e h e a t e r 
e x p e r i m e n t , 345°C fo r t h e f u l l - s c a l e exper iment w i th a 5 kw- c e n t r a l 
h e a t e r and e i g h t 0 .72 kw p e r i p h e r a l h e a t e r s , and l e s s than 200°c f o r 
t h e t i m e - s c a l e d e x p e r i m e n t . The r i n g of e i g h t p e r i p h e r a l h e a t e r s in the 
second f u l l - s c a l e e x p e r i m e n t w i l l p r o v i d e a nomina l ly uniform t e m p e r a t u r e 
r i s e w i t h i n i t s p e r i m e t e r a few weeks a f t e r t u r n - o n . The h igh t e m p e r a t u r e 
zone i s l o c a l i z e d t h r o u g h o u t t h e d u r a t i o n of a l l t h r e e e x p e r i m e n t s . 
N e v e r t h e l e s s , t h e e f f e c t of d i f f e r e n t s p a c i n g s on t h e t h e r m a l i n t e r a c t i o n 
between a d j a c e n t r a d i o a c t i v e waste c a n i s t e r s w i l l be demons t r a t ed by t h e 
t i m e - s c a l e d e x p e r i m e n t . D e t a i l e d r e s u l t s a r e p r e s e n t e d in the form of 
t a b l e s , t e m p e r a t u r e p r o f i l e s and c o n t o u r p l o t s . P r e d i c t e d t e m p e r a t u r e s 
have been s t o r e d i n an o n - s i t e computer for r e a l - t i m e comparison wi th 
f i e l d d a t a . 

Chan, T . ; Wi the r spoon , P .A . ; J a v e n d e l , I . 
Heat t r a n s f e r i n underground h e a t i n g e x p e r i m e n t s i n g r a n i t e , S t r i p a , Sweden. 
In Heat T r a n s f e r In Nuc lea r Waste D i s p o s a l " , ASME P r o c e e d i n g s , Vol . 2 , pp. 1-8, 
1980 

E l e c t r i c a l h e a t e r e x p e r i m e n t s have been conducted underground i n g r a n i t e 
a t S t r i p a , Sweden t o i n v e s t i g a t e the e f f e c t s of h e a t i n g a s s o c i a t e d w i t h 
n u c l e a r w a s t e s t o r a g e . Temperature d a t a from t h e s e e x p e r i m e n t s a r e compared 
w i t h c l o s e d form and f i n i t e - e l e m e n t s o l u t i o n s . Good agreement i s found 
b e t v e e n measured t e m p e r a t u r e s and both types of mode l s , b u t e s p e c i a l l y for 
a n o n l i n e a r f i n i t e - e l e m e n t h e a t conduct ion model i n c o r p o r a t i n g c o n v e c t i v e 
boundary c o n d i t i o n s , measured nonuniform i n i t i a l rock t e m p e r a t u r e d i s t r i b u t i o n , 
and t e m p e r a t u r e - d e p e n d e n t the rmal c o n d u c t i v i t y . In s i t u thermal p r o p e r t i e s , 
d e t e r m i n e d by l e a s t - s q u a r e s r e g r e s s i o n , a r e very c l o s e t o l a b o r a t o r y v a l u e s . 
A l i m i t e d amount of s e n s i t i v i t y a n a l y s i s i s u n d e r t a k e n . 
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Cheverton, R.D.; Turner, W.D. 
Thermal analysis of the national radioactive w*.\ste reposi tory: 
Progress through June 1971. 0RNL-4726, Oak Ridye National Laboratory, 
Oak Ridge, TN, 90 p . , December 1971 

Sol idi f ied high-level fuel reprocessing wastes and alpha-contaminated 
sol id wastes are to be placed in s a l t formations 1000 f t below the ea r th ' s 
surface a t the proposed National Radioactive Waste Repository near Lyons, 
Kansas. The heat released from these wastes wi l l r e su l t in temperature 
increases throughout the immediate geologic formations. The following 
several factors influence the permissible temperature r i s e s : (1) thermal 
i n s t a b i l i t y of the so l id i f i ed waste; (2) migration of brine; (3) i n t eg r i t y 
of the mine during operations; (4) i n t e g r i t y of the overlying formations; 
(5) temperature in freshwater aquifers ; (6) temperature of the ea r th ' s 
surface; and (7) temperatures beyond the boundaries of the mine* Prelim
inary thermal calculat ions indicated the technical f e a s ib i l i t y of the 
Repository. More recent analyses have considered the Repository in 
grea ter de t a i l and have employed updated thermal property and s t r a t i -
graphic data. The r e su l t s from these analyses indicate that a l l of the 
c r i t e r i a can be s a t i s f i e d , and that a heat load of about 130 kw/acre 
as acceptable for 10-year old high-level waste. 

Cheverton, K.D.; Turner, W.D. 
Thermal analysis of the national radioactive waste reposi tory: 
Progress tnrough March 1972. 0RNL-4789, Oak Ridge National Laboratory, 
Oak Ridge, TN, 80 p . , September 1972 

Thermal s tudies are continu: ng in connection with the burial of 
radioact ive wastes in a s a l t formation similar to that at Lyons, Kansas. 
Parametric studies pertaining to high-level waste were recently conducted 
in which room s ize , waste package array and spacing, waste age, and power 
per package were var iao les . Ttie objective of the studies was to aid in 
determining optimum bur ia l condit ions. Room widths of 15, 30, and 50 f t 
and waste ages of 1 to 100 years a t the time of burial were considered. 
The previously used three-dimensional heat conduction code was revised 
to include the temperature dependence of the thermal conductivity, and 
c r i t e r i a associated with l imit ing temperatures were modified to achieve 
a greater degree of consistency for the different room s izes and package 
a r rays . 

Results from the analysis show tha t , independent of waste c.ge, there 
i s an advantage in using the 15-ft room, based on repository mining costs 
and gross space requirements. In connection with the l a t t e r requirements 
tne preference for the smaller room size i s r e s t r i c t ed to the maximum 
permissible loading condition. 
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Cheverton; Turner (continued) 

Delaying bur ia l of the waste un t i l about 10 years after the parent 
fuel i s discharged from the reactor also appears to be benef ic ia l . 

The calculated maximum permissible loading per gross acre for 10-year-
old waste i s 6 metric tons of waste nuclides, which corresponds to 158 
kw/acre a t the time of bur ia l . Considering the lowest expected thermal 
conductivity and permissible temperature for any of the presently 
ant ic ipated wastes, and assuming a container diameter of 12 in. , the 
maximum permissible i n i t i a l (time of bur ia l ) power per waste package i s 
5 kw (independent of waste age). The l imit ing power for a 6-in.-diam. 
container i s about 3 kW. 

A l imi ta t ion or. power per package i s also imposed by various waste 
package handling operations within the reposi tory. Thermal considerations 
l imi t the power for a 6-in.-diam. container to 5 kV), independent of 
waste age, while t ransporter shielding l imits the power to 3.3 kVi for 1-year-
old waste; however, tne permissible level i s greater than 5 kw for wastes 
older than about 3.2 years . 

A few calcula t ions were made to determine the effect of varying the 
waste package arrays within a room. Indications thus far are that there i s 
l i t t l e dif terence in permissible loading surface density for one, two, and 
• .iree rows m a 15-ft room and for two and three rows in a 30-ft room. 
I t i s t en ta t ive ly concluded that the addition of more rows wil l not introduce 
s igni f icant changes. Thus the jjarametric analysis applies to very low 
power levels per package, accommodated by numerous rows, as well as to the 
higher power levels for which the calcula t ions were made. 

Calculat ions have also been made with regard to temperatures in the 
high- level repository fringe areas (adjacent rooms, corr idors , shafts , e t c . ) , 
and in connection with the burial of cladding hul ls and alpha wastes. 
Neither ot these cases appears to pose par t i cu la r ly d i f f i c u l t thermal problems. 
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Claiborne, H.C. 
Tnermal analysis of a fuel cladding repository p i lo t plant in s a l t . 
ORNL/TM-5221, Oak Ridge National Laboratory, Oak Ridge, TN, 31 p . , April 1976 

Fuel cladding wastes (hulls) remaining af ter a chop-leach process used 
in the recovery of nuclear fuel from spent fuel elements are high level with 
respect to radia t ion but ra ther low level with respect to thermal power. Cost 
considerations d ic ta te ra ther large waste canis te rs with compact-"-3 contents; 
however, such a storage scheme can create thermal problems if the canis te rs 
are packed too closely together in a disposal horizon within a geological 
formation. 

The design c r i t e r i a for a p i l o t p lant for these wastes include r e t r i e v a -
b i l i t y and ready access to the rooms for several years , a condition that 
r e s t r i c t s the maximum floor temperature to less than 11 0°F and probably to the 
order of 100°F. I n i t i a l planning ca l l s for waste canis ters to be 15 f t long 
(active length of 13 ft) and made from standard 12-in. s t e e l pipe, with the 
hul ls compacted to near 70% theore t i ca l density. A reasonable arrangement for 
the can i s t e r s i s emplacement in. 20 i n , diameter holes d r i l l ed in several rows 
in the s a l t comprising ^he floor of an excavated room. The empty space would 
be t i l l e d with sand, which should f a c i l i t a t e r e t r i e v a b i l i t y . 

For t h i s stuay i t was assumed tha t the canis ters were f i l l ed with PWR 
fuel h u l l s , which had a heat generation ra te of 0.35 kw per canister in tl-
case o± 1-year-old wastes, and tha t the material loadings were the same or 
a l l of the canis t ' rs regardless of the age of the waste. 

t\ number of two-dimensional thermal calculat ions for a uni t ce l l were 
made to determine the effects of p i tch , bur ia l depth, waste age, and canister 
stacking on the maximum mine floor temperature. I t was found 'hat consider
ably less bur ia l area i s required for lG-year-exd waste as compared with 
1-year-old waste. A con^ p t that u t i l i z e s a - f t pitch has been studied from 
an excavation viewpoint. The resu l t s show tnat the waste must be aged about 
7 years in order for the maximum floor temperature not to exceed 100°F when 
single can is te rs are buried 15 f t in an array with a 4-f t square p i tch . In 
the case of two can is te rs stacked ve r t i ca l ly with a 5-ft sand-f i l led separa
t ion d is tance , a t l e a s t a 4-1/2-f t pitch and an age of 10 years are required 
for a bur ia l depth of 5 f t . 

For selected maximum floor temperatures, the required excavation of s a l t 
p*--r waste canis ter (rooms plus canis ter holes) varies as some inverse function 
ot waste age, bur ia l depth, and the number of canis te rs stacked ve r t i ca l ly in 
an array mode. The required excavation per canister i s greatly affected by 
the choice of parameters, par t icu la r ly the age of the waste. For ex mple, if 
a 100°F maximum floor temperature is selected, the required room exc na t ion 
(for the conditions examined) ranges from 200 ft^ per canister for 0-year 
ola waste contained in two ve r t i ca l ly stacked canis ters and buried o a depth 
of lb f t over the top canister to 650 f t 3 per canister for 1-year t .d waste 
in single canis ters buried 5 f t deep. 
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Cox, R.L. 
Radiative heat transfer in arrays of pa ra l l e l cyl inders . 
ORNL-5239, Oak Ridge National Laboratory, Oak Ridge, TNr 

286 p . , June 1977 

A theore t i ca l and experimental study of rad ia t ive heat transfer in arrays 
of p a r a l l e l cylinders i s presented. Attention is primarily directed toward 
two geometries common in the industry: square arrays of cylinders on a square 
pitch and hexagonal arrays of cylinders on an equ i la te ra l t r iangular p i tch . 

Configuration factors for cylinders on square and equ i l a t e ra l t r iangular 
pi tches are derived using Hot te l ' s c ross - s t r ing method. Theoretical equations 
are presented for configuration factors between rods up to four rows apart for 
cylinders on tr iangular spacings and between rods up to three rows apart for 
cylinders on square spacings. 

The usefulness of a formulation of the radiant energy exchange equations 
in terms of dimensionless variables i s demonstrated for the case in which the 
heat generation ra tes of the cylinders are known and the temperatures are 
sougnt. Each of the major theories for t r ea t ing radiat ion exchange within a 
aiffuse-gray enclosure--net radia t ion, Gebhart ' s , and Hot te l ' s methods—is 
examined and compared for u t i l i t y in handling the s teady-s ta te and t ransient 
solut ions for tiiis case. I t i s shown that the net radiat ion method i s most 
convenient for the s teady-s ta te problem, while e i ther Gebhart's or Hot te l ' s 
equations are superior for the trans lent problem. 

Computer programs are presented and described for obtaining both steady-
s t a t e and unstaady-state solutions for the temperatures of cylinders in 
hexagonal arrays of cylinders on an equi la te ra l t r iangular pi tch and for 
square arrays of cylinders on a square p i tch . In the par t icu la r instance of 
uniform surface emiss iv i t ies and uriform heat generation ra tes in each of the 
cy l inders , s teady-s ta te center-rod temperatures are given in terms of dimen
s ionless p lo t s which obviate the necessity of using the computer algorithms. 

Experimental measurements were made of the s teady-s ta te ttmperatures in 
two 217-tube hexagonal arrays having pitch-to-diameter ra t ios ot 1.240 and 
1.3b7 a t heat generation rates corresponding to center tube temperatures of 
800 and 1 0 0 0 ° F . The t e s t s were carried out with the tube bundle in a vacuum 
to minimize the effects of gaseous conduction and natural convective heat 
t r a n s t e r between tubes. 

Theoret ical calculat ions based on the assumption of uniform radiosi ty 
around the periphery of each tube yieldec tube temperatures which were in poor 
agreement with the experimental observations. Replacing the assumption of 
uniform rad ios i ty over the ent i re tube wi th the assumption ot uniform radiosi ty 
over 30° segments yielded theoret ica l temperature profi les across the arrays 
which dif tered no more than 7% from the expenmental p ro f i l e s . 
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Davis, B.W. 
Convection and thermal radia t ion analyt ica l models applicable to a nuclear 
waste reposi tory room. 

UCID—18103, Lawrence Livermore Laboratory, University of Cal ifornia , 
Livermore, CA, 21 p . , January 1979 

Time-dependent temperature d i s t r ibu t ions in a deep geologic nuclear 
waste reposi tory have a d i r ec t impact on the physical in t eg r i ty of the 
emplaced can i s te r s and on the design of r e t r i e v a b i l i t y options. This 
report (1) i den t i f i e s the thermodynamic proper t ies and physical parameters 
of three convection regimes—forcecl, na tura l , and mixed; (2) defines the 
convection correla t ions applicable to calculat ing heat flow in a vent i la ted 
( forced-air ) and in a nonventilated nuclear waste repository room; and 
(3) de l inea tes a computer code tha t (a 1 computes and compares the floor:-to-
ce i l i ng heat flow by convection and radia t ion, and (b) determines the 
nonlinear equivalent conductivity table for a reposi tory room. (The tabi.-^ 
permit the use of the ADINAT code to model surface-to-surface radiat ion 
and the TRUMP code to employ two di f ferent emissivity propert ies when 
modeling radiat ion exchange between the surface of two different mater ia ls . ) 
The analys is shows tha t thermal radia t ion dominates heat flow modes in a 
nuclear waste repository room. 

Davis, B.W. 
Preliminary assessment of the thermal effects of an annular a i r space 

surrounding an emplaced nuclear waste can i s te r . 
UCRL--15014, Lawrence Livermore Laboratory, University of California, Liver
more, CA, 42 p . , April 1979 

Modeling resu l t s have previously shown tha t the presence of a large 
a i r space ( e . g . , a repository room) within a nuclear wast? repository is 
expected to cause a waste c a r i s t e r ' f temperature to remain cooler than i t 
would otherwise be. Results presented herein show that an annular a i r 
space surrounding the waste ' ;anisters can have similar cooling effects 
under ce r ta in prescribable conditions; for a 16 f t x 1 ft diameter 
canis ter containing t>50 PWR rods which i n i t i a l l y generate a to ta l of 4.61 
k\4, analys is will show that annular a i r spaces greater than 11 in. wi l l 
permit the canis ter surfac-. to a t t a i n peak temperatures lower than that, 
which would r e su l t from a zero-gap/perfect thermal contact. I t was 
determined tha t the peak ,-adial temperature gradient in the s a l t varies 
in proportion to the inverse of the d r i l l hole radius . Thermal radiat ion 
i s shown to be the dominant mode of heat transfer across an annular 
airspace during the f i r s t two years af ter emplacement. Finally, a methodology 
i s presented which wi l l allow invest igators to eas i ly model radiat ion 
ana convection heat transfer through a i r spaces by t reat ing the space as 
a conduction element that possesses non-1 ' r w r temperatuit; dependent 
conauctiv; fc.y. 



154 

Deane, J . S.; Mollis, A.A. 
P rac t i ca l aspects of heat t ransfer in a adioactive-waste repository design 
AERE-R--9343 Atomic Energy Research Establishment, Harwell, England, 
19 p . , January 1979 

An assessment has been made of the ef iect on temperature r ises of the 
p r a c t i c a l features associated with the disj-3sal of high-level radioactive 
wastes in a reposi tory constructed within a granite formation. Encapsulation, 
the use of a backf i l l mater ia l , and reductio i in the axial spacing between 
blocks to 8 m wil l have l i t t l e effect on the temperature r i ses in the gran Le, 
and there i s clear need for the measurement of grani te thermal conductivity 
a t selected si t e s . 

Hamstra, J . ; Kevenaar, J.W.A.Mr 
Temperature ca lcula t ions on di f ferent configurations for disposal of high-
leve l reprocessing waste in a s a l t dome model, 

ECN--42, St icht ing Energieonderzdek Centrum Nederland, Petten, Netherlands, 
57 p . , June 1978 

A medium s ize s a l t dome i s considered as a s t ruc ture in which a reposi tory 
can be located for a l l radioactive wastes to be produced within the scope of a 
postula ted nuclear power program. A dominating design factor for the lay-out 
of such a waste reposi tory is the temperature d i s t r ibu t ion in the s a l t dome 
r e su l t i ng from decay heat released from the buried so l id i f ied high-level 
reprocessing waste. Two numerical models are presented for the calculation 
of both global and local rock s a l t temperatures. The resul t s of calculat ions 
performed with these moaels are demonstrated to be compatible. Rock s a l t 
temperatures related to several types of burial configurations, ranging from 
two layer reposi tory to deep bore hole concepts varying from 100 to 600 m 
bore hole depth, can therefore be calculated with one rather simple uni t 
c e l l model. The resu l t s of these calculat ions indicate that rock s a l t 
temperatures can be kept within acceptable l imits to rea l ize a respository 
using standard mining techniques. The temperatures at mine gallery level 
prove to be a dominating factor in the select ion of a repository configuration. 
More de ta i l ed calcula t ions of these temperatures taking into account the loading 
sequence and the cooling capacity of the mine vent i la t ion are recommended. 
Final ly the apparent advantages of a deep bore hole concept emphasize the need 
for R and D work with respect to advanced d r i l l i n g techniques i:-. order to 
achieve deep dry disposal bore holes that can be realized from a burial 
mine in the s a l t dome. 
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Jeffry, J .A.; Chan, T.; Cook, N.G.W.; Witherspoon, P.A. 
Determination of in s i t u thermal proper t ies of Str ipa granite from temperature 

measurements in the fu l l - sca le heater experiments: Method and preliminary 
r e s u l t s . 

LBL--8423, SAC-24, Lawrence Berkeley Laboratory, University of Cal i fornia , 
Berkeley, CA, 34 p . r May 1979 

The in s i tu thermal conductivity and thermal d i f fus iv i ty of a grani te 
rock mass a t the Str ipa Mine, Sweden, have been extracted from the f i r s t 
70 days of temperature data for the 5 kW fu l l - sca le heater experiment by 
means of least-squares f i t to a f i n i t e - l i n e source solut ion. Thermal 
conductivity and thermal d i f fus iv i ty have been determined to be 3.69 
W/(m-°c) and 1.84 x 10" 6 m 2 /S , respect ively , a t an average rock 
temperature of 23°c (the average value of the actual temperature data 
used). These values are only s l i gh t ly higher than the corresponding 
laboratory values, i . e . , there i s no s igni f icant s ize effect in the 
thermal proper t ies of th i s rock mass. Since the s ize and shape of the 
heater canis ter used are similar to thop;e considered for nuclear waste 
can i s te r s and a subs tan t ia l volume of rock is heated, the thermal proper t ies 
obtained in th i s study are representa t ive of in s i tu rock mass propert ies 
under actual nuclear repository operating condit ions. 

Jenks, G.H. 
Maximum acceptable temperatures of wastes and containers during re t r ievable 

geologic s torage. 
Y/OWI/TM—42 Office of Waste I so la t ion , Union Carbide Corp., Oak Ridge, TNf 

7 p . , August 1977 

Estimates of maximum acceptable temperatures of waste and containers during 
re t r ievable geologic storage were needed for use in evaluating and comparing 
conceptual designs for repos i tor ies for wastes from reprocessing and for 
spent fuel in several different rock types. Estimates of these temperatures 
ana discussions of the bases for the estimates are presented. 
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J u s t , R.A. 
Heat t r a n s f e r s t u d i e s in s a l t and g r a n i t e . 
ORNL/ENG/TM—14, Oak Ridge N a t i o n a l L a b o r a t o r y , Oak Ridge , TNr 

90 p . , October 1978 

R e s u l t s a r e p r e s e n t e d of a scop ing s tudy on t h e f e a s i b i l i t y of u s i n g 
a m u l t i - l a y e r t e r m i n a l r e p o s i t o r y d e s i g n in bo th s a l t and g r a n i t e fo rma t ions 
t o s t o r e e i t h e r h i g h - l e v e l was te or s p e n t f u e l . C a l c u l a t i o n s have been 
made to de t e rmine t c ^ _ t u r e p r o f i l e s w i t h i n t h e r e p o s i t o r y and t o 
p r o v i d e an e s t i m a t e of the t he rma l u p l i f t t h a t can be e x p e c t e d . N e a r - f i e l d 
models deve loped to compare t e m p e r a t u r e p r o f i l e s i n the r e g i o n s c l o s e t o 
the was te c a n i s t e r s i n d i c a t e d t h a t maximum t h e r m a l g r a d i e n t s and maximum 
t e m p e r a t u r e i n c r e a s e s could be s i g n i f i c a n t l y reduced by chang ing from a 
s i n g l e t o a m u l t i - l a y e r r e p o s i t o r y d e s i g n . For bo th h i g h - l e v e l was te and 
f o r s p e n t f u e l , t he maximum t e m p e r a t u r e i n c r e a s e in t h e m u l t i - l e v e l 
r e p o s i t o r i e s was reduced t o app rox ima te ly 60 p e r c e n t of the t e m p e r a t u r e 
i n c r e a s e p r e d i c t e d fo r the s i n g l e - l e v e l r e p o s i t o r i e s a t t h e same a r e a l 
l o a d i n g . Af te r t h e n e a r - f i e l d models had v e r i f i e d t h a t maximum the rma l 
g r a d i e n t s and t e m p e r a t u r e i n c r e a s e s could be reduced by us ing a m u l t i l e v e l 
r e p o s i t o r y d e s i g n , a s e r i e s of f a r - f i e l d models was deve loped . The f a r - f i e l d 
models used t o p r o v i d e q u a l i t a t i v e compar i sons of t h e maximum the rma l 
u p l i f t i n d i c a t e t h a t the the rmal u p l i f t i s roughly p r o p o r t i o n a l t o the 
energy s u p p l i e d t o t h e f o r m a t i o n . Changing from a s i n g l e - t o a m u l t i - l a y e r 
r e p o s i t o r y b u t keep ing t h e a r e a l l o a d i n g c o n s t a n t r e s u l t s in i n c r e a s e d 
t h e r m a l u p l i f t s . 

Kaser , J . D . 
Theiir.^1 a n a l y s i s of Hanford de fense waste s t r o n t i u m and cesium c a p s u l e s 

i s o l a t e d in b a s a l t . 
RHO-LD--78, Rockwell Hanford O p e r a t i o n s , Rockwell I n t e r n a t i o n a l C o r p . , 
R i c h l a n d , WA, 
33 p . , June 1979 

Tempera tu res were c a l c u l a t e d for cesium and s t r o n t i u m c a p s u l e s 
packaged in s t e e l c a n i s t e r s and i s o l a t e d in deep b a s a l t format ion us incj 
t h e HEATING5 program. For the base c a s e wi th an i n i t i a l h e a t g e n e r a t i o n 
r a t e of 5 kW per c a n i s t e r , the maximum t e m p e r a t u r e reached s t the bo reho le 
r i r f a c e i s 760°F, whi le the c a n i s t e r s u r f a c e r e a c h e s 845°F and t h e 
c a p s u l e s u r f a c e r e a c h e s 1 1 5 5 ° F . A s e n s i t i v i t y a n a l y s i s showed t h a t the 
t e m p e r a t u r e was most a f f e c t e d by changes i n c a p s u l e power, b a s a l t the rmal 
c o n d u c t i v i t y / s u r f a c e e m i s s i v i t y , and b o r e h o l e d i a m e t e r . Temperature was 
muci l e s s a f f e c t e d by changes in d e n s i t y and h e a t c a p a c i t y of the b a s a l t . 
T u n n t l d i m e n s i o n s / minor changes i n c a n i s t e r spac ing or p i t c h had l i t t l p 
e f f e c t . The d i s c r e t i z a t i o n e r r o r of the numer i ca l c a l c u l a t i o n s i s about 
30°F . 



157 

Krumhansl, J .L . 
Preliminary resu l t s report : Conasauga near-surface heater experiment. 
SAND--79-0745, Sandia Laboratories, Albuquerque, NM, 67 p . , June 1979 

From November 1977 to August 1978, two near-surface heater experiments 
were operated in two somewhat di f ferent s t r a t i g raph ic sequences within 
the Conasauga formation which consis t predominantly of shale. Specific 
phenomena invest igated were the thermal and mechanical responses of the 
formation to an applied heat load, as well as the mineralogical changes 
induced by heating. Objective was to provide a minimal integrated field 
and laboratory study that would supply a data base which could be used in 
planning more expensive and complex vault- type experiments in other 
l o c a l i t i e s . The experiments were operated with heater power levels of 
between 6 and 8 kW for heater mid-plane temperatures of 385°C. The 
temperature f ie lds within the shale were measured and analysis i s in 
progress . Steady s t a t e conditions were achieved within 90 days. Conduction 
appears to be the pr inc ipa l mechanism of heat t ranspor t through the 
formation. Limited mechanical response measurements consist ing of ve r t i ca l 
displacement and s t r e s s data indicate general agreement with predic t ions . 
Pos t tes t data, co l lec t ion of which await experiment shutdown and cooling 
ot the formation, include the mineralogy of pos t t e s t cores, pos t t e s t 
t ransmiss iv i ty measurements and corrosion data on metal lurgical samples. 

