
)-+- 

II I l l  I l l  ll IICII I 
3 4 4 5 6  0 3 6 4 2 0 3  3 

0 RN L- 3027 
UC-70 - Waste Disposal and Processing 

THE PHYSICAL PROPERTIES OF ROCK 

SALT AS INFLUENCED BY GAMMA RAYS 

B. D. Gunter 
F. L. Parker 

--e - 

TORY 

U N I O N  CARBIDE CORPORATION 
for  the 

U.S. ATOMIC ENERGY COMMISSION 



Pr inted i n  USA. P r i ce  S 2 e o o  . Avo i l ob le  from the 

O f f i ce  of Technica l  Services 

Deportment of Commerce 

Washington 25, D. C. 

;LEGAL NOTICE 

T h i s  report was prepared as an  account of Government sponsored work. 

nor the Commission, nor any person act ing on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, w i t h  respect t o  the occurocy, 

completeness, or usefulness o f  the information conta ined i n  th i s  report, or that the use o f  

any information, opporotus, method, or process d i sc losed  i n  th i s  report may not  infr inge 

pr ivate ly  owned r ights; or 

B. Assumes any l i ab i l i t i es  w i th  respect t o  the use of, or for damages resul t ing from the use o f  

any information, oppcrrotur, method, or process d isc losed i n  th i s  report. 

As used in the above, "person act ing on behalf of the Commission" inc ludes any employee or 

contractor of the Commission, or employee of such contractor, t o  the extent  that  such employee 

or contractor of the Commission, or employee of such contractor prepares, d isseminates,  or 

provides access to, any information pursuont t o  h is  employment or contract w i th  the Cornmissaon, 

or h i s  employment w i th  such contractor. 

Nei ther  the Uni ted States, 

I___- 

. 

4 



OmL- 3027 

c 

n 

Contract No. W-7405-,eng-26 

HEALTH PHYSICS DIVISION 

THE PHYSICAL PROPERTIES OF ROCK SALT AS 

INFLUENCED BY G A M U  RAYS 

B. D. Gunter and F. L. Parker  

Submitted as a t h e s i s  t o  t h e  Facul ty  of t h e  Graduate 
School of Vanderbi l t  Universi ty  i n  p a r t i a l  f u l f i l l -  
ment of  t h e  requirements f o r  t h e  degree of MASTER OF 
SCIENCE i n  Physics 

DATE ISSUED 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
UNION CARBIDE CORPORATION 

for t h e  
U.S. ATOMIC ENERGY COMMISSION 

3 4 4 5 6  0364203 3 



a 

ACKNOWLEI%MENTS 

The authors a r e  indebted t o  Messrs. C W. Dol l ins  and C.  K. Thomas 

of the  ORNL Mechanical Tes t ing  Laboratory f o r  t e s t i n g  the  specimens and 

t h e i r  many h e l p f u l  suggestions on ma te r i a l s  t e s t i n g .  

The s e n i o r  author  i s  a l s o  indebted t o  t h e  Oak Ridge I n s t i t u t e  of  

Nuclear S tudies  f o r  making t h i s  work poss ib l e  through a Health Physics 

Fellowship, and t o  Dr.  E. E Anderson of ORNL and D r .  J. 1. Hopkins, f o r -  

merly of Vanderbil t ,  for t h e i r  help i n  co-ordinat ing the  fellowship.  

ii 



TABLE OF CONTENTS 

Page 

ACKN0WL;EDGMENT ...................................................... ii 

LIST OF TABLES ...................................................... v 

LIST OF FIGURES ..................................................... v i  

I. INTRODUCTION ............................................... 1 

11. PREVIOUS WORK ON ROCK SALT ................................. 5 

A. Uni r rad ia ted  Rock S a l t  
B. Radiat ion Ef fec t s  on Rock S a l t  

III, STRESS-STRAIN RELATIONSHIP ................................. 13 

A. 
B. 

The Linear ( e l a s t i c )  Po r t ion  of t h e  Curve ( A  - B)  
The Nonlinear ( i n e l a s t i c )  Po r t ion  of t h e  Curve ( B  - D )  

I V .  CREEP ...................................................... 21 

V. TEST SPECIMENS ............................................. 23 

A. General 
B. Specimen Size  and Procurement 
C. Specimen Prepara t ion  
D. End F r i c t i o n  

V I .  IRRADIATION FACILITY AND DOSE MEASUREMENT 

V I I .  TESTING PSPARATUS 

A. Force Applicat ion 
B. Force Measurement 
C. Deformation Measurement 

26 

29 

iii 



TABLE OF CONTENTS (Contd. ) 

Page 

VIII. EXPERIMENTAL RESULTS ...................................... 36 

A. Introduction 
B. Stress-Strain Relationship 
C. Creep Tests 

IX. ANALYSIS OF RESULTS ...................................... 56 

A. Compressive Strength 
B. Modulus of Elasticity 
C. Apparent Elastic Limit and Yield Strength 

X. CONCLUSIONS .............................................. 59 

APPENDIX I ........................................................ 61 

APPENDIX I1 ....................................................... 64 

BIBLIOGRAPHY ...................................................... 66 

iv 



LIST OF TABLES 

Table Page 

1. Composition of American Rock Salt ........................... 8 

2. Physical Properties of Rock Salt ............................ 38 

. 

V 



LIST OF FIGURES 

Figure Page 

1 . Unir rad ia ted  Bedded and Dome S a l t  ........................... 7 

2 . S t r e s s - S t r a i n  Relat ionships  ................................. 19 

3 . Cobalt Storage Garden ....................................... 27 

4 . Baldwin-Tate-knery Universal  Tes t ing  Machine ................ 30 

5 . Room Temperature Compression Rig ............................ 32 

6 . Elevated Temperature Compression Rig ........................ 33 

7 . Compression T e s t  of Uni r rad ia ted  S a l t  a t  Room Temperature ... 37 

8 . Compression Test  of Bedded S a l t  a t  Room Temperature ......... 40 

9 . Compression Test  of Bedded S a l t  a t  Room Temperature ......... 42 

10 . Compression T e s t  of Dome S a l t  a t  Room Temperature ........... 44 

11 . Compression Test of Dome S a l t  a t  200 C ..................... 46 

12 . 47 

13 . CQmpression Tes t  of Bedded S a l t  a t  200 C ................... 48 

0 

Compression T e s t  of Bedded S a l t  a t  200' C ................... 
0 

1 4  . Deformation of Uni r rad ia ted  and I r r a d i a t e d  Bedded S a l t  a t  
Room Temperature ( top )  and a t  200' C (bottom) ............. 49 

1 5  . Creep T e s t  of Uni r rad ia ted  S a l t  a t  Room Temperature ......... 5 1  

16 . Creep T e s t  of Bedded S a l t  a t  Room Temperature ............... 53 

17 . Creep T e s t  of Bedded S a l t  a t  Room Temperature ............... 54 

18 . Creep Test  of Dome S a l t  a t  Room Temperature ................. 55 

v i  



ABSTMCT 

The response of aggregates of  n a t u r a l  rock s a l t  c r y s t a l s  t o  gamma 

r a d i a t i o n  w a s  determined for a spec t r a  of exposure doses from 10 6 t o  

5 x 10 roentgens.  

mine the  s t r u c t u r a l  s t a b i l i t y  of sa l t .  

s t r eng th ,  modulus of e l a s t i c i t y ,  and apparent e l a s t i c  l i m i t  were i n v e s t i -  

gated. Short-term creep t e s t s  were a l s o  made. 

t a b u l a r  and graphic  form. 

a Emphasis was on those  phys ica l  p rope r t i e s  which de ter -  

The compressive s t r eng th ,  y i e l d  

Data a r e  presented  i n  both 

Both bedded and dome s a l t  were s tud ied .  Bedded s a l t  w a s  s t u d i e d  with 

force  appl ied  both p a r a l l e l  t o  and perpendicular  t o  the  planes of s t r a t i f i -  

ca t ion .  

0 Specimens were t e s t e d  a t  room temperature and a t  200 C t o  e s t a b l i s h  

temperature e f f e c t s .  

rock s a l t  exh ib i t ed  a pronounced increase  with temperature.  

The p l a s t i c i t y  of both u n i r r a d i a t e d  and i r r a d i a t e d  

Within t h e  s t a t i s t i c a l  v a r i a t i o n  of  t he  experiment, r a d i a t i o n  causes 

only minor changes i n  the  phys ica l  p rope r t i e s  o f  rock sa l t .  

c v i  i 
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I. INTRODUCTION 

, 

This t h e s i s  i s  a s tudy of t h e  e f f e c t s  of r a d i a t i o n  upon t h e  physi-  

c a l  p rope r t i e s  of aggregates of na tu ra l  rock s a l t  c r y s t a l s .  This s tudy 

i s  p a r t  of  a seven-point program' a t  Oak Ridge National Laboratory t o  inves- 

t i g a t e  the  p o s s i b i l i t y  of disposing of rad ioac t ive  wastes i n  c a v i t i e s  i n  

n a t u r a l  rock s a l t  formations. 

The d isposa l  of l a rge  q u a n t i t i e s  of rad ioac t ive  wastes i s  one of t h e  

most vexing problems of t h e  nuclear  age. 

gated from man's environment u n t i l  they a r e  no longer a hazard.  

waste d isposa l  m u s t  be both s a f e  and permanent. 

Radioactive wastes must be segre-  

Radioactive 

To date,  t he  ch ief  source of rad ioac t ive  wastes has been production 

r eac to r s .  The spent  f u e l  elements from these  r eac to r s  a r e  reprocessed t o  

recover unfiss ioned f i s s ionab le  mater ia l .  In  present  reprocessing opera- 

t i ons ,  t he  rad ioac t ive  f i s s i o n  products become p a r t  of t h e  l i q u i d  wastes. 

Since r e l a t i v e l y  few nuclear power r eac to r s  have been i n  operat ion up t o  

the  present  t i m e ,  t h e  volume of f i s s i o n  product wastes has been small. 

These small  volumes of  f i s s i o n  products have been stored i n  under- 

ground s t e e l  and concrete tanks.  Located j u s t  below the  e a r t h ' s  sur face ,  

these  tanks are sub jec t  t o  earthquakes, sabotage, explosions,  and o the r  

'F. L. Parker, L. Hemphill, J. Crowell, S t a tus  Report on Waste D i s -  
posa l  i n  Natural  S a l t  Formations, O R N L - ~ ~ ~ O ,  p. 24. 
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forms of r e l ease .  Furthermore, t h e  l i f e  of many f i s s i o n  products  i s  much 

g r e a t e r  than the  tank l i f e .  Tank d i sposa l  provides  n e i t h e r  safe nor per-  

manent d i sposa l .  

Although the  volume of f i ss ion-product  wastes has been s m a l l  i n  t h e  

pas t ,  a s u b s t a n t i a l  increase  i n  the  volume of f i ss ion-product  wastes may 

be expected once nuc lear  power is  an important p o r t i o n  of t o t a l  power gen- 

e ra ted .  

megawatts ( thermal)  of i n s t a l l e d  nuc lear  capaci ty .  Assuming a waste of 

820 ga l lons  p e r  t on  of spent  f u e l  reprocessed and a burnup of 4000 mega- 

w a t t  days p e r  ton,  a nuclear  generat ing capac i ty  of 7OO,OOO thermal mega- 

watts w i l l  produce an accumulated volume of one-half  b i l l i o n  ga l lons  and 

3.5 x 1011 cur i e s  of f i s s i o n  products by the  year  2000. 

Lane2 has p red ic t ed  t h a t  by the  year  2000 t h e r e  w i l l  be 700,000 

3 

Even though t h e  present  method of s t o r i n g  f i ss ion-product  wastes i n  

underground tanks is  probably t h e  s a f e s t  and most economical a v a i l a b l e  t o  

da t e ,4  t h e  c o s t  ($1.00 t o  $3.00 p e r  g a l l o n ) 5  and hazard renders  t h i s  method 

imprac t ica l  from a power product ion viewpoint. If nuclear  f i s s i o n  is  t o  

become a major source of publ ic  power, cheaper, s a f e r ,  and more permanent 

means of r ad ioac t ive  waste d i sposa l  are needed. 

'J. A. Lane, Nucleonics 12, 10, 64 (1954).  - 

'H. R. Z e i t l i n ,  E. D. Arnold, and J. W. Ullmann, Nucleonics 15 ,  1, - 
58-62 (1957).  

4 Committee on Waste Disposal - Division of Ear th  Sciences,  Disposal 
o f  Radioactive Wastes of Land, Nat ional  Academy of Sciences,  Nat ional  Re- 
search  Council Publ ica t ion  519, Apr i l  1957, p .  6 .  