Krumhansl, J .L . 
Conasauga near-surface heater experiment. Final repor t . 
SAND--79-1855, Sandia Laboratories, Albuquerque, NM, 98 p . , November 1979 

The Conasa..ga experiment was undertaken to begin assessment of 
the thermomechanical and chemical response of a specif ic shale to the 
heat resu l t ing from emplacement of high-level nuclear wastes. Canister 
size heaters were implanted in Conasauga shale in Tennessee. Instrumenta
tion arrays were placed a t various depths in d r i l l holes around each 
heater. The heaters operated for 8 months and, af ter the f i r s t 4 days, 
were maintained a t 385°C. Emphasis was on characterizing the thermal 
and mechanical response of the formation. Conduction was the major mode 
ot neat t ransport ; convection was perceptible only at temperatures above 
Lne boil ing point of water. Despite dehydration of the shale a t higher 
temperatures, in s i tu thermal conductivity was essen t i a l ly constant and 
not a function of temperature. The mechanical response of the formation 
was a s l i gh t overal l expansion, apparently resu l t ing in a general decrease 
in permeabil i ty. Metallurgical observations were made, the s t a b i l i t y of a 
Dorosi l icate glass waste form simulant was assessed, and changes in formation 
mineralogy and groundwater composition were documented. In each of these 
areas, t r ans ien t nonequilibrium processes occur that affect material 
s t a b i l i t y and may be important in determining the in tegr i ty of a reposi tory. 
In general, data from the t e s t r e f l ec t favorably on the use of shale as a 
disposal medium for nuclear waste. 
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Lappin, A.R.,- Thomas, R.K.; McVey, D.F. 
Eleana near-surface heater experiment f ina l repor t . SAND80-2137, 
Sandia Laboratories, Albuquerque, NM, April 1981 

This report summarizes the resu l t s of a near-surface heater experiment 
operated a t a depth of 23 m in a r g i l l i t e within the Eleana Formation on 
the Nevada Test S i te (NTS). The t e s t geometrically simulated emplacement 
of a s ingle canis ter of High-Level Waste (HLW) and was operated a t a power 
level of 2.5 kw for 21 days, followed by 3.8 kW to 250 days, when the 
power was turned off. Below 85° to 100°C, there was good agreement 
between modeled and measured thermal r e su l t s in the rock and in the 
emplacement hole, except for t ransient t ransport of water in the heater 
hole. Above 100°c, modeled and measured thermal r e su l t s increasingly 
diverged, indicat ing tha t the i n - s i t u rock-mass thermal conductivity 
decreased as a r e su l t of dehydration more than expected on the basis 
of matrix proper t ies . Correlation of thermomechanical modeling and 
f ie ld r e s u l t s suggests that th is decrease was caused by strong coupling 
of thermal and mechanical behavior of the a r g i l l i t e at elevated temperatures. 

No hole-wall decrepitat ion was observed in the experiment; th i s fact 
and the corre la t ion of modeled and measured r e su l t s a t lower temperatures 
ind ica te tha t there is no a p r io r i reason to eliminate argi l laceous rocks 
from further consideration as a host rock for nuclear wastes. However, the 
phenonenological complexities apparent in the t e s t , especial ly those 
re la ted to rock-mass dehydration, make i t obvious that addit ional in - s i tu 
t e s t i ng must be done before shales can be adequately charcterized for th i s 
purpose. 



159 

Lincoln, R.C.; Larson, D.W.; Sisson, C.E. 
Estimates of r e l a t ive areas for the disposal in bedded s a l t of LWR wastes 

from a l t e rna t i ve fuel cycles . 
SAND-77-1816, Sandia Laboratories, Albuquerque, NM, 
240 p . , January 1978 

The r e l a t i ve mine-level areas (land use requirements) which would be 
required for the disposal of l ight-water reactor (LWR) radioact ive wastes in a 
hypothet ical bedded-salt formation have been estimated. Five waste types from 
a l t e rna t i ve fuel cycles have been considered. The re la t ive thermal response 
of each of five different s i t e conditions to each waste type has been de te r 
mined. The fuel cycles considered are the once-through (no recycle) , the 
uranium-only recycle, and the uranium and plutonium recycle. The waste types 
which were considered include (1) unreprocessed spent reactor fuel, (2) so l id 
if ied waste derived from reprocessing uranium oxide fuel, (3) plutonium 
recovered from reprocessing spent reactor fuel and doped with 1.5% of the 
accompanying waste from reprocessing uranium oxide fuel , (4) waste derived 
from reprocessing mixed uranium/plutonium oxide fuel in the third recycle, and 
(5) unreprocessed spent fuel af ter three recycles of mixed uranium/plutonium 
oxide fue ls . The r e l a t ive waste-disposal areas were determined from a calcu
lated value of maximum thermal energy (MTE) content of the geologic formations. 
Results are presented for each geologic s i t e condition in terms of area r a t i o s . 
Disposal area requirements for each waste type are expressed as ra t ios re la t ive 
to the smallest area requirement (for waste type no. 2 above). For the refer
ence geologic s i t e condition, the estimated mi ne-level disposal area ra t ios are 
4.9 for waste type no. 1, 4.3 for no. 3, 2.6 for no, 4, and 11 for no. 5. 

Llewellyn, G.H. 
Thermal responses in underground experiments in a dome s a l t formation. 
CONF--770847-6, Oak Ridge National Laboratory, Oak Ridge, TM, 12 p . , August 1977 

To provide design information for a radwaste reposi tory in dome s a l t , 
m - s i t u experiments with nonradioactive heat sources are planned. Three such 
experiments using e l e c t r i c a l heat sources are scheduled to be carried out in a 
s a l t dome. The purpose of these experiments i s to acquire rock mechanics data 
to ascer ta in the s t ruc tu ra l deformation due to the thermal load imposed, to 
study brine migration and corrosion, and to provide thermal data. A data 
acquis i t ion system i s provided with these experiments to monitor temperatures, 
heat f luxes, s t r e s se s , and ground displacement. A thermal analysis was made 
on models of each of these experiments. The objective of the analysis i s to 
verify the capabi l i ty of maxing accurate t rans ient temperature predict ions by 
the use of computer modeling techniques. Another purpose i s to measure in -
s i t u thermal conductivity and compare the resu l t s with measurements taken from 
core samples. The HEATING5 computer program was used to predict t r ans ien t 
temperatures around the experiments for periods up to 2 years using two-dimen
sional and three-dimensional heat transfer models. The resul t s of analysis 
are presented with the associated boundary conditions used in the individual 
models. 
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Llewellyn, G.H. 
Predict ion of temperature increases in a s a l t repository expected from the 

storage of spent fuel or high-level waste. 
0RNL/ENG/TM--7, Oak Ridge National Laboratory, Oak Ridge, TN, 
83 p . , April 1978 

Comparison in temperature increases incurred from hypothetical 
storage of 133 mW of 10-year-old spent fuel (SF) or high-level waste 
(HLW) in underground s a l t formations have been made using the HEATING5 
computer code. The comparisons are based on f a r - f i e ld homogenized models 
that cover areas of 65 and 25 sq miles for SF and HLW, respect ively , and 
near- f ie ld u n i t - c e l l models covering respective areas of 610 f t 2 and 
400 f t 2 . Preliminary comparisons based on heat loads of 150 kW/acre 
and 3.5 kW/canister indicated near-f ie ld temperature increases about 
20% higher for the storage of the spent fuel than for the high-level 
waste. In these comparisons, i t was a lso found that the thermal energy 
deposited in the s a l t af ter 500 years i s about twice the energy deposited 
by the high-level waste. The thermal load in a repository containing 
10-year-old spent fuel was thus limited to 60 kW/acre to obtain comparable 
f a r - f i e ld thermal effects as obtained in a reposi tory containing 10-year-
old high- level waste loaded a t 150 kW/acre. Detailed fa r - f i e ld and 
u n i t - c e l l comparisons were made between a canister containing high-level 
waste with an i n i t i a l heat production ra te of 2.1 kW and a canister 
containing a PWR spent fuel assembly producing 0.55 kto using a three-
dimensional u n i t - c e l l model, a maximum s a l t temperature increase of 
2 6 0 ° F was calculated for the high-level waste pr ior to back-f i l l ing (5 
years af ter b u r i a l } , whereas a maximum temperature increase of 110°F 
was calculated for the spent fuel prior to backf i l l ing (25 years after 
b u r i a l ) . Comparisons we r also made between various coniigurat ional 
models for the high-level waste showing the app l i cab i l i t y of each model. 
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Lowry, W.E.i Davis, B.W.; Cheung, H. 
The effects of annular air gaps surrounding an emplaced nuclear waste 
canister in deep geologic storage. In "Heat Transfer in Nuclear Waste 
Disposal", ASME Proceedings, Vol. 2, pp. 69-74, 1980 

Annular a i r spaces surrounding an emplaced nuclear waste canis ter in deep 
geologic storage wi l l have s ign i f ican t effects on the long-term performance 
of the waste form. Addressed speci f ica l ly in th i s analysis i s the influence 
of a gap on the thermal response of the waste package. Three dimensional 
numerical modeling predic ts temperature effects for a ser ies cf parameter 
va r ia t ions , including the influence of gap s i ze , surface emiss iv i t i e s , i n i t i a l 
thermal power generation ra te of the canis te r , and the presence/absence of 
a sleeve. Par t icu lar emphasis i s placed on determining the effects these 
variables have on the canis te r surface temperature. We have ident i f ied 
c r i t i c a l gap sizes a t which the peak t rans ien t temperature occurs when gap 
widths are varied for a range of power l eve l s . I t is also shown that 
high emiss iv i t ies for the heat exchanging surfaces are des i rable , while that 
of the can is te r surface has the grea tes t influence. Gap effects are more 
pronounced, and therefore more ef for t should be devoted to optimal design, 
in s i t ua t ions where the absolute temperature of the near f ie ld medium i s 
high. This occurs for higher power level emplacements and in geomedia with 
low thermal conduct iv i t ies . F ina l ly , loosely inser t ing a sleeve in the 
borehole effect ively creates two gaps and d r a s t i c a l l y ra ises the canister 
peak temperature. I t i s possible to use these r e su l t s in the design of an 
optimum package configuration which wi l l maintain the canister at acceptable 
temperature l eve l s . A discussion is provided which r e l a t e s the findings 
to NRC regulatory considerat ions. 
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McVey, D.F., Thomas, R.K. and Lappin, A.R. 
Small scale heater t e s t s in a r g i l l i t e of the Eleana Formation a t the 
Nevada Test S i t e . 

SAND79-0344, Sandia Laboratories, Albuquerque, NM, 62 p . , November 1979 

A se r i e s of near-surface heater t e s t s has been run in the Eleana 
Formation a t the Department of Energy's Nevada Test S i t e , in an effor t 
to evaluate argi l laceous rock as a po ten t ia l emplacement medium for 
nuclear waste s torage. The main t e s t , which employed a fu l l - sca le 
heater with a thermal output approximating that which would be expected 
from commercial boros i l i ca te wsste, was designed to operate for several 
months. Two smaller scaled te^cs were run pr ior to the fu l l - sca le t e s t , 
in order to determine the basic f e a s i b i l i t y of operating the fu l l - sca le 
t e s t as planned. This report develops the thermal scaling laws, describes 
the p r e t e s t thermal and thermomechanical analysis conducted for these two 
t e s t s , and discusses the material proper t ies data used in the analyses. 
The predic t ions are compared with qua l i t a t ive experimental r e s u l t s . In 
the f i r s t t e s t , scaled to a large heater of 3.5 kw power, computed heater 
temperatures were within 7% of measured values for the en t i re 96 hour 
t e s t run. The second t e s t , scaled to a large heater having 5.0 kW power, 
experienced periodic water in-flow in to the heater , which tended to damp 
the temperature. For the second t e s t , the computed temperatures were 
within 7% of measured for the f i r s t 20 hours. After th i s time, the 
water effect became s ignif icant and the measured temperatures were 
15-20% below those predicted. On the second t e s t , rock surface 
spa l l a t i on was noted in the bore nole above the heater , as predicted. 
The scaled t e s t s indicated that in s i t u a r g i l l i t e would not undergo 
major thermostructural fa i lure during the follow-on, 3.5 kw, fu l l -sca le 
t e s t . 

Ploumen, P. ; Stickman, G.; Winske, P. ; Durr, K.; Korthaus, E.; Donath, P. 
S tudies of the temperature behavior associated wi th the ultimate storage of 

high level radioactive waste. 
I n s t i t u t fur Elektrische Anlagen und Energiewirtschaft Achen, W. Germany, 
Atomwirtsch. , Atomtech., v. 24, no. 2, pp. 85-94, February 1979 

A West German methodology for s tor ing high level radioactive waste i s 
ou t l ined . Waste produced in fuel reprocessing wil l be converted in to a 
so l id ( e . g . , boros i l i ca te g lass ) , then permanently stored in a geologica1 
s a l t formation. The heat diss ipat ion associated with the ultimate 
s torage of th is waste i s examined. Temperature f ie lds are calculated as 
a function of time and posi t ion. Computation techniques and computer 
programs developed for t h i s purpose are described. Simulation experiments 
with various geometries and heat outputs a t the Asse Mine are a l ro 
presented. A comparison of t e s t and computed resu l t s ver i f ies the 
accuracy wi th which the computer programs can predict thf temperatures. 
(In German). 
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Raines, G.E,j Rickertsen, L.D.; Claiborne, H.C.; McElroy, J .L . ; Lynch, R.W. 
Development of reference conditions for geologic repos i to r ies for nuclear 
waste in the USA. 
Presented a t the Material Research Annual Meeting in Boston, MA, Nov. 1980, 
to be published in Proceedings of the Symposium on "Scient i f ic Basis for 
Nuclear Waste Management". 

This paper summarizes a c t i v i t i e s to determine interim reference conditions 
for temperatures, pressure, f luid, chemical, and radiat ion environments tha t 
are expected to ex i s t in commercial and defense high-level nuclear waste and 
spent fuel repos i to r ies in s a l t , b a s a l t , tuff, g rani te and shale . These 
interim conditions are being generated by the Reference Repository Conditions 
In terface Working Group (RRC-IWG), an ad hoc IWG establ ished by the National 
Terminal Storage Program's (NWTS) I so la t ion Interface Control Board (I-ICB). 

The reference reposi tory conditions being developed are intended to serve 
as a guide for: a) s c i e n t i s t s conducting material performance t e s t s ; b) engi
neers preparing the design of r epos i to r i e s ; c) the technical ly conservative 
condition to be used as a basis for DOE l icense appl ica t ions; and d) s c i e n t i s t s 
and engineers developing waste forms. Present plans c a l l for the completion 
of generic reference repository conditions for s a l t , ba sa l t , tuff, and gran i te , 
Dy December, 1981. Shale has been assigned a lower p r io r i t y and RRC work on 
that rock type has been discontinued. However, interim conditions for a l l 
five roclt types wil l be published as ONWI reports in the near future. 

Ratigan, J .L . (RE/SPEC) 
Groundwater movements around a reposi tory . Thermal analyses. KBS-TR--54-02, 
Kaernbraenslesaexerhet, Stockholm, Sweden, 78 p . , September 1977 

Conduction baseline thermal calculat ions have been completed for local 
near - f ie ld and global far - f ie ld temperature d i s t r i b u t i o n s . The effects of 
waste age, rock mass thermal conductivity, reposi tory depth, repository 
ven t i l a t i on , emplacement sequence, and modeling geometry have been analyzed. 
These baseline r e su l t s wil l be used in further phases of th is study to 
analyze the effects on the rock mechanical s i tua t ion and subsequent flow 
permeabili ty per turbat ions . Addit ionally, the temperature f ie lds wi l l be 
u t i l i z ed to assess thermally induced flow and to quantify the importance of 
f re t and forced convective heat t ransfer and the i r subsequent effects on the 
groundwater regime. The temperature r i s e s that have been observed are low in 
comparison to those a r i s ing in the analysis of repos i to r ies in other na t ions . 
Tins i s mainly due to the waste age and the low GTL being investigated in 
Sweden. In a qua l i t a t ive sense, the potent ia l for thermally induced flow 
appears apparent. However, further study should quantify the magnitude of 
th i s flow. 
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Ratigan, J . ; Van Sambeek, L. (RE/SPEC) 
Analysis of t rans ien t his tory of underground excavations for radioactive waste 

isola wion. 
Y/OWI/SUB--77/22303/P6, 8 p . , August 1977. 

The constra ints and phenomena which must be modeled in rea l iz ing a 
ra t iona l predict ion of temperature his tory in a radioact ive waste repository 
are presented. The ef fec ts of conductive and rad ia t ive heat t ransfer between 
the waste package and host rock are presented. Results of numerical i n v e s t i 
gations are u t i l i z ed to present specif ic s i tua t ions wherein analyt ica l approx
imations to the waste canis ter geometry may be u t i l i z e d . The paper also 
presents th,^ r esu l t s of approximations to the mean underground repository 
temperatures. The r e l i a b i l i t y of both methods of predict ing temperatures i s 
assessed through the comparison of predicted temperatures with measured 
temperatures from the Project Sal t Vault f ie ld experiment. The design of 
experiments for model ver i f ica t ion i s discussed and a specific heated experi
ment which has been proposed i s presented. 

Russell , J .E . 
Areal tmermal loading recommendations for nuclear waste reposi tor ies in s a l t . 
Y/OWI/TM-37, Office of Waste I so la t ion , Oak Ridge, TN., 43 p . , June 1979 

The object ive of t h i s report i s to es tab l i sn a wider understanding of the 
background and ra t iona le behind the areal thermal loading recommendations for 
generic s tud ies , including conceptual designs, of nuclear waste repos i to r ies 
in s a l t . This objective has been accomplished by (1) defining a reference 
reposi tory; (2) proposing a se t of ten ta t ive performance l imits for the 
response of a we l l - s i t ed generic repository; (3) discussing and documenting 
the background of the t en ta t ive performance l imi ts ; and (4) demonstrating 
tha t the reference reposi tory can meet the proposed performance l imits a t the 
recommended thermal loadings by comparing the resu l t s of numerical studies on 
conservative models within the performance l im i t s . 

Throughout the repor t , i t is emphasized that f inal recommendations for 
performance l imi t s and areal thermal loading cannot be made before a s i t e i s 
se lec ted . For a gi /en s i t e , the ten ta t ive performance l imits may have to be 
modified and addi t ional l imits imposed. Such modifications in performance 
l imi t s may be ref lected in different areal thermal loadings than those given 
herein . 

In addit ion, f ie ld , laboratory, and nu-ierical simulation work relevant to 
nuclear waste repos i tor ies in rock s a l t is continuing and may provide j u s t i f i 
cat ion for a l t e r i ng the tenta t ive performance l imits and/or the thermal load
ing recommendations. 

Within the s t a t e of existing technology, a wel l -s i ted repository u t i l i z 
ing the appropriate recommended thermal loading wi l l apparently sat isfy the 
t en ta t ive performance l im i t s . The final appropriate performance l imits are 
almost ce r t a in to oe s i t e specific and should be determined prior to final 
design. 
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Science Applicat ions, Inc. 
Thermal operations conditions in a nat ional waste terminal storage f a c i l i t y . 
Y/OWI/SUB--76/49750, Office of Waste I so la t ion , Oak Ridge, TN, 49 p . , 1976 

Some of the major tachnical questions associated with the burial of 
radioact ive high-level wasteB in geologic formations are re la ted to the 
thermal environments generated by the waste and the impact of th is 
d i ss ipa ted heat on the surrounding environment. The design of a high 
level waste storage f a c i l i t y must be such that the temperature var ia t ions 
tha t occur do not adversely affect operating personnel and equipmen .. 
The object ive of t h i s invest igat ion was to a s s i s t OWI by determining 
the thermal environment that would be experienced by personnel and 
equipment in a waste storage f a c i l i t y in s a l t . Par t icu lar emphap~s was 
placed on determining the maximum floor and a i r temperatures * ;. + and 
without ven t i l a t ion in the f i r s t 30 years after waste emplacemei . The 
assumed f a c i l i t y design dif fers somewhat from those previously lalyzed 
and reported. But many of the previous parametric surveys are .seful for 
comparison. In th i s invest igat ion a number of 2-dimensional 3 3-
dimensional simulations of the heat flow in a reposi tory have «en 
performed on the HEATING5 and TRUMP heat t ransfer codes. The representa
t ive reposi tory constructs used in the simulations are descr jed, as well 
as the computational models and computer codes. Results of _he simulations 
are presented and discussed* Comparisons are made between ie recent-
r e su l t s and those from previous analyses. Final ly, a summ y of study 
l i m i t a t i o n s , comparisons, a.n\ conclusions is given. 

Science Applications, Inc. 
The se lec t ion and evaluation of thermal c r i t e r i a for a geologic waste 

i so l a t ion f a c i l i t y in s a l t . 
Y/OWI/SUB-76/07220, Office of Waste I so la t ion , Oak Riaae, TN. 
92 p . , September 1976 

Previous design ef for ts for geologic waste isc tion fac i l i t i es ; in 
bedded s a l t developed several l imit ing temperature ondit ions, or thermal 
c r i t e r i a , for use in parametric s tud ies . These cv ceria, aloni. with 
other design parameters, must assure tha t the tern i rature var ia t ions 
tha t occur do not adversely affect operating personnel and equipment 
during normal operations as well as assure conta nment and environmental 
i n t e g r i t y . 

The goals of the present study are to: (1 review past analyses of 
tnermal c r i t e r i a , (2) determine the factors t 1 i t should be considered 
in defining thermal c r i t e r i a , (3) suggest ap opriate procedures for 
determining thertr.al c r i t e r i a and (4) suggest addi t ional experimental 
and computational effor ts required to adequ _ely determine thermal 
c r i t e r i a . 
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Sc ience A p p l i c a t i o n s , I n c . 
Thermal a n a l y s i s of a v e n t i l a t e d h i g h - l e v e l w a s t e r e p o s i t o r y . 
Y / O W I / S U B - - 7 6 / . L S 5 2 7 , Of f i ce of Waste I s o l a t i o n , Oak Ridge , TN, 83 p . , 
A p r i l 1977 

The c o o l i n g r e s p o n s e o.f a s i n g l e v e n t i l a t e d s t o r a g e room in an u n v e n t i 
l a t e d a r r a y of rooms i s examined. C a l c u l a t i o n s show t h a t v e n t i l a t i o n p r o v i d e s 
a t he rma l s i n k i n t h e h e a t e d sys tem i n d u c i n g t e m p e r a t u r e g r a d i e n t s i n t h e f o r 
mation d i f f e r e n t from t h e u n v e n t i l a t e d c a s e . An a s y m p t o t i c cool-down l i m i t 
e x i s t s f o r t h e s t o r a g e room t e m p e r a t u r e s : t h i s minimum t e m p e r a t u r e depends on 
i n l e t a i r t e m p e r a t u r e , v e n t i l a t i o n flow r a t e , and c o n v e c t i v e h e a t t r a n s f e r 
c o e f f i c i e n t . For i n l e t a i r a t 75°F and 50,000 CFH and a h e a t t r a n s f e r c o e f f i 
c i e n t of 0 . 8 BTU/H°F f t 2 , t he l i m i t i s abou t 100°F. A s t o r a g e room s e a l e d for 
5 y e a r s w i l l a c h i e v e t e m p e r a t u r e s of a p p r o x i m a t e l y 180°F and app rox ima te ly 4 
months would be r e q u i r e d i n o r d e r t o c o o l t h e s t o r a g e room f l o o r to a t empera 
t u r e of 120°F wi th a flow r a t e of 50 ,000 CFM a t an i n l e t a i r t e m p e r a t u r e of 
75°F, assuming a c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t of 0 .8 BTU/h°F f t 2 . 
Two months would be needed t o coo l t h e e x h a u s t a i r to 120°F- For l a r g e a i r 
flow r a t e s , the c o o l i n g t ime i s i ndependen t of t h e flow r a t e . I n c r e a s i n g the 
s t o r a g e room s u r f a c e a r e a by 25% over the b a s e l i n e model d e p r e s s e s the c o o l -
down t e m p e r a t u r e s by on ly 4°F and d e c r e a s e s c o o l i n g t imes by 20%. Modi f ica 
t i o n s i n c a n i s t e r des i ' jn or width have v i r t u a l l y no e f f e c t on t h e c o o l i n g , b u t 
p l a c i n g tne was te deeper benea th the s t o r a g e rooms and/oj: u s i n g longer can 
i s t e r s can lower t h e o p e r a t i n g t e m p e r a t u r e s and c o o l i n g t i m e s . Reducing t h e 
c a n i s t e r from 3.5 kW power densir .y fo r 1 0 - y e a r - o l d was te (103.5 kw/acre) t o 
2 .0 k W / c a n i s t e r (62 k'W/acre) r e d u c e s c o o l i n g t e m p e r a t u r e s by more than 20°F and 
r e d u c e s c o o l i n g t imes t o a few weeks or l e s s . The c o o l i n g t imes a r e n e a r l y 
i n d e p e n d e n t of t h e c o n d u c t i v i ty cf t h e g e o l o g i c f o i m a t i o n . The t e m p e r a t u r e 
i n c r e a s e i n t h e a i r b rough t from the s u r f a c e down the supply s h a f t t o the 
s t o r a g e room l e v e l i s abou t 5 t o 7°F per 1000 f e e t . Temperature i n c r e a s e s 
i n r e g i o n s s h o u l d n o t be s e r i o u s l y r e s t r i c t e d 30 or more f e e t away. 

S c i e n c e A p p l i c a t i o n s , I n c . 
T e c h n i c a l s u p p o r t t o r GEIS: R a d i o a c t i v e waste i s o l a t i o n in g e o l o g i c forma
t i o n s . Volume 19. Thermal A n a l y s i s . 
v/OWI/TM-3b/19, Of f i ce of Nuc lea r Waste I s o l a t i o n , Oak Ridge , TN, 266 p . , 
A p r i l 1978 

Th i s volume, Y/OWI/TM-36/19, "Thermal A n a l y s e s , " i s one of o 23-volume 
s e r i e s , " T e c h n i c a l Suppor t fo r GEIS: R a d i o a c t i v e Waste I s o l a t i o n in Geo log ic 
F o r m a t i o n s , " which supplements th~ " C o n t r i b u t i o n t o D r a f t G e n e r i c Envi ronmenta l 
Impac t s t a t e m e n t on Commercial Waste Management: R a d i o a c t i v e Waste I s o l a t i o n 
i n G e o l o g i c F o r m a t i o n s , " Y/OWI/TM-44. The s e r i e s p r o v i d e s a more comple te 
t e c n n i c a l o a s i s for tne p r e c o n c e p t u a l d e s i g n s , r e s o u r c e r e q u i r e m e n t s , and 
e n v i r o n m e n t a l s o u r c e terms a s s o c i a t e d w i t h i s o l a t i n g commercial LWR was tes in 
underg round r e p o s i t o r i e s in s a l t , g r a n i t e , s h a l e and b a s a l t . Wastes a r e con
s i d e r e d rrom t h r e e fue l c y c l e s : uranium and plutoniuin r e c y c l i n g , no r e c y c l i n g 
or' s p e n t f u e l and u ran ium-on ly r e c y c l i n g . This volume d i s c u s s e s the thermal 
impact'., of t h e i s o l a t e d h igh l e v e l and s p e n t - l u t l was tes in g e o l o g i c f o r m a t i o n s . 
A d e t a i l e d a c c o u n t ot the methodolog ies employfd i s given as wtrll as s e l e c t e d 
r e s u l t s of t n e a n a l y s e s . 
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Sisson, O F . 
Predicted temperatures in a beddcd-salt repository resul t ing from bur ia l of DOE 

high-level nuclear waste can i s t e r s . 
SAND-78-0924, Saudi a Laboratories, Albuquerque, NM, 
60 p . , February 1978 

A 2-D thermal model i s defined and used to ca lcula te temperatures 
within support p i l l a r s of a bedded s a l t reposi tory. The par t icu la r 
configuration considered includes DOE high-level waste canis ters (producing 
300 W each) buried three abreast below the floor of a 20-foot wide d r i f t . 
A 3-D "close- in" thermal model i s also defined and used to estimate the 
thermal response of bedded s a l t near the buried can i s t e r s . This model 
uses boundary conditions from the 2-D "global" model. 