5Anonymous, Summary Report : AEC Reference Fuel-Processing Plan t ,  
Divis ion of C i v i l i a n  Application, Washington, D. C ,  , WASH-743, Oct 1957, 
p .  11. 
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. 

Recognizing t h e  necess i ty  f o r  u l t ima te  r ad ioac t ive  waste disposal- 

s i tes ,  a Committee of t he  Natlional Academy of Sciences suggested t h e  most 

promising methods of s to rage  on land.b 

"Disposal i n  s a l t  i s  t h e  most promising method f o r  t h e  near  fu tu re .  

I n  p a r t i c u l a r ,  t h e  r e p o r t  s a i d :  

1 1  7 

S a l t  c a v i t i e s  have been found t o  be s a f e  and economical i n  s t o r i n g  

l i q u i f i e d  pe-troleum gases.  The advantages of s t o r i n g  petroleum gases i n  

s a l t  c a v i t i e s  are such t h a t  t h e  volume of petroleum gases s t o r e d  i n  s a l t  

c a v i t i e s  has soared from zero ga l lons  i n  1950 t o  over one b i l l i o n  ga l lons  

i n  1957 - twice t h e  p red ic t ed  volume of r ad ioac t ive  wastes by t h e  yea r  

2000. 

8 

Despite t h e  success enjoyed by t h e  petroleum indus t ry ,  t he  s to rage  

of r ad ioac t ive  wastes i n  s a l t  formations has not  y e t  taken p lace .  Obvious- 

l y ,  t h e  r i s k s  a s soc ia t ed  with r ad ioac t ive  wastes are much g r e a t e r  than  those 

a s soc ia t ed  with petroleum gases,  and a more caut ious approach i s  necessary.  

This t h e s i s  p re sen t s  t h e  r e s u l t s  ol" an in - i e s t iga t ion  of t h e  e f f e c t  

of  r a d i a t i o n  and temperature upon t h e  phys ica l  p r o p e r t i e s  of aggregates of 

n a t u r a l  rock s a l t  c r y s t a l s .  The primary emphasis has been t o  determine 

those  phys ica l  p r o p e r t i e s  which inf luence  the s t a b i l i t y  of a c a v i t y  i n  a 

rock s a l t  formation. The s t r e s s - s t r a i n  r e l a t i o n s h i p  was  s tud ied  t o  de t e r -  

mine t h e  e f f e c t  of r a d i a t i o n  upon t h e  compressive s t r eng th ,  y i e l d  s t r eng th ,  

Committee on Waste Disposal,  op. s., p. 6. 6 

71bid., - p. 6 
- 

F. L. Parker  -- e t  al., 2. c s . ,  p. 9. 
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modulus of  e l a s t i c i t y ,  and apparent e l a s t i c  l i m i t * .  The creep r a t e  w a s  

s tud ied  t o  determine the  response of rock s a l t  aggregates t o  cons tan t  

pres  su re  app 1 i c a  t i o n  

*These terms a r e  def ined i n  Sec t ion  111, S t r e s s - S t r a i n  Relat ionship.  

. 



11. PRETIOUS WORK ON ROCK SALT 

A. Unirradiated Rock S a l t  

Previous work on the  phys ica l  p rope r t i e s  of un i r r ad ia t ed  rock sa l t  

has shown t h a t  experimental condi t ions and type of sa l t  inf luence t h e  

r e s u l t s .  In  general  though, t h e  p l a s t i c i t y  of  rock s a l t  increases  rapid-  

l y  with temperature. Increased temperature a l s o  decreases t h e  modulus 

of e l a s t i c i t y  and y i e l d  s t rength .  A marked increase i n  p l a s t i c i t y  i s  a l s o  

shown by sal t  which has been immersed i n  water. 10 

The addi t ion  of small amounts of impurities t o  syn the t i c  sa l t  crys-  

tals increases  t h e  t e n s i l e  and y i e l d  s t rengths .  These s tud ie s  a r e  not 

appl icable  t o  n a t u r a l  c r y s t a l s  o r  s i n g l e  c r y s t a l  s tud ies ,  because r e s u l t s  

obtained f o r  syn the t i c  and natural  c r y s t a l s  and s i n g l e  and aggregates of 

c r y s t a l s  a r e  qu i t e  d i f f e r e n t .  Stamatiu,12 f o r  example, has reported an 

average value of 170 pounds p e r  square inch fo r  t h e  tensile s t r eng th  of 

na tu ra l  c r y s t a l s ,  while Kuznetzov and Sementzov13 have reported an upper 

9w. 

I0R. 

llW. 

l2M. 

l3w. 

(1932) 

(1931) 

Theile,  Z e i t .  fur Physik - 75, 770 (1932). 

B. Barnes, Phys. Rev. - 44, 898 (1933). 

Metag, Z e i t .  fur Physik 78, 363 (1932). 

Stamatiu, Anuarul I n s t i t u t u l u i  Geologic Al Romaniel 

D. Kuznetzov and W. A. Sementzov, Z e i t .  f u r  K r i b t .  3, 443 

5 
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l i m i t  of 5975 pounds pe r  square inch f o r  t h e  t e n s i l e  s t r e n g t h  of s i n g l e  

c r y s t a l s  of N a C 1 .  

t h e t i c  c r y s t a l s ,  t he re fo re ,  have l i t t l e  per t inence  t o  t h e  phys ica l  proper- 

t i e s  of aggregates of n a t u r a l  rock s a l t  c r y s t a l s .  

Studies  of t h e  phys ica l  p rope r t i e s  of s i n g l e  and syn- 

Resul ts  repor ted  f o r  t he  phys ica l  p r o p e r t i e s  of n a t u r a l  rock s a l t  

c r y s t a l s  a l s o  vary considerably.  This is  not  su rp r i s ing .  Geological fo r -  

mations, such as rock s a l t  depos i t s ,  a r e  now homogeneous and would be ex- 

pected t o  e x h i b i t  v a r i a t i o n s  i n  p rope r t i e s .  I n  f a c t ,  t h e  work of Stamatiu 

has shown t h a t  t h e  phys ica l  p rope r t i e s  of rock s a l t  vary f o r  specimens taken 

from d i f f e r e n t  l oca t ions  i n  the  same depos i t .  

14 

1 5  Rock sal t  depos i t s  c o n s i s t  of two bas i c  types,  bedded and dome. 

The bedded depos i t s ,  which were formed by t h e  p r e c i p i t a t i o n  of sa l ts  from 

s a l i n e  waters,  are i n t e r s t r a t i f i e d  with o the r  sediments. Domes were formed 

by t h e  upward flow of o lde r  s a l t  depos i t s  through cracks,  f r a c t u r e s ,  and 

weak sec t ions  i n  t h e  overlying s t r u c t u r e  and conta in  f e w  s t r a t i f i c a t i o n  

planes.  Because of t h e  sediment l aye r s ,  t he  bedded sa l t  contains  more i m -  

p u r i t i e s  than t h e  dome sa l t .  Figure I shows specimens of dome and bedded 

sa l t ,  and the  d i f f e rence  

composition of rock s a l t  

i n  p u r i t y  is evident .  Table I gives  the  chemical 

from s e v e r a l  l oca t ions  i n  the  United S t a t e s .  16 

l 4 M .  Stamatiu, op. c i t . ,  pp. - -  501- 525. 

l5F. L. Parker ,  L. Hemphill, and J. Crowell, - -  op. c i t . ,  p. 14. 

16Salt, Encyclopedia of Chemical Technology (The In t e r sc i ence  Encyclo- 
pedia,  Inc . ,  New York, New York, 1954), Vol. 12, p. 68. 



* Y 

Figure 1. Unirradiated Bedded and Dome Salt. 
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Table 1 

COMPOSITION OF AMERICAN ROCK SALT 

Type of S a l t  Bedded Bedded Dome Bedded Brine 

Retsof Detroit  Avery Is land Hutchinson N a t r i u m  
Location New York Michigan Lou i s i ana  Kansas West Virginia 

* 

N a C l  98.262 98.181 99.026 96 970 96.440 
---- ---- ---- Na2S04 ---- ---- 

MgC12 0.002 0.024 o .009 0.066 ---- 
@SO4 ---- ---- ---- ---- ---- 
C a C 1 2  0.006 0,053 0.010 0.034 0.230 

CaS04 0 -743 0.872 o .225 0 -875 1.600 

H20 Insoluble 1 )’ 0.962 0 -756 0.711 1.407 1.070 
---- 0.310 

99.990 100.000 100.000 100.022 100.000 

H2° 0.015 0.114 0.019 0.670 0 0350 

---- ---- ---- K C 1  

Totals ---- 

J 
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Even though only the  pu res t  bedded depos i t s  a r e  mined, the  dome deposi ts  

s t i l l  have a g r e a t e r  p u r i t y .  

Previous work on the  phys ica l  p rope r t i e s  of un i r r ad ia t ed  rock s a l t  

aggregates i s  inadequate t o  e s t a b l i s h  a base l ine  f o r  s tudying r a d i a t i o n  

e f f e c t s .  The phys ica l  p rope r t i e s  of t he  s a l t  t o  be i r r a d i a t e d  m u s t  be 

known before  r a d i a t i o n  e f f e c t s  can be evaluated.  

B. Radiation Ef fec t s  on Rock S a l t  

The e f f e c t  of r a d i a t i o n  on s i n g l e  and syn the t i c  c r y s t a l s  of N a C l  

has been widely s tudied ,  because NaCl c r y s t a l s  a r e  among the  s implest  

known. The s o l i d  s t a t e  p h y s i c i s t s  have found a l k a l i  ha l ide  c r y s t a l s  

p a r t i c u l a r l y  wel l - su i ted  t o  t h e i r  s t u d i e s  of r a d i a t i o n  damage i n  ion ic  

c r y s t a l s ,  The main emphasis has been on the  mechanism by which r a d i a t i o n  

damages ion ic  c r y s t a l s ,  and formulating a theory t o  explain,  a t  an atomic 

l eve l ,  t h e  na ture  of r a d i a t i o n  damage i n  s o l i d s .  

The r e s u l t s  obtained f o r  s i n g l e  and syn the t i c  c r y s t a l s  are not d i -  

r e c t l y  appl icable  t o  t h e  problems encountered i n  rad ioac t ive  waste d isposa l  

where we a r e  concerned with the  damage t o  aggregates of n a t u r a l  c r y s t a l s  

r a t h e r  than  t h e  method by which t h e  damage is  introduced i n t o  t h e  c r y s t a l .  

Quite d i f f e r e n t  r e s u l t s  have been repor ted  for syn the t i c  and n a t u r a l  crys- 

t a b .  17,18 This has been a t t r i b u t e d  t o  the  presence of impur i t ies  i n  t h e  

"E. E. Schneider, "Symposium on Photographic S e n s i t i v i t y , "  B r i s t o l ,  

18J. H. Schulmann, J. Phys. Chem. - 57, 749 (1953). 

1951, P. 13. 
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n a t u r a l  c r y s t a l s .  Mined rock sa l t  of t h e  United S t a t e s  contained from 

about 1 p e r  cent  t o  over 3 1 /2  pe r  cent  impur i t ies  (Table I), depending 

on the  loca t ion  of t h e  depos i t .  

Even though numerical values obtained by t h e  s o l i d  states phys- 

i c i s t s  are not  appl icable  t o  t h e  problem under inves t iga t ion ,  a knowledge 

of r a d i a t i o n  e f f e c t s  i s  h e l p f u l  i n  eva lua t ing  r a d i a t i o n  damage. It i s  

the re fo re  worthwhile t o  consider  b r i e f l y  the  f ind ings  of t he  s o l i d  s ta te  

p h y s i c i s t .  

It is now be l ieved  t h a t  t he  e f f e c t  of r a d i a t i o n  is  t o  d i s t u r b  the  

The most preva len t  of t hese  c r y s t a l  l a t t i c e  and t o  form co lo r  centers .  

a r e  the  F-center,  which is an e l e c t r o n  t rapped a t  a negat ive ion  vacancy, 

and t h e  V-center, which is a hole  (vacancy) t rapped a t  a p o s i t i v e  ion  va- 

cancy. 

t he  very na ture  of t hese  cen te r s  remains uncer ta in .  '9, *O 

no e f f o r t  w i l l  be made t o  descr ibe co lo r  cen te r  formation. 

The mechanisms of color  cen te r  formation a r e  not  wel l  known, and 

Consequently, 

Although r a d i a t i o n  e f f e c t s  should accumulate with dose, t h e r e  appears 

t o  be a f i n i t e  l i m i t  t o  t he  F- and V-center concent ra t inn  which can be ob- 

t a i n e d  i n  a c r y s t a l .  

cen ters  i s  set  by the  f a c t  t h a t  when an F-center  g e t s  c lose  enough t o  a 

A p r a c t i c a l  upper l i m i t  t o  t he  concent ra t ion  of c o l o r  

V-center, t he  e l e c t r o n  i n  the  F-center  can tunnel  through t o  the  V-center 

I9I. L. Mador - e t  

2oI. Eas  termann, 
( 1949 1. 

- al., Phys Rev. - 96, 617 (1954). 

W. J. Levio, and 0. S te rn ,  Phys. Rev. 75, 633 
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21 and a n n i h i l a t e  t he  p o s i t i v e  hole .  The upper l i m i t  of F-center concen- 

t r a t i o n  i n  N a C l  c r y s t a l s  is approximately lo1’ F-centers  pe r  cubic cen t i -  

meter2* and appears t o  be very l i t t l e  inf luenced by t h e  energy of the dose, 

The value of g rea t e r  than 0.8 x 

given by Schneider2’ for f i l t e r e d  x-rays compares favorably with t h e  value 

of 2 x 

F-centers  p e r  molecule a t  s a t u r a t i o n  

F-centers  p e r  molecule repor ted  by Easterman e t  a l .  24 It has -- 
been suggested t h a t  each F-center i s  accompanied a t  a d is tance  of from 10 

t o  30 l a t t i c e  spacings by a V-center. 25 

decomposition of t h e  order cf a t e n t h  of a p e r  cent .  

This suggests a maximum degree of 

26 

The phys ica l  p r o p a t i e s  can, however, change t o  a g rea t e r  ex ten t .  

27 The e f f e c t  of  r a d i a t i o n  on NaCl c r y s t a l s  has been t o  decrease the  dens i ty  

28 and t h e  i n t e r n a l  f r i c t i o n ,  

ness, and t e n s i l e  s t r e n g t h . ”  

increase the  modulus of e l a s t i c i t y ,  29 hard- 

Removal of the  F-centers by o p t i c a l  bleach- 

ing  does not r e t u r n  these  p rope r t i e s  t o  t h e i r  o r i g i n a l  values.  F-centers  

21E. E. Schneider, - -  op. c i t . ,  p. 13. 

22F. S e i t z ,  Revs. Mod. Phys. 18, 408 (1946). 

23E. E. Schneider, 9. s t . ,  p. 14. 

241. Eastermann -- e t  al. ,  - op. g. ,  p. 627. 

25E, E. Schneider, - op. Gt., p. 13. 

’%. G. Heal, Atomics, August 1955, p. 241. 

271. Eastermann -- e t  a l . ,  - op. g .  , p. 627. 

28D. R. Frank1 and T. A. Read, Phys. Rev. - 89, 663 (1953). 

29R. B. Gordon and A. S. Nowich, Phys. Rev. - 98, 1540 (1955). 

’OD. R. Westervelt, NAA-9R-288, Feb. 3 ,  1954, p. 13. 
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are ,  t he re fo re ,  not  responsible  f o r  t he  changes i n  the  phys ica l  proper- 

t i e s .  It has been suggested t h a t  f r e e  p o s i t i v e  ion  vacancies d i f f u s e  and 

i n t e r s c t  with c r y s t a l  l a t t i c e  imperfections ( d i s l o c a t i o n s )  and are t rapped 

a t  these  d i s loca t ions .  31 Trapping of p o s i t i v e  ion vacancies causes d i s -  

l oca t ions  t o  become f i rmly  pinned, and, t he re fo re ,  they  a r e  harder  t o  move, 

The increase  i n  the  modulus of e l a s t i c i t y  is permanent a t  room temperature,  

bu t  r e tu rns  t o  normal when annealed a t  350' C .  32 Therefore,  t he  binding 

energy of t h e  pinning vacancies i s  small, and a t  s l i g h t l y  e l eva ted  tempera- 

t u r e  they d i f f u s e  and recombine with negat ive ion vacancies.  33 

There i s  c l e a r  evidence t h a t  r a d i a t i o n  e f f e c t s  ( exc i tons )  a r e  mobile 

i n  some organic compoun~ls ,~ '~  and it is  now accepted t h a t  the  same is  t r u e  

f o r  t h e  a lka l i  ha l ides .35  Therefore, many of the  observed e f f e c t s  of 

r a d i a t i o n  occur l a r g e l y  a t  c r y s t a l  l a t t i c e  imperfect ions.  

"R. B. Gordon and A. S. Nowich, ACTA Metaallurgia - 4, 514 (1956). 

32R. B. Gordon and A. S. Nowich, Phys. Rev. 101, 977 (1956). 

33D. R. Frank1 and T. A. Read, op. cit., p.  663. 

34H. G. Heal, Atomics, J u l y  1955, p ,  206. 

35F. S e i t z ,  Revs. Mod. Phys. - 26, 93 (1954). 

- 
- -  



36 111. STRESS- STRAIN RELATIONSHIP 

The phys ica l  s t a b i l i t y  of a s a l t  cav i ty  may be predic ted  by deter-  

mining t h e  response of  aggregates of rock s a l t  c r y s t a l s  t o  t he  app l i ca t ion  

of forces .  Force i s  def ined as  the  cause of  t he  changes i n  t h e  s t a t e  of  

r e s t  o r  motion of  mat ter .  

t i ona ry  body w i l l  cause a change i n  t h e  shape of t h e  body. The degree t o  

which the  shape of a body is  changed i s  dependent on the  magnitude of t he  

force,  t h e  manner i n  which the  force  i s  t ransmi t ted ,  and the  r a t e  of force  

appl ica t ion .  

which coincide with t h e  s t r u c t u r a l  ax i s  of  t h e  body) and t o  those forces  

which a r e  considered t o  be time independent. I n  the  t e s t i n g  of mater ia l s ,  

forces  a r e  customarily given i n  mass u n i t s ,  and the  force  appl ied  t o  a 

body i s  c a l l e d  t h e  "load." Technically,  t h i s  terminology i s  inco r rec t ,  

because t h i s  usage does not include t h e  acce le ra t ion  of t h e  body. 

Therefore, t he  app l i ca t ion  of  a force  t o  a s t a -  

This discussion will be l imi t ed  t o  a x i a l  forces  ( those  forces  

The 

a. 

b. 

C. 

d. 

e. 

36Ref erences consul ted : 

F. R. Shanley, S t rength  o f  Materials (McGraw H i l l  Book Company, Inc . ,  
New York, 1957). 

I. H. Cowdrey and R. G. Adams,  Materials Test ing (John Wiley and Sons, 
Inc . ,  New York, 1945). 

H. E. Davis, G. E. Troxel l ,  and C. T. Wiskocil, The Test ing and In- 
spect ion of Engineering Mater ia ls  (McGraw H i l l  Book Company, Inc . ,  
New York, 1941). 

R. Houwink, E l a s t i c i t y ,  P l a s t i c i t y ,  and t h e  S t ruc tu re  of Matter (Harrow 
Press ,  Washington, D. C . ,  1955).  

A. H. C o t t r e l l ,  Dis locat ions and P l a s t i c  Flow i n  Crys ta l s  (Oxford Press ,  
London, 1953). 
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a c c e l e r a t i o n  of body i s  small, however, and t h e  movement of t h e  body i s  

given i n  the  fo rce  value.  

The force-induced change i n  t h e  shape of a body is  c a l l e d  deforma- 

t i o n .  Deformation i s  t h e  r e l a t i v e  change i n  t h e  l o c a t i o n  of a s p e c i f i c  

p o i n t  on t h e  body and may be r o t a t i o n a l ,  t r a n s l a t i o n a l ,  o r  both,  depend- 

ing  on t h e  manner i n  which the  f o r c e  i s  t r ansmi t t ed  t o  t h e  body. 

with a x i a l  forces ,  t h e  deformation w i l l  be p a r a l l e l  t o  t h e  a x i s  of fo rce  

a p p l i c a t i o n  and t r a n s l a t i o n a l .  With a x i a l  fo rces ,  deformation i s  a change 

i n  t h e  length  of t h e  body p a r a l l e l  t o  t h e  a x i s  of f o r c e  app l i ca t ion .  

However, 

It j.s evident  from t h e  above d iscuss ion  t h a t  a r e l a t i o n s h i p  ex is t s  

between fo rce  and deformation; t h e  g r e a t e r  t h e  fo rce  t h e  l a r g e r  t h e  defor- 

mation. 

w i l l  cause a b r i - t t l e  body t o  break. 

of a given m a t e r i a l  o r  t o  cause t h e  degree of  d i s t o r t i o n  t h a t  i s  regarded 

as t h e  e f f e c t i v e  f a i l u r e  of t h e  material, c a l l e d  t h e  compressive s t r eng th ,  

i s  an important c h a r a c t e r i s t i c  of t h a t  ma te r i a l .  

The a p p l i c a t i o n  of a s u f f i c i e n t l y  l a r g e  fo rce  t o  a s o l i d  body 

The fo rce  necessary t o  break a body 

The r e l a t i o n s h i p  between force  and deformation may be expressed math- 

emat ica l ly  and i s  given by t h e  fol lowing formula: 

$ = f ( P )  (1) 

where 

6 = deformation, 

P = f o r c e ,  

f (  ) = func t ion  of ( ) .  

The r e l a t i o n s h i p  between force  and deformation i s  usua l ly  q u i t e  

complicated, and t h e  s o l u t i o n  of equat ion (1) becomes d i f f i c u l t .  It is  

. 



desirable, therefore, to determine the relationship experimentally. This 

is done by applying known forces of increasing magnitude and measuring 

the resulting deformation, This data may then be presented in graphical 

form, and the behavior of a given material of given size is known. 

The usefulness of force-deformtion relationships is limited, as it 

would entail the indi.vidua1 measurement of every material and shape of 

material studied. It is, therefore, desirable to normalize the force-de- 

formation curve so as to have a relationship which can be applied to a 

member of any length and cross-sectional area. 

by the cross-sectional area (stress) and the total deformation by the length 

of the member deformed (strain) normalizes the force-deformation curve to 

a stress-strain curve. 

Dividing the total force 

Stress and strain are defined mathematically by the following for- 

mulae : 

For axial stress assuming uniform stress over the cross-sectional 

area, 

P c J = -  
A 

where 

cr = stress, 

P = total force, 

A = cross-sectional area taken normal to the line of force 
app 1 i c a t ion. 

For axial strain measured along the axis of force transmission, 

a E = -  

LO 
( 3 )  
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where 

E = s t r a i n ,  

R = t o t a l  change i n  length  of t h e  re ference  length ,  

L = o r i g i n a l  re ference  length*. 
0 

A t y p i c a l  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  shown g raph ica l ly  i n  Fig.  2. 

For most ma te r i a l s  t h e  s t r e s s - s t r a i n  curve may be convenient ly  d iv ided  

i n t o  two sec t ions .  These are:  

A. The Linear ( e l a s t i c )  Po r t ion  of t h e  Curve ( A  - R) 

The l i n e a r  p o r t i o n  of  t he  s t r e s s - s t r a i n  curve, A - B, i s  a t t r i b u t e d  

t o  t h e  e l a s t i c  a c t i o n  of t h e  material. By e l a s t i c  a c t i o n  we mean t h a t  

t he re  i s  no permanent deformation ( s t r a i n )  upon complete removal of  t h e  

fo rce  (stress).  Davis37 def ines  e l a s t i c i t y  "as  t h a t  p rope r ty  of a mate- 

r i a l  by v i r t u e  o f  which deformations caused by s t r e s s  disappear  upon re- 

moval of t h e  stress." E l a s t i c  a c t i o n  is, the re fo re ,  r e v e r s i b l e .  

E l a s t i c  a c t i o n  involves a change i n  t h e  d i s t ance  between c o n s t i t u e n t  

atoms o r  molecules of t he  ma te r i a l .  The mechanical s t a b i l i t y  of s o l i d s  

i s  due t o  cohesive forces  which e x i s t  between atoms and molecules. How- 

ever,  t h e  t o t a l  fo rce  which e x i s t s  between two atoms must be thought of as 

the  r e s u l t a n t  of a t t r a c t i v e  and r epu l s ive  fo rces ;  a t t r a c t i v e  fo rces  cause 

the  atoms t o  cohere t o  one another ,  while r epu l s ive  fo rces  prevent  t h e  

*The change i n  l eng th  is  o f t e n  measured between two p o i n t s  of r e f -  
erence r a t h e r  than  over t h e  e n t i r e  l eng th  of t h e  specimen, 
of s'crain j u s t i f i e s  t h i s  method of measurement. 