Smyth, J .R. ; Crowe, B.M.; Halleck, P.M Reed, A.W. 
A preliminary evaluation of the . .d ioa j t ive waste i so la t ion poten t ia l 

of the al luvium-fi l led valleys ô ' the Great Basin. 
LA-7962-MS, Sandia Laboratories, Albuquerque, NM, 22 p . , August 1979 

The occurrences, geologic features , hydrology, and thermal, mechanical, 
and mineralogical proper t ies of the al luvium-fi l led valleys are compared 
with those of other media within the Great Basin. Computer modeling of 
heat conduction indicates that heat generated by the radioactive waste can 
be diss ipated through the alluvium in a manner that wil l not threaten tr J 
i n t e g r i t y of the reposi tory, although waste emplacement densi t ies wi l l be 
lower than for other media ava i lab le . This inves t iga t ion has not revealed 
any fa i lure mechanism by which one can rule out alluvium as a primary 
waste i sola t ion medium. However, the alluvium appears to rank behind one 
or more other possible media in a l l proper t ies examined except, perhaps, 
in sorption proper t ies . I t i s therefore recommended that diluvium be 
considered as a secondary isola t ion medium unless primary s i t e s in other 
rock types in the Great Basin are eliminated from consideration on grounds 
other than those considered here. 
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Stearns-Roger Engineering Co.; Woodward-Clyde Consultants 
Thermal analyses, NWTS reposi tory number 1/ conceptual design. 
EY-77-C-E5-5367, ONWI LIB 0138, 69 p . , March 1978 

Knowledge of the changes in thermal environment of a radioactive 
waste repository i s imp<j_ ant in the design of such a reposi tory. 
The emplacement of radioactive waste within mined cav i t i es in a s a l t 
dome wi l l r e su l t in s ignif icant increases in the temperature of the 
s a l t in and around the reposi tory. These temperature changes wi l l in 
turn affect the mechanical behavior of the s a l t mass (e.g. , through 
thermal expansion and creep of the s a l t ) , as well as the requirements 
for ven t i l a t ion of the mined c a v i t i e s . 

The thermal analyses discussed in th i s report were begun as an 
aid in the development of appropriate thermal design bases for the 
conceptual design of NWTS Repository No. 1. Studies of thermal design 
c r i t e r i a for an NWTS reposi tory have been carr ied out in the past 
(Cheverton and Turner, 1972). The present work was conducted in 
order to verify the applicabi l i ry of previously developed therma 1 
c r i t e r i a to the cha rac t e r i s t i c s of the Design Basis Sal t Dome. 

In addition to providing informati -n re la t ing to the select ion 
of appropriate thermal design bases f this study also included consideration 
of the compatibil i ty between assumed thermal loading and the conceptual 
design of the mined reposi tory . Specif ical ly , th is study has provided 
temperature d i s t r ibu t ions and ra tes of temperature r i se within the 
reposi tory which have been applied in analyses of rock mechanics and 
ven t i l a t i on for the repository excavation. 
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Tammemagi f H.Y. 
Preliminary assessment of temperature distributions associated with a 
radioactive waste vault. 

AECL--6308, Atomic Energy Commission of Canada, Ltd. whiteshell Nuclear 
Research Establishment, Pinawa, Manitoba, 46 p. , 1978. 

The temperature distributions of models which simulated radioactive 
waste vaults were determined, using a finite difference computer code to 
solve the transient heat conduction equation. Input parameters to the 
code included thermal properties for granitic rock and heat generation 
decay data for wastes tr :c would be separated from CANDU fuel if i t were 
recycled. Due to the preliminary nature of the study, only simple models 
were analyzed. A disc source was utilized to approximate a one-level 
repository. Various pa*a™^ters were investigated such as depth of disc, 
thermal properties of rock, and long-term effects. It was shown that, 
for a vault at 500 m depth with an in i t ia l areal heat flux of 31 W/m2, 
a maximum temperature increase of about 80°c occurs at the vault level 
about 30 years after waste emplacement; maximum increases near the earth's 
surface occur after about 1000 years and are less than 1°C. Modeling the 
vault by a number of vertical waste boreholes on one horizontal level, 
insteaa of by a disc, with the gross areal heat flux again 31 W/m2, did not 
cause serious local temperature increases as long as the in i t ia l heat 
generation rate of each container was less than about 750 W. It was also 
shown that, by using the vertical dimension available in granitic plutons 
and constructing either multiple-level vaults or very deep boreholes, 
in i t i a l areal heat fluxes greater than 31 W/m2 can be utilized without 
exceeding the 80°C maximum tfanperuture increase anywhere in the vault. 
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Walsh, E.L.; Bathke, E.A. 
Thermal calculat ions in shale. 
Y/OWI/SUB-76/16502; K-76-1080(R), Kaman Sciences Corporation, 
Colorado Springs, CO, 36 p . , September 1976 

Thermal calcula t ions were performed for underground nuclear waste disposal 
s i t e s assuming shale as the s i t e n a t e r i a l . Average thermal proper t ies were 
used for zero inclined layered shale with waste disposal at a depth of 2000 f t 
below the surface. Thermal conductivity was assumed constant with temperature 
and time and no consideration was given for water l o s s . Vert ical conductivity 
was assumed half of the horizontal conductivity. No allowance was made for 
formation of brick or ceramic in shale at elevated temperatures. Ambient tem
perature a t a depth of 2000 f t was taken as 93°F. Coolant a i r was input a t 
60°F. Time dependent calculat ions were cade for time dependent sources in 
the assumed geometry within the non-isotropic medium. Thermal loads for times 
af ter emplacement of 1/2, 1, 2, 5, 10 and 30 years were calculated. Analysis 
of ground disposal temperatures resul t ing from emplacement of a t o t a l heat load 
of 160 kW using steady s t a t e calculat ions indica tes : (1) no difference in 
thermal gradients for 2.25 or 5 kW containers beyond 1 or 2 source diameters, 
and (2) equilibrium temperature affected areas are a t most 2500 f t hor izonta l 
ly and 2000 f t ve r t i ca l ly from the source room. Fourier numbers related to 
the time to a t t a in equilibrium indicate on the order of 1000 year? to reach 
steady s ta te a t constant source strength. Thus, steady s t a t e temperatures ate 
conservative by a t l eas t the source of decay ra te in the f i r s t century. Time 
dependent calculat ions over the t i r s t 30 years indicate : (1) maximum tempera
tures close to the canis ters are reached approximately 2 years af ter the waste 
can i s te r s ere emplaced; (2) s igni f icant temperature increases are only within 
100-300 f t of the source room; (3) the governing c r i t e r ion for personnel and 
equipment operation wil l be room floor tenperature, which reaches 370°F maximum 
for the unventilated condition,- (4) room a i r temperature can be reduced to 
reasonable levels with an approximately 2 day a i r conditioning cycle using 
60°F a i r ; (5) continuous room conditioning appears to be prohibi t ive for the 
assumed room design since source heat i s sucked out ot the ground around the 
room, overloading the conditioning uni t . 
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GROUP B.2 : THERMOMECHANICAL EFFECTS 

C a l l a h a n , G.D.; Gni rk , p . F . 
A n a l y t i c a l a p p r o x i m a t i o n s t o t h e t h e r m o e l a s t i c b e h a v i o r of r e p o s i t o r y 

c o n f i g u r a t i o n s . 
Y/OWI/SUB-78-22303/10, RE/SPEC I n c . , Rapid C i t y , SD, 
35 p . , Oc tober 13 , 1978 

The f o l l o w i n g t h r e e s e c t i o n s of t h i s r e p o r t p r e s e n t t h r e e d i f f e r e n t 
a n a l y t i c a l s o l u t i o n s t o app rox ima te t h e s u r f a c e u p l i f t of a h e a t e d r e p o s i t o r y . 
The f i r s t s o l u t i o n assumes a t e m p e r a t u r e d i s t r i b u t i o n which i s a f u n c t i o n 
on ly of the v e r t i c a l c o o r d i n a t e {z} c o n s t a n t t h r o u g h o u t the r a d i u s and the 
l a t e r a l s t r a i n i s assumed t o be z e r o . The second s o l u t i o n assumes a t empera 
t u r e d i s t r i b u t i o n which i s a f u n c t i o n of t h e r a d i a l c o o r d i n a t e ( r ) c o n s t a n t 
t h r o u g h o u t t h e h e i g h t and assumes no r a d i a l d i s p l a c e m e n t a t t h e o u t e r boundary . 
The t h i r d s o l u t i o n i s s i m i l a r t o t h e second s o l u t i o n ; t h e d i f f e r e n c e be ing 
t h a t t h e o u t e r boundary i s assumed t o be t r a c t i o n f r e e . The second s o l u t i o n 
i s s u b s e q u e n t l y d e r i v e d from t h e t h i r d s o l u t i o n by s u p e r p o s i n g t h e e l a s t i c 
s o l u t i o n o b t a i n e d from impos ing a c o n s t a n t r a d i a l d i s p l a c e m e n t a t the o u t e r 
boundary of a s o l i d c y l i n d e r . The f i r s t s o l u t i o n c o n s i s t e n t l y g i v e s the 
h i g h e s t v e r t i c a l d i s p l a c e m e n t s due t o t h e l a t e r a l c o n s t r a i n t s . 
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Chan, T. and Cook, N.G.W. 
Calculated thermally induced displacements and s t resses for heater 

experiments at S t r ipa , Sweden. Linear thermoelastic models using 
constant material p roper t ies . 

LBL-7061, SAC-22, Lawrence Berkeley Laboratory, University of 
Cal i fornia , Berkeley, CA, 125 p . , December 1979 

Thermally induced displacements and s t r e s ses have be&n calculated 
by f i n i t e element analysis to guide the design, operation, and data 
i n t e rp re t a t i on of the in s i tu heating experiments in a grani te formation 
a t S t r ipa , Sweden. There are two fu l l - sca le t e s t s with e l e c t r i c a l neater 
can i s t e r s comparable in size and power to those envisaged for reprocessed 
high level waste canis te rs and a time-scaled t e s t . To provide a simple 
t heo re t i ca l basis for data analysis , l inear thermoelast ic i ty was assumed. 
Constant (temperature-independent) thermal and mechanical rock propert ies 
were us ed in the ca leu lat ior.a. These proper t i e s were de ter mined by 
conventional laboratory tes t ing on small in tac t core specimens recovered 
from the S t r ipa t e s t s i t e . Two-dimensional axisymmetric models wfrt used 
for the fu l l - sca le experiments, and three-dimensional models for + \ e time-
scaled experiment. Highest compressive axial and tangent ia l s t resses are 
expected a t the wall of the heater borehole. For the 3.6 kW fuxl-scaJ e 
heater experiment, maximum compressive tangent ia l s t r e s s v. , predicted 
to be below the unconfined compressive strength ot Str ipa granit* , while 
for thp 5 kW experiment, the maximum was approximately equal to XJ\-± 
compressive s trength before the concentric ring ox eight 1 kW peri 1 'her -1 

heaters was act ivated, but would exceea tha t soon afterwards. Three 
zones of t ens i le the r mo mechanical s t resses will occur in each fuL -scale 
experiment. One of these, j u s t beneath the floor of the heater d r i f t , 
p e r s i s t s throughout most of the duration of the experiment, with largest 
t ens i l e s t resses comparable to the in s i t u s t resses as well as to die 
t en s i l e strength of Str ipa grani te . Maximum ve r t i ca l displacements range 
from a fraction of a millimeter over most of the instrumented area of the 
time-sea led experiment to a few millimeters in the higher-power fu- l-scale 
experiment. Radial displacements are typical ly half or less than ver t ica l 
displacements. The predicted thermomechanica1 displacements and s tresses 
have been stored in an on-si te computer to f a c i l i t a te ins tan t graphic 
coiupar l son with field data as the l a t t e r are col lee ted. 
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Dames and Moore 
T e c h n i c a l s u p p o r t fo r g e n e r i c e n v i r o n m e n t a l impact s t a t e m e n t (GEIS): 

R a d i o a c t i v e waste i s o l a t i o n i n g e o l o g i c f o r m a t i o n s , v o l . 20 . 
Therinomechanical s t r e s s a n a l y s i s and development of thermal l oad inq 
g u i d e l i n e s . 

Y/OWI/TM-3b/20; Of f i ce of Waste I s o l a t i o n , Oak Ridge , TN, 23: p . , Ap; i 3.97E 

A the rmo-mechan ica l a n a l y s i s of p roposed p r e c o n c e p t u a l r e p o s i t o t i e s 
i n g r a n i t e , s h a l e and b a s a l t has been conducted on t h r e e d i f f e r e n t s c a l e s : 
i ) Very Near F i e l d ( c a n i s t e r s c a l e ) , i i ) Near F i e l d ( e x c a v a t i o n s e a l , 
and i i i ) Far F i e l d ( r e g i o n a l s c a l e ) . Three numer ica l methods w r e u: d 
t o u n d e r t a k e the t l ie rmo-mechanica l c a l c u l a t i o n s : the f i n i t e elemer.' 
method fo r t he rma l s t r e s s a n a l y s i b , the boundary e lement met -od 
t h e r m a l and t he rma l s t r e s s a n a l y s i s , and the s e m i - a n a l y t i c a i method . i . > 
fo r t h e r m a l and the rma l s t r e s s e s a n a l y s i s . The p r o p e r t i e s a; s t r a t i - j r j p h i ^ 
s e c t i o n s of the g e n e r i c rock types have been compiled from av ib l e 
l i t e r a t u r e and used as the i n p u t d a t a . "•?. Because of the '• • ' idtn 
on rock mass p r o p e r t i e s , a ssumpt ions where n e c e s s a r y on rock m,; -.n-hdv, , 
have been i n c o r p o r a t e d i n t o the a n a l y s e s . Very Near F i e l d a' s 
i n d i c a t e d t h a t w i t h i n 1/2 yea r of b u r i a l , f r a c t u r i n g of the rock -i--> 
t o the c a n i s t e r w i l l occur in a l l rock types for t he rma l 1 ••; a;. .. as-
1.2 k w / c a m s t e r . From p a s t e x p e r i e n c e , i t was u . ouc ' ; i t fr 
would e x t e n d abou t b i n . i n t o the rock mass , p rov ided a s t e e i uny •«..• 
i n s t a l l e d m t h e s t o r a g e b o r e h o l e . Near F i e l d s t u d i e s ^1 room .i i pi.; i,j • 
s t a o i l i t y recommena a c c e p t a b l e t he rma l Loads ot 190, i 2 0 , and • kv- ICI , 
f o r a 5 -yea r r e t r i e v a b i l i ty p e r i o d i n g r a n i t e , s h a l e , and b a s a l t r e s p e c 
t i v e l y , for 25-year r e t r i e v a b i l i t y , maximum the rma l loads a i e > , Lb. .u•*. 
100 k w / a c r e , r e s p e c t i v e l y . Far F i e l d a n a l y s i s shows ir^ximui.i g i , \ 
s u r f a c e u p l i f t s l e s s than 2 f t and si>rface t e m p e r a t u r e r i s e s l e s „ ;_han 
a t t imes of 500-7000 y e a r s a f t e r d i s p o s a l . C a l c u l a t e d tempera turf-
r i s e s a t t h e r e p o s i t o r y l e v e l a r e 350°F for g r a n i t e and ' .ha le at. . M T ' J 
f o r b a s a l t c o n t a i n i n g s p e n t f u e l ; r i s e s o t 250°F fo r g r a m i »-> ar\c\ ' f • 
s n a l e and o a s a l t a r e c a l c u l a t e d for HLW. P r e l i m i n a r y recomni^iu... >ns a:-
maae t o r f u r t h e r i n v e s t i g a t i o n s . 
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Dawson, P .R . ; T i l l e r s o n , J . R . 
S a l t motion fo l l owing n u c l e a r was te d i s p o s a l . 
SAND--77-122bC, Sandia L a b o r a t o r i e s , Albuquerque , NM, 
23 p . , J a n u a r y 1978 

The u s e of the rmomechan ica l ly coupled seconda ry c r e e p models t o p r e d i c t 
de fo rma t i -ns r e s u l t i n g from t h e s t o r a g e of h e a t p roduc ing r a d i o a c t i v e was tes 
h a s been p r e s e n t e d . The models have been a p p l i e d t o t h e s tudy of s t o r a g e 
a l t e r n a t i v e s and t o t h e a n a l y s i s of buoyant movement of hea t ed s a l t . Thermo-
e l a s t i c models have been used to e v a l u a t e t h e d e f o r m a t i o n s r e s u l t i n g from 
t h e r m a l e x p a n s i o n . The a n a l y s i s of t h e s e problems have been for the purpose 
of s c o p i n g a l t e r n a t i v e s a v a i l a b l e t o d e s i g n e r s and t o e v a l u a t e t h e impor tance 
of v a r i o u s p a r a m e t e r s w i t h i n t h e p r o b l e m s . More comple te a n a l y s e s w i l l be 
performed m t h e f u t u r e as ongoing e x p e r i m e n t a l work to p rov ide more a c c u r a t e 
c o n s t i t u t i v e models fo r the s a l t b e h a v i o r . 

Dawson, P . R . ; T i l l e r s o n , J . R . 
Nuc lea r w a s t e c a n i s t e r t h e r m a l l y induced mot ion. 
SAND-7S-05b6r Sandia L a b o r a t o r i e s , Albuquerque , NM, 31 p . , June 1978 

A thermodynami c a l l y - c o u p l e d f i n i t e e lement model of v i s c o u s ilo-v and h e a t 
t r a n s f e r i n s a l t aue t o h e a t - g e n e r a t i n g r a d i o a c t i ve was te c a n i s t e r s has been 
d e v e l o p e d . Tempera tu re -dependen t t he rma l c o n d u c t i v i t y was i nc luded in the 
a n a l y s e s , wi tn flow f i e l d and t e m p e r a t u r e d i s t r i b u t i o n s coupled through temper -
a c u r e - d e p e n d e n t body f o r c e s , t e m p e r a t u r e - d e p e n d e n t c o n s t i t u t i v e e q u a t i o n s , 
v i s c o u s d i s s i p a t i o n , and changes xn sys tem geomet ry . Free expans ion of t h e 
s a l t w i t h t e m p e r a t u r e -rises was assumed, l e a d i n g t o the l a r g e s t d e n s i t y d i f f e r 
ences and t h e r e f o r e t h e g r e a t e s t d r i v i n g f o r c e s for upward s a l t f low. S e p a r a t e 
t h e r m o e l a s t i c c o m p u t a t i o n s were performed t o e v a l u a t e t h e v a l i d i t y of t h i s f r e e 
e x p a n s i o n as sump t i on. Creeping •••iscous flow c a l c u l a t i o n s were done us ing t h e 
COUPLEFLO computer a a e , and t h e t h e r m o e l a s t i c c a l c u l a t i o n s w i th SANDIA-BMINES 
program. An ax isymnie t r ie r e g i o n 500 m i n r a d i u s extend q 750 m above and b e 
low a c a n i s t e r h o r i z o n was a n a l y z e d . In t h e t r a n s i e n t ci<_^ping flow and h e a t 
t r a n s f e r an,- l y s .•, the hea t sou rce s t a r t e d a t 313 K aid d imin i shed a t a r a t e 
based on a 30 year h a l f - l i f e . S t e a d y - s t a t e c r e e p i n g flow and h e a t t r a n s f e r 
were usea t o p r e d i c t upper bounds on t h e magnitude of v e l o c i t i e s . For the 
s t e a d y - s t a t e a n a l y s e s , the v e l o c i t y f i e l d and therma 1 d i s t r i b u t i o n c a l c u l a -
t i o n s .assumed c o n s t a n t t he rma l o u t p u t a t 313 K. R e s u l t s of coupled t r a n s i e n t 
a n a l y s e s u s i n g c o n s t a n t s a l t v i s c o s i t y (u = 0.5 x 10(E+15) P a - s e c ) p r o j e c t e d 
ove r 10 y e a r s , showed the c a n i s t e r s i n k i n g , then r i s i n g as i t s h e a t Genera tes 
a c o n v e r t ! ve c e l l . Maximum c a n i s t e r v e l o c i t y d u r i n g t h e 10 yea r p e r i o d was 
1.5 pm/i- _; t o t a l d i s p l a c e m e n t was 0 .0001 m. T r a n s i e n t a n a l y s e s w i th tempera
t u r e - d e p e n d e n t s a l t v i s c o s i t y have been c a r r i e d ou t for t imes up t o 150 y e a r s . 
?>ownwarc c a n i s t e r v e l o c i t y was i n c r e a s e d due to reduced s a l t v i s c o s i t y a f t e r 
h u a t i n y ; a f t e r 3s y e a r s the v e l o c i t y became p o s i t i v e , >>eaking a t 0 . 1 pm/sec 
upward. A l t e r 125 y e a r s , c o n v e c t i v e c e l l v e l o c i t y d i m i n i s h e d , and t h e c a n i s t e r 
bunk a g a i n . Total d i s p l a c e m e n t over 150 y e a r s was 0.0003 m. S t e a d y - s t a t e 
analyse;:, t o r a numher oi c a n i s t e r d e n s i t i e s , v a n . - u l e and c o n s t a n t s a l t v i s c o s -
: i t ib, e t c . y i e l d e j a maxi mum upward ve loci t y of _ o. 5 pm/.>. _-. Displacement of 
tne sur l.i ce a t the r e p o s i t u ry c e n t e r l i ne as p r e d i c t e d by trie t h e r m o e l a s t i c 
moueJ was a nidXim. oi u . J. 5 mm a l t e r 3c y e a r s . 
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Dawson, P.R.; Ti l lerson, J.R. 
Comparative evaluations of the thermomechanical responses for tnree high level 
waste canis te r emplacement a l t e rna t i ve s . 

SAND-77-0388, Sandia Laboratories, Albuquerque, NM, 
4b p . , December 1979 

The s t r uc tu r a l responses of three room and canis te r configurations 
proposed for the underground storage of high level nuclear wastes have 
been compared. Coupled secondary creep and heat t ransfer computations 
indica te that the future r e t r i e v a l of i-wste i s most readily assured with 
a design tnat combines a low extract ion r a t io (large p i l l a r s ) with waste 
emplacement into the f loors of each storage room. Thermoelastic computa
t ions show minimal room closure in comparison to room closure due to 
creep deformations. 

Gnirk, P .F . ; Callahan, G.D.; Pariseau, W.G.; Van Sambeek, L.L.; Wawersik, W. k. 
Analysis and evaluation of the rock mechanics aspects of the proposed salt-mine 

reposi tory concep t - I l l , summary progress report RSI-0012. 
OKHL/SUB--3706/7, b5 p . , September 1974 

Objective i s to conduct a comprehensive analysis and evaluation of 
the rock mechanics aspects of the proposed salt-mine repository concept 
for tne storage of radioactive wastes. Work was done in five areas: 
experimental q u a s i - s t a t i c deformation of s a l t , experimental creep deforma
t ion of s a l t , t r ans ien t heat conduction analys is , thermoelastj / p l a s t i c 
analys is of s a l t loading on waste container s leeve, and heat conduction 
ana lys i s , thermo/viscoelast ic analysis of s a l t loading on the waste 
container sleeve. The t rans ien t temperature analysis included the 
room-and-pillar configuration for the Lyons, Kansas, concept, and the New 
Mexico p i l o t - p l a n t concept. 
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Hodgkinson, D.P. 
Deep rock disposal of high level radioactive waste: i n i t i a l assessment 

of the thermal s t ress f ield. AERE R-8999, Atomic Energy Research 
Establishment, Harwell, England, February 1978 

An i n i t i a l assessment has been made of the fa r - f i e ld thermal s t r e s ses 
a r i s ing from f iss ion product heating of the rock in a radioactive waste 
deposi tory. Analytic solutions to the time dependent s t r e s s and 
teuiperature d i s t r ibu t ions are derived for an idealised model of a 
deposi tory. The solut ions show that after about a century from disposal 
oi the waste, ne t t t ens i l e s t resses can occur in the rock overlying 
the depository. Tliis could lead to cracking and would consequently 
reduce tne effect iveness of the rock as a barrier to migration of the 
Wtste. Compressive s t resses occur near the centre of the depository, 
which could lead to collapse of tunnels and therefore to loss of 
r e t r i e v a b i l i t y of the waste. 

Hodgkinson, D.P.; Bourke, P .J . 
Far f i e ld heating effects of a radioact ive waste depository in hard rock. 
Atomic Energy Research Establishment, Harwell, England 
Proceedings of OECD, In s i tu heating experiments in geological formations 
seminar, budviKa, Sweden, 
pp. 2 37-248, 13-15 September 1978 

Fission product heating or the rock surrounding a depository for 
high level radioactive waste will r esu l t in high temperatures and high 
thenna 1 gradients over distances of several hundred meters for many 
cen tur ies . The consequent thermal expansion of the rock leads to s t resses 
which could a l t e r the fracture pattern and therefore the permeability of 
the rock. These problems are assessed by considering an ideal ised model 
of a depository for which analyt ic solutions to the temperature and 
s t r e s s f ie lds are derived. A related problem i s that any water ].jesent in 
the f i s sures wi l l tend to r i s e because of i t s decrease m density on 
heat ing. If the water had previously leached away some of the radionuclides 
in the waste, then th i s convective t ransport cons t i tu tes a possible 
leakage path back to the biosphere. For the low permeabili t ies expected 
a t a depository s i t e , i t i s possible to l inea r i se the r- sui t ing equations 
and derive analyt ic solutions for the flow v e l o c i t i e s . This procedure has 
been carr ied out for tne idealised depository model, in oraei to estimate 
the magm tude of these effects . 
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Hodgkinson, D.P.; Bourke, P .J . 
I n i t i a l asessment of the thermal s t resses around a radioactive waste 

depository in hard rock. Atomic Energy Research Establishment, Harwell, 
England, "Annals of Nuclear Energy", vol. 7, pp. 541-552, 1980 

The disposal of heat emitting radioactive waste in to hard rock 
should r e s u l t in temperature r i s e s and thermal gradients over distances 
of several hundred metres for several centur ies . The consequent 
constrained thermal expansion of the rock would induce s t resses which 
have important implications for possible water-borne leakage of 
radionuclides and for depository design. These problems are assessed 
by considering a simplified mathematical model for which analy t ic 
so lu t ions to the temperature and s t ress f ie lds are derived. 

Hood, M.; Carlsson, H.; Nelson, P.H. 
I . Some re su l t s from a f ield inves t iga t ion of thermo-mechanical loading 
of a rock mass when heaters are emplaced in the rock,. I I . The applica
t ion of f ie ld data from heater experiments conducted a t S t r ipa , Sweden, 
to parameters for reposi tory design. 

LbL-9392, SAC-26, Lawrence Berkeley Laboratory, University of California, 
Berkeley, CA., 33 p . , July , 1979 

Results aire presented of a f ie ld experiment to monitor the response 
of a rock mass to thermo-mechanical loading from e l e c t r i c a l l y heated 
can is te rs emplaced in the rock at a depth of 340 m. Measurements made to 
date of temperature, displacement, and s t r e s s f ie lds indicate that heat i s 
t ransferred through the rock mainly by conduction; d i scon t inu i t i e s within 
the rock mass have a minimal effect on the heat flow. Displacements 
within the rock from thermal expansion are shown to be much less f- m 
those preaicted by l inear thermoelastic theory. A p laus ib le , thouyn not 
complete, reason for these reduced displacements is the absorption of the 
i n i t i a l rock expansions in to d i scont inu i t ies within the rock mass. 
D i f r i cu l t i e s have been experienced in obtaining r e l i ab l e s t r ess measurement 
data using boiehole deformation gauges to monitor changes in rock s t r e s s . 
Some oata have been obtained and are being analyzed. Rock decrepi ta t ion 
in the heater boreholes i s discussed. 
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Krumhansl, J .L . ; Tyler, L.D. 
Thermal and mechanical responses in the Conasauga and Eleana formations. 
SAND-79-0405C, Sandia Laboratories, Albuquerque, NM, presented a t L9th 
Annual ASME Symposium, Geological Disposal of Nuclear Waste, 8 p . , March 
1979 

Two near-surface heater experiments were performed in argi l laceous 
rocks for the purpose of determining the s u i t a b i l i t y of th i s rock type 
for the disposal of heat producing nuclear waste. Site instrumentation 
included provisions for monitoring both the thermal and mechanical response 
of the formation. The mechanical behavior of argi l laceous rocks was 
found to be complex and i l l u s t r a t e s the necessi ty of incorporating the 
dehydration behavior of clays into exis t ing models. The thermal response 
a l so re f lec ted the effects of water. Even in the presence of considerable 
ground water, however, conduction remains the pr inc ipa l method of heat 
t r ans fe r , and computer codes using th i s assumption give a rea l i s t i c 
p ic tu re of the i n - s i t u formation behavior. 

Osnes, J .D . ; Wagner, R.A.; Waldman, H.(RE/SPEC) 
Parametric thermoelastic analyses of high-level waste and spent 

fuel r epos i to r i e s in j ran i te and other non-sal t rock types. 
Y/OWr./Sub--78/22303/12. Office of Waste Iso la t ion , Oak Ridye, TN, 8fa p . , 
April 19 78 

The global thermomechanical behavior of a radioactive waste repository 
was examined and such parameters as rock type, gross thermal loading, 
waste type, waste age, repository depth, and in s i tu s t r ess s t a t e were 
considered. This was accomplished by use of the f i n i t e element method 
and was completed in two phises: (1) a preliminary invest igat ion of the 
thermal behavior of a repository with respect to host rock type was made 
using thermal propert ies typical of a uniform rock mass composed of 
e i the r grani t e , limestone, or shale; and (2) a comprehensive thermal and 
thermoelast ic analysis was made using typical thermomechanical propert ies 
of g r an i t e . 
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Ratigan, J .L . (RE/SPEC) 
Ground water movements around a reposi tory . Rock mechanics ana lys i s . 
KBS-TR---54-04, Kaernbraf is lesaekerhet , Stockholm, Sweden, 50 p . , 
September 1977 

The determination and ra t iona l assessment of groundwater flow around 
a repository depends upon the accurate analysis of several interdependent 
and coupled phenomerDlogical events occuring within the rock mass. In 
p a r t i c u l a r , the groundwater flow pathways ( jo in ts ) are affected by the 
excavation and thermomechanical s t resses developed within the rock mass, and 
the proper t ies of the groundwater are a l tered by the temperature perturbat ions 
in the rock mass. The objective of th is report i s to present the r e su l t s of 
the rock mechan cs analysis for the repository excavation and the thermally-
induced loadinos. Qualitative analysis of the significance of the rock 
mechanics res ' i t s upon the groundwater flow is provided in this report 
whenever such an analysis can be performed. Non-linear rock mechanics 
ca lcu la t ions have been completed for the repository storage tunnels and the 
globa1 repository domain. The rock mass has been assumed to possess orthoganol 
j o in t se t s or planes of weakness with f i n i t e s t rength cha rac t e r i s t i c s . In 
the local analyses of the repository storage tunnels the e i fec t s of jo in t 
o r i en ta t ion and reposi tory ven t i l a t ion have been examined. The local analyses 
indicated tha t storage room support requirements and regions of strength 
f a i l u r e are highly dependent upon jo in t o r ien ta t ion . The addition of 
storage tunnel ven t i l a t ion was noted to reduce regicns of strength fa i lu re , 
p a r t i c u l a r l y during the 30 year operat ional phase of the reposi tory. Examina
tion of the local s t resses around the storage tunnels indicated the potent ia l 
for perturbed hydraulic permeabi l i t i es . The permeabil i t ies can be expected 
to be a l te red to a greater degree by the s t resses resu l t ing from excavation 
than trom s t r e s se s which are thermally induced. The thermal loading provided 
by the instantaneous Wc:ste emplacement resulted in s t r ess s ta tes and displace
ments qui te similar to those provided by the l inear waste emplacement sequence. 
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Ratigan, J .L . ; Callahan, G.D. (RE/SPEC) 
Evaluation of the predict ive capabi l i ty of the f in i t e element method: 

I I . Project Sal t Vault - Thermo/viscoelastic simulation, 
Y/OWI/SUB-78/22303/11? 62 p . r July 1978 

The f i n i t e element i,ethod has been and i s being extensively u t i l i zed 
in analyses of radioactive r epos i to r i e s . These analyses have included 
s tudies of the thermal and thermomechanical response of individual waste 
packages, storage rooms and p i l l a r s and regions which cover several 
reposi tory depths and several repository di?Deters. The resu l t s of 
these analyses can be u t i l i zed to formulate or modify the emplacement 
concept, the storage room and p i l l a r dimensions, and the s t r a t iq raph ic 
s i t i n g of the reposi tory. 

Since the f i n i t e element method i s a member of a class of approximate 
numerical techniques, i t i s necessary that the method be validated by 
comparing computed resu l t s to the resu l t s of actua1 laboratory or f ield 
s i t u a t i o n s . This comparison or validation has been u t i l i zed in the past 
in many instances for s t ruc tures involving man-made materials and for 
excavations in geological mediums. 

However, the val idat ion has not been extensively u t i l i s ed for 
comparison to phenomena observed in excavations in geological media 
involving rock which i s heated above i t s ambient post-mining level . 
The mechanical response of a room-and-_-3illar configuration in a 
radioact ive waste repository in s a l t can be expected to be influenced 
by the thermal ef fec ts . Tnerefore, a val idat ion of the f in i t e element 
method involving both excavation and thermal loading i s e s sen t i a l . 

The purpose of this study is to a.-ssess the predict.i ve capabi l i ty 
ot a two-dimensionnal f in i t e element sxructural program by performing a 
simulation of the Project Salt Vault (PSV) experiment and comparing the 
numerically computed deformations to those which were measured during 
the PSV experiment. In addition to the prediction ot deformations in 
PSV, an addi t ional study was performed re la t ive to trie predi ^ion of the 
temperature history which was measured during the PSV experiment. 
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Thomas, R.K.; Lappin, A.R.; Gubbels, M.H. 
Three-dimensional thermal and mechanical scoping calcula t ions for 

underground disposal of nuclear waste in shale . SAND80-2507, 
Sandia Laoora tones , Albuquerque, NM, 1980 

Thermal and mechanical scoping calculat ions were performed to determine 
the responses of two di f ferent shales to the underground disposal of nuclear 
waste. The geometry under consideration was a three-dimensional model for 
waste emplacement in a conventional room-and-pillar configuration. The f i r s t 
medium, h i g h - i l l i t e shale with no expandable clays, exhibi ts a posi t ive and 
nearly l inear thermal expansion with increasing temperature. The second 
medium, eastern Pierre shale with abundant expandable clays, however, will 
dehydrate and volumetrically contract several percent >\pon heating to the 
local boi l ing point of the pore water. Results of the thermal calculat ions 
are presented which show that only the very-near-f ie id rock tempeiatures wi th
in the boi l ing isotherm are highly sensi t ive to the rock mass thermal conduc
t i v i t y and, hence, the expandable clay content. The mechanical calcula t ions 
for the n i g h - i l l i t e shale show no evidence of post-excavation i n s t a b i l i t y , and 
no change in the s t ress field as a r e su l t of wa^te emplacement. The mechanica1 
response of the eastern Pierre shale,, hc-^ver, i s ch^racterized by zones of 
volumetric contraction and jo in t opening located wi thin the boi1ing isotherm 
and resu l t ing d i rec t ly from the dehydration shrinkage. This work is part of 
the Shale Screening Factors Study sponsored by the U.S. Department ot Energy 
through the Office of Nuclear waste i so la t ion toNWl). 

Wahi, K.K.; Maxwell, D.E.; Hofmann, R. 
Simulation of the thermomechanical rpsponse of Project Sal t Vault. Final 
r epor t . Y/owi/SUB-77/165ly/l, 84 p . , February 1977 

The f ea s ib i l i t y of economically a'id accurately applying Lagrjnyian 
e x p l i c i t f l t i i te -d i f ierence (EFD) techniques to the analysis ot the thermo-
rnechanical response of radioactive wastes placed in sa I t reposi tor ies is 
demons t ra ted. Tnree numerical simulations of the Project Salt Vault (PSV) 
experiment were carried out, using STEALTH 2D, a two-dimensional EFD code. 
One ca lcula t ion did not include a model for creep, while the other two calcu
l a t ions used a general model in which creep was included. As expected, when 
creep was included, i t resulted m s ignif icant ly more pi l i a r shcrt3ning and 
room - vergence than when i t was not included. The f i r s t of the crt -̂ p simu-
I n t h (as well as the nc.-creep simulation) was designed tx> demonstrate the 
appJ c.i' l i i t y of the EFD method. The second creep simulation was perfoimed to 
evalua • the sens i t iv i ty of cer ta in numerical parameters, such as zone size 
ana boundary nearness. Numerical data are presented that compare tne resu l t s 
ot the three simulations to the resul t s of the Pro>-nt Salt Vault experiment. 
In t) e simulations which included creep, the room closure da t r- crc m ex eel lei. t 
agreement with the shape and magnitude ot die expe: i men tal ly measured tioor and 
root c losures . Temperature h i s to r i e s were also compared at several locations 
ana tnese data were also in agreement wi th the »'xper lcicn tni vd, ues. 



182 

Wahi, K.K.; Maxwell, D.E.; Hofmann, R. 
Two-dimensional simulation of the thermomechanical response of Project 

Sal t Vault including the excavation sequence. Final report-
Y/OWI/SUB--78/16549/2, 70 p . , March 1978 

Based on comparisons of the present four-room sequential excavation 
ca lcu la t iona l r e su l t s with previous two-room simultaneous excavation 
r e su l t s and the experimental r e s u l t s , the following may be concluded: 
1) the sequence of excavation plays no role in overa l l deformation 
response of rooms and p i l l a r s , provided that suf f ic ien t time (approx. 
6 months) lapse exis ts between the l a s t excavation and the s t a r t of 
the heat source, (2) the assumption of a symmetry plane between rooms 
2 and 3 i s valid in modeling the Project Sal t Vault experiment, 3) in 
a r e a l i s t i c simulation, one should allow the creep deformations to occur 
on rea l time scale even during the period when no thermal source is 
act ive ( e . g . , between standard day 540 and standard day 806). In 
pa r t i cu l a r , reference i s made to the two-room sens i t i v i t y calculat ion 
which was s ta r ted a t standard day 806. In that calculat ion the creep 
s t r a i n ra tes at day 80b, and cumulative s t r a ins un t i l day 806 were 
erroneous. However, the overal l thermomechanical response was s t i l l in 
fa i r ly good agreement with the experimental data. 

Wahi, K.K.; Maxwell, D.E.; Hofmann, R. 
Expl ic i t f in i te difference simulations of Project Sal t Vault. 
Presented at 19th Symposium on Rock Mechanics, Lake Tahoe, NV, May 1978 

A ser ies of two-dimensional, plane st- ain simulations of Project Sal t 
Vault {PSV) were computed in order to demonstrate the app l icab i l i ty of the 
Lagrange exp l i c i t f in i te-di f ference (EFD) method to the analysis of the 
de ta i led s t a b i l i t y response of a radioactive waste reposi tory. The PSV 
fie Id proj ect was chosen for the simulations because i t is a well documented 
experiment for which some materials tes t ing data are avai lable . The PSV 
experiment was essent ia l ly a f ea s ib i l i t y study of radioactive waste disposal 
in an unaer grouna sa i t formation. It. included a large-scale experiment 
pertormea in an inactive s a l t mine in Lyons, Kansas, wiiere a new minify level 
cons is t ing of five rooms was excavated a t about 1000 f t depth ana approximately 
15 feet above an exist ing level . Heat sources were arranged and activated 
so tha t the imposed heating was also essen t i a l ly symmetric about a ve r t i ca l 
plane. The model for s a l t creep is a generalization of the work performed 
by Star f ie ld and McClain, and is a general model for a three-dimensional 
creep response. For the PSV calcula t ions , i t re l ied on the laboratory s a l t 
pi l i a r data on Lomenick for i t s speci fie constants . The model i s s table for 
discontinuous s t r e s s and temperature changes. 
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GROUP B . 3 : THERMOHYDROLOGIC EFFECTS 

Bourke, P . J . ; Hodgkinson, D.P. 
Assessment of t h e r m a l l y induced wa te r movement around a r a d i o a c t i v e was te 

d e p o s i t o r y i n hard r o c k . 
P r o c e e d i n g s , Low-flow, l o w - p e r m e a b i l i t y measurements in -ge ly impermeable 
r o c k s (NEA/IAEA, P a r i s ) Atomic Energy Research E s t a b l i s h , t , 
H a r w e l l , England, p . 221-235 , March 1979 

An a s s e s s m e n t i s made of t h e r e l a t i v e impor tance of ti m a l l y induced and 
n a t u r a l l y o c c u r r i n g wa te r movement i n t h e v i c i n i t y of a har rock d e p o s i t o r y . 
The rock i s t r e a t e d a s a un i fo rmly permeable medium. Both s imple approxima
t i o n s and more comprehensive a n a l y s i s of t h e f l u i d mechanics lead to t h e con
c l u s i o n t h a t t he rma l movement cou ld be t h e more i m p o r t a n t for s e v e r a l m i l l e n i a . 

Bourke, P . J . ; Rob inson , P . C . 
Comparison of t h e r m a l l y induced and n a t u r a l l y o c c u r r i n g wa te r t ie l e akages 

from h a r d rock d e p o s i t o r i e s f o r r a d i o a c t i v e w a s t e . 
Atomic Energy Research E s t a b l i s h m e n t , Harwel l , England, " R a d i o a c t i v e Waste 
Management", v o l . 1 ( 4 ) , p p . 365-380, May 1981 

The r e l a t i v e impor tance of t h e r m a l l y induced and n a t u r a l l y o c c u r r i n g 
f lows of water a s c a u s e s of l eakage from hard rock d e p o s i t o r i e s for r a d i o a c 
t i v e w a s t e s i s a s s e s s e d . S e p a r a t e a n a l y s e s a r e p r e s e n t e d for i n v o l a t i l e , high 
l e v e l w a s t e from r e p r o c e s s i n g of f u e l and for p lu ton ium con tamina ted was te 
from f a b r i c a t i o n of f u e l . The e f f e c t s of v a r y i n g the q u a n t i t i e s of w a s t e s , 
p r e - b u r i a l s t o r a g e and t h e shapes and d e p t h s of d e p o s i t o r i e s a r e c o n s i d e r e d . I t 
i s conc luded t h a t fo r r e p r e s e n t a t i v e v a l u e s of t h e s e v a r i a b l e s , t he rma l flow 
w i l l remain t h e major cause of l eakage for long t imes af t e r the b u r i a l oi both 
t y p e s or w a s t e s . 

Ea ton , R.R. ; Sundberg, W.D.; La r son , D .E . ; Sherman, M.P. 
C a i c u l a t e d h y d r o g e o l o g i c p r e s s u r e s and t e m p e r a t u r e s r e s u l t i n g from r a d i o a c t i v e 

waste i n t h e Eleana a r g i l l i t e . 
SAND--79-2019C, Sandia L a b o r a t o r i e s , Albuquerque , NM., 9 p . , November 1979 

The SHAFT78 code ( m u l t i - d i m e n s i o n a l , two f l u i d p n a s e s , po rous medium) has 
been used t o begin a s s e s s m e n t of the consequences of n u c l e a r waste b u r i a l in a 
1000 a c r e r e p o s i t o r y emplaced i n a r g i l l i t e . The r e p o s i t o r y i s assumed to con
t a i n s p e n t f u e l S F f u ^ l a t a l o a d i n g of 150 kw/acre and t o be l o c a t e d a t a 
d e p t h of 600 m. I t was found t h a t w i th p e r f e c t b a c k f i l l , p e r m e a b i l i t y = 1.0 x 
10 D a r c y s , a maximum f l u i d p r e s s u r e in the r e p o s i t o r y of 770 b a r s e x i s t e d 
a t a t ime of 55 y e a r s a f t e r b u r i a l . Holding a l l o t h e r i n p u t v a r i a b l e s con
s t a n t , t h e maximum f l u i d p r e s s u r e in the underground workings never exceeded 
t h e l o c a l l i t h o s t a t i c p r e s s u r e when t h e p e r m e a b i l i t y of t h e b a c k f i l l m a t e r i a l 
was i n c r e a s e d t o 1.0 x 1 0 " 1 Da rcys . The c a l c u l a t e d t e m p e r a t u r e p r o f i l e s a r e 
e s s e n t i a l l y independen t of b a c k f i l l p e r m e a b i l i t y and p o r o s i t y i n d i c a t i n g t h a t 
t n e h e a t flow i s conduc t ion domina ted . 
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Gaffney, E.S.; Nickell, R.E. 
Effects of brine migration on waste storage systems. f inal repor t . 
UCRL--15102, Pacific Technology, Del Mar, CA, 51 p . , May 1979 

processes which can lead to mobilization of brine adjacent to spent 
fue1 or nuclear waste canis te rs and some of the thermomechanical consequences 
have been invest igated. Veloci t ies as high as 4 x 10"' m/sec are calculated 
a t the s a l t / c a n i s t e r boundary. As much as 40 l i t e r s of pure NaCl brine 
could accumulate around each canister during a 10-year storage period. 
Accumulations of b i t t e rn brines would probably be l ess , in the range of 2 
to 5 l i t e r s . With 0.5% water, NaCl brine accumulation over a 10-year 
storage cycle around a spent fuel canister producing 0.6 kW of heat is 
expected to be less than 1 l i t e r for centimeter size inclusions and less 
than 0.5 l i t e r for mil l imeter-s ize inclusions . For b i t t e rn br ines , about 
25 years would be required to accumulate 0.4 l i t e r . The most serious 
mechanical consequence of brine migration would be the increased mobility 
of the waste canis ter due to pressure solut ion. In pressure solution 
enhanced deformation, the existence of a thin film of fluid ei ther between 
grains or between media (such as between a canister and the sa l t ) provides 
a pathway by wnicn the s a l t can be redis t r ibuted leading to a marked 
increase in s t r a in rates in wet rock re la t ive to dry rock. In s a l t , 
in tergranular water wil l probably form di scontinuous layers rather than 
l ilms so tnat they would dominate pressure solut ion. A matnematical model 
oi pressure solution indicates that pressure solution wil l not lead to 
appreciable canister ITUtions except possibly in fine grained rocks {less 
tnan 10~4 m). In fine grained s a l t s , de t a i l s of the contact surface 
between tne canister and the bea may lead to large pressure solu tion 
motions. A numerical model dominated but has a s ignif icant convec t ive 
component. 

Hodgkinsoh, u.P. 
A ma tnei.ia t ica 1 model for hydro thermal convecti on arounu a radioactive waste 
depository in hard ruck. Atomic Energy Research Es tdDlishinent, harwell, 

England, "Annals of Nuclear Energy", vol . 1, pp. 313-334, \ 98u 

A mathematical model of thermally induced water movement in the v ic in i ty 
or a hara rock depository for radioactive waste is presented and discussed. tor 
the low permeability rocks envisaged tor ecological disposal tne equations 
descrioing heat and mass transfer become uncoupled ana l inear . Analytic 
solut ions to these i i near12ed equations are derived for an idealized spherical 
model or a deposi tory in a uniformly permeable rock mass. As the hydrogeologi cal 
conditions to be expected at a disposal s i t e are uncertain, examples of flow 
paths are presented for a range ot different permeabi l i t ies , poros i t ies , 
houndary conditions and regional cruss-flows. 
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Jenks, G.H. 
Effects of temperature, temperature gradients , s t r e s s , and i r r ad i a t i on 
on migration of brine inclusions in a s a l t reposi tory . 

ORNL-5526, Oak Ridge National Laboratory, Oak Ridge, TN, 62 p. f July 
1979 

This report reviews and analyzes available experimental and theore t i ca l 
information on brine migration in bedded s a l t . The ef fec ts of temperature, 
thermal gradients , s t r e s s , i r r ad i a t i on , and pressure in a s a l t repository are 
among the factors considered. 

The theore t ica l and experimental (with KC1) r e s u l t s of Anthony and Cline 
were used to cor re la te and explain the available data for ra tes of brine migra
t ion a t temperatures up to 250°C in natural ly occurring c rys ta l s of bedded s a l t 
from Lyons and Hutchinson, Kansas. I t was concluded that the following empir
i c a l equation for V/Gs (migration velocity of brine inclusion per unit temper
a ture gradients in the sa l t} represents the maximum values for th i s parameter 
which would r e su l t from thermal gradients in the bedded s a l t c rys ta l s in a 
repos i tory : 

log V/Gs = 0.00656T - 0.6036, 

where T i s the temperature of the s a l t (°C), and V/Gs has the units 
(cm2 year" 1 °C" 1 ) . 

Considerations of the effects of s t ress ing c rys ta l s of bedded s a l t on the 
migration propert ies of brine inclusions within the c rys ta l s led to the conclu
sion tha t the most probable effects are a small f rac t ional increase in the 
s o l u b i l i t y of the s a l t within the l iquid and a concomitant and equal f rac t ional 
increase in the ra te of the thermal gradient-induced migration of the br ine. 
The appl icat ion of high pressure could reduce the value of the k ine t ic poten
t i a l from tha t prevail ing in the absence of t e pressure, but th is would not 
a f fec t the maximum ra tes predicted by the equation shown above. 

The presence of stored radiat ion energy within a s a l t c rys ta l could affect 
the r a t e of brine migration within the c rys ta l if the stored energy causes an 
increase in the so lub i l i ty of the s a l t . Howe-er, r e su l t s obtained in Project 
Sal t Vault suggested that stored radia t ion energy had l i t t l e , i t any, influence 
on the ra te of brine flow into the emplacement cav i t i e s in the s a l t . No d i rec t 
information regarding the effect of stored energy on the so lub i l i ty of s a l t i s 
ava i lab le ; thus the author recommends that experiments be undertaken to provide 
such information. 

The grea tes t uncertainty re la t ive to the prediction of rates of migration 
of brine in to a waste emplacement cavity in be ided s a l t i s associated with 
quest ions concerning the effects of the grain oundaries (within the aggregates 
of single c rys ta l s which comprise a bedded sa l : deposi t) on biine migration 
through the deposit . I t is l ikely that the gr-.in boundary trapping wi l l tend 
to retard brine migration under the conditions expected to prevail with prob
able repository designs ( v i z . , Gg £ 2°C maximur impuri t ies present on grain 
boundaries, and boundaries compressed by thermal expansion of the s a l t . ) 
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Jenks, G.H. (continued) 

The r e su l t s of some of the estimates of rates and t o t a l amounts of brine 
inflow to HLW and SURF waste packages emplaced in bedded s a l t were included to 
i l l u s t r a t e the inflow volume which might occur in a reposi tory. These e s t i 
mates, which are based on the resu l t s of temperature calculat ions reported by 
others , employed the assumptions tha t (1) the s a l t contained 0.5 vol % brine 
inc lus ions , (2) +*hese inclusions migrated at the maximum ra tes shown by the 
equation presented e a r l i e r , and (3) grain boundaries had no effect on the 
migration. 

The resu l t s of the brine inflow estimates for 10-year-old HLW emplaced a t 
150 kw/acre indicated inflow ra tes s t a r t i n g at 0.7 l i t e r / y e a r and to ta l ing 12 
l i t e r s a t 30 years after emplacement. (Temperature calculat ions did not ex
tend beyond 35 years .) 

The resu l t s of the estimates for 10-year-old PWR SURF emplaced at 60 kw/ 
acre indicated a constant inflow of 0.035 l i t e r / y e a r for the f i r s t 35 years 
a t t e r emplacement. (Temperature calculat ions did not extend beyond 35 years .) 