The d e f i n i t i o n  

"H. E. Davis e t  a l . ,  op. Lt., p. 2 3 .  -- - 
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atoms from coming completely toge ther .  I n  an undis turbed condi t ion the  

a t t r a c t i v e  and r epu l s ive  fo rces  a r e  balanced. The app l i ca t ion  of an ex- 

t e r n a l  fo rce  upsets  t he  equi l ibr ium of forces ,  and the  atoms move s l i g h t l y  

t o  e s t a b l i s h  a new balance between a t t r a c t i v e ,  repuls ive ,  and e x t e r n a l  

forces .  

separa ted)  w i l l  d i s t u r b  the  new balance of fo rces ,  and t h e  atoms w i l l  re-  

t u r n  t o  t h e i r  o r i g i n a l  pos i t i ons ;  thus e l a s t i c  a c t i o n  is r e v e r s i b l e ,  

Removal of t h e  e x t e r n a l  force  (before  t h e  atoms a r e  completely 

The a b i l i t y  of a ma te r i a l  t o  completely recover from force-induced 

changes i n  shape is a des i r ab le  phys i ca l  c h a r a c t e r i s t i c ,  and the  s t r e s s  a 

ma te r i a l  w i l l  support  and s t i l l  remain e l a s t i c  i s  of importance i n  de te r -  

mining t h e  s t a b i l i t y  of a s t r u c t u r e ,  The p r e c i s e  determinat ion of  t he  

s t r e s s  a t  which a ma te r i a l  ceases t o  be e l a s t i c  i s  tedious and time con- 

suming. It i s  des i r ab le ,  t he re fo re ,  t o  have a quick, easy method which 

c l o s e l y  approximates t h i a  value.  Two such methods have been developed: 

(1) Yield Strength.--  The y i e l d  s t r e n g t h  is t h e  maximum s t r e s s  which 

can be appl ied  t o  a ma te r i a l  before  the  ma te r i a l  ceases t o  be e l a s t i c .  A s  

a l r eady  mentioned, it is  d i f f i c u l t  t o  ob ta in  the  t r u e  value of s t r e s s  a t  

which i n e l a s t i c  a c t i o n  begins.  The y i e l d  s t r e n g t h  is, therefore ,  def ined 

by some s p e c i f i e d  degree of i n e l a s t i c  s t r a i n  above which t h e  material may 

be considered damaged and below which t h e  damage may be considered neg l ig i -  

b l e .  The most commonly used y i e l d  s t r e n g t h  is determined by passing a l i n e  

p a r a l l e l  t o  t h e  e l a s t i c  p a r t  of t he  curve through a s t r a i n  of 0.2 p e r  cent  

38 

38E. E. Davis -- e t  a l . ,  - og. G., p. 26. 



.. 
18 

of t h e  re ference  length.  The p o i n t  of i n t e r s e c t i o n  of t h e  l i n e  and t h e  

s t r e s s - s t r a i n  curve i s  taken as t h e  y i e l d  s t r e n g t h  and i s  c a l l e d  t h e  0 .2  

p e r  cent  o f f s e t  y i e l d  s t r eng th .  

( 2 )  E l a s t i c  L i m i t . - -  The e l a s t i c  l i m i t  i s  the  g r e a t e s t  stress a mate- - 
r i a l  i s  capable of developing withcut  a permanent s t r a i n  remaining a f t e r  

com2letc removal of t he  s t r e s s .  39 The determinat ion of t h e  e l a s t i c  l i m i t  

wi th in  t h i s  d e f i n i t i o n  would r equ i r e  successive a p p l i c a t i o n  and r e l e a s e  

of g r e a t e r  and g r e a t e r  loads u n t i l  a load  was found a t  which a permanent 

s t r a i n  was  observed. This i s  not  p r a c t i c a l  from a ma te r i a l s  t e s t i n g  view- 

po in t .  Consequently, an apparent  e l a s t i c  l i m i t  i s  used and def ined  as 40 

t h a t  s t r e s s  a t  which the  ra te  of deformation i s  50 p e r  cen t  g r e a t e r  than 

the  i - n i t i a l  r a t e  of deformation. 
- 

I n  Fig.  2, t h e  i n i t i a l  r a t e  of deformation i s  - FB . 
AF Therefore,  when 

-- 
BB' = 0 . 5  E, the  s lope  of 5' represents  a r a t e  of deformation 50 p e r  cen t  

g r e a t e r  than  t h e  i n i t i a l  r a t e ,  AB. The l i n e  A"B" i s  then  drawn p a r a l l e l  
- 

t o  and tangent  t o  the  s t r e s s - s t r a i n  curve. The  p o i n t  of  tangency l o -  

ca t e s  t he  apparent e l a s t i c  l i m i t .  

.4lthough t h e  y i e l d  s t r e n g t h  and e l a s t i c  l i m i t  a r e  valuable  i n  de te r -  

mining the  s t r e s s  a ma te r i a l  w i l l  support  and remain e l a s t i c ,  n e i t h e r  o f f e r s  

any ind ica t ion  of t h e  s t r a i n  increase  with increas ing  s t r e s s .  

given by the  s lope  of t h e  l i n e a r  p a r t  of t h e  curve, -- AF , is  knc;wn as t h e  

modulus of e l a s t i c i t y ,  and is  a measure of t h e  s t i f f n e s s  of  t h e  material. 

This proper ty ,  
-- 
- 
FB 

I. H. Cowdrey and R. G .  Adams, op. s., p.  13. - 

4 0 ~ b i d .  , p.  14. 
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B. The Nonlinear ( i n e l a s t i c )  Po r t ion  of t h e  Curve ( B  - D) 

The nonl inear  p o r t i o n  of t h e  s t r e s s - s t r a i n  curve, B - D, i s  a t t r i b -  

41 u ted  t o  t h e  p l a s t i c  a c t i o n  of t h e  ma te r i a l .  P l a s t i c i t y  i s  def ined  as 

t h a t  p rope r ty  of  a ma te r i a l  by v i r t u e  of which it can undergo permanent 

deformation without breaking,  Therefore, un l ike  e l a s t i c  ac t ion ,  p l a s t i c  

a c t i o n  is  not  r e v e r s i b l e ,  and complete removal of t h e  app l i ed  fo rce  w i l l  

not  cause a r e t u r n  t o  zero de f l ec t ion .  

P l a s t i c  s t r a i n  involves a change of p o s i t i o n  of atoms of molecules 

with n e g l i g i b l e  change of atomic spacing. Crys t a l s  deform p l a s t i c a l l y  by 

means of t r a n s l a t i o n a l  g l i d e  i n  which one p a r t  of t h e  c r y s t a l  s l i d e s ,  a s  

a u n i t ,  ac ross  a neighboring p a r t .  This movement i s  known as s l i p ,  and 

t h e  planes of movement a r e  known a s  s l i p  planes or s l i p  su r faces .  Most 

atoms do not  move r e l a t i v e  t o  t h e i r  neighbors;  only on an occasional  s l i p  

p lane  i s  t h e r e  any movement, and t h e  c r y s t a l s  l y i n g  between these  s l i p  

planes remain p r a c t i c a l l y  undeformed. 

The theory  of p l a s t i c i t y  i s  not  a s  s t r a igh t fo rward  nor a s  w e l l  devel- 

oped as t h a t  of e l a s t i c i t y .  The main p o i n t  of i n t e r e s t  f o r  our  purposes 

i s  t h a t  s l i p  s tar ts  from s t r u c t u r a l  i r r e g u l a r i t i e s  o r  d i s l o c a t i o n s  i n  t h e  

c r y s t a l .  Assuming t h a t  r a d i a t i o n  increases  t h e  modulus of e l a s t i c i t y  of 

rock s a l t  by pinning d i s loca t ions ,  then  p l a s t i c  a c t i o n  is  respons ib le  f o r  

an apprec iab le  p a r t  of t h e  s t r a i n  a t  l ow values  of stress. The f a c t  t h a t  

t h e  s t r e s s - s t r a i n  curve devia tes  gradual ly  from a s t r a i g h t  l i n e  f u r t h e r  

s u b s t a n t i a t e s  t h i s  proposal .  

"€I. E. Davis e t  a1 op. e., p. 26. - - * '  - 



IV. CREEP 

The stress-strain r e l a t i o n s h i p  and t h e  p r o p e r t i e s  der ived from t h i s  

curve are considered t o  be time independent and, t he re fo re ,  o f f e r  no ind i -  

c a t i o n  of t he  s t r a i n  t o  be expected from applying a constant  force  t o  a 

body f o r  a pe r iod  of time. The cont inua l  increase  i n  s t r a i n  with t i m e  

under cons tan t  stress is  known as creep. 

Creep r e s u l t s  from e l a s t i c  s t r a i n s  imposed i n  the  body. Consider 

t h e  case where a s t a t i c  fo rce  is  allowed t o  remain on t h e  body f o r  a r e l a -  

t i v e l y  long pe r iod  of t ime. The intermolecular  fo rce  f i e l d  w i l l  be d i s -  

turbed, and t h e  system w i l l  absorb a quan t i ty  o f  p o t e n t i a l  energy which 

w i l l  g ive r i s e  t o  i n t e r n a l  fo rces  t o  balance the  e x t e r n a l  forces .  Although 

the  in te ra tomic  forces  a r e  balanced and t h e  atoms are i n  equilibrium, t h e  

atoms a r e  not  s t a t i o n a r y ;  t he  atoms i n  a c r y s t a l  a r e  i n  continuous motion 

a s  a r e s u l t  of thermal a g i t a t i o n .  A s  soon a s  t h e  impulse due t o  thermal 

a g i t a t i o n  is  of t h e  same energy as t h a t  with which the  intermolecular  fo rce  

f i e l d  has been d is turbed ,  t h e  atoms may be forced  back i n t o  t h e i r  p o s i t i o n s  

with smal le r  energy content .  I n  t h i s  way i n t e r n a l  tens ions  disappear,  and 

a cont inua l  decrease i n  force  w i l l  be necessary t o  keep t h e  c r y s t a l  i n  a 

deformed s ta te .  T h i s  mechanism of reducing i n t e r n a l  s t r a i n  by thermal 

a g i t a t i o n  i s  c a l l e d  re laxa t ion .  

If, however, t h e  e x t e r n a l  fo rce  i s  constant ,  an increase  i n  l eng th  

w i l l  occur u n t i l  i n t e r n a l  and e x t e r n a l  fo rces  a r e  balanced, and equi l ibr ium 

21 
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r e s to red .  If r e l a x a t i o n  cont inues,  t h i s  process  w i l l  be repeated,  and a 

s t a t e  of flow w i l l  be reached, This flow is known as creep. 

The importance o f  creep i n  a c t u a l  p r a c t i c e  where s t r u c t u r a l  compo- 

nents a r e  subjec ted  t o  constant  fo rces  f o r  extended per iods  of t i m e  i s  

evident .  The fo rce  appl ied  t o  a member must be below t h a t  a t  which appre- 

c i a b l e  creep occurs.  Fortunately,  a t  moderate loads creep is  n e g l i g i b l e  

f o r  most s t r u c t u r a l  ma te r i a l s .  



V. TEST SPECIMENS 

I 
I .  

A. General 

Values of phys i ca l  p rope r t i e s  a r e  inf luenced by experimental  proce- 

dures,  42’43 and the  choice of specimen s i z e  and shape, prepara t ion  of 

specimens, and t e s t i n g  procedure a r e  of importance. 

t a ined  i n  d i f f e r e n t  l abora to r i e s  might be compatible, t he  American Socie ty  

f o r  Test ing Mater ia ls  has e s t ab l i shed  s tandard  procedures f o r  commonly 

t e s t e d  mater ia l s .  

So t h a t  r e s u l t s  ob- 

However, no s tandard  t e s t i n g  procedure has been e s t ab l i shed  f o r  rock 

s a l t .  

menters who have worked with rock sa l t .  A s tudy was made of t he  procedures 

for mate r i a l s  which behave s i m i l a r  t o  rock sa l t ,  and t h e  more p e r t i n e n t  

provis ions appl ied  t o  the  t e s t i n g  of s a l t .  

A l i t e r a t u r e  search  showed t h a t  no t r e n d  has been followed by experi-  

S a l t  has a compressive s t r e n g t h  comparable t o  t h a t  of concrete,  and 

44 i n  many ways rock s a l t  behaves as a good concrete.  

for concrete  were s tud ied  c a r e f u l l y ,  

cedures of n a t u r a l  bu i ld ing  s tone  were inves t iga t ed  t o  determine the  t e s t i n g  

The t e s t i n g  procedures 

S a l t  i s  b r i t t l e ,  and t h e  t e s t i n g  pro- 

42H. E. Davis e t  a l . ,  op, __ c i t . ,  pp. 75-103. 

431. H. Cowdrey and R.  G. A d a ,  - -  op. c i t . ,  pp. 31-34. 

44F. L. Parker e t  a l . ,  op. G., p. 41. 

-- - 

-- - 

. 
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of b r i t t l e  ma te r i a l s  as were t h e  t e s t i n g  procedures f o r  wood, a more p l a s -  

t i c  mater ia l .  

B. Specimen Size  and Procurement 

During the  inves t iga t ion  of  s tandard  t e s t i n g  procedures,  it became 

apparent t h a t  t h e  s i z e  of t h e  specimen would inf luence  the  r e s u l t s .  A l -  

though rock s a l t  has no s tandard  t e s t  specimen s i z e ,  Stamatiulc5 s t u d i e d  

t h e  e f f e c t  of specimen s i z e  on the  compressive s t r e n g t h  of rock s a l t  by 

i n v e s t i g a t i n g  cubes of 5, 10, 15, and 20 cent imeters .  These r e s u l t s  were 

not  s t a t i s t i c a l l y  analyzed, and a computation of t h e  s tandard  dev ia t ion  of 

t h e  d i f f e rence  showed the  v a r i a t i o n s  a t t r i b u t e d  t o  s i z e  t o  be wi th in  t h e  

l i m i t s  expected s t a t i s t i c a l l y .  Therefore a cubic specimen i n  t h i s  s i z e  

range would be s a t  i s  f ac to ry .  

Two-inch cubes were used for t e s t  specimens. This w a s  thought l a r g e  

enough t o  give meaningful r e s u l t s  and small enough t o  a l low e f f i c i e n t  use 

of t h e  i r r a d i a t i o n  chamber (one cubic f o o t ) .  A l l  dome specimens were taken 

from a l a r g e  hand-dr i l led  block of s a l t  from t h e  Morton S a l t  Company's mine 

a t  Grand Sa l ine ,  Texas. Bedded specimens were taken from a hand-d r i l l ed  

block of s a l t  from t h e  Carey S a l t  Company's mine a t  Hutchinson, Kansas. 

The p u r i t y  of t h e  dome sa l t  w a s  given a s  99.026 p e r  cen t  N a C 1 ,  and t h e  pu- 

r i t y  of t h e  bedded s a l t  was given as 96.970 p e r  cent  N a C 1 .  

45M. Stamatiu, op. c i t . ,  p. 513. - -  

. 
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C. Specimen Preparation 

Compression tests require the application of a uniform force. Any 

departure of the surfaces to which the force is applied from planeness 

and parallelism will cause eccentric loading, and values obtained under 

eccentric conditions are not true measures of strength, Specimens were 

machined so that eccentric loading conditions would be kept at a minimum. 

D. End Friction 

Friction between the machine and the end surfaces of the specimen due 

to the lateral expansion of the specimen can give anomalous results in com- 

pression tests. The ASTM offers no solution to this problem, 

46 Serata developed an end friction reducer, consisting of alternate 

layers of aluminum foil and vaseline, for compression specimens. Efforts 

to apply this technique in this experiment were unsuccessful. Specimens 

with the friction reducer were observed to slide under force application, 

Sliding, of course, resulted in eccentric loading. Furthermore, it is dif- 

ficult to determine a value of zero deformation when using the friction 

reducer. The application of force to the specimen not only deforms the 

specimen, but also compresses the vaseline. This gives a false impression 

of total strain, and it is difficult to determine the point at which the 

deformation of the specimen begins. The end friction reducer was not used 

in this experiment. 

46S. Serata and E. Gloyna, Technical Report to the Atomic Energy Com- 
mission, AEC Contract AT (11-1) - 490, University of Texas, Jan. 1, 1959, 
p. 150. 



V I .  IRRADIATION FACILITY AND DOSE MEASUREMENT 

The machined specimens were i r r a d i a t e d  i n  t h e  Co60 s to rage  f a c i l i t y  

of  t he  Isotope Production Division a t  Oak Ridge Nat ional  Labcratory. This 

f a c i l i t y  w a s  cons t ruc ted  p r imar i ly  f o r  t h e  s to rage  of Co60 t o  be sold t o  

users  ou ts ide  the  Laboratory, and t h e  amount of coba l t  p re sen t  v a r i e s  as 

shipments a r e  made. However, i n  a n t i c i p a t i o n  of t h e  need f o r  a h igh - l eve l  

r a d i a t i o n  f i e l d ,  t he  coba l t  i s  s t o r e d  i n  such a way t h a t  an i r r a d i a t i o n  

chamber 1 cubic foo t  i n  s i z e  can be r a i s e d  and lowered independently of 

the  cobal t .  

known as t h e  coba l t  garden, is shown i n  F ig .  3. 

A cutaway schematic drawing of  t h e  Co60 s to rage  f a c i l i t y ,  

60 Approximately 200,000 cu r i e s  of Co a r e  s t o r e d  i n  the  garden, and 

6 t he  gamma f i e l d  a t  t h e  t i m e  of i r r a d i a t i o n  w a s  3.2 x 10 roentgens p e r  

hour. The temperature in s ide  the  chamber i s  near  70 C .  0 

Cobalt-60 e x i s t s  i n  an isomeric s t a t e .  The h a l f  l i v e s  of t h e  iso-  

mers a r e  10 .5  minutes and 5 .3  years .  Because of i t s  s h o r t  half  l i f e ,  t h e  

10.5-minute isomer cont r ibu tes  very l i t t l e  t o  the  dose received by a spec i -  

men i r r a d i a t e d  i n  the  cobal t  garden. The 5.3-year isomer emits one b e t a  

p a r t i c l e  of 0.31 MeV energy and two gamma rays of 1.33 MeV and 1.17 Mev 

ene rgy . 
A c e r i c  s u l f a t e  chemical dosimeter i s  used f o r  dose determinat ion.  

+4 +++ Radiat ion reduces t h e  c e r i c  ions (Ce ) t o  cerous ions (Ce ) .  The y i e l d  

26 
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of  cerous ions is independent of t h e  concent ra t ion  of c e r i c  ions from 

3.2 x molar t o  approximately molar, energy independent from 

approximately 100 kV x-rays t o  2 MeV gamma rays ,  and independent of t h e  

dose r a t e  from one-half  roentgen p e r  second t o  g r e a t e r  than  500 roentgens 

p e r  second. 47 

I n  c a l i b r a t i n g  t h e  coba l t  garden a s tandard ized  c e r i c  i on  s o l u t i o n  

is  p laced  i n  t h e  garden f o r  a known pe r iod  of t i m e .  

s o l u t i o n  is  t i t r a t e d  with a s tandard ized  oxid iz ing  s o l u t i o n  which oxid izes  

t h e  cerous ions formed during i r r a d i a t i o n  t o  c e r i c  ions .  The amount of 

ox id iz ing  agent  needed f o r  t h e  oxida t ion  r e a c t i o n  is  a measure of t h e  num- 

b e r  of cerous ions formed. This value may be converted t o  dose by the  G- 

f a c t o r ,  which i s  t h e  number of c e r i c  ions reduced p e r  100 e.v.  of energy 

absorbed. 

p e r  100 e.v. 

number of e l e c t r o n  v o l t s  absorbed may be ca l cu la t ed .  This may e a s l l y  be 

converted t o  ergs,  and by assuming 93 ergs p e r  roentgen i n  the  so lu t ion ,  

t h e  t o t a l  number of roentgens may be computed. The exposure dose ra te  i s  

obtained by d iv id ing  t h e  t o t a l  number of roentgens by t h e  exposure t i m e .  

(Because of t h e  d i f f i c u l t y  i n  convert ing e rgs  of absorbed dose i n  t h e  

s o l u t i o n  t o  e rgs  of absorbed dose i n  a specimen, t h e  exposure dose i n  

Af t e r  removal, t h e  

The G-factor has been determined experimental ly  a s  2.34 ions  

Since t h e  t o t a l  number of ions  reduced is  known, t h e  t o t a l  48 

49 

roentgens is used . )  

47J. Weiss, Nucleonics, 10( 7), 28 (1952). 
48 

49J. Weiss, - op. G., p. 29. 

Isotope Division, ORNL, p r i v a t e  communication. 



V I I .  TESTING APPARATUS 

Three sepa ra t e  t e s t  systems a r e  necessary t o  determine t h e  s t r e s s -  

s t r a i n  r e l a t i o n s h i p  and creep ra te  of rock s a l t .  These a r e :  

A. Force Applicat ion 

A 120,000-pound capac i ty  Baldwin-Tate-Emery Universal  Tes t ing  Machine, 

shown a t  t h e  l e f t  i n  Fig.  4, was used f o r  fo rce  app l i ca t ion .  

contains  a hydraul ic  capsule ,  connected through a pumping s t a t i o n  t o  a 

r e s e r v o i r  of f l u i d ,  beneath a p i s t o n  (which can be seen i n  Fig.  4) which 

is  f r e e  t o  move i n  t h e  v e r t i c a l  d i r e c t i o n .  

This machine 

The hydraul ic  capsule is not  v i s i b l e  i n  Fig.  4, but  t h e  c y l i n d r i c a l  

frame containing the  p i s t o n  is  v i s i b l e .  The upward movement of t he  p i s t o n  

r a i s e s  t h e  f l a t  su r face  immediately above t h e  p i s ton ,  t h e  two unthreaded 

columns, and t h e  crosshead supported by these  columns. The two threaded 

columns are supported by t h e  frame of t h e  machine and are s t a t i o n a r y .  The 

lower crosshead may be r a i s e d  or lowered t o  p o s i t i o n  specimens, bu t  is s t a -  

t i o n a r y  during fo rce  app l i ca t ion .  Compression specimens a r e  placed between 

the  lower crosshead and t h e  top  of p i s ton ,  and t e n s i l e  specimens are p laced  

between the  two crossheads.  

Spec ia l  equipment i s  requi red  t o  hold specimens i n  pos i t i on .  The 

compression " r i g "  used f o r  t h e  experiments a t  room temperature i s  shown i n  
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Fig .  5 with a specimen i n  p o s i t i o n  f o r  fo rce  app l i ca t ion .  A d i f f e r e n t  

compression r i g  was  used f o r  work a t  e l eva ted  temperature,  s o  t h a t  t h e  

specimen could be surrounded by a hea t  source.  

ment used f o r  work a t  200 C is shown i n  Fig.  6. I n  t h i s  case one metal  

block extends up from t h e  top of t h e  p i s ton ,  and another  down from t h e  

lower crosshead. 

shown i n  the  l e f t  i n  Fig.  6,  i s  p laced  i n  p o s i t i o n  s o  t h a t  it surrounds 

t h e  specimen. When assembled, t h i s  equipment provides  a source of h e a t  i n  

such a way t h a t  t he  fo rce  app l i ed  t o  t h e  s a l t  i s  uninfluenced by t h e  presence 

of t he  oven. 

The disassembled equip- 

0 

The specimen is p laced  on t h e  lower block, and t h e  oven, 

The oven was e l e c t r i c a l l y  heated and cont ro l led .  I n  order  t o  de te r -  

mine t h e  temperature grad ien t  across  a specimen, ho les  were d r i l l e d  i n  a 

specimen and thermocouples i n s e r t e d  i n t o  t h e  holes .  The thermocouple read- 

ings (on a Brown recorder )  were observed t o  d e t e c t  temperature v a r i a t i o n s  

across  t h e  specimen. The temperature across  t h e  c o n t r o l  was cons tan t  t o  

p lus  o r  minus 5 C.  This v a r i a t i o n  is  probably due i n  p a r t  t o  varying crys-  

t a l  s i z e  and p u r i t y  across  t h e  specimen. 

0 

B. Force Measurement 

The fo rce  measuring system i s  a l s o  a hydraul ic  device. The main com- 

ponent i s  a "Bourdon tube,"  which i s  a c losed  end, curved metal  tube,  con- 

nected t o  t h e  capsule i n  t h e  fo rce  applying machine. This tube conta ins  

hydraul ic  f l u i d  and tends t o  s t r a i g h t e n  a s  t h e  p re s su re  on t h e  f l u i d  i s  

increased.  Therefore,  as the  p re s su re  i n  t h e  capsule  increases ,  it a l s o  

increases  i n  the  tube.  By mechanically magnifying the  movement of t he  end 



Figure 5 .  Room Temperature Compression R i g .  
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of t h e  tube,  a p o i n t e r  can be r o t a t e d  over a s c a l e  c a l i b r a t e d  t o  read 

t h e  magnitude of t he  force .  Furthermore, t he  fo rce - ind ica t ing  device 

may be arranged t o  ac tua t e  a s t y l u s ,  and, t he re fo re ,  record the  force .  