Lindblom, U. 
Groundwater movements arouna a reposi tory. Phase 1, s t a te of the a r t and 

detai led study plan. 
KBS~TR-0b, Kaernbraenslesaekerhet, Stockholm, Sweden, 113 p . , February 1977 

The report was prepared as the f i r s t phase of a study of the groundwater 
movements around a repository for spent nuclear fuel in the Precambrian bedrock 
ot Sweden. Tne objectives of these s tudies are to provide a s t a t e -o f - the -a r t 
review of groundwater flow in the region of a repository m gran i t i c rock, in 
order to provide a basis for long term containment assessments and to prepare 
a detai led study plan for the continaation of the project . The di f ferent 
processes affecting the groundwater s i tua t ion for containment are given. A 
s t a t e of the a r t review of the fluid flow, geochemical, heat transfer and rock 
mechdnics processes as they re la te to containment is presented. A deta i led 
study plan to provide a comprehensive assessment of the nydrogeologica1 regime 
around the repository during i t s l ifetime i s a lso presented. The groundwater 
f ;ow f ie lds wall provide a basis for subsequent long term containment s tudies . 
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Lindblom, U.E.; Stille, H.j Gnirk, P.F.; Ratigan, J.L.; Charlwood, R.G.; Burgess, 
A.S. 
Groundwater movements around a reposi tory. Final repor t . 
KBS-TR-54-Ob, Kaernbraenslesaekerhet, Stockholm, Sweden, 127 p . , October 19 77 

The overal l goal of t h i s study has been to assess the groundwater flow f ie ld 
in the v i c in i ty of a conceptual high-level radioactive waste reposi tory, 
s i tua ted a t a depth of 500 m in the Precambrian bedrock of Sweden. F in i te 
element modelling procedures have been used employing nominal and extrapolated 
data for i n i t i a l groundwater conditions and precedent data for material 
p rope r t i e s . The coupling of thermal, rock mechanics, and groundwater flow 
ef fec t s has been achieved by means of q u a s i - s t a t i c techniques. The resu l t s 
of these in te re la ted processes have been analyzed for the following 
i d e n t i f i a b l e periods of the repository time frame: (1) pre-construct ion; 
(2) const ruct ion, but pre-emplacement of the waste; (3) post-emplacement of 
the waste through the s igni f icant port ion of the thermal cycle; and (4) 
long term. Assessment of the r e su l t s of the analysis effor ts lead to the 
following general conclusions: for the conceptual reposi tory design a t 500 m 
depth with a gross thermal loading of 5.25 W/m , the groundwater 
regime wil l not be s ign i f ican t ly al tered by the radiogenic heat d i ss ipa t ion . 
The long term flow f ields wil l be determined pr incipal ly by the flow regime 
pr ior to construction and can therefore be re l iably predicted through 
establishment of the exis t ing geohydrology. 
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McCarthy, F .J . ; Komameni, S.; Scheetz, B.E.; White, W.B. 
Hydrothemtal r e ac t i v i t y of simulated nuclear waste forms and water-

catalysed waste-rock in t e rac t ions . 
CONF-781121; Sc ien t i f ic Basis for Nuclear Waste Management, 
Vol. 1, F.J . McCarthy (Ed.) The Pennsylvania State University, Materials 
Research Laboratory, and Department of Geosciences, University Park, PA, 
p. 329-340, 1979 

A key consideration in the long term safe disposal of nuclear wastes i s 
t he i r s t a b i l i t y in the repository environment. if the assemblage of waste 
phases i s not in thermodynamic equilibrium with the mineral assemblage of 
the host rocks, chemical reactions which are greatly enhanced by the 
presence of water or brine may occur. Closed-system experiments with 
three waste forms ( a l l nonradioactive s imulat ions)--spent fuel, a glass , 
and a c ry s t a l l i ne ceramic, and three rock types—basalt, shale, and s a l t , 
were dona in sealed gold capsules contained in autoclaves or cold-seal 
pressure vessels , with the pressure at 300 bars , the temperature range 200 
to 300°c, and in the presence of excess water so that a l l phase assemblages 
included a liquid phase whose composition was deter mi ned by the r e l a t ive 
so lub i l i t y of d i f ferent components. The experiments i l l u s t r a t e d three 
types of hydrothermal waste-rock in te rac t ions : xeact iv i ty of waste forms 
in the presence of aqueous solutions ( d i s t i l l e d water or NBT-6a b i t t e rn 
b r ine ) ; r e ac t i v i t y among waste, rock, and water; and potent ia l ly important 
radionuclide fixation react ion?. The solution that resulted from the 
experiments with spent fuel and deionized water contained Cs, Rb, Mo, and 
U, but no Sr, Ba, La, or Nd. The NBT-6a brine dissolved Cs, Rb, large 
amounts of Sr, Ba, La, and Nd, and 40 times more U than tne deionized 
water. Less Mo was in solution because i t reacted with the Ca in the 
brine to form powellite (CAf-io04). The resu l t s of the experiments with 
b o r o s l l i c a t e glass and deionized water or brine showed that while glass 
was very reactive in both deionized water and brine, the former converted 
the ylass to a c rys ta l l ine mineral-like product, while in the l a t t e r , 
major amounts of a l l the important radionuclide model elements were 
extracted ana remained in solut ion. In the experiments with the c rys ta l l ine 
ceramic, delanizea water had very l i t t l e effect but brine dissolved large 
percentages of key eleme. -̂  in the ceramic, including Cs and Sr. However, 
af ter as much as two months of treatment, several phases, including 
monaz i t e , were s t i l l unaltered, which supports the suggs. _,LI on that monaz i t e 
i s a po ten t i a l ly ideal host for nuclear waste uv_tinides. Also, the 
a b i l i t y of b i t t e rn brines to extr^ ;c from waste forms so much of the heat 
producing Sr and Cs isotopes, along with substantia 1 U, needs to be given 
ser ious consideration in repository select ion and engineering design. 
When basal t was added to the spent fuel-deionized water experiments, most 
of the Cs was removed from solut ion. Hence, the ava i l ab i l i ty of oxygen 
tugci<-1 ty buf f e n ng such as that bound in basal ts and many shales appears 
to oe an important a t t r i bu t e of a geologi cal repository. Mechani sms for 
tr.e f ixat ion of Cs were determined to be formation pol luci te and powell i te . 
More a t tent ion to optimized synthetic minerals for par t icular reposi tor ies 
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McCarthy, G.J. ; Scheetz, B.E.; White, S.; Komarneni, S.; Smith, D.K. ; 
w reeborn, W.P.; Barnes, M.W. 
Hydrothermal in te rac t ion among nuclear wastes, containment, and 
host rocks in geologic r epos i to r i e s . 

RH0-BWI-SA-8-A, Materials Research Laboratory, The Pennsylvania S ta te 
Universi ty, University Park, PA, 3 p . , 1979 

Radioactive waste from nuclear power plants to be placed under 
ground in a reposi tory wi l l possess s ign i f i can t amounts of radioactive 
decay heat during the f i r s t few hundred years (the thermal per iod) . 
Physical and chemical changes analogous to natural geochemical processes 
can occur in and around the reposi tory during the thermal period which 
cou'd r e s u l t in an en t i re ly new object as the "source term" for long 
time i so l a t ion and migration ana lys i s . 

If the canis ter remains sealed during the thermal period i t can 
act as a source of heat which modifies the proper t ies and mineralogy 
of the surrounding repository rocks, a geochemical process analogous 
to contact metamorphism. This phenomenon needs to be invest igated 
because i t could affect the behavior of the host rocks with regard to 
migration of long-lived radionuclides away from the immediate reposi tory. 

A poss ible scenario for mobilization of some radionuclides contained 
in the waste form is d issolut ion due to the mobilization of indigenous 
water in the host rocks or intrusion of groundwater in to the reposi tory. 
If th i s occurs during the thermal period, then the combination of heat 
and pressure would create a "hydrothermal" environment tha t could 
acce le ra te breaching of the canister and subsequent in te rac t ions ot the 
hydrothermal so lu t ions , the waste, the repository rock, and the 
remains of the canis ter and any engineered containment s t ruc tu res . I t 
i s known tha t the modest temperatures and pressures expected in the 
thermal period, up to 400°c and 300 bars pressure, do cause 
moaifications of rocks and minerals in natural low to medium grade 
metamorphistn. I t i s reasonable then, to expect such modi fi cat ions in 
nuclear wastes, especia l ly in metastable forms such as g lass . 

At the end of the thermal period, an assemblage of rock, waste, 
and react ion products, larger in volume than the or ig ina l can is te r , 
w i l l cons t i t u t e the actua1 waste form subject to low temperature 
leacning and migration processes over the l ifetime of the reposi tory. 

The nature and implications of waste-rock in terac t ions i s 
i l l u s t r a t e d with r e su l t s of experimental s tudies involving four waste 
forms, basa l t and shale rock types, some of the component phases, and 
f luids typical of both groundwater and br ines . Reaction pathways are 
d ic ta ted by the bulk chemical composition of rocks and waste, and by 
open system var iables which may or may not be buffered by the rock, 
notably pH and Eh. 
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McCarthy, G.J, (et a l ) continued 

Studies of po ten t ia l waste-rock in te rac t ions can aid in decision making 
in several ways. F i r s t , they may prove to have been no detriment to the effec
t iveness of waste i so l a t i on . For some (and perhaps most) radionucl ides , i n t e r 
act ions with aluminosil icate host rocks and in reducing environments could 
r e s u l t in new thermodynamically s table and low so lub i l i t y mineral- l ike phases. 
This would not be true with s a l t as a host rock. If in te rac t ions are found to 
r e s u l t in the re lease of radionuclides a t an undesirable r a t e , then three 
options are avai lable : 

1. Protect a react ive waste form from hydrothermal conditions by 
(a) allowing the waste to cool on the surface or in a re t r ievable mode; 
(b) designing a canis ter to l a s t through the thermal period under the 

most severe repository conditions. 

2. Design an "overpack" tha t would supply the appropriate chemistry and 
Eh-pH buffering so that desirable in terac t ions would occur if hydrothermal 
conditions should a r i s e . 

3. Design a waste form which can withstand the most severe hydrothermal con
d i t i o n s . ( I t i s here that the supercalcine-ceramic and mult ibarr ier waste 
forms show s igni f icant promise. ) 

Ratigan, J .L . ; Burgess, A.S.; Skiba, E.L.; CharlwL... , R. 
Groundwater movements around a reposi tory. Repository domain groundwater 

flow analyses. 
KBS-TR--54-05, Kaerneraenslesaekerhet, Stockholm, Sweden, 127 p . , September 1977 

The perturbat ions of the in s i tu hydraulic permeability caused by 
(a) s t r e s s e s resul t ing from repository storage tunnel excavation ana (b) the 
thermomechanical s t resses resul t ing from the radiogenic heat have been eval
uated. Changes in the permeability due to the temperature dependence of the 
v i scos i ty have also been studied. I t was found that the mos t s igni f icant 
perturba tion in the hydraulic permeabili t ies was caused by the excavation of 
the storage tunnels. The resu l t s of a study of groundwater inflow to the 
repos i tory , with par t i cu la r reference to the post-decommissioning period i s 
presented. The objective was to determine the time for the repository to be
come backflooaed (inflow period). For th i s study, the baseline layout has 
been 'ised. This consists of rooms approximately 3.5 m diameter, about 1 km in 
length and spaced at 25 m center to cenuor. The repository has been assumed 
tc be located a t a depth of 500 m below ground surface. As par t of the field 
s tudies for KBS, measurements of inflow ra tes wil l be performea at Stripa Mine. 
I t i s expected that a regional groundwater gradient of 2 x lu~^ wi l l ex i s t 
wnich will cause the convection flows to be swept almost horizontal ly , ind ica t 
ing that the most l ikely point of exi t from the host rock is into a singular 
feature a t depth and not up to the surface above the reposi tory. 
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Schiminel, W.P. , J r . ; Hickox, C E . 
Application of thermal conduction models to deepsea disposal of radio

act ive wastes. 
SAND77-0752, Sandia Laboratories, Albuquerque, NM, 42 p . , March 1978 

Thermal problems associated with the emplacement of radioactive wastes in 
the deepsea sedimentary layer have been studied. In pa r t i cu la r , the nature of 
the temperature field surrounding and the i n t e r s t i t i a l water velocity ar i s ing 
from a buried cask, have been examined. Worst case estimates indicate that the 
ve loc i ty wi l l be extremely weak and thus not l ike ly to provide a primary 
t ranspor t mechanism for the radioact ive mater ial . This statement w i l l , of 
course, only apply for moderately low levels of heat generation by the decay
ing radionucl ides . Because of the low i n t e r s t i t i a l water veloci ty, thermal 
conduction models can be used to predic t the temperature field in the surround
ing sediments as well as the cask surface temperature. This i s equivalent to 
"decoupling" the energy and momentum conservation re la t ionships thus simplify
ing the solution of the temperature f i e ld . 

The present work considers in some de t a i l the temperature f ield surround
ing a v e r t i c a l c i rcu la r ^cylinder" located a distance below a horizontal , 
isothermal, plane surface. Actually, the isotherm corresponding to the cask 
surface i s an e l l ipso id of revolution but the error wi11 be small for large 
values of the length to diameter r a t i o . The resu l t ing expression can be used 
to est imate temperature of the cask surface for material degradation s tudies 
and the effect of temperature upon the ion t ranspor t process in the sediments. 

Wang, J .S .Y. ; Tsang, C.F.; Cook, N.G.W.; Witherspoon, P.A. 
A study of regional temperature and thermohydrological effects of an under

ground reposi tory for nuclear wastes in hard rock. 
LBL-8271, Lawrence Berkeley Laboratory, University of California, Berkeley, 
CA, October 1979 

Heat released by the radioactive decay of nuclear wastes in an under-
grouna reposi tory causes a long-term thermal disturbance in the surrounding 
rock mass. The nature of th i s disturbance for a planar repository 3000 m in 
diameter a t a depth ot 500 m below surface is invest igated for various waste 
forms. The effects of changes in the density and viscos i ty of groundwater 
caused by the temperature changes on the flov; through a simple model of a ver
t i c a l f rac ture connected to a horizontal fracture in a rock mass are evaluated. 
I t i s concluded tha t different waste forms and time periods before bur ia l have 
s ign i f i can t effects on the thermal disturbance and tha t buoyant groundwater 
flow is a function of both the ve r t i ca l and horizontal fracture transmissiv-
i t i e s , as well as the changes in temperature. Loaded i n i t i a l l y wi th a power 
density of 10 W/m2 of spent fuel assemblies 10 years after discharge from a 
reac tor , the maximum increase in temperature of the reposi tory in grani te i s 
aoout 50°c and the epicent ra l thermal gradient about 70°C/km. 
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Westsik, J .r i , J r . ; Turcotte, R.P. 
Hydrotherinal reactions of nuclear waste so l ids , a preliminary study-
PNL-2759r Pacif ic Northwest Laboratory, Richland, WA, 44 p . , September 
1978 

A simulated high- leel waste g lass , Supercalcine, and some common 
ceramic and metal l ic sol ids were exposed to hydrothermal conditions at 350°C 
and 250°c for time periods ranging from three days to three weeks.^ a i 

Most of the experiments were done in s a l t brine, but the glass study did 
include deionized water t e s t s so tha t the influences of s a l t could be bet ter 
understood. 

Under the extreme hydrothermal conditions of these t e s t s , a l l of the 
mater ia ls examined underwent measurable changes. The glass i s converted 
to a mixture of c rys ta l l ine phases, depending upon conditions, giving 
NaFeSi^Ofc as the primary a l t e r a t i on product. The ra te of a l t e r a t ion is 
higher in deionized water than in s a l t brine; however, under equivalent 
t e s t condit ions, 66% of the cesium or ig ina l ly in the glass is released to 
the s a l t br ine , while only 6% i s released to deionized water. Rubidium and 
moiyodenum are the only other f i ss ion product elements signi f icant ly 
leached frou the glass . Evidence is presented which shows that sintered 
Supercalcine undergoes chemical changes in s a l t brine that are qua l i t a t ive ly 
s imilar to those experienced by glass samples. High concentrations of 
cesium enter the aqueous phase, ana strontium and molybdenum are mobilized. 

Scouting tes t s were made with a variety of materials including 
coirnercial g lasses , g ran i t e , ^o' A - L 2°3 ' s t e e 1 ' a n d waste 
g lasses . Weight losses under hydrothermal conditions are in a 
r e l a t i ve ly narrow band, with glass and ceramic materials showing 
3 to 20 times greater weight losses than 3C4L s t a in les s s t ee l in the 
250°C t e s t used. 

The conclusion from these s tudies i s that v i r tua l ly a l l solid 
mater ia ls show hydrothermal r eac t iv i ty at temperatures between 2 50°c 
ana 3b0°c, and that these extreme condi t ions arc not des i rable . 
Further work is needed to es tabl ish k ine t ic parameters for the 
hydro therma 1 react ions . 

(a) These condi tions were selected to accelera te the hydrotherma1 
reac t ion; actual temperature during waste storage, even for a high-
a c t i v i t y waste, should be less than 200°c if water i s present 
during the f i r s t 100-yr time period following closure of the 
r epos i to ry . At 1000 yr the temperature wi l l be less than 10°C 
for both wet and dry storage. 



193 

GROUP B.4 : ROCK PROPERTIES 

Board, M.P. 
Rock mechanics methods and i n s i t u h e a t e r t e s t s fo r d e s i g n of a n u c l e a r 

was te r e p o s i t o r y i n b a s a l t . 
RHO-BWI-LD-2, Rockwell I n t e r n a t i o n a l , 53 p , June 1378 

This paper d i s c u s s e s how i n s i t u d a t a from t h e Nea r -Su r f ace T e s t 
F a c i l i t y w i l l be i n t e g r a t e d i n t o t h e o v e r a l l Waste I s o l a t i o n Program. 
I t a l s o d i s c u s s e s t h e rock mechanics methods used fo r the d e s i g n of a 
r e p o s i t o r y in hard j o i n t e d rock and p l a c e s t h e Nea r -Sur face T e s t F a c i l i t y 
h e a t e r t e s t s i n t o the c o n t e x t of t h e t o t a l p i c t u r e of t h e r e p o s i t o r y 
d e s i g n . 

The f o l l o w i n g d i s c u s s i o n d e a l s p r i m a r i l y w i t h the a p p l i c a t i o n of 
n u m e r i c a l models to t h e d e s i g n of a was te r e p o s i t o r y . F i r s t , t he 
v a r i o u s t y p e s of models c u r r e n t l y a v a i l a b l e a r e d i s c u s s e d w i th r e f e r e n c e 
t o d e s i g n i n b a s a l t . Next , t h e breakdown of t h e problem of r e p o s i t o r y 
d e s i g n i s g i v e n . I t i s seen t h a t t h e most e f f i c i e n t method for 
a n a l y z i n g r e p o s i t o r y d e s i g n i s t o break t h e problem down i n t o s e v e r a l 
p rob lems which a r e based on p h y s i c a l s c a l e . These i n c l u d e the a r e a 
d i r e c t l y s u r r o u n d i n g a s i n g l e was te c a n i s t e r ( t h e very near f i e l d ) , the 
a r e a i n c l u d i n g many c a n i s t e r s and c a n i s t e r emplacement rooms ( t h e near 
f i e l d ) , and t h e a r e a i n c l u d i n g t h e e n t i r e r e p o s i t o r y and the rock mass 
t o t h e f r e e s u r f a c e ( t h e f a r f i e l d ) . The methods by which n u m e r i c a l 
models a r e used fo r d e s i g n a r e d i s c u s s e d . Flow c h a r t s a r e used t o show 
t h e b a s i c i n p u t d a ^ r e q u i r e d , the c a l c u l a t i o n a l p r o c e s s e s used , and 
t h e p r e l i m i n a r y c r i t e r i a fo r judgment of s u i t a b l e r e p o s i t o r y pe r fo rmance . 
I t i s s e e n th rough the p r e c e d i n g d i s c u s s i o n t h a t the u l t i m a t e d e s i g n 
of the a l l o w a b l e g r o s s t h e r m a l l o a d i n g d e n s i t y , and, t h u s , the l a y o u t 
of the underground workings i s h i g h l y dependen t upon the rock mass 
p r o p e r t i e s s u p p l i e d as base l i n e i n p u t d a t a t o t h e n u m e r i c a l mode l s . 
Of the many i n p u t p r o p e r t i e s r e q u i r e d , the t he rma l c o n d u c t i v i t y , the 
t h e r m a l expans ion c o e f f i c i e n t , and e l a s t i c moduli of the rock mass 
h a v e , p e r h a p s , t h e g r e a t e s t e f f e c t on t h e c a l c u l a t i o n of induced 
t e m p e r a t u r e s , s t r e s s e s , and d i s p l a c e m e n t s and, t h u s , r e p o s i t o r y 
d e s i g n . To ensu re t h a t the d e s i g n c o n t i n u e s w i th c o n f i d e n c e , a c t u a l 
f i e l d ( i n s i t u ) v a l u e s of i n p u t d a t a must be o b t a i n e d . F i n a l l y , t h e 
r o l e of t h e N e a r - S u r f a c e T e s t F a c i l i t y i n s i t u t e s t i n g in o b t a i n i n g 
t h e s e b a s i c r e q u i r e d d a t a i s d i s c u s s e d . 
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Christensen, A.B. 
Physical propert ies and heat transfer cha rac te r i s t i c s of materials 

for krypton-85 storage. 
ICP-1128, Allied Chemical Corporation, Idaho Chemical Programs, 
Operations Office, Idaho, 46 p . , September 1977 

Collection and storage of about 85% of the krypton-85 produced by nuclear 
fuel reprocessing i s required by Federal regulat ions for fuel i r r ad ia t ed 
a f t e r 1982. Krypton can be stored as a gas in pressurized cylinders or 
immobilized ei ther in granular mater ia ls , such as zeo l i t e s , or in mono
l i t h i c amorphous or c rys ta l l ine metals prior to storage. The safety of 
the storage system depends on the temperatures resu l t ing from the radio
act ive decay heat generation. For example, a temperature increase in a 

Kr-pressurized cylinder not only increases the gas pressure, but 
may reduce the wall s t rength , r e su l t ing in possible cylinder fa i lure and 
re lease of radioactive Krypton. This report compiles the necessary physical 
p roper t ies of krypton and of po ten t ia l krypton-85 storage materials which 
are required to evaluate the maximum temperatures developed during storage. 

Krypton volumetric data in the pressure and temperature ranges ot 0-200 
MPa and 273-423K, respect ively , were f i t t ed to the Redlich-Kwong (R-K) 
equation of s t a t e . Krypton thermal conductivity data were correlated 
in the 0.1-95 MPa and 273-608 K ranges. Heat generation and decay ra tes 
were given as a function of time. 

Granular thermal conduct ivi t ies depend on the thermal conductivi t ies of 
the solid and of i t s surrounding gas, and on the void fraction. Granular 
thermal conduct ivi t ies increase with temperature and pressure, but decrease 
with void t r ac t ion ; a correlat ion f i t t e d 76% of the data with an error of + _,0%. 
Thermal conductivity, density, void fraction, mean pa r t i c l e diameter, and 
sorbed-water concentration at room temperature and pressure are tabulated 
for z e o l i t e s ; thermal conduct ivi t ies of s i l i c a t e , bo ro - s i l i ca t e and borate 
g lasses , and of aluminum, nickel , copper, and iron are given. Since no 
thermal conductivity data ex i s t for amorphous metals, values intermediate to 
g lass and mecal were assumed. 

Maximum temperatures were calculated {assuming natural convection cool
ing in a i r ) for a single horizontal cylinder containing krypton-85 fixed in 
i-olids or as a gas, and for storage ce l l s containing 104 cyl inders . Cylinders 
containing krypton-85 as a pressurized gas or in c rys ta l l ine metals yielded 
the lowest maximum storage temperatures for a given radii .= and loading. 
Void fract ion changes in granular materials loaded with krypton-85 weakly 
ini luenced the maximum temperature. The effects of natural convection 
cooling of a cylinder in a i r and water were compared. 
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D u v a l l , W . I . ; M i l l e r , R . J . ; Wang, F .D. 
P r e l i m i n a r y r e p o r t on p h y s i c a l and t h e r m a l p r o p e r t i e s of b a s a l t . D r i l l 

h o l e DC-10, Pomona Flow - Gable Mountain. 
RHO-BWI-C-11, Ea r th Excava t ion I n s t i t u t e , Colorado School of Mines, 
Golden, CO, 46 p * , May 1978 

Th i s r e p o r t i s s u b m i t t e d a s a summary of t h e mechanica l and d i enna l 
t e s t s on t h e f i r s t s e r i e s of b a s a l t c o r e r e c e i v e d from the Pomona Flow, 
D r i l l Hole DC-10 a s p a r t of t h e Co lo rado School of Mines s u b c o n t r a c t .'rom 
Rockwel l Hanford O p e r a t i o n s , SA-907. A d i s c u s s i o n cf the t e s t i n g 
p r o c e d u r e s and t e s t r e s u t l s , w i t h recommendat ions for f u t u r e t e s t i n g , 
i s a l s o i n c l u d e d . 

Due to the h i g h l y f r a c t u r e d and j o i n t e d n a t u r e of the f i r s t s e r i e s 
of b a s a l t c o r e s , i t was o f t e n i m p o s s i b l e t o avo id s e l e c t i n g a sample 
i n which a d i s c o n t i n u i t y might a f f e c t the t e s t r e s u l t s . T h e r e f o r e , each 
sample was c h a r a c t e r i z e d for s t n j c t u r a l f e a t u r e s and i f such f e a t u r e s 
h a s , o r mi^ht h a v e , i n f l u e n c e d t h e t e s t r e s u l t s , i t was noted on the 
c o n t r o l s h e e t s In some c a s e s , n o n d e s t r u c t i v e t e s t s were r e p e a t e d , o r 
a d d i t i o n a l t e s t s per formed, t o h e l p d e f i n e t e s t l i m i t a t i o n s , r e p e a t a b i l i t y 
and i n t e r - s a m p l e v a r i a t i o n s . 

In t h e f o l l o w i n g s e c t i o n s , t e s t r e s u l t s w i l l be p r e s e n t e d , i m p l i c a t i o n s 
of t h e s e t e s t s d i s c u s s e d , and recomme: d a t i o n s made based on t h e t e s t 
r e s u l t s and on our b e s t e n g i n e e r i n g judgment . T e s t s conducted a r e 
summarized below: 

1EST TYPE 

A U n i a x i a l Compress ive S t r e n g t h 
B B r a z i l i a n T e n s i l e S t r e n g t h 
C T r i a x i a l Compress ive S t r e n g t h a t Conf in ing P r e s s u r e s 

of 500, 1,000 and 2,000 pounds p e r squa re inch 
D Modulus of Rupture - F l e x u r a l S t r e n g t h 
E S t a t i c E l a s t i c P r o p e r t i e s -

young ' s Modulus 
P o i s s o n ' s R a t i o 
Cohesion 
I n t e r n a l Angle of F r i c t i o n 

F Dynamic Wave V e l o c i t i e s 
Both compress ion and shea r waves in t h e a x i a l and 
d i a m e t r a l d i r e c t i o n s 
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Excavation Engineering and Earth Mechanics I n s t i t u t e 
Final report for f i sca l year 1978 on the physical and thermal propert ies 

of basal t cores. 
RHO-BWI-C-38, Colorado School of Mines, Golden, CO, 18 p . , December 1978 

As part of the Colorado School of Mines' subcontract from Rockwell 
Hanford Operations, SA-907, th i s report i s submitted as a summary of the 
second se r i e s of t es t s performed under that subcontract. 

Due to the highly fractured and jointed nature of much of the core, 
i t was d i f f i c u l t to avoid select ing a sample in which a discont inui ty 
might affect the t e s t r e s u l t s . Therefore, each sample was characterized 
for s t r uc tu r a l features and, if such features had or might have influenced 
the t e s t r e s u l t s , i t was noted on the control sheet. In some cases, non
des t ruc t ive t e s t s were repeated, or addi t ional t e s t s performed, to help 
define t e s t l imi ta t ions , r epea tab i l i ty , and inter-sample var ia t ions . 

In the following sect ions, t e s t resu l t s wi l l be presented, impli
cations of these t e s t s discussed, and recommendations made based on the 
t e s t r e s u l t s and on our best engineering judgment. 

Samples used in these t es t s came from d r i l l holes DC-11, DH-4, 
DH-b, DC-2, and DDH-3 within the Hanford S i t e . 
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Hansen, F.D.; Mellegard, K.D. (RE/SPEC) 
Creep behavior of bedded s a l t from southeastern New Mexico at elevated 

temperature. 
SAND79-70030, Sandia Laboratories, Albuquerque, NM, 126 p . , 
November 1977 

This report presents the resu l t s of a se r i e s of t r i a x i a l creep experiments 
conducted on bedded s a l t specimens from ERDA Hole 9 in southeastern New 
Mexico, The s a l t core and matrix of t e s t conditions were provided by Dr. 
Wolfgang R. Wawersik, Sandia Laborator ies . The purpose of the experiments 
was to measure creep response of s a l t at temperatures of 24, 70 and 100°C 
under confinement pressures of 0, 1500, 2000, 2500, and 3000 psi and d i f f e ren t i a l 
ax ia l s t r e s s levels of 1500, 3000, 4500 and 6000 pBi. Test durations ranged 
from 15 minutes to 500 hours. 

The specimens, obtained by recoring four-inch diameter cores in the 
ax ia l d i rec t ion , were nominally two inches in diameter and four inches in 
length. The c rys t a l s ize ranged from very small to one-half inch diameter; 
the specimens contained various amounts of clay impur i t ies . A to t a l 
of 19 specimens were prepared of which 14 were tes ted . 

The col lected data included axia l and l a t e r a l s t r a i n , ax ia l and 
confinement s t r e s ses , time and temperature. Per iodica l ly , ax ia l s t r e s s 
was adjusted to account for specimen s t r a in in order to maintain a constant 
d i f f e r e n t i a l s t r e s s . Frequency of the s t ress correct ion was dependent 
on the ra te of deformation; two or more corrections in a 24 hour period 
were t y p i c a l . Data were automatically recorded with a p r in te r , manually 
recoded from the pr in t -ou t to punched cards and reduced by means of a 
computer. A preponderance of the data was col lected in the t rans ien t 
creep regime. In some t e s t s specimen rupture occurred, while in others 
an accelera t ing creep ra te brought the specimen in contact with the 
pressure vessel wal l . Also, a considerable amount of data was collected 
during s t r e s s application to creep s t ress level . 
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Lappin r A.R. 
Preliminary thermal expansion screening data for tuf fs . 
SAND78-1147, Sandia Laboratories, Albuquerque, NM, 44 p . , 
March 1980 

A major variable in evaluating the potent ia l of s i l i c i c tuffs for use 
in geologic disposal of heat-producing nuclear wastes i s thermal expansion. 
Results of ambient-pressure l inear expansion measurements on a group of 
tuffs tha t vary great ly in porosity and mineralogy are presented here. 
Thermal expansion of dev i t r i f i ed welded tuffs i s generally l inear with 
increas ing temperature and independent of both porosity and heating r a t e . 
Mineralogic factors affecting behavior of these tuffs are limited to the 
presence or absence of c r i s t oba l i t e and a l te red b i o t i t e . The presence 
of c r i s t o b a l i t e r e su l t s in markedly nonlinear expansion about 200°C. 
If b iDt i te in b io t i te -bear ing rocks a l t e r s even s l igh t ly to expandable 
clays/ the behavior of these tuffs near the boi l ing point of water can be 
dominated by contraction of the expandable phase. Expansion of both 
high- and low-porosity tuffs containing hydrated s i l i c i c glass and/or 
expandable clays i s complex. The behavior of these rocks appears to be 
comisletely dominated by dehydration of hydrous phases and, hence, 
should be c r i t i c a l l y dependent on fluid pressure. Valid extrapolat ion of 
the ambient-pressure resu l t s presented here to depths of i n t e r e s t for 
construction or a nuclear-waste repository wil l depend on a good under
standing of the in teract ion of dehydration ra tes and fluid pressures , 
and of the effects of Doth micro- and macrofracturec on the response of 
tuf t masses. 

i,appin, A.R.; olsson, W.A. 
Material proper t ies of Eleana a r g i l l i t e : extrapolation to other argil laceous 

rocks, and implications for waste management. 
ALO-0789-T14, Sandia Laboratories, Alroiquerque, NM, 15 p . , October 1979 

Results cf a near-surface heater t e s t in the Eleana a r g i l l i t e suggest the 
p o s s i o i l i t y that the high-temperature (> 10U°C) thermomechanical response of 
a r y i l l i t e to waste emplacement may be dominated by behavior of expandable clays. 
Enough expandable clay is probably present in most argil laceous rocks to cause 
a s imilar response. xn-situ thermal conductivi t ies may be markedly reduced by 
even small amounts of clay contraction which resu l t s in opening of pre-exis t ing 
j o i n t s . A simple model predicts that such benavior may continue to operate to 
considerable depths, though several factors affecting determination of t h i s 
depth remain poorly defined a t present. 
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Martinez-Baez, L,F.? Amick, C.H. 
Thermal proper t ies of Gable Mountain basal t cores - Hanford Nuclear Reservation. 
LBL-7038, Lawrence Berkeley Laboratory and Petroleum Engineering 
Laboratory, University of Cal ifornia , Berkeley, CA, 7 p . , March 197 

This rt-port presents the resu l t s and the general methodology of a se r ies 
of laboratory experiments and calculat ions used to obtain the thermal proper
t i e s of a group of basa l t cores from the Gable Mountain area in which a model 
waste reposi tory i s proposed. 

Thermal propert ies and i t s behavior in a range of temperature of 50 to 
200°C are evaluated and presented. Thermal conduct ivi t ies were measured a t 
two ter.perature levels and one uniaxial s t r e s s . Specific heats were calculated 
a t d i f fe ren t temperatures in the range from oxide analysis data provided or 
the samples. Bulk dens i t i e s were measured at roou temperatures and estimated 
a t high temperatures using avai lable thermal expansion data. Final ly , thermal 
d i f f u s i v i t i e s were calculated from the obtained data. 

McKinstry, H.A. 
Thermal ef fec ts in shales: Measurements and modeling. 
Y/0WI/SUB-77/142b8; CONF-77049; Waste-Rock In te rac t ions , Proceedings of 
the National Waste Terminal Storage Program Conference, University Park, PA. 
Pennsylvania Sta te University, Materials Research Laboratory, University Park, 
PA, 91 p . , August 1977 

This research concerns thermal and physical measurements and theoret ical 
modeling relevant to the storage of radioactive wastes in shale . Reference 
thermal conductivity measurements are made at atmospheric pressure in a com-
mercia1 apparatus; equipment for permeability measurements has been developed. 
Thermal proper t ies of shales are being determined as a function of tempirature 
and pressure . In one t e s t a 15 mm disk of sample is measured by a steady 
s t a t e technique using a reference material ( i n i t i a l l y single c rys ta l quartz) 
to laed&ure tht: heat flow wit-hin un= sySLdu. The sample i s sandwiched between 
two disks of reference material and the thermal conductivity of the sample at 
steady s t a t e i s calculated. A second t e s t determines the effect of tempera
tures on a larger sample of water-saturated shale (or s i l t s t o n e ) . A cy l ind r i 
ca l sample 25 cm diameter x 20 cm, i s heated e l e c t r i c a l l y at the center while 
contained in a pressure vessel tha t maintains a fixed water pressure around i t . 
The temperature i s monitored by a microcomputer system connscted to 16 thermo
couples to record var ia t ion in temperature d i s t r ibu t ion with time. The micro
computer system as currently devised can also control the energy delivered to 
the heating element. The vapor pulse should thus be measured without heating 
the outer wall of the pressure vessel . If, as hypothesized, the heat drives 
the water away from the in terna l heater the temperature d i s t r ibu t ion should 
r e f l e c t a dramatic temperature pulse passing through the sample. By using 
thermal conductivity data from the small sample experiments, permeability 
measurements, and the resu l t s of a f i n i t e difference computer model ot tne 
heat t r ans fe r , the behavior of the sample should be properly in terpre ted . 



200 

Morgan, M. T. 
Thermal conductivity of rock sa l t from Louisiana s a l t domes. 
ORNL/TM-6809, Oak Ridge National Laboratory, Oak Ridge, TN, 
21 p . , June 1979 

The thermal conduct ivi t ies of dome s a l t samples from the Avery Island and 
Jefferson Island Mines in southern Louisiana were determined as part of an 
evaluation of these formations for use as possible waste r epos i to r i e s . The 
thermal conduct ivi t ies ranged from 4 W/mK a t 70°C to 2 W/mK a t 300°C. The 
average thermal conductivity of the dome s a l t a t 100°C was about 25% less than 
t h a t of a s ing le -c rys ta l s a l t at 100°C. The thermal conductivity was found 
to be re la ted to the density and f r a g i l i t y of the s a l t . 

The thermal conduct ivi t ies were measured using a comparative technique in 
which the sample was sandwiched between standard references of Pyroceram 9606. 
Trie precision of the method i s within +10% and the overal l error i s within 
+20%. Considerable a t ten t ion was given to specimen preparation. Finished 
surfaces were pa ra l l e l within 0.005 in . and f l a t to within 0.0005 in . Chromel-
Alumel thermocouples . are installed, in grooves on interface surfaces to measure 
temperatures. 

Morgan, M.T.; West, G.A. 
Thermal conductivity of the rocks in the Bureau of Mines standard rock su i t e . 
ORNL/TM--7052, Oak Ridge National Laboratory, Oak Ridge, TN, 60 p . , January 19b0 

Thermal conduct ivi t ies of eight rocks from the Bureau of Mines standard 
rock sui te were measured in a i r over the temperature range 373 to 533°K 
(100 to 2b0°c). The thermal conduct ivi t ies of these rocks were measured to 
furnish standards for future comparisons with host rock from prospective nu
clear waste repository s i t e s . The thermal conductivity at a g iv t i temperature 
decreased by as ranch as 9% af ter a specimen had been heated to the maximum 
temperature (533°K), but addit ional heating cycles had no further effect . 
This decrease was smallest in the igneous rocks and la rges t in the sedimentary 
types. Variations due to orientat ion were within the precision of measure
ments (+_ 5%). In most cases the thermal conduct ivi t ies were l inear with the 
rec iproca l of the temperature and were within 14% of published data obtained 
by other metnods. Measurements were made by a cut-bar comparison method in 
which the sample was sandwiched between two reference or metering bars made of 
Pyroceram 9606 class-ceramic. The apparatus consisted of a Dynatech model 
ICFCM-N20 comparative thermal conductivity analyzer controlled by a Hewlett 
Packard model 3052A data acquisi t ion system. A program was written to incre
ment and cycle the temperature in s ' Ls between predetermined i n i t i a l and 
maximum values. At each step the thermal conductivity was measured after 
s t e a d y - s t a t e conditions were establ ished. The rocks furnished by the Bureau 
of Mines were quarried in large and fai rly homogeneous lo ts for use by re 
searchers a t various labora tor ies . To inves t iga te any anisotropy, cores were 
taken from each rock cube perpendicular to each of the cube faces. Samples 
2 in . in diameter and approximately 0.75 in . thick were prepared from the 
cures ana were driod in a vacuum oven for at least one month prior to taking 
measurements. 
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Parsons Brinckerhoff Quade and Douglas, Inc. 
Thermal guidelines for a repository in bedrock. 
Y/OWI/SUB-76/16504, Office of Waste I so la t ion , Oak Ridge, TN, 
44 p . , September 1976 

This report summarizes the findings of a study conducted by Parsons 
Brinckerhoff to develop general thermal guidelines for the underground 
storage of can is te rs containing high level nuclear waste. The report 
contains general thermal guidelines for spacing canis te rs in three 
types of rock—shale, limestone, and gran i te ; a survey of thermo-
physical rock proper t ies and rock mechanical behavior; and a recommended 
approach for determining rigorously the thermal design c r i t e r i a for 
the storage f a c i l i t y . ThiF recommended approach would couple rock 
mechanics and thermal considerations in a t r ans ien t , f i n i t e element 
model capable of simulating the excavation and canis ter emplacement 
sequence. In recognition of the nascent stage of the waste storage 
program, we've closed th i s report with suggestions for future research 
and for future ana ly t ica l and experimental e f fo r t s . 

The canis te rs of nuclear waste wi l l produce s igni f icant 
q u a n t i t i e s of heat from radioactive decay. The storage f a c i l i t y , 
therefore , must be designed in a manner that wi l l permit t h i s heat 
to be diss ipated safely and e f f i c i e n t l y . Crucial to th i s design i s 
proper canis ter p i tch . 

The two major const ra in ts on canis ter pi tch are the maximum 
allowable temperature of the stored nuclear waste and the overal l 
s t r u c t u r a l i n t eg r i t y of the underground f a c i l i t y . 

Pusch, R. 
Water uptake in a bentonite buffer mass. A model study. 
KBS-TR--23, Kaernbraenslesaekerhet, Stockholm, Sweden,27 p . , Augus: 1977 

Safe deposition of radioactive waste products requires a numbsr of 
condi t ions , an important one being the maximum temperature of about 
100°c tha t can be accepted for tht buffer mass. This temperature level 
has been chosen to guarantee the c rys t a l s t a b i l i t y of the bentonite 
component, to r e s t r i c t the so lub i l i t y of a l l mineral components, and to 
minimize the various negative effects of water vapor in the system. All 
t h i s means tha t the heat conductivity lambda of the buffer mass must 
be suf f ic ien t ly high. Since lambda varies considerably with the degree 
of water sa tura t ion , the water uptake and the associated temperature, 
changes have been invest igated in model t e s t s . 
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Ratigan, J .L . ; Callahan, G.D. 
Evaluation of the property of the f i n i t e element method; Project Sal t Vault 
thermo/viscoelast ic simulation. 
Y/OWI/Sub--78/2?.303/ll, 62 p . , March 1978 

The study presents an assessment of the predict ive capabi l i ty of a 
two-dimensional f i n i t e element s t ruc tu ra l program by performing a simulation 
of the project s a l t vault experiment and comparing the numerically computed 
deformations to these which were measured during the experiment. The 
numerical method i s evaluated in addition to the geometric and chronological 
approximations and the s a l t character izat ion. 

Robertson, E.C* 
Thermal conductivity of rocks. 
USGS Open File Report 79-356, U.S. Geological Survey, 51 p., 
1979 

A mathematical model of a physical property of a rock would be most 
s a t i s r ac to ry for explanation and predict ion if based on a physical model 
incorporat ing the chemical and physical proper t ies of the pure components of 
the rock, including the minerals and fluids composing the rock. The calcu
l a t i on of some scalar propert ies of rocks is eas i ly done (e.g. density and 
speci f ic hea t ) , but vector propert ies of second order, e.g. most thermal 
p r o p e r d e s , require more complicated models for calculat ion frem pure mineral 
p roper t i es because of the effects of texture and anisotropy. This present 
compilation of thermal propert ies i s primarily empirical, not theore t i ca l , 
due to insuff ic ient data on composition, pore cha rac t e r i s t i c s , and temperature 
e f f e c t s . The pr incipal objective of preparing the graphs of this report i s 
to provide a means of estimating thermal conductivity for prac t ica l purposes, 
tha t i s , estimation of conductivity of a rock from a few of i t s c h a r a c t e r i s t i c s . 
I t i s ant ic ipated that conductivity estimates from the graphs for inaccessible 
or immeasurable rocks, and of course as a time-saver, will be usefu". for 
radioact ive waste, heat flow, and geothermal resource appra isa ls . 

Analysis of measurements of the thermal conductivi ty of rocks 
made a t about 35°C (300 10 and 50 bars (5MVa) reveals that the 
e f fec t s of porosi ty, water content, and quartz or olivine content can 
be comoined in a single plot for purposes of estimating the conductivity. 
Graphs have been prepared for the principal rock types, in the belief that 
l ine drawings provide more immediately understood information than tables 
do, and with the purpose of showing how well the data support the l ines 
drawn. Each figure is described separately herein, and the intercepts 
of the l ines are given so that interpolated values can be calculated. By 
snowing the quartz or ol ivine data on the p lo t s , an estimate of 
uncer ta in ty can be made. The important temperature effect on conductivity 
i s shown on a separate se t of drawings. 
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Smith, D.D. 
Thermophysical proper t ies of Conasauga shale. 
r-2161. Oak Ridge Y-12 Plant , Oak Ridge, TN, 28 p . , December 1978 

Thermophysical-property character iza t ions of five Conasauga shale 
cores were determined a t temperatures between 298 and 673 K. Methods of 
specimen fabricat ion for d i f ferent t e s t s were evaluted* Thermal-
conductivi ty and thermal-expansion data were found to be dependent 
on the s t ruc ture and or ien ta t ion of the individual specimens. Thermal 
conduct iv i t i es ranged between 2.8 and 1.0 W/m-K with a small negative 
temperature dependence. Thermal expansions were between 2 and 5 x 10" 3 

over the temperature range for the group. Heat capacity varied with the 
composition. 

Sweet, J .N. 
Pressure effects on thermal conductivity and expansion of geologic 

mater ia l s . 
SAND 78-1991, Sandia Laboratories, Albuquerque, NM, 49 p . , February 1979 

Through analysis of exis t ing data, an estimate i s made of the 
e f fec t of pressure or depth on the thermal conductivity and 
expansion of geologic materials which could be present in radioactive 
waste r e p o s i t o r i e s . In the case of homogeneous dense mater ia ls , only 
small s h i f t s are predicted to occur a t depths <_ 3 km, and these 
sn i f t s wi l l be ins ign i f i can t as compared to those caused by temperature 
va r i a t i ons . As the porosi ty of the medium increases , the variat ion 
of conductivity and expansion with pressure becomes greater , with 
conductivi ty increasing and expansion decreasing as pressure increases . 
The pressure dependence of expansion can be found from data on the 
temperature variat ion of tne isobaric compressibi l i ty . In a worst 
case es t imate , a decrease in expansion of about 25% i s predicted 
for 5% porous sandstone at a depth of 3 km. The thermal conductivity 
of a medium with gaseous inclusions increases as the porosity decreases, 
with the magnitude of the increase being dependent on the de t a i l s of the 
porosity col lapse . Based on analysis of exis t ing data on tuff and 
sandstone, a weighted geometric mean formula is recommended for use 
in ca lcu la t ing the conductivity of porous rock. The effect of 
pressure on the conductivity of rock with liquid inclusions wi l l be small 
unless the l iquid i s boiled away in response to elevated temperature 
produced by the presence of a nearby heat source. In t h i s case an 
appreciable decrease in the conductivity could occur. As a resu l t of 
t h i s study, i t i s recommended that measurement of rock porosity 
versus depth receive increased a t ten t ion in exploration studies .nd 
tha t the effect of porosity on thermal conductivity and expansion 
s hould be exami ned in more de ta i1 . 
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Sweet, J .N. ; McCreight, J .E . 
Thermal conductivity of rocksal t and other geologic materials from the s i t e 
of the proposed waste i so la t ion p i l o t p lant . 

SAND-79-1665. Sandict, Laboratories, Albuquerque, NM, 33 p . , March 1980 

The measu jnents f i r s t reported by Acton on the thermal conductivity of 
samples taken from a borehole a t the s i t e of the proposed Nuclear Waste 
I so la t ion Plant (WIPP) near Carlsbad, NM, have been extended to include 
addi t ional samples and higher temperature measurements. Samples for measure
ments were taken from several depths of three wel ls , including the well AEC 9 
from which Acton obtained his samples. These samples ranged from re l a t ive ly 
pure rocksal t (NaCl) with small amounts of i n t e r s t i t i a l anhydrite to essen t ia l ly 
nonsalt samples composed of gypsum or clay. The measurements in th i s l a t e s t 
s e r i e s were conducted a t Sandia, the Los Alamos Sc ien t i f i c Laboratory (LASL), 
and at Dynatech Corp. In general, the data from the three laborator ies 
agreed reasonably well for similar coarse grained t ranslucent rock s a l t 
samples, with the LASL and Sandia resu l t s typica l ly being about ?0% higher 
than those of Dynatech. On the basj.s of these experiments, i t is concluded 
tha t the thermal conductivity of materials found a t the s i t e can be predicted 
tc an accuracy +30% from knowledge of the composition and grain size of these 
mate r ia l s . 
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GROUP B.5! GENERAL REPORTS 

Acres C o n s u l t i n g S e r v i c e s L t d . , T o r o n t o , O n t a r i o , Canada 
R a d i o a c t i v e was te r e p o s i t o r y s t u d y . P a r t 2 . 
AECL-6188-2, Atomic Energy of Canada, L t d . , W h i t e s h e l l Nuclear Research 
Estab l i shment , Canada, Pinawa, Wardtopa, 198 p . , November 1978 

This i s the second par t of a report of a preliminary study for AECL. I t 
considers the requirements for an underground waste repository for the disposal 
of wastes produced by the Canadian Nuclear Fuel program. The following topics 
are discussed with reference to .'he reposi tory: 1) geotechnical assessment, 2) 
hydrogeology and waste containment, 3) thermal loading and 4) rock mechanics. 

Asher, J.M. 
National waste terminal storage program. Progress repor t . May 1977. 
Y/OWI/TM--45/8, Office of Waste I so la t ion , Oak Ridge, TN, 79 p . , June 1977 

Status reports are given on the following s tud ies : Gulf coast s a l t domes, 
eas t coast t r i a s s i c shale basin and gulf coast clays; volcanic rocks; c r y s t a l 
l i ne rocks; Pierre shale; geologic s tudies a t the Nevada t e s t s i t e ; heat 
t ransfer / thermal analysis? waste/rock interaction,- rock mechanics; borehole 
plugging; safety and r e l i a b i l i t y s tud ies , shale and clay mineral s tudies; and 
data management. Engineering projects reported on include shale in s i tu tes td , 
dome s a l t in s i tu t e s t , cooperative f ie ld t e s t i ng in Sweden, and Nevada cest 
s i t e in s i t u t e s t s . Design studies of canister t ranspor ter , can is te r emplace
ment hole d r i l l i n g , cask scoping study, and SNM assay and accountabi l i ty . 
Progress in conceptual design of NWTS repos i tor ies 1 and 2 i s discussed. 
Status of the planning and analysis project i s given. 
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Atlant ic Richfield Hanford Co., Richland, Wash. 
Preliminary f ea s ib i l i t y study on storage of radioactive wastes in Columbia 
River Basa l t s . Volume 1. 

ARH-ST-137 (vol 1), 183 p . , November 1976 

Geologic, hydrologic, heat t ransfer and rock-waste compatibil i ty 
s tudies conducted a t the Atlant ic Richfield Hanford Company to evaluate the 
f e a s i b i l i t y of s tor ing nuclear wastes in caverns mined out in to the 
Columbia River basa l t s are discussed. The succession of Columbia River 
plateau flood basa l t s was sampled a t various outcrops and ir core holes 
and the samples were analyzed to develop a s t r a t ig raph ic co ' r e l a t ion of 
the various basal t uni ts and sedimentary interbeds . Hydro l ^ i c t es t s were 
made in one bore hole to assess the degree of i so la t ion in ti.e various 
deep aquifers separated by thick basa l t accumulations. Earthquake and 
tectonic s tudies were conducted to assess the tectonic s t a b i l i t y of the 
Columbia River plateau. Studies were made to evaluate the extent uf heat 
d i s s ipa t ion from stored radioactive wastes. Geochemical s tudies were 
aimed at evaluating the compatibil i ty between the radioact i -e wastes and 
the basa l t host rocks. Data obtained to date have allowed development of 
a hydrostrat igraphic framework for the Columbia River plateau and a 
preliminary understanding of the deep aquifer systems. Final ly , the 
compilation of th is information has served as a basis for planning the 
s tudies necessary to define the effectiveness of the Columbia River basal ts 
for permanently i so la t ing nulcear wastes from the biosphere. 

Bourke, P .J . 
Heat t ransfer aspects of underground disposal of radioactive waste. 
AEKE-R-8790, Atomic Energy Research Establishir^nt, Harwell, England, 
16 p. , December 1977 

Heat loss from blocks of v i t r i f i e d waste buried in granite i s 
described quant i ta t ive ly ard l ikely block and rock temperatures are 
roughly estimated. Interact ions between the heat transfer and suggested 
engineeri ng schemes for disposal are considered. The need for a more 
thorough analysis to determine whether or not maximum safe temperatures 
would be exceeded i s discussed in re la t ion to the overal l management of 
the waste. The se t t ing of different temperature l imits for the bulk of 
the rock, for local hot spots and for the waste i s suggested to allow for 
safety c r i t e r i a which wil l have to be specified and me t . An experimental 
program to provide data for confident quant i ta t ive prediction of the heat 
t r ans fe r i s proposed. 
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Bourke, P . J . ; Chapman, N.A. 
Effects of decay heating on rocks and leakage from repos i to r ies for 

radioact ive waste. Prepr int , Atomic Energy Research Establishment, 
Harwell, England, 1961 

Predict ion of heat emissions from high level and plutonium contaminated 
wastes and of temperature f ie lds produced after bur ia l of representa t ive 
quan t i t i e s of these vastus in deep hard fractured rock is reviewed. The 
near - f ie ld ef fec ts of heating on corrosion of c an i s t e r s , leaching of so l id i f i ed 
waste and release of radionuclides by water from fractures in the rock are 
considered. The fa r - f ie Id effects of t o t a l heat emission and reposi tory 
design on water-borne t ransport of radionuclides to the surface are 
est imated. Conclusions about the r e l a t i ve importance of these thermal 
e f fec t s and about further research needed to improve predict! on of release 
and t ranspor t a± ^le^cnLed. 

Thermal effects on leakage from bur ia l in p l a s t i c a d unfractured 
rocks are assessed separately because the phenomena involved are d i f ferent . 
Since study of relevant thermal effects on these rocks is only now beginning 
in the United Kingdom these are reviewed only b r i e f l y . 

Brookms, D.G. (University of New Mexico) 
Thermodynamic considerations underlying the migration of radionuclides in 

geomedia: Oklo and other examples. 
CONF-731121; Sc ien t i f ic Basis for Nuclear Waste Management, v. 1, G.J. 
McCarthy (Ed.) p . 355-366, November 1979 

The predict ion of migration or retent ion of radionuclides in '•-, .:..sdia 
i s one of the major problems associated with radioactive waste disposal . 
Use of Eh-pH diagrams based on sound thermodynamic data has proven useful 
for both tne Okio Natural Reactor and for sedimentary uranium deposi ts . 
Appropriate diagrams for temperatures in the range from 25 to 200 cc allow 
predic t ions to be made which are en t i r e ly consistent with ava-lable 
measurements. For geomedia where organics are present and for br ines , 
experimental data must be employed to supplement any predictions made on a 
purely inorganic thermodynamic data base. Thermodynamic treatment of 
t ranspor t of act inides and/or lanthanides in bedded s a l t deposits is more 
problematic, yet f i r s t experimental r e su l t s under high Eh conditions 
indicate a high degree of re tardat ion of the act inides and lanthanides, 
l esser re ta rda t ion of Ru, and very l i t t l e retardat ion for Cs, Sr, Tc, I , 
and Sb. Redi cing conditions would increase the re tardat ion for Ru, Tc, 
and Sb; with clays present Cs, Sr and possibly I should be less mobile. 