The combination force-applying, force-measuring device i s  remarka- 

b l y  accura te  and is  guaranteed by the  manufacturer t o  be wi th in  1 per  cent  

of t h e  appl ied  force .  The p a r t i c u l a r  apparatus used i n  t h i s  experiment 

was  c o r r e c t  t o  wi th in  1/4 of 1 p e r  cent  of t he  appl ied  force .  50 

C .  Deformation Measurement 

Deformation was measured by a Bell-Crank-Anvil extensometer. This 

instrument,  shown i n  the  foreground of Fig.  5, measures the  movement of 

t h e  p i s t o n  and not  t h e  d i r e c t  deformation of the  sa l t .  This gives a be t -  

t e r  measurement of t he  t o t a l  deformation than could be obtained by connect- 

ing  a deformation measuring instrument d i r e c t l y  t o  t h e  specimen, because 

the  deformation of t h e  s a l t  is not  uniform over t h e  c ross -sec t ion  of t h e  

spec imen . 
Two miniature  transformers a r e  the  major components of the  Bell-Crank- 

Anvil extensometer. One t ransformer is  loca ted  i n  t h e  extensometer and t h e  

o ther  i n  t h e  recording device.  When the  extensometer is not i n  operat ion,  

t he  outputs of t h e  two t ransformers  are balanced. A s  t h e  specimen i s  de- 

formed a l e v e r  on the  extensometer d i sp laces  one of t h e  t ransformers .  This 

movement causes a change i n  t h e  output of t he  t ransformer,  and upsets  t h e  

50Calibrat ion data ,  Mechanical Tes t ing  Laboratory, ORNL. 

1 



balance between the  two t ransformers .  

and dr ives  a servo  motor. The motor r o t a t e s  a drum and a t  the  same t i m e  

moves t h e  second t ransformer t o  a p o s i t i o n  where the  balance is  re-estab-  

l i shed .  A s  t h e  specimen continues t o  deform, t h i s  process  i s  repeated.  

Although t h i s  i s  a s tep-by-step process ,  t h e  r o t a t i o n  of t h e  drum is essen- 

t i a l l y  continuous and o f f e r s  a record  of t h e  deformation. 

The unbalanced s i g n a l  i s  amplif ied 

By having t h e  force-ac tua ted  s t y l u s  move on the  r o t a t i n g  drum, a 

t o t a l  f o r c e  versus  t o t a l  deformation curve i s  obtained. This curve may 

then be reduced t o  a s t r e s s . . s t r a i n  diagram. 

The equipment discussed above w a s  a l s o  used f o r  creep measurement. 

A cons tan t  force  w a s  appl ied,  and the  deformation w a s  read  from t h e  r o t a t -  

ing  drum a t  r egu la r  time i n t e r v a l s .  The s t r a i n  as a func t ion  of t i m e  w a s  

then p l o t t e d  from t h i s  data .  



V I I I .  EXPERIMENTAL RESULTS 

A. In t roduct ion  

Deformation-force curves were obtained f o r  t h r e e  samples each of 

dome sa l t ,  bedded s a l t  where the  force  was app l i ed  perpendicular  t o  t h e  

planes of s t r a t i f i c a t i o n ,  and bedded s a l t  where the  fo rce  w a s  appl ied 

6 
p a r a l l e l  t o  t he  planes of s t r a t i f i c a t i o n  a t  r a d i a t i o n  exposures of 0, 10 , 
10 , 10 , and 5 x 10 roentgens a t  room temperature.  I n  addi t ion ,  similar 7 8  8 

0 t e s t s  were run on the  same spec ies  of s a l t  a t  200 C a t  r a d i a t i o n  exposures 

of 0 and 5 x 10 roentgens.  Creep t e s t s  were run on t h e  same spec ies  of 

s a l t  a t  room temperature and a t  r a d i a t i o n  exposures of 0 and 5 x 10 

8 

8 roent-  

gens. The deformation-force curves were normalized t o  s t r e s s - s t r a i n  curves 

and t h e  compressive s t r eng th ,  y i e l d  s t r eng th ,  apparent e l a s t i c  l i m i t ,  and 

modulus of e l a s t i c i t y  and t h e i r  s tandard  devia t ions  computed. 

B. S t r e s s - S t r a i n  Relat ionship 

1. Room Temperature 

(1) Unir rad ia ted  Dome and Beaded S a l t . - -  Specimens of dome s a l t ,  

bedded s a l t  loaded p a r a l l e l  ;to t he  planes of s t r a t i f i c a t i o n ,  and bedded 

s a l t  loaded perpendicular  t o  t h e  planes of s t r a t i f i c a t i o n  were t e s t e d  t o  

e s t a b l i s h  a c o n t r o l  with which t o  compare i r r a d i a t e d  specimens. The re- 

- 

suits of these  t e s t s  a r e  shown graph ica l ly  i n  Fig.  7 and i n  t a b u l a r  form 

i n  Table 2. 
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TABLE 2 

PHYSICAL PROPERTIES OF ROCK  SALT^ 

Compressive Apparent Modulus of 
Type of Exposure Strength Yield Strength E l a s t i c  E l a s t i c i t y  

S a l t  Dose ( r )  ( P s i )  ( P s i )  L i m i t  ( p s i )  ( p s i )  x 10 6 

Bedded Pa ra l l e l*  

Bedded Perpendicular"* 

Dome 

Bedded P a r a l l e l  

b Bedded Perpendicular 

Dome 

'6 10 

"8 

'6 10 

"8 

'6 10 

"8 

10; 

log7 

10: 

5 x 10 

5 x 10 

5 x 10 

'8 

'8 

'8 

5 x 10 

5 x 10 

5 x 10 

4200 f 500 
4500 f 500 
4600 f 400 
4600 f 150 
3500 f 50 

4000 f 400 

4100 f 400 
4000 f 400 
3500 f 400 

3800 f 500 

5600 f l oo  
5100 * 200 5300 f 100 

4100 f 200 
3600 f 500 

3900 f 200 
3400 f 400 

3600 f 100 
3300 * 400 

3100 300 
3600 f 500 

A t  20' C 

2500 * 300 1900 f 300 
2500 f 150 1900 f 200 
2700 9 250 2100 f 200 
3400 f 250 2800 f 200 
2700 f 200 2000 f 300 

2300 f 300 1700 f 200 
1800 f 250 1400 f 250 
2300 f 500 1800 f 500 
2400 f 500 1900 f 300 
2400 f 300 1900 f 250 

2900 f 150 2000 f 100 
2900 * 150 2000 * 300 
3000 * 100 2100 300 
2700 f 100 1800 f 200 
2600 f 200 1900 f 50 

A t  200' C 

1600 f 200 
1900 f 250 

1400 f 1QO 
1800 f 250 

1600 f 100 1500 f 150 
2100 f 150 1800 f 100 

1900 f 150 1600 f 200 
2300 f 150 1800 f 200 

0.35 f .06 
0.32 f .06 
0.35 f .02 

0.39 f .O7 
0.36 f .09 

0.36 f .17 
0.35 f .10 
0.38 f .04 
0.38 f .06 
0.37 f .ii 

0.50 f .05 
0.51 f .12 
0.62 f .06 
0.48 f .04 
0.59 f .12 

0.09 f .oi 
0.12 f .02 

0.11 * .01 
0.13 f .oi 

0.16 f .oi 
0.14 f .01 

"Bedded P a r a l l e l  - bedded s a l t ,  fo rce  appl ied  p a r a l l e l  t o  the  planes of s t r a t i -  
f i ca t ion .  

**Bedded Perpendicular - bedded s a l t ,  fo rce  appl ied  perpendicular  t o  the  planes 
of s t r a t i f i c a t i o n .  

a All  r e s u l t s  have been rounded o f f  t o  t he  neares t  100 p s i  and the  s tandard  de- 
v i a t i o n  t o  the  neares t  50 p s i .  

'Two samples only t e s t e d .  
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The dome s a l t  has g r e a t e r  compressive and y i e l d  s t r eng ths ,  apparent  

e l a s t i c  l i m i t ,  and modulus of  e l a s t i c i t y  than the  bedded s a l t  (Table 2 ) .  

Previous experiments on syn the t i c  c r y s t a l s  have ind ica t ed  t h a t  small  amounts 

of impur i t ies  added t o  t h e  sodium chlor ide  increases  t h e  y i e l d  s t r e n g t h  of 

rock sa l t .  However, as prev ious ly  noted, r e s u l t s  obtained f o r  s y n t h e t i c  

c r y s t a l s  are not  d i r e c t l y  appl icable  t o  aggregates  of n a t u r a l  c r y s t a l s .  

It  w a s  a l s o  noted t h a t  t h e  binding energy between atoms and t h e  presence 

of l a t t i c e  imperfections determines the  s t r e n g t h  of a mater ia l .  The pres-  

ence of impur i t ies  (mostly anhydr i tes  and s h a l e )  i s  a t  least  p a r t i a l l y  

responsible  f o r  t h e  g r e a t e r  s t a t i s t i c a l  v a r i a t i o n  exh ib i t ed  by t h e  bedded 

s a l t .  The dome s a l t ,  although n e i t h e r  i s o t r o p i c  nor homogeneous, i s  much 

more uniform with r e spec t  t o  impur i t ies  than  t h e  bedded sal t .  The o r i g i n a l  

block of bedded s a l t  was i n t e r s t r a t i f i e d  with anhydr i te  and sha le  bands of 

var ious th icknesses ,  and machinging r e s u l t e d  i n  specimens of varying impu- 

r i t y  conten t .  

Uni r rad ia ted  bedded s a l t  appears t o  be s l i g h t l y  s t ronge r  when loaded 

p a r a l l e l  t o  t h e  planes of s t r a t i f i c a t i o n  than  when loaded perpendicular  t o  

the  planes of t h e  s t r a t i f i c a t i o n .  

( 2 )  I r r a d i a t e d  Bedded S a l t  Loaded P a r a l l e l  t o  t he  Planes of S t r a t i -  

f i ca t ion . - -  The e f f e c t  of r a d i a t i o n  on the  s t r e s s - s t r a i n  r e l a t i o n s h i p  of 

bedded s a l t  exposed t o  10 , 10 , 10 , and 5 x 10 roentgens and loaded par-  6 7 8  8 

a l l e l  t o  t h e  planes of s t r a t i f i c a t i o n  i s  shown g raph ica l ly  i n  Fig.  8 and i n  

t a b u l a r  form i n  Table 2. 
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It is  apparent  from Fig.  8 t h a t  t he re  i s  l i t t l e  d i f f e rence  i n  t h e  

s t r e s s - s t r a i n  curves up t o  a stress of 2000 pounds p e r  square inch, There- 

fore ,  t h e  increase  i n  t h e  modulus of e l a s t i c i t y ,  expected on the  b a s i s  of 

p o s i t i v e  ion  vacancies pinning d i s loca t ions ,  i s  not  evident .  Only a t  the  

h ighes t  dose ( 5  x 10 

t i c i t y .  I n  f a c t ,  a t  an exposure of 10 roentgens the  modulus of e l a s t i c i t y  

8 r) is  t h e r e  any increase  i n  the  modulus of e l a s -  

6 

is lower than  the  un i r r ad ia t ed  specimens. The l ack  of any apprec iab le  

change i n  t h e  modulus of e l a s t i c i t y  could be the  r e s u l t  of t he  wide var ia -  

t i ons  i n  ind iv idua l  specimens. 

8 The compressive s t r e n g t h  increases  with exposure u n t i l  t he  5 x 10 

roentgen exposure dose, where a decrease i s  observed. The y i e l d  s t r e n g t h  

and apparent e l a s t i c  l i m i t  reach a maximum a t  an exposure of 10 roentgens,  

However, when exposed t o  5 x 10 roentgens,  t he  y i e l d  s t r e n g t h  and apparent  

e l a s t i c  l i m i t ,  un l ike  the  compressive s t r eng th ,  a r e  g r e a t e r  than the  uni r -  

a 
8 

r a d i a t e d  specimens. 

(3)  I r r a d i a t e d  Bedded S a l t  Loaded Perpendicular  t o  Planes of S t r a t i -  

f i c a t i o n . - -  The e f f e c t  of r a d i a t i o n  on t h e  phys ica l  p rope r t i e s  of bedded 

s a l t  loaded perpendicular  t o  t h e  planes of s t r a t i f i c a t i o n  is  shown graphi- 

c a l l y  i n  Fig.  9 and i n  t a b u l a r  form i n  Table 2. 