208 

Callahan, G.D. 
Summary on conceptual repository analyses and evaluations and in s i tu 

heater experiments for FY 1977. 
Y/OWI/SUB-77/22303/8, RE/SPEC Inc . , Rapid City, SD, 33 p . , November 1977 

During the time period October 1, 1976 through September 30, 1977, 
r\E/SPEC Inc. has completed and i n i t i a t e d several tasks related to various 
aspects of the National Terminal Waste Storage Program. The specif ic 
t asks , involving generally rock mechanics e f fo r t s , included a n a l y t i c a l / 
numerical simulations of reposi tory concepts u t i l i z i n g the f ini te-element 
method, q u a s i - s t a t i c and creep t e s t ing of laboratory specimens, and in 
s i t u experimentation,, The major portion of the overa l l work effor t has 
been devoted to the analyt ical /numerical simulations, with the laboratory 
t e s t ing program act ing as a support f a c i l i t y in developing material 
proper t ies and cons t i tu t ive re la t ions from various s a l t formations. 

The analysis ef for ts have involved a parametric scoping of the 
global temperature f i e lds and the poten t ia l for global thermal 
f rac tur ing around reposi tory f a c i l i t i e s . Previous analyses in th i s 
regard were local in the sense that they were performed for regions 
about the waste emplacement d r i l l h o l e s and around the room and p i l l a r 
conf igurat ions . Further analysis a c t i v i t i e s involved an extension of 
previous work re la ted to the s t ruc tu ra l analysis of progressively mined 
solut ion cav i t i e s , completion of the simulation of the s t ruc tu ra l 
behavior of the Diamond Crystal Sal t Company/Jefferson Island Mine, 
and assessing short-term room closures for repository configurations 
in s a l t . Each of the above analysis effor ts were, in general, evaluated 
•> n conjunction with rock propert ies data obtained through the laboratory 
t e s t i ng program. Contract negotiations with Akzona/International Sa l t 
Company for use of the Avery Island (AI) Mine f a c i l i t i e s were not 
completed u n t i l l a t e August, 1977. Thus, the major work effort regarding 
tne in s i t u tes t ing has involved planning and equipment procurement. 

In view of overal l supportive a c t i v i t i e s , time and effort was 
expended in developing laboratory data acquis i t ion systems; fabricat ing 
add i t i ona l creep tes t ing equipment; generating users manuals for the 
f in i te -e lement computer codes to complement the i r e a r l i e r documentation: 
and hosting a workshop/review meeting for modeling subcontractors and 
i n t e r e s t ed par t ies for the Office Of Waste I so la t ion (OWI). 
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Cheung, H. 
I n v e s t i g a t i o n s of t h e performance of s o l i d i f i e d h i g h - l e v e l n u c l e a r w a s t e 

forms. 
UCRL--52700 Lawrence Livermore L a b o r a t o r y , U n i v e r s i t y of C a l i f o r n i a , 
L i v e r m o r e , CA, 198 p . , J a n u a r y 1979 

The Lawrence Liverraore L a b o r a t o r y has been p r o v i d i n g t e c h n i c a l s u p p o r t 
t o the N u c l e a r R e g u l a t o r y Commission i n t h e development of r e g u l a t i o n s , 
r e g u l a t o r y g u i d e s , and branch t e c h n i c a l p o s i t i o n s fo r t h e management of 
n u c l e a r w a s t e s . S t u d i e s of s o l i d i f i e d h i g h - l e v e l w a s t e d u r i n g t h e p e r i o d 
from 1976 t o 1978, when work, was t e r m i n a t e d because of s h i f t i n g of n a t i o n a l 
emphas i s on to s p e n t f u e l d i s p o s a l , a r e p r e s e n t e d in t h i s r e p o r t . T.ie 
problem of management, i . e . , h a n d l i n g , g e n e r a t i o n , and d i s p o s a l of s o l i d i f i e d 
h i g h - l e v e l was te d e r i v e d from o p e r a t i o n of commercial l i g h t - w a t e r r e a c t o r s , 
r e q u i r e s a thorough s y s t e m a t i c s o l u t i o n t o p r o t e c t h e a l t h and e n s u r e s a i e t y . 
A d e f i n i t i o n of the problem by d e s c r i b i n g the components of t h e waste 
management system i s g i v e n : t h e was te form, t h e c o n t a i n e r s , s t o r a g e and 
t r a n s p o r t a t i o n a p p u r t e n a n c e s , h a n d l i n g equ ipment , the r e p o s i t o r y s u r f a c e 
and underg round f a c i l i t i e s , t h e r e p o s i t o r y s i t e , and t h e o p e r a t i o n s . A 
sys t ems a n a l y s i s methodology t o a s s e s s the h a z a r d s of ••aste management i s 
d e v e l o p e d . Data on a c c i d e n t p r o b a b i l i t i e s , waste form c h a r a c t e r i s t i c s , 
and g e o l o g i c a l and h y d r o l o g i c a l p r o p e r t i e s of p o t e n t i a l r e p o s i t o r y s i t e s 
a r e compi l ed . A wide range of management s c e n a r i o s a r e g e n e r a t e d . L imi ted 
s e n s i t i v i t y and u n c e r t a i n t y a n a l y s e s a r e per formed. On the b a s i s of 
a v a i l a b l e i n f o r m a t i o n , p r e l i m i n a r y i n v e s t i g a t i o n s showed t h a t t r a n s p o r t a t i o n 
and i n t e r i m s t o r a g e a r e of most conce rn . Also i d e n t i f i e d a r e a r e a s n t e d i n g 
f u r t h e r s t u d y : t r a n s p o r t a t i o n d a t a b a s e , t he rma l and s e i s m i c a s p e c t s of 
i n t e r i m s t o r a g e , human f a c t o r s , geochemica l t r a n s p o r t of r a d i o n u c l i d e s , and 
grouna w a t e r c o m p o s i t i o n , among o t h e r s . In a d d i t i o n t o the t e c h n i c a l s o l u t i o n 
of tne p r o c i u m s , b r i e f c o n s i d e r a t i o n t o h i s t o r i c a l and soc ioeconomic a s p e c t s 
i s a l s o g i v e n . 

Dickey, B.R. ; Hogg, G.W. 
Heat t r a n s f e r i n h i g h - l e v e l was te management. 
CONF-790822-1, AIChE N a t i o n a l Meet ing , Boston, MA, 42 p . , August 1979 

Heat t r a n s f e r in the s t o r a g e of h i g h - l e v e l l i q u i d w a s t e s , c a l c i n i n g of 
r a d i o a c t i v e w a s t e s , and s t o r a g e of s o l i d i f i e d was t e s a r e d i s c u s s e d . P r o c e s s i n g 
ana s t o r a g e e x p e r i e n c e a t t h e Idaho Chemical P r o c e s s i n g P l a n t a r e summarized 
for d e f e n s e h i g h - l e v e l w a s t e s ; h e a t t r a n s f e r i n power r e a c t o r h i g h - l e v e l 
w a s t e p r o c e s s i n g and s t o r a g e i s a l s o d i s c u s s e d . 
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Ensminger, D.A.; Oston, S.G. 
Aspects of nuclear waste management. Vol 1. Pre-emplacemert rir-ks. 
UCPJ — -15167 (vol. 1) , Analytic Sciences Corp., Reading, MA, 58 p . , August 
1979 

Results of the previous one-dimensional thermal analysis of interim storage 
accidents are confirmed by more detai led two-dimensional ca lcu la t ions . Waste 
temperatures calculated for interim storage accidents are moderately sensi t ive 
to assumptions concerning canis te r spacing and are much less sensi t ive to 
boundary conditions a t the canis ter top. Fcr an individual 100 m from a 
t ranspor ta t ion accident involving so l id i f i ed high-level waste, thp expected 
dose from gamma radiat ion is on the order of or smaller than the other 
possible exposures in the same accident. For the calculat ion of expected 
doses to the worst-s i tuated individual in accidents : expected population 
dose should remain the primary measure of pre-emplacement r isk in order to 
maintain comparability of consequences of d i f ferent types of accidents. 

Envirosphere Company 
Review of proposed formats for safety analysis repor ts for radioactive 

waste repos i to r ies in deep geologic formations. Final repor t . 
Y/OWI/SUB-77/45706, EBASCO Services, 24 p . , September 1977 

At piesent , federal regulations and requirements for the l icensing 
or approval of a waste repository f a c i l i t y do not ex i s t . I t i s anticipated 
tha t in the future, Part 60 of Ti t le 10 of the Code of Federal Regulations 
(10CFR60) wi l l be developed and wi l l contain requirements for a waste 
reposi tory comparable to those of 10CFR5 0 for nuclear power p lan t s , 
including General Ddsign C r i t e r i a , (10CFR50, Appendix A). 

I t i s prudent to assume that , prior to the construction of a waste 
reposi tory f a c i l i t y , the ERDA will be required to submit a Safety Analysis 
Report (SAR) to the Nuclear Regulatory Commission (NRC). As with SAR's 
for other nuclear f a c i l i t i e s , th is report must d e t a i l the charac te r i s t i c s 
of the proposed f a c i l i t y and of the proposed s i t e area, and describe the 
p o t e n t i a l for safe ty-re la ted in terac t ions between the f a c i l i t y and s i t e . 
Since the NRC has not yet issued a format guide for the preparation of 
such a repor t , OWI has proceedeo independently with the development ot an 
ou t l ine which will serve as the basis for the ERDA design and f a c i l i t y 
l i cens ing a c t i v i t i e s . 
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Fairchi ld , P.D.; Jenks, G.H. 
Avery is land - D r̂ne s a l t in s i tu t e s t . 
Y/OWI/TM-55, Office of Waste I so la t ion , Union Carbide Corporation -
Nuclear Division, Oak Ridge, TN, 4 7 p . , June 1978. 

A primary objective of th i s in s i tu t e s t i s to provide quan t i t a t ive 
data that can be used to determine whether or not bedded and domal s a l t 
w i l l behave s imilar ly in response to heat ing. Project Sal t Vault (PSV), 
as previously performed in bedded s a l t , has the po ten t i a l of s igni f icant ly 
contr ibut ing to the design of a reposi tory in some s a l t i ^ the data and 
subsequent ana ly t i ca l and numerical models developed from PSV can be 
val idated for domal s a l t by such generic f ie ld t e a t s . 

The Avery Island (AI) heater t e s t w i l l provide a t e s t case wherein 
a quant i ta t ive a p r io r i predict ion using laboratory measured propert ies 
and numerical analysis methods can be tes ted for adequacy of simulating 
e t f ec t s in the f ie ld . Specific information and data objectives include: 

1. determining thermal conductivity in s i tu for comparison with 
laboratory measured values; 

2. determining the temperatures and temperature gradients in the 
adjacent s a l t for comparison with predicted value™ based on 
laooratory measured proper t ies ; and 

3. determining the associated deformations and s t resses in the 
s a l t for comparison with values predicted by rock mechanis 
computer modeling techniques. 

Data related to the method of canis ter emplacement and r e l a t ive to 
the physical and chemical in te rac t ions between tho s a I t anJ the protect ive 
sleeve are needed to bet ter understand and evaluate the design and cost 
implicat ions oi the present r e t r i e v a b i l i t y policy and implementation 
p lans . Providing such data ( e . g . , hole-closure r a t e s , hole-closure 
pressure , and corrosion attack on protect ive sleeve, e t c . ) i s a second 
object ive ot th is in s i tu t e s t . 
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Fai rch i ld , P.D.; Russell , J .E. 
In s i t u experiments related to nuclear waste repository design. 
Y/OWl'TM-25 (Rev), Office of Waste I so la t ion , Oak Ridge, TN, 
24 p . , August 1977 

The Office of Waste Isola t ion of Union Carbide Corporation -
Nuclear Division has been charged by the Department of Energy with the 
r e spons ib i l i ty of providing deep, land-based repos i to r ies in geologic 
formations for disposing of nucltar waste from the commercial fuel 
cycle. The design and const .uction of waste repos i to r ies require 
information re la t ive to the behavior of rock under high-temperature 
and -pressure conditions for long periods of time. 

Experience has shown that although laboratory data characterizing 
rock proper t ies are both necessary and useful for preliminary design 
s tud ies , the bahavior of the rock mass must ul t imately be determined 
by in s i tu t e s t s , preferably performed a t approximately the same depth 
and in the same rormation horizon as would be used for the waste 
repos i tory . This paper describes types of re levant in s i tu t e s t s . 

Feates, F; Keen, H. 
Researching radioactive wa?te disposal . Atomic Energy Research 
Establishment, Harwell, England, New S c i . , V. 77, No. 1090, p. 426-428, 
February I 97b 

At present i t i s planned to use tne v i t r i f i c a t i o n process to convert 
highly radioactive l iquid wastes, ar i sing from the nuclear power programmes, into 
glass which will be contained in s tee l cylinders for storage. The UKAEA 
in col laborat ion with other European countries i s currently assessing the 
r e l a t i v e sui t a b i l i ty of various na tu ra l geological s t ruc tures as final 
r epos i to r i e s for the v i t r i f i ed material . The I n s t i t u t e of Geological 
Sciences has been commissioned to specify the geological c r i t e r i a that 
should be met by a rock s t ructure i t i t is to be used for the construction 
of a reposi tory though a t th is stage disposal s i t e s are not being sought. 
Tne current research programme aims to obtain basic geological data about 
the s t ruc tu r e of the rocks well below the surface and i s expected to continue 
ior at l ea s t three years. The resul t s in a l l the European countries wil l 
then be considered so that a firm commitment may be made to se lec t a s i t e 
for a po ten t ia l repository, when a far more detai led s c i en t i f i c research 
study wi l l be i n s t i t u t e d . Heat transfer problems and chemical effects which 
may occur within and around reposi tor ies are being invest igated and a 
conceptual design study for an undergrounci repository is being prepared. 
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Ge ra , F. 
Radioactive waste disposal in geological formations. 
IA£A-CN-36/313, Comitato Nazionale per l 'Energia Nucleare, Rome, I t a l y , 
p . 337-349, May 1977 

The nuclear energy controversy, now raging in several countr ies , 
i s based on two main i s sues : the safety of nuclear plants and the a b i l i t y 
to dispose of long-lived radioactive wastes saf j ly . Consideration of the 
evolution of the hazard po ten t i a l of waste as a function of decay time 
leads to a somewhat conservative reference containment time in the order 
of 100,000 years . Several concepts have been proposed for the disposal of 
long-lived waste; a t present , emplacement into su i tab le geological formations 
under land areas can be considered the most promising option. 

I t i s almost impossible to define de ta i led c r i t e r i a for select ing 
su i tab le s i t e s for disposal of long-lived wastes. Basically there is a s ingle 
c r i t e r i o n : that the geological environment must be able to contain the 
wastes for a t l eas t 100,000 years . However, due to the extreme v a r i a b i l i t y 
of geological s e t t i n g s , i t i s conceivable tha t t h i s basic capaci ty could 
be provided by a great variety of condi t ions . The predominant natural 
mechanism by which waste radionuclides could be moved from a sealed 
reposi tory in a deep geological formation in to the biosphere i s leaching 
ana transfer by groundwater. Hence the grea tes t challenge i s to give a 
sa t i s fac to ry demonstration that i so la t ion from groundwater wi l l pe r s i s t 
over the required containment time. Since geological predictions are 
necessari ly affected by fai r ly high levels of uncertainty, the author 
considers that the only prac t ica l approach is not a straightforward 
forecast of future geological events, but a careful assessment of the 
upper l imits of geological changes that could take place in the repository 
area over the next hundred thousand years . If waste contai nent were to 
survive these extreme geological changes, the disposal s i t e could be 
considered acceptable. If some release of ac t iv i ty were to take place as 
a r e s u l t of the hypothetical events, the disposal solution might s t i l l be 
acceptable if the environmental consequences were characterized by suf f ic ien t 
ly low radiologica l r i sk . 

The author concludes that rock s a l t and argi l laceous sediments are 
considered the most favorable media since they behave p l a s t i c a l l y , and 
large masses of these materials should be capable of withstanding s ign i f ican t 
diastrophism without acquiring secondary permeabili ty. However, i t i s 
possible that in areas of great tectonic s t a b i l i t y and in par t i cu la r ly 
favourable geological s i t ua t i ons , other mater ia ls , l e ss i n t r i n s i c a l l y 
advantageous, might also be acceptable. 
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Hardy, M.P. and staff (Basalt Technology Unit) 
Phase I heater t e s t plan for the thermomechanical response of basa l t . 
RHO-BYJI-CO-15 Rev 2, Rockwell Hanford Operations, 98 p . , 
December 1978 

The Near-Surface Test Fac i l i ty Phase I t e s t i ng consis ts of four separate 
in s i t u thermomechanical t e s t s to be performed using e l ec t r i c heaters in a 
single thick basa l t flow cal led the Pomona flow which is exposed a t Gable 
Mountain within the Hanford S i t e . The purpose of the Phase I t e s t i s to meas
ure the in s i t u proper t ies of basa l t , determine the modes of rock, fa i lure under 
s t resses similar to those expected in a nuclear reposi tory, determine the upper 
acceptable l imit of power input to the basa l t , demonstrate Jie in teract ion of 
a number of simulated waste can i s te r s , and verify computer models to be used 
in future design work. 

This t e s t plan provides background information, j u s t i f i c a t i o n , design 
oc jec t ives , and a detai led descript ion of the individual t e s t s . 

Kisner, R. A.; Marshall, J .R. ; Turner, D.W.; Vath, J .E . 
Nuclear waste projections and source-term data for FY 1977. Y/OWI/TM-34, 
Office of Waste I so la t ion , Oak Ridge, TN, April 1978 

A descr ipt ion of the l ight-water reactor (LWR) fuel r ;le and the nature 
of the radioactive wastes i s basic to the design and evaluation of terminal 
waste r epos i t o r i e s . For these projec t ions , the fuel cycle i s represented as a 
typ ica l system of operations related to the back end of the LWR fuel cycle. 
Wastes, as prepared for d isposal , are described in terms of form, volume, 
r ad ioac t iv i ty , heat generation, and weight. To obtain these waste project ions, 
three fuel management computer codes were used: ORIGEN, KWIKPLAN, and WASPR. 
A brief descript ion of these codes and the i r usage is included. Also included 
are descr ipt ions of the containers assumed to be used for the handling and 
geologic disposal of the various waste types. The pr inc ipa l purpose of the 
repor t is to document the data generated for the Office of Waste Isola t ion 
(OWI) and i t s subcontractors. 

Projections of LWR fuel cycle waste are based on OWI modification of the 
Z.?_L'A "mid-case" forecast of 1976 for nuclear power growth in the United Sta tes . 
Ir. tni s case, the ins ta l l ed nuclear e l e c t r i c capacity r i ses from a nominal 
5 1 7*'e) in year 1977 to a nominal 480 GW{e) in the year 2000. The power 
; ^ :* .o r grid is assumed to consis t en t i re ly of LWRS. 

Zr.e four basic fuel cycle scenarios considered follow the same growth 
. . .- . H. Tr.ese fuel cycles range from spent un reprocessed fuel (SURF) through 
:-. . . :*v/c le of both uranium and plutonium. The overal l objective is to com-
-,.*, •-. -_.- -: .̂n pacts of the a l te rna t ive fuel cycles ra ther than to describe the 
..--o-i.'."_-. ",: re-actor scenarios or the use of raw materia Is for power genera txon. 
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Ramspott, L.D.; Ballou, L.B.; Carlson, R . C ; Montan, D.N.; Butkovich, T.R.; 
Duncan, J . E . ; Patr ick, W.C.; Wilder, D.G.; Brough, W.G.; Mayr, M.C. 
Technical concept for t e s t of geologic storage of spent reactor fuel in the 
Climax, Granite, Nevada Test S i t e . 

UCID-18197, Lawrence Livermore Laboratory, University of Cal ifornia , 
Livermore, CA, 47 p . , June 1979 

The spent fuel t e s t in the Climax Granite a t the Nevada Test Si te i s a 
generic t e s t in which spent fuel assemblies from an operating commercial 
nuclear reactor are emplaced a t , and retr ieved from, a plausible waste repos i 
tory depth in a typical grani te . Eleven canis te rs of spent fuel are emplaced 
in a storage d r i f t 420 m below the surface along with six e l e c t r i c a l simulator 
c a n i s t e r s . Two adjacent . * f ts contain e l e c t r i c a l heaters which are operated 
so as to simulate the i n i t i a l five years of the temperature-stress-displacement 
f ie lds of a large repos i tory . The s i t e i s described, and the pre-operat ional 
measurement program and cha rac t e r i s t i c s of the spent fuel are given. Both 
thermal and mechanical response calcula t ions are summarized. The field in s t ru 
mentation and data acquis i t ion systems are described, as well as the system for 
handling the spent fuel. 

S a t t l e r , A.R.; Hunter, T.O. 
Pre-WIPP in s i t u experiments in s a l t . 
SAND79-0625, Sandia Laboratories, Albuquerque, NM, 96 p . , August 1979 

This document presents a systematic and in te r re l a t ed matrix of in s i tu 
( f ie ld) experiments to be performed in s a l t . Most of these experiments wi l l 
be performed in a special ly excavated area of a southeastern New Mexico potash 
mine. The goals of the program are to obtain s c i e n t i f i c and engineering data 
appl icable to the design of emplacement and containment systems for radioactive 
waste disposal in bedded s a l t formations in southeastern New Mexico and to 
acquire information to resolve generic technical issues relevant to i so la t ion 
of high-level waste in s a l t formations. 

The general objectives of many of these experiments are: 

1 . To evaluate the thermochemical/mechanical response of the bedded s a l t to 
emplaced heat sources at a r e l a t ive ly s i t e - spec i f i c scale and geologic 
s i t u a t i o n . 

2. To determine, and if present, evaluate unusual or unexpected features of 
the s a l t response to a simulated canister heat load. 

3. To evaluate the predict ive capabi l i ty of the calcula t ional methods as may 
be u t i l i z ed in the s c i en t i f i c modeling and engineering design processes 
for the WIPP f a c i l i t y . 

4 - To develop a framework of fundamental information (and associ ated i n s t ru 
mentation) for the design and i n s t a l l a t i o n if i n - s i t u experiments in the 
WIPP f a c i l i t y . 
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Storch, S.NS j ' jrince, B.E. 
Assumptions and ground rules used in nuclear waste project ions and source 

term data . 0NWI-24, Office of Nuclear Waste I so la t ion , 124 p . , September 
1979 

Assumptions and ground rules of long term domestic commercial nuclear 
waste project ions published in studies by Union Carbide's Office of Waste 
I so l a t ion , Arthur D. L i t t l e , I n c . , and DOE are compared to those of the 
Commercial Waste Management Impact Statement, prepared by Ba t te l l e Pacif ic 
Northwest Laboratory. Target capacity growths associated with these 
projec t ions range from 183 to 570 GW(e) for the year 2000. Each study 
regards the once-through (no recycle) fuel cycle as a reference case; 
however, fuel cycles employing reprocessing and various recycle s t r a t eg ies 
were a l so considered. The studies are compared with respect, to cha rac te r i s t i c s 
and packaging/shipment features of spent fuel and wastes generated from 
reprocessing and other fuel cycle a c t i v i t i e s . Issues associated with the 
interim storage of spent fuel are discussed along with the cha rac te r i s t i c s 
and issues r e l a t ing to ore mill t a i l i ngs and non-fuel cycle wastes. Final ly, 
assumptions and l imita t ions associated with cer ta in computer codes (v i z . , 
ORIGEN, KWIKPLAN, WASPR, and DISFUL) employed in the four waste projection 
s tud ies are out l ined. Overall, the repor t i s intended to serve as a 
guidebooJc in re la t ing information contained in the published waste projection 
s t ud i e s . 

Sutherland, S.H.; Allen, G.C., J r . 
High-level defense waste and spent-fuel charac te r iza t ion for geologic 
was te reposi t o r i e s . 

Trans. Am. Nucl. Soc., v. 30, p 283-284, 1978 

Sandia Laboratories, Albuquerque, NM, i s presently character izing the 
thermal and radia t ion sources of U.S. Department of Energy high-level defense 
waste (HLDW) and l ight-water reactor (LWR) spent fuel (SF) which ult imately 
may be re t r ievably stored a t Federal geologic waste repos i tor ies (GWR). 
This HLDW and SF character iza t ion i s of pa r t i cu l a r importance in evaluating 
the long-term impact (up to 100,000 yr) of s torinq the thermally active 
mater ia l s in the GWR. Possible consequences of the thermal energy genera
t ion by the HLDW and SF stored in the GWR which are being studied include 
water migration near the waste canis ters or fuel assemblies, thermally 
accelerated room closure (which i s of par t icu la r i n t e r e s t if the storage 
s i t e i s located in s a l t formations), and the s t ress ing of surrounding 
geologic formations caused by thermal expansion and the heating of aquifers . 
Studies concerning these effects require deta i led thermal h i s to r i e s of the 
HLDW and SF for many thousands of years . 

I t i s recognized that the long-term thermal energy generation by HLDW 
and SF i s of considerable importance to GWR. The thermal source h i s to r ies 
for SF and HLDW are being developed to a s s i s t in the design and evaluation 
ot geologic waste r epos i to r i e s . 
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Thadani, M. 
A cost optimization study for geologic i so la t ion of radioactive wastes. 
Prepared by Teknekron, Inc. for Bat te l le Pacif ic Northwest Laboratories, 
172 p . , May 1979 

Current Federal plans for the i so l a t ion of high-level radioact ive 
wastes and spent fuel include the possible placement of these wastes 
in deep geologic r epos i t o r i e s . I t i s generally assumed tha t increasing 
the emplacement depth increases safety because the wastes are farther 
removed from the phenomena tha t might compromise the i n t eg r i t y of the i r 
i s o l a t i o n . Also, the path length for the migration of radionuclides to 
the biosphere increase with depth, thus delaying the i r a r r i v a l . However, 
increasing the depth of emplacement adds cost and operational pena l t i e s . 
Therefore, a trade-off between the safety and the cost of waste i so la t ion 
e x i s t s . 

A simple algorithm has been developed to r e l a t e the leposi tory 
construct ion and operation cos ts , the costs associated with construction 
and operat ional hazards, and the costs resu l t ing from radiological 
exposures to future generations to the depth of emplacement. The cost -
optimum emplacement depths are estimated by summing the cost elements 
and determining the depth a t which the sum would be the l eas t . 

The re la t ionsh ip between the reposi tory construction costs and the 
depth of the depository was derived from simplified rock mechanics and 
s t a b i l i t y considerat ions applied to repository design concepts selected 
from the current l i t e r a t u r e and the available data base on mining and 
excavation cos t s . In developing the re la t ionsh ip between the repository 
costs and the depth of the depository, a worldwide cost information data 
base was used. The re la t ionships developed are sui table for application 
to bedded s a l t , shale , and basal t geologies. 