These s t r e s s - s t r a i n  curves are not  appreciably d i f f e r e n t  from those 

f o r  bedded s a l t  loaded p a r a l l e l  t o  t he  planes of s t r a t i f i c a t i o n .  Again 

the re  i s  very l i t t l e  d i f f e rence  i n  t h e  curves up t o  a s t r e s s  of 2000 p s i ,  

There i s  some increase  i n  t h e  modulus of  e l a s t i c i t y  a t  exposures of 

10 and 10 roentgens.  The modulus of e l a s t i c i t y  is less f o r  an exposure 7 8 

. 
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6 of 10 roentgens than  f o r  t h e  un i r r ad ia t ed  specimens. The compressive 

s t r eng th  does not  show an increase  with dose as observed i n  Fig.  8. How- 

ever ,  t he  compressive s t r e n g t h  is  t h e  l e a s t  f o r  t he  5 x 10 roentgen expo- 

sure .  The y i e l d  s t r e n g t h  and apparent e l a s t i c  l i m i t  have t h e i r  lowest 

8 

value a t  an exposure of lo6 roentgens and a r e  p r a c t i c a l l y  constant  f o r  t h e  

higher  exposures. 

( 4 )  I r r a d i a t e d  Dome S a l t . - -  The s t r e s s - s t r a i n  r e l a t ionsh ip  was de ter -  

6 7 8  mined f o r  specimens of dome s a l t  a f t e r  exposure t o  10 , 10 , 10 , and 

8 5 x 10 roentgens.  The r e s u l t i n g  curves are shown i n  Fig.  10, and t h e  

values of phys i ca l  p rope r t i e s  determined from these  curves a r e  given i n  

Table 2. 

The s t r e s s - s t r a i n  curves f o r  dome s a l t  e x h i b i t  l i t t i e  v a r i a t i o n  up 

t o  a stress of 2500 p s i .  Although the  modulus of e l a s t i c i t y  i s  higher  f o r  

exposures of lo7 and 5 x 10 

8 l e s s  fqr an exposure of 10 roentgens.  The compressive s t r eng th  decreases 

continuously with increas ing  dose. The compressive s t r e n g t h  f o r  t he  h ighes t  

exposure i s  almost 2000 p s i  less than  f o r  t h e  un i r r ad ia t ed  specimen. The 

y i e l d  s t r e n g t h  and apparent  e l a s t i c  l i m i t  a r e  e s s e n t i a l l y  constant  f o r  expo- 

sures  of zero,  10 , and 10 

roentgens give values which are lower than  those f o r  the  un i r r ad ia t ed  

specimens. 

8 roentgens than f o r  un i r r ad ia t ed  s a l t ,  it is  

6 7 8 roentgens,  while exposures of 10' and 5 x 10 

2 .  Dome and Bedded S a l t  - 200' C 

The r i s e  i n  temperature of t h e  s a l t  ad jacent  t o  the  s torage  c a v i t i e s  

of r ad ioac t ive  wastes i n  s a l t  formations prompted an inves t iga t ion  of t h e  
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Figure 10. Compression Test of Dome Salt at Room Temperature. 
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phys ica l  p rope r t i e s  of both un i r r ad ia t ed  and i r r a d i a t e d  s a l t  a t  an e leva ted  

temperature. Because of the  time required t o  t e s t  specimens a t  an e leva ted  

temperature, only two doses were s tud ied :  zero and 5 x 10 roentgens. a 

Specimens of dome and bedded s a l t  were t e s t e d  a t  a temperature of 

Bedded specimens were t e s t e d  p a r a l l e l  and perpendicular  t o  the  200' C. 

planes of s t r a t i f i c a t i o n .  These r e s u l t s  a r e  given i n  Figs .  11, 12, and 13, 

and i n  Table 2. 

12, and 13.) 

(Note t h a t  t he  s t r a i n  s c a l e  has been changed i n  F igs .  11, 

Since the  s t r e s s - s t r a i n  r e l a t ionsh ips  f o r  t he  th ree  types of s a l t  

respond t o  temperature and r a d i a t i o n  i n  e s s e n t i a l l y  the  same manner, the  

r e s u l t s  f o r  a l l  t h ree  w i l l  be t r e a t e d  toge ther .  A s  expected, the  p l a s t i c i t y  

of s a l t  increases  qu i t e  r ap id ly  with temperature, with a maximum deformation 

of 25 p e r  cent .  The deformation of specimens t e s t e d  a t  room temperature and 

a t  200' C i s  shown i n  Fig.  14.  

The modulus of e l a s t i c i t y ,  y i e l d  s t r eng th ,  and apparent e l a s t i c  l i m i t  

0 a t  200 C a r e  much lower than a t  room temperature. The compressive s t r eng th  

appears t o  be lower than a t  room temperature. However, t he  specimens de- 

formed t o  such an ex ten t  t h a t  force  was exer ted  by the  specimens on the  

s ides  of the  oven. This i s  obviously not a t r u e  a x i a l  force,  and when the  

s ides  of t he  specimens began t o  e x e r t  a force  on the  oven, the  t e s t  was 

ha l ted .  Therefore, some of t he  specimens d id  not f a i l .  This i s  shown by 

the  f a c t  t h a t  some of t h e  s t r e s s - s t r a i n  curves do not reach a peak, bu t  

a r e  s t i l l  r i s i n g  a t  t he  maximum force  appl ied.  

The values given for t he  compressive s t r eng th  a re ,  therefore ,  a meas- 

ure of t he  maximum force  appl ied,  r a t h e r  than a t r u e  compressive s t r eng th .  
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A l l  i r r a d i a t e d  specimens d i d  f a i l ,  however, and t h e  values  of t h e  compres- 

s i v e  s t r e n g t h  of 200' C and an exposure of 5 x 10 roentgens i s  comparable 

t o  those of s a l t  t e s t e d  s i m i l a r l y  a t  room temperature.  

8 

For a l l  t h r e e  types of s a l t  t h e  s t r e s s - s t r a i n  response f o r  an expo- 

8 su re  of 5 x 10 roentgens r i s e s  much f a s t e r  i n i t i a l l y  and fa l l s  o f f  more 

r ap id ly  than  t h e  response of u n i r r a d i a t e d  specimens. Therefore,  t h e  modu- 

l u s  of e l a s t i c i t y ,  y i e l d  s t r eng th ,  and apparent  e l a s t i c  l i m i t  a r e  increased.  

C .  Creep Tests  

I n  add i t ion  t o  t h e  s t a t i c  t e s t s ,  t h e  creep r a t e  r e s u l t i n g  from t h e  

a p p l i c a t i o n  of  a cons tan t  fo rce  of 2500 pounds p e r  square inch f o r  100 

minutes w a s  m e  as  ure  d. 

1. Unir rad ia ted  Bedded and Dome S a l t  

The creep rates of un i r r ad ia t ed  dome and bedded s a l t  are shown i n  

Fig.  15. A f t e r  an i n i t i a l  r i s e ,  due mostly t o  e l a s t i c  compression, t h e  

s t r a i n  increases  very slowly with t i m e .  A s  i n  t h e  s t r e s s - s t r a i n  t e s t s  t h e  

dome s a l t  i s  s t ronges t  ( l e a s t  creep under the  same load  condi t ions)  and ex- 

h i b i t s  t h e  l e a s t  v a r i a t i o n  i n  r e s u l t s .  The bedded s a l t ,  loaded p a r a l l e l  t o  

t h e  planes of s t r a t i f i c a t i o n ,  i s  again s t ronge r  than  when loaded perpendicu- 

l a r  t o  the  planes of s t r a t i f i c a t i o n .  . 
2. Creep of I r r a d i a t e d  S a l t  

The e f f e c t  of r a d i a t i o n  on t h e  rate of creep w a s  s tud ied  by t e s t i n g  

specimens exposed t o  5 x 10 roentgens and comparing t h e  r e s u l t s  with t h e  

creep ra te  of u n i r r a d i a t e d  sa l t .  

a 
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(1) Bedded S a l t  Loaded P a r a l l e l  t o  t he  Planes of S t r a t i f i c a t i o n . - -  

8 
The creep r a t e  a f  bedded s a l t  exposed t o  5 x 10 roentgens and loaded par-  

a l l e l  t o  t he  planes of  s t r a t i f i c a t i o n  is  compared with the  creep r a t e  of 

un i r r ad ia t ed  s a l t  i n  Fig.  16. Very l i t t l e  d i f f e rence  can be seen between 

the  two creep r a t e s .  Only l i t t l e  over a thousandth of an inch/inch s t r a i n  

separa tes  t he  curves.  The un i r r ad ia t ed  s a l t  a c t u a l l y  shows l e s s  s t r a i n  

than the  i r r a d i a t e d .  I f  t he  modulus of e l a s t i c i t y  were increased,  t he  

i r r a d i a t e d  s a l t  should s t r a i n  l e s s .  However, two of the  i r r a d i a t e d  spec i -  

mens developed cracks during the  t e s t ,  r e s u l t i n g  i n  a wide v a r i a t i o n  i n  

r e s u l t s  and probably causing the  g r e a t e r  s t r a i n .  

( 2 )  Bedded S a l t  Loaded Pemendicular  t o  the  Planes of S t r a t i f i c a -  

t i on . - -  The creep r a t e s  of un i r rad ia ted .  and i r r a d i a t e d  bedded s a l t  loaded 

perpendicular  t o  the  planes of s t r a t i f i c a t i o n  a r e  compared i n  Fig. 1’7. I n  

I_ 

t h i s  case,  t he  creep r a t e  of the  i r r a d i a t e d  s a l t  i s  l e s s  than t h a t  f o r  the  

un i r r ad ia t ed  specimens, i nd ica t ing  an increase  i n  t h e  modulus of e l a s t i c i t y .  

(3)  Dome S a l t . - -  Figure 18 shows the  creep r a t e  of dome s a l t  exposed 
8 t o  5 x 10 roentgens compared with the  creep r a t e  of un i r r ad ia t ed  s a l t .  

Again the  creep r a t e  of t he  i r r a d i a t e d  s a l t  i s  l e s s  than f o r  the  un i r r ad i -  

a t e d  s a l t ,  which i s  another  i nd ica t ion  of a r a d i a t i o n  induced increase  i n  

the  modulus of e l a s t i c i t y .  



53 

- UNIRRADIATED ~ 

0 5x108r 

T T .  

UNCLASSIFIED 
ORNL- LR- DWG 34952 

j 
1:; I I 

_ _  _- 
I. 

e -  

. 

' I I  

I T 

-- -- 

- 

' t  

. 

30 

25 

m 
0 20 
c 

X 
c 

c ._ 
\ 

.- c' 15 

z a 
v 

LT 
&--I 10 

5 

0 

~ ~~ I CONSTANT LOAD OF 250(  

tt 

psi 

T 
T 

1 i 

\TION 4 T T I 

I I * 
0 10 20 30 40 50 60 70 80 90 100 

TIME (min) 

Figure 16. Creep Test of Bedded S a l t  a t  Room Temperature. 



54 

3 5  

30 

25 
Yr) s 

X 
c 20 
c' 

e 
._ 
\ 

.- 
v 

1 5  a u 
t- cn 

1 0  

5 

0 

UNCLASSIFIED 
ORNL-LR-DWG 3 5 0 4 0 R  

FORCE APPLIED PERPENDICULAR TO PLANES I I 
ISTANT LOAD OF 2 5 0 0  OF STRATIFICATION. CI 

0 UNlRRADl ATED 

---- 

i d  

I 

I 
I 
r 

10 20 30 40 50 60 70 80 90 100 0 
TIME (min) 

Figure 17. Creep Test of Bedded Salt at Room Temperature. . 



55 

UNCLASSIFI€D 
ORN L-LR-DWG 3 5 2 5 5  

. 

:E 25 

CONSTANT LOAD OF 2500 psi i r  0 UNIRRADIATED -05r08r i i! 

TIME (mid  

Figure 18. Creep Test of Dome S a l t  a t  Room Temperature. 



IX. ANALYSIS OF RESULTS 

The response of aggregates of rock s a l t  c r y s t a l s  t o  r a d i a t i o n  i s  d i f -  

f i c u l t  t o  eva lua te .  Although t r ends  a r e  observed where t h e r e  appears t o  be 

a s i g n i f i c a n t  change i n  a p a r t i c u l a r  phys i ca l  p rope r ty  a f t e r  i r r a d i a t i o n ,  

subsequent r e su l t s  o f t e n  not  only f a i l  t o  s u b s t a n t i a t e  t he  change but ,  i n  

f a c t ,  o f t e n  con t r ad ic t  such a change. However, geologica l  formations,  such 

as rock sa l t ,  a r e  n e i t h e r  i s o t r o p i c  nor  homogeneous, and specimens taken 

from geologica l  formations vary considerably.  

specimens i s  l a r g e ,  r a d i a t i o n  induced changes i n  t h e  p h y s i c a l  p r o p e r t i e s  

would n e c e s s a r i l y  have t o  be r a t h e r  l a r g e  t o  be e a s i l y  detected.  

Since t h e  v a r i a t i o n  between 

It becomes important,  therefore ,  t o  determine i f  t h e  observed changes 

a r e  r e a l .  A simple s t a t i s t i c a l  c a l c u l a t i o n  may be made which, although not  

conclusive,  i nd ica t e s  t h e  p r o b a b i l i t y  of a r e a l  d i f f e rence  e x i s t i n g  between 

the  two means. 51 The most apparent changes have been analyzed i n  t h i s  man- 

ner, and the results a r e  given below: 

A. Compressive S t rength  

8 The compressive s t r e n g t h  of rock s a l t  exposed t o  5 x 10 roentgens 

is, without exception, less than  the  compressive s t r e n g t h  of u n i r r a d i a t e d  

"P. G. Hoel, In t roduct ion  t o  Mathematical S t a t i s t i c s  (John Wiley  
and Sons, I n c . ,  New York, 1947), p. 71. 
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rock s a l t .  Ca lcu la t ions  show t h a t  i n  every case the  observed d i f f e rences  

i n  t h e  mean a r e  probably r e a l .  

Although a con t inua l  decrease i n  compressive s t r e n g t h  with increas-  

ing  dose i s  observed f o r  dome s a l t ,  no such change i s  evident f o r  bedded 

salt .  Poss ib ly  t h e r e  i s  a r e a l  change a t  a l l  doses, bu t  t he  change i s  

s m a l l  f o r  t h e  lower doses and becomes apparent only a t  t he  h ighes t  dose. 

Furthermore, s ince  dome sa l t  behaves more uniformly than  bedded s a l t ,  more 

confidence may be p laced  i n  r e s u l t s  obtained f o r  t h e  dome sal t .  I n  f a c t ,  

ana lys i s  of t h e  d i f f e rence  between the  mean compressive s t r e n g t h  of t h e  

u n i r r a d i a t e d  dome s a l t  and t h e  mean compressive s t r e n g t h  of t h e  i r r a d i a t e d  

dome sa l t  ind ica t e s  t h a t  a l l  t h e  d i f f e rences  a r e  probably r e a l .  

B. Modulus of E l a s t i c i t y  

Without exception, t h e  modulus of e l a s t i c i t y  i s  g r e a t e r  f o r  exposures 

8 of 5 x 10 roentgens than  f o r  u n i r r a d i a t e d  specimens. Furthermore, t h e  f a c t  

t h a t  t h e  creep r a t e  i s  l e s s  f o r  i r r a d i a t e d  s a l t  than  f o r  u n i r r a d i a t e d  s a l t  

i nd ica t e s  t h e  modulus of  e l a s t i c i t y  i s  increased  by r ad ia t ion .  

Analysis of  t h e  da t a  shows, however, t h a t  only fou r  of t he  s i x  cases 

i n d i c a t e  a p r o b a b i l i t y  of a r e a l  change. The r e s u l t s  for lower exposures 

a r e  even more perplexing. Not once i s  t h e r e  a con t inua l  increase  i n  t h e  

modulus of e l a s t i c i t y  with dose. 

C .  Apparent E l a s t i c  L i m i t  and Yield S t rength  

Contrasted with t h e  compressive s t r e n g t h  m d  modulus of e l a s t i c i t y  

where t h e  more probable changes were a l l  i n  t h e  same d i r e c t i o n ,  ana lys i s  
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of t h e  y i e l d  s t r e n g t h  and apparent  e l a s t i c  l i m i t s  show t h a t  t h e r e  i s  a prob- 

a b i l i t y  of an increase  with dose i n  some cases  ( a l l  t e s t s  a t  200 

crease  i n  some caszs  (bedded perpendicular  a t  10 

and no change i n  some cases  (dome a t  10 

0 C ) ,  a de- 

r ) ,  
6 8 r and dome a t  5 x 10 

6 6 
and bedded p a r a l l e l  a t  10 ) .  

. 
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X . CONCLUSIONS 

The response of  dome and bedded rock s a l t  aggregates t o  r a d i a t i o n  

and temperature was s tud ied  by determining t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  

and the  creep r a t e .  

mine t h e  compressive s t r eng th ,  modulus of e l a s t i c i t y ,  y i e l d  s t r e n g t h  (0.2% 

o f f s e t ) ,  and apparent e l a s t i c  l i m i t ,  

The s t r e s s - s t r a i n  r e l a t i o n s h i p s  were used t o  de te r -  

Uni r rad ia ted  dome sa l t  i s  s t ronge r  than  u n i r r a d i a t e d  bedded sa l t .  

The g r e a t e r  s t r e n g t h  of t h e  dome sa l t  i s  probably due t o  a more uniform 

c r y s t a l l i n e  s t r u c t u r e ,  Furthermore, t h e  dome s a l t  exhibits t h e  l eas t  va r i a -  

t i o n  i n  r e s u l t s ,  which is  a l s o  a t t r i b u t e d  t o  a l ack  of uniformity i n  t h e  

bedded sal t .  

Under both s t a t i c  and creep loading condi t ions ,  t h e  un i r r ad ia t ed  

bedded s a l t  appears t o  be s t ronge r  when loaded p a r a l l e l  t o  t h e  planes of 

s t r a t i f i c a t i o n  than  when loaded perpendicular  t o  t h e  planes of s t r a t i f i c a -  

t i on .  However, s t a t i s t i c a l  ana lys i s  shows t h e r e  i s  l i t t l e  p r o b a b i l i t y  of 

a rea l  d i f fe rence .  

A s  expected, t h e  p l a s t i c i t y  of rock s a l t  increases  q u i t e  r a p i d l y  w i t h  

temperature.  The compressive s t r eng th ,  modulus of e l a s t i c i t y ,  y i e l d  s t r e n g t h ,  

and apparent  e l a s t i c  l i m i t  a r e  less  a t  200' C than  a t  room temperature.  

Within the s t a t i s t i c a l  v a r i a t i o n  of the  experiment, r a d i a t i o n  causes 

only minor changes i n  the  phys ica l  p r c p e r t i e s  of  rock sal t .  Apparently, 

59 
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any e f f e c t  r a d i a t i o n  may have on the  phys ica l  p r o p e r t i e s  of rock s a l t  i s  

small and becomes apparent  only a t  t h e  h igher  doses. Therefore,  r a d i a t i o n  

e f f e c t s  on t h e  p h y s i c a l  p r o p e r t i e s  of rock sa l t  w i l l  no t  p r o h i b i t  t h e  dis- 

posa l  of r ad ioac t ive  wastes i n  s a l t  c a v i t i e s .  

* '  

. 



APPENDIX I 

. 

ADVANTAGES OF SALT CAVITIES 

FOR DISPOSAL OF RADIOACTIVE WASTES 

The proposed use of c a v i t i e s  i n  s a l t  formations as d i sposa l  s i t e s  

f o r  r ad ioac t ive  wastes i s  based upon the  following advantages: 

1. Widespread D i s t r i b u t i o n  of Rock S a l t  

Rock s a l t  i s  widely d i s t r i b u t e d .  For example, t h e  Sa l ina  formation 

unde r l i e s  100,000 square miles of New York, Pennsylvania, West Vi rg in ia ,  

Ohio, and Michigan; t h e  Permian formation, 120,000 square miles of Kansas, 

Colorado, Oklahoma, Texas, and New Mexico; and t h e  J u r a s s i c  formation, 

180,000 square miles along t h e  Gulf Coast. 

of rock s a l t  w i l l  permit  cons t ruc t ion  of d i sposa l  s i t e s  near nuc lear  power 

p l a n t s ,  thereby e l imina t ing  the  c o s t  of t r anspor t ing  wastes long dis tances .  

This widespread d i s t r i b u t i o n  

2. Volume of Rock S a l t  

I n  1943 t h e  t o t a l  volume of rock salt i n  t h e  United S t a t e s  was e s t i -  

mated t o  be 6.0 x 

than  t h e  r a t e  of consumption. Obviously, t h e r e  i s  no shor tage  of s a l t  and 

l i t t l e  p o s s i b i l i t y  t ha t  contamination w i l l  render a valuable n a t u r a l  re-  

source use l e s s .  

tons,  and new depos i t s  have been located much faster 
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3. Location of Rock S a l t  Deposits 

Rock s a l t  depos i t s  are loca ted  i n  areas of low seismic a c t i v i t y .  

Therefore,  we may expect f e w  seismic d is turbances  t o  t h e  s t r u c t u r e .  

4. S t r u c t u r a l  I n t e g r i t y  of Rock S a l t  

Rock s a l t  i s  s t r u c t u r a l l y  s t rong ,  and a t  depths of TOO feet ,  cavi-  

t i es  as l a r g e  as 100 f e e t  high, 100 fee t  wide, and 3000 f ee t  long need 

no support .  

5. Thermal Conductivity of Rock S a l t  

The thermal conduct iv i ty  of rock s a l t  i s  high compared t o  o the r  geo- 

l o g i c a l  formations,  thereby allowing a more r a p i d  d i s s i p a t i o n  of f i s s i o n  

product h e a t  than  o the r  rock formations.  

6. Impermeabili ty of Rock S a l t  

Rock s a l t  i s  impervious t o  the  passage of water. This s ta tement  i s  

supported by t h e  absence of ho les  and caves i n  s a l t  formations.  I f  water 

were a b l e  t o  p e n e t r a t e  s a l t  formations,  one would expect t o  f i n d  caves 

and caverns s imilar  t o  those formed i n  l imestone formations by t h e  passage 

of water through cracks and f a u l t s .  

cracks or f a u l t s  which might have been p resen t ,  and only t h e  su r face  of 

a s a l t  depos i t  comes i n  contac t  w i t h  water. 

S a l t  flows p l a s t i c a l l y  t o  c l o s e  any 

The impermeabili ty of s a l t  t o  t h e  passage of water should prevent  

t h e  contamination of sur face  and ground water and a s su re  t h e  containment 

of wastes. 
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7. Economy of Developing Cavi t ies  i n  S a l t  

Solu t ion  c a v i t i e s  of  1- t o  2-mil l ion-gal lon capac i ty  have been 

developed by t h e  petroleum indus t ry  f o r  as l i t t l e  as 1 t o  5 cents  p e r  

gal lon.  Excavated c a v i t i e s  c o s t  from 2 t o  10 cents  p e r  gal lon.  Larger 

c a v i t i e s  are cheaper.  



APPENDIX 11 

PROBLEMS ENCOUNTERED I N  THE DISPOSAL 

OF RADIOACTIVE WASTES I N  SALT FORMATIONS 

1. Migration of  Radionuclides 

Although s a l t  i s  apparent ly  impermeable t o  t h e  passage of water, 

t h e r e  i s  evidence t h a t  water molecules p e n e t r a t e  t h e  c r y s t a l  l a t t i c e  of  

sa l t .  52 There e x i s t s ,  t he re fo re ,  t h e  p o s s i b i l i t y  of rad ionucl ides  migrat-  

i ng  through t h e  sal t .  

2. Heat Generation 

The hea t  generated by f i ss ion-product  decay w i l l  cause 

the  temperature of t h e  s a l t  surrounding t h e  w a s t e - f i l l e d  cav 

a r ise 

t y .  s 

i n  

nc e 

t h e  p l a s t i c i t y  of rock s a l t  increases  q u i t e  r a p i d l y  with temperature,  53 

it becomes important t o  determine t h e  maximum permiss ib le  temperature r ise 

i n  t h e  sa l t .  

r ise  i n  s a l t  due t o  t h e  s to rage  of r ad ioac t ive  wastes i n  s a l t  c a v i t i e s .  

These c a l c u l a t i o n s  ind ica t e  t h a t  6-year-old wastes may be s t o r e d  i n  a 

Heat ca lcu la t ions  have been made t o  determine t h e  temperature 

s p h e r i c a l  c a v i t y  of 10-foot  rad ius  without bo i l i ng .  54 

52R. B. Barnes, - op. G., p. 895. 

53W. Thei le ,  op. c i t  

54F. L. Farker  e t  a l . ,  S t a tus  Report on Waste Disposal i n  Natural  

p. 700. - - * J  

-- 
S a l t  Formations 11, ORNL 2700 - Excerpt, p.  7. 

. 

64 

. 



3. Chemical Compatibility 

The solubility of rock salt and associated impurities in synthetic 

wastes has been investigated, and the results indicate that wastes will 

have to be saturated with NaCl before disposal. 

When wastes and rock salt are mixed, neutralized wastes have a lower 

gas production rate than acid wastes. The effect of radiation has been to 

hasten the rate of gas production, 

4. Cavity Migration 

The possibility of the entire cavity migrating through the salt is 

a major problem which could occur if the wastes were to repeatedly evapo- 

rate; condense on the salt cavity roof; dissolve the salt; and run back 

into the cavity. 
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