Tyler, L.D. 
Model development for in s i t u t e s t r e su l t s in argi l laceous rock. 
SANl>-79-1275C, Sandia Laboratories, Albuquerque, NM, presented a t ONWI-LLL 
Workshop on Thermomechanical Modeling for a Hard Rock Repository, 23 p . , 
June 1979 

Near surface heater t e s t s have been conducted in two different geologic 
se t t ings for argi l laceous rocks. The resu l t s of these t e s t s have provided 
the in s i t u data necessary to develop the thermomechanical models for 
predic t ing the response of argi l laceous rock to thermal load representat ive 
of h igh- level nuclear waste. 
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Tyler, L.D.; Cuderman, J . F . ; Krumhansl, J .L . ; Lappin, A. 
Near-surface heater experiments. 
SAND--78-1401C, Sandia Laboratories, Albuquerque, NM, presented a t OECD/NFA 
meeting, In Si tu Heating Experiments in Geologic Formations, 72 p . , September 
197S 

Fu l l - sca le near-surface heater experiments are presently being conduct
ed by Sandia Laboratories in the Conasauga formation a t Oak Ridge, Tennessee, 
and in the Eleana formation on the Nevada Test S i t e , Nevada. The purposes 
of these experiments are: (1) to determine i f argi l laceous media can 
withstand thermal loads cha rac t e r i s t i c of high level waste; (2) t o provide 
data for improvement of thermoraechanical modeling cf argi l laceous rocks; 
(3) to ident ify instrumentation development needed for further in s i tu 
t e s t i n g ; and (4) t o identify unexpected general types of behavior, i f any. 
The basic instrumentation of these t e s t s consis ts of a heater in a cent ra l 
hole, surrounded by arrays of holes containing various instrumentation. 
Temperatures, thermal p ro f i l e s , v e r t i c a l displacements, v o l a t i l e pressur iza-
t ion , and changes in in s i t u s t r e s ses are measured in each experiment as a 
function of time, and compared with p r e t e s t modeling r e s u l t s . Results to 
date , though in general agreement with modeling resu l t s assuming conductive 
heat t ransfer within the rock, indicate tha t the presence of even small 
amounts of water can d ra s t i ca l ly affect heat t ransfer within the heater 
hole i t s e l f , and tha t small amounts of upward convection of water may be 
occurring in the higher temperature areas of the Conasauga experiments. 
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GROUP B.6 : FOREIGN PROGRAMS 

Dejonghe , P . 
La g e s t i o n i e s d e c h e t s r a d i o a c t i f s en B e l g i q u e . 
R a d i o a c t i v e was te management in Belgium. 
IAEA-CN-36/187 
C e n t r e d ' ^ t u d e de l ' £ n e r g i e n u c l £ a i r e (CEN/SCK), Mol, Belgium 
p p . 4 1 9 - 4 3 5 , May 1977 

In 1975 t h e r e s e a r c h a s s o c i a t i o n BelgoWaste was founded i n o r d e r t o 
f r e p a r e a t e c h n i c a l and a d m i n i s t r a t i v e p l a n fo r r a d i o a c t i v e was te management 
i n Belgium and t o t a k e t h e p r e l i m i n a r y s t e p s fo r e s t a b l i s h i n g an o r g a n i z a t i o n 
which would be r e s p o n s i b l e fo r t h i s a c t i v i t y . The a s s o c i a t i o n made a survey 
of a l l f o r e c a s t s conce rn ing r a d i o a c t i v e was te p r o d u c t i o n by power r e a c t o r s and 
t h e f u e l c y c l e i n d u s t r y based on v a r i o u s schemes of development of t h e n u c l e a r 
i n d u s t r y . From t h e t e c h n i c a l p o i n t of v iew, t h e r e f e r e n c e p l a n fo r waste 
management e n v i s a g e s : p u r i f i c a t i o n a t t h e p r o d u c t i o n s i t e of l a r g e volumes of 
l o w - l e v e l e f f l u e n t s ; c o n s t r u c t i o n of a c e n t r a l f a c i l i t y for the t r e a t m e n t and 
i n t e r m e d i a t e s t o r a g e of p r o c e s s c o n c e n t r a t e s ( s l u r r i e s , r e s i n s , e t c . ) and a 
m e d i u m - l e v e l w a s t e , c e n t r a l i z a t i o n assuming t h a t a d e q u a t e a r r angemen t s a r e 
made f o r t r a n s p o r t i n g w a s t e b e f o r e f i n a l t r e a t m e n t ; maximum r e c o v e r y of 
p l u t o n i u m from was te and t r e a t m e n t of r e s i d u a l m a t e r i a l by i n c i n e r a t i o n a t 
ve ry h igh t e m p e r a t u r e s ; t r e a t m e n t a t t h e p r o d u c t i o n s i t e of h i g h - l e v e l 
e f f l u e n t s from i r r a d i a t e d f u e l r e p r o c e s s i n g ; c o n s t r u c t i o n of an underground 
l o n g - t e r m s t o r a g e s i t e f o r h i g h - l e v e l t r e a t e d was te and p lu ton ium f u e l f a b r i 
c a t i o n was te (deep c l a y f o r m a t i o n s a r e a t p r e s e n t p r e f e r r e d ) ; and d i s p o s a l of 
l o w - l e v e l t r e a t e d was te i n t o the A t l a n t i c Ocean. I t i s i n t e n d e d to e n t r u s t 
t h e e n t i r e r e s p o n s i b i l i t y for t r e a t m e n t , d i s p o s a l and s t o r a g e of t r e a t e d was te 
*_o ^ o i n y l ^ body wi th p a r t i c i p a t i o n by the S t a t e , the Nuc lea r Energy Research 
C e n t r e (CLw/SCK), t h e e l e c t r i c i t y companies and B e l g o n u c l e a i r e . The p a r t n e r s 
i n t e n d t o s e t up t h e i r f a c i l i t i e s and s e r v i c e s i n t h e a r e a of Mol. 
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Dyroff, H.; Fleischmann, F.K.; Witte, H. 
Radioactive waste in the Federal Republic of Germany. 
IAEA-CN 36/121, NUKEM GmbH, Hanau, Federal Republic of Germany, 
p. 395-407, Hay 1977 

From 1974 to 1976 a system study was made of radioact ive waste in the 
Federal Republic of Germany. To th i s study, ordered by the Federal 
Ministry for Research and Technology and directed by NUKEM, members of the 
nuclear industry and Government research centres contributed. The resu l t s 
are presented in the paper. The growth of nuclear power and the correspond
ing nuclear industry, the development of research centres and of the other 
f a c i l i t i e s involved, were projected up to 1990 and are presented with 
foreseeable trends up to the year 2000. On the bas is of th i s growth, the 
t o t a l amount of radioactive waste to be expected in the FRG through 
1990-2000 i s calculated and categorized according to physico-chemical and 
radiologica l proper t ies and nuclide content. The s t a t e of technology and 
current R&D a c t i v i t i e s in the f ie lds of interim s torage, conditioning, 
t ranspor t and ultimate storage, and the i r usefulness for the establishment 
of a comprehensive waste-management system are described and discussed. 

Gusev, D.E.; B e l i t s k i i , A.S.; Turkin, A.D. 
so lu t ions to the problems of radiat ion safety and environmental protection 

in connection wi th the handling of radioactive waste at nuclear power s ta t ions 
in the USSR. 

IAEA-CN-36/349, USSR, p. 183, May 1977 

This paper se ts forth the oasic trends of work on envir^mer *-al protection 
in connection with thp removal and disposal of l iquid and solid radioactive wastes 
from nuclear power plants in the USSR. Radioactive waste management 
p rac t ices are described, together with the main requirements of the Stace 
Health Inspectorate in regard to the radiologica1 safety of the population 
a u n ng waste disposal . Some resul t s are presented of health and radioecolcgical 
research bearing on the safe process i n _, and disposal of radioactive wastes 
from nJc lea r power plants -
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Hamstra, J.? Verkerk, B. 
Review of Netherlands programme for geological disposal of radioactive waste. 
IAEA-CN-36/289, Netherlands Energy Research Foundation (ECU), Petten, The 
Netherlands, p . 467-479 r May 1977 

Work s ta r ted in 1972 on the exploration of p o s s i b i l i t i e s in the Nether
lands for permanent disposal of radioactive vast? in one of the Zechstein 
s a l t formations in the North-eastern par t of the country. I t was decided to 
aim a t a leached-out cavity for disposal of low- and medium-level solid wastes, 
which mainly ar i se a t power s t a t i o n s , and a t a mine as a repository for s o l i d i 
fied reprocessing waste- The l a t t e r would be needed a t a l a t e r date than the 
cavi ty , but both had to be located in the same formation. Site se lect ion work, 
in close co-operation with the State Geological Service, and with the help of 
information kindly provided by the o i l and s a l t companies, led to the choice 
of five most promising formations. Preparatory work was done by performing 
three reconnaissance d r i l l i n g s in the s a l t dome, which was the f i r s t choice. 
Design of the cavity and in f ras t ruc ture is described as well as the deep bore
hole ccncept developed to make optimal use of the fu l l salt-dome geometry. 
One of che d r i l l i n g s wi l l be extended to a depth of 2600 m and, in the bore
hole, convergence measurements wi l l be made to show the f e a s i b i l i t y of the 
v e r t i c a l storage concept. A review i s a lso presentee of the safety analysis 
performed, and of the programme for the coming years , expected to be carr ied 
out under contract with the Commission of the European Communities. Closely 
re la ted to the safety aspect are soil re tent ion measurements that have been 
performed with fission-product and act inide nuclides in nearly saturated s a l t 
solut ions in order to evaluate re tent ion times af ter a postulated wa ter leach
ing inc ident . 

Held, C.,- Hintermayer, H.P. (Austria) 
Comparison of concepts for independent spent fuel storage f a c i l i t i e s (Austr ia) . 
Seminar on the storage of spent fuel elements, Madrid, Spain, p. 179-195, 
June 1978 

The design and ti*e construction costs of independent spent : j e l Ft or-: ge 
f a c i l i t i e s show s igni f icant differences, ref lec t ing the fuel receiving rate 
(during rhe l i fet ime of the power plant or within a very short period) , the 
individual national pol ic ies and the design requirements in those countr ies , 
flavor incremental construction expenditures for storage f a c i l i t i e s or iginate 
from the capacity and the type of the f a c i l i t i e s (casks or bui ld ings) , the 
method of fuel cooling (water or a i r ) , from the di f ferent design of buildings, 
the redundancy of equipment, an elaborate qua l i ty assurance urogram, and a 
j ing le or multipurpose design ( i . e . interim or long-term storage of spent fuel, 
interim storage of high levei waste af ter fuel s torage) . The specif ic coses 
of d i f fe ren t designs vary by a factor of 30 to 60 which miyht in the high case 
increase the nuclear generating costs remarkably. The paper also discusses the 
effect uf spent fuel storage on fuel cycle a l t e rna t ives with reprocessing or 
disposal of spent fuel. 
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Kulichenko, V.V.; Martynov, Y.P.; Krylova, N.V.; Vlasov, V . I . ; Kryukov, I . I . 
Handling of waste from reprocessing of the fuel elements of a fas t neutron 

reac tor . 
ERDA-TR-203, IAEA Meeting on LMFBR Fuel Reprocessing, Leningrad, USSR, 
All-Union Sc ien t i f i c Research I n s t i t u t e of Inorganic Materials , Moscow 
6 p . . May 17-21, 1976 

The report discusses thermal problems that may a r i s e during the organiza
t ion of the storage of so l id i f i ed waste from the reprocessing of the fuel of 
a fas t neutron reactor for short cooling times of the f iss ion products. I t 
presents the resu l t s of calculat ions of permissible diir^nsions of cy l indr ica l 
blocks under various cooling conditions. '.The effect of extract ion of various 
isotopes on the storage conditions is demonstrated. 

Also discussed are the propert ies of solid materials su i tab le for burying 
the waste from reprocessing of the fuel elements of f a s t neutron reac tors . 

Larsson, A.; Hultgren, A.; Lind, J . 
Management of radioactive waste and plutcnium in the Swedish perspect ive. 
IAEA-CN-36/554, Sweden, p . 447-454, M?y 1977 

In May 1976 the Governmental Committee on Radioactive Waste (the Aka 
Committee) submitted i t s f inal report to the Swedish Government. The report 
summarizes a thorough invest igat ion of questions dealing with spent nuclear 
fuel and radioactive waste. For Sweden the study recommends reprocessing spent 
fuel as a primary a l t e rna t i ve . This should b^ closely linked with fabrication 
of mixed-oxide fuel from recovered material for rapid return as fresh fuel in 
the energy-producing reac tors . Such a scheme would have the double advantage 
of both f a c i l i t a t i n g waste management and avoiding stockpil ing of pure p lu to-
nium. The poss ib i l i t y of t reat ing the spent fuel en t i re ly as waste, not u t i l 
izing i t s fuel value, was also considered. Basically, national reprocessing, 
including p o s s i b i l i t i e s for in te rna t iona l , pa r t i cu la r ly Nordic, regional co l 
laborat ion i s envisaged by the Committee. 

The findings and proposals of the Commi t-tae are discussed in the l igh t of 
the recent development on the nuclear scene in Sweden. On the economic side, 
j t i s arguea that the u t i l i t i e s should include a l l costs r e la t ing to the back 
end of the fuel cycle in the budgets for their energy production programmes. 
Reprocessing and waste management neither car. nor should be seen as ordinary 
commercial ventures. Consequently the planning to cover the important needs 
a t the back end of the nuclear fuel cycle i s hardly l ikely to be i n i t i a t e d and 
undertaken by matins of the market mechanism. Careful e f for ts in th is regard 
are instead required a t the national and in te rna t iona l l eve l s . The par t icu la r 
s e n s i t i v i t y connected with spent nuclear inel and plutonium is derived from 
concern r e l a t ing to environmental safety and pro l i fe ra t ion of nuclear weapons. 
Together with economic and technical considerat ions, these two broad categories 
of concern, including physical securi ty and safeguardabil i ty, are crucia l in 
the se lect ion and precise formulation of a l t e rna t ives to be chosen for the back 
end of the nuclear fuel cycle. Also affecting national options wil l be in t e r 
nat ional considerat ions, such as b i l a t e r a l or mul t i l a t e ra l agreements, includ
ing the Non-Proliferation Treaty. 
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Lopez Perez, B.; Ramos Salvador, L.; Martinez Martinez, A. 
Programs nacional Espanol en materia de gestion de desechos rad iac t ivos . 
IAEA-CN-36/206, Junta de Energia Nuclear, Spain, p . 437-445, May 1977 

The Spanish Energy Programme assumes an i n s t a l l ed nuclear e l e c t r i c a l 
power of 23,000 MW(e) by 1985- Spain i s therefore making an effor t in 
the management of radioactive wastes tha t can be summarized as follows: 1) 
Formulation and review of tht. regulation on the management of radioact ive 
wastes. 2) Development of the processes and equipment for the treatment of 
so l id , l iquid and gaseous wastes from the CNEN "Juan Vigon", as well as 
those from the Soria Nuclear Centre; so l i d i f i c a t i on studies of radioactive 
wastes a r i s ing from the reprocessing. 3) Evaluation of radioactive waste 
treatment systems of the new ins ta l l ed nuclear power p lants ; ass is tance to 
the operators of nuclear and radioact ive f a c i l i t i e s . 4) Increase the 
storage capacity of the p i l o t reposi tory for sol id radioactive wastes of 
IAEA categories 1 and 2, located in Sierra Albarrana; s tudies of adequate 
geological formation for storage of sol id wastes of IAEA categories 3 and 
4. 5) s tudies of long-term surface storage systems for s o l i d i i i e d radioac
t ive wastes a r i s ing from reprocessing. 

Mandahl, B. ,- Persson, B.; Wikdahl, E-E. 
Handling wastr: at Swedish nuclear power p lan t s . 
IAEA-CN-36/282, Oskarshamn Power Company, Oskarshamn, Sweden, 
p. 561-572, May 1977 

The Swedish nuclear power programme s ta r ted with a 460-mW BWR a t 
Oskarshamn in 1972. The main p rac t i ca l experience in nuclear waste 
management or ig ina tes from th i s un i t . Since 1975, five further reactor 
uni ts have been taken in to use and there are now def in i te plans for a 
t o t a l of 13 un i t s . The waste handling in Sweden now considered i s therefore 
or ien ta ted towards a system with 13 operat ional un i t s . The paper describes 
the end products and the waste handling systems currently in use. Present 
methods and equipment are discussed as well as trenas towards modification 
ot these techniques. Estimates are made of the quant i t i es of the end 
products and the i r radioact ive content. Necessary decay times before the 
was te can be re leased as non-active material are also estimated. Lay-out 
and capacity of the waste s tores a t some plants and the need for t ransport 
equipment at the s i t e s are described. The paper a lso discusses the need 
for centra l ized long-term storage and even methods for central ized waste 
• reatment aimed at reducing the volume of material requir ing storage. 
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Miyanaga, I , ; Sakata, S.; I to , A,; Amano, H. 
Development of radioactive waste management a t the Japan Atomic Energy 

Research I n s t i t u t e . 
IAEA-CN-36/156, Japan Atomic Energy Research I n s t i t u t e , Tokai, Ibaraki , 
Japan, pp. 455-466, May 1977 

The main efforts in the treatment of low- and medium-level radioactive 
waste have gone in to reducing the volume of waste. For high-level waste, 
s tudies are being carr ied out on so l id i f i ca t ion and pa r t i t i on ing techniques, 
in preparation for completion of the fuel cycle in Japan. For marine 
disposal of low-level wastes planned by the JAEC, s igni f icant information 
has been obtained on the In tegr i ty and leaching behaviour of cement-
so l i d i f i ed wastes. The paper describes the present s t a t e of development 
of the techniques. For the treatment of low- and medium-level wastes: (1) 
An incinera tor with two-stage ceramic f i l t e r s has been tes ted, and the 
decontamination factor was found to be 10 4 for various nucl ides . (2) The 
reverse osmosis method with a cel lulose acetate membrane has been tes ted 
for laundry l iquid waste. More than 99% of the 6 0 Co was removed together 
with detergents . (3) Sol idi f ica t ion products of spent ion-exchanje resin 
with polyethylene have been proved superior to asphalt products in mechanical 
p rope r t i e s , water res is tance and volume reduction. Homogeneous cement-
s o l i d i f i e d waste in 200- l i t r e sealed drums did not form any cracks or 
defects under high hydrostat ic pressure. The leaching r a t io of ^-^Cs 
for the f i r s t year was estimated to be lower than 0.3%. For the treatment 
oi high- ' e v e l wastes: (1) Vi t r i f i ca t ion using natural zeo l i t e has been 
developed and the proper t ies of the products proved to be excel lent . (2) A 
pa r t i t ion ing procedure consist ing mainly of solvent extraction and ion 
exchange has been studied. Redaction of the amount of alkal ine agent by 
introducing the deni t ra t ion technique and reduction of the resin volume by 
adopting porous type resin was achieved. 
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Randl, R.P. 
Waste management in the Federal Republic of Germany. A survey of policy 

and research and development. 
IAEA-CN-36/98, Federal Ministry for Research and Technology, Bonn, 
Federal Republic of Germany, p. 157-165, May 1977. 

The concept of closing the nuclear fuel cycle in the Federal Republic 
of Germany is described with specia l emphasis on waste conditioning and 
disposal in selected s a l t formations. The pract ice and technology of the 
present s ta tus of the treatment of low-level and medium-level wastes are 
discussed. The dif ferent high-level was te-so l id i f ica t ion programmes which 
are a t present carr ied out in the Federal Republic are presented. I t i s 
shown tha t a wide variety of feasible and safe processes are in hand to 
secure the appropriate product qual i ty for the terminal storage. Experience 
on the disposal of low-level and medium-level wastes from the Asse experi
mental programme i s described, A large programme on the disposal of 
h igh- level waste has been s ta r ted recently and the future development 
l ines are discussed. The concept for waste management and disposal on an 
i n d u s t r i a l scale , e .g. for the " integrated back-end fuel-cycle park", i s 
presented and the necessary steps to reach the implementation of t h i s 
concept u n t i l the s t a r t - u p operation of the i ndus t r i a l reprocessing 
plant are described. 

Richter , D.; Korner, W. 
Disposal of radioactive wastes pro-.ced in nuclear i n s t a l l a t i o n s 

in the German Democratic Republic. 
COWF-760310; STI/PUB/433; IAFA-SM-207/44; Management of Radioactive 
Wastes from the Nuclear Fuel Cycle, Proc. of an IAEA Symposium, 
Vienna, Austria, March 22-26, 1976. Internat ional Atomic Energy 
Agency, Vienna, v, 2, p. 271-28&, 1976 

As conventional energy - ources have decreased in a v a i l a b i l i t y , the 
GDR has been developing i t s nuclear power production. Studies have been 
conducted to es tab l i sh the best methods for disposal of radioactive 
wastes from the nuclear fuel cycle. Methods invest igated included 
storage above ground, shallow bur i a l , storage in s a l t mines and 
formations, and inject ion in to porous bedrock. All types of raaioact ive 
waste were considered in the study and th« various aspects compared 
from the standpoints of economics and nuclear safety . As a r e su l t , 
the solut ion chosen was the secondary usage of abandoned s a l t mines. 
Construct!on of such a repository i s currently underway in the 
Bartensleben mine, located in the c l e f t s a l t diapir of the upper Aller 
Valley. Volume of the storage area i s about 5 x 10(E+6) m^. 
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Sedov, V.M.i Kolychev, B.C.) Konstantinovich, A.A.; Kulichenko, V.V.? 
Nikipelov, V. ,V.; Nikiforov, A.S.; Martynov, Yu. P. j Oziraner, J .N. ; 
Dolgov, V.V,; Sha t s i l lo , V.G. 
Development of methods of so l id i f i ca t ion and bur ia l of radioactive 

wastes from the fuel cycle, 
IAEA-CN-36/350, USSR, p. 625, May 1977 

The report deals with methods for disposal of radioactive wastes from 
reprocessing p l an t s . Apparatus and flowsheets developed in the USSR for 
s o l i d i f i c a t i o n of low- and intermediate- level wastes are discussed. The 
main research and development r esu l t s on treatment of high-level waste by 
two methods are presented. The f i r s t comprises production of v i t reous 
mater ia ls in an e l e c t r i c furnace without precalc inat ion. The second 
involves predehydration and calcinat ion of l iquid wastes in a f luidized-
bed f a c i l i t y followed by v i t r i f i c a t i o n in a ceramic crucible . Processes 
for in termediate- level waste so l id i f i ca t ion are a lso discussed. The study 
of the behaviour of various so l id i f i ed wastes (v i t reous , bitumenized, 
e t c . ) i n storage has allowed the development of disposal condit ions. The 
paper considers the design of storage places located a t fuel reprocessing 
p l a n t s . The main technical and economic data are given on the so l id i f i ca t i on 
and storage processes for so l i d s . 

Thomas, K.T ; Sunder Rajan, N.S.; Balu, K.; Khan, A.A. 
Management of radioactive waste. An overview of the Indian programme. 
IAEA-CN-36/388, Department of Atomic Eneryy, Bombay, India, p. 409 -
417, May 1977 

An overview of the management of radioactive waste with par t icu lar 
reference to the Indian nuclear programme is presented. The i n i t i a l 
design philosophy of the radwaste management system i s discussed in 
r e l a t ion to accepting a calculated, minimum discharge of rad ioac t iv i ty 
to the environment. A br ief report of the operational experience with the 
low and intermediate level radwaste systems is given. Factors that 
influence the review of the present philosophy for future adoption are 
presented. Some methods being developed for decreasing release of 
r a d i o a c t i v i t y to the environment are discussed. Among techniques 
considered are solar evaporation, delay and decay of f ission ra te gases 
from power reac tors , and concentration and storage of ^ K r from 
fuel reprocessing p l an t s . Problems in the management o* liigh-level 
and a-bearing wastes are discussed with par t i cu la r reference to the 
nature of the waste generated and the policy under implementation for 
t he i r management. The matrices, so l id i f i ca t ion processes, modes of 
interim s torage and c r i t e r i a for select ion of s i t e for ultimate disposal 
of the so l id i f i ed high-level waste in geological formations are described. 
An approach to the solution to the problem of management of a-bearing 
waste i s a lso presented. 
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Tomlinson, M*; Mayman, S.A.; Tammemagi, H.Y.? Merr i t t , K. . ; Morrison, J .A.; 
I rv ine , H.S.; Vivian, G.A.; Gale, J . ; Sanford, B.; Dyne, P.J . 
Management of radioactive wastes from nuclear fuels and power plants in Can'da. 
IAEA-CN-36/178, Atomic Energy of Canada Ltd. , Whiteshell Nuclear Research 
Establishment, Manitoba, p. 167-181, May 1977 

The nature of Canadian nuclear fuel and nuclear generating plant radio
act ive wastes i s summarized. Full exploi ta t ion of f ission energy resources 
e n t a i l s recovery of a l l f i s s i l e and f e r t i l e material from spent fuel and 
separat ing the f iss ion products as wastes for disposal . A plan for final 
d isposal of a l l the radioactive wastes i s a key component of the waste 
management scheme. Pr inciples of a scheme for safe, responsible disposal 
of long-lived radioactive wastes deep underground, in i so la t ion from man and 
the biosphere, are out l ined. The s t a tus of the development and construction 
programme is indicated. I t i s planned to se lec t a s i t e in e i ther a hard rock 
formation c- in a su i tab le s a l t bed by 1981 so that a repository can be 
constructed to begin a demonstration phase in 19b' The repository is to 
be capabLe of eventual expansion to accommodate a l l Canadian nuclear wastes 
to at l ea s t 2050 when in fu l l - sca le operation. Extensive geotechnical 
s tudies have been i n i t i a t e d in order to se lec t a s i t e , and design and t e s t 
the repos i tory . The incorporation of f ission products in sol ids that in the 
short term (17 years) dissolve more slowly than plutomum decays has been 
demonstrated. Invest igat ions of long-term s t a b i l i t y are in hand. The 
p r inc ip le of re tardat ion of migration of f iss ion products, so that they 
decay be fort- surfacing, has been tes ted. Additional capaci ty for storage 
of used fueA prior to reprocessing and disposa1 is required oy 198b and 
a prel iminaw design has been prepared for a pool f a c i l i t y to be located 
a t a centra fuel recycling and disposal complex. A demons t ra t ion ot 
dry storage jf fuel in concrete containers is in progress. The quant i t i es 
ot CANDU g«.'.\eratmg-s tat ion wastes and the pr inciples ana methods for 
managing th- - are summarized. Methods for volume reduction and lrrimobi l i z a t i on 
by so l i d i t J .tion are well advanced. A radioactive-waste operations si te 
i s oeing d< .•eloped with several d i f ferent types of surface storage, ed, ., with 
mult iple r r r i e r s againsf leakage. A reactor decommissioning study has been 
completed. Estimated costs of the various waste management operations are 
summa r izeu . 


