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ABSTRACT 

This document provides specifications for models/methodologies that could 
be employed in determining postclosure repository environmental parameters 
relevant to the performance of high-level waste packages for the Basalt 
Waste Isolation Project (BWIP) at Richland, Washington, the tuff at Yucca 
Mountain by the Nevada Test Site, and the bedded sa l t  in Deaf Smith County, 
Texas. Guidance is provided on' (1) the identity of the relevant repository 
environmental parameters (groundwater characteristics, temperature, 
radiation, and pressure), ( 2) the models/methodologies employed to deterdne 
the parameters, and (3 )  the input data base for the models/methodologies. 
Supporting studies included are (1) an analysis of potential waste package 
failure modes leading to identification of the relevant repository environ- 
mental parameters, ( 2 )  an evaluation of the credible range of the repository 
environmental parameters, and (3 )  a summary of the review of exis t ing  
models/methodologies currently employed in determining repository environ- 
mental parameters relevant to waste package performance. 
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REPOSITORY ENVIRONMENTAL PARAMETERS AND MODELS/METHODOLOGIES RELEVANT 
TO ASSESSING THE PERFORMANCE OF HIGH-LEVEL WASTE PACKAGES 

I N  BASALT, TUFF, AND SALT 

H. C. Claiborne 
A. G. Croff 
J. C. Griess 
F. J. Smith 

1. EXECUTIVE SUMMARY 

1.1 PURPOSE AND SCOPE 

The purpose of t h i s  document i s  t o  provide s p e c i f i c a t i o n s  f o r  models/ 
methodologies t o  be employed i n  determining pos tc losure  repos i tory  environ- 
mental parameters re levant  t o  the  performance of high-level waste (HLW) 
packages i n  r e p o s i t o r i e s  constructed i n  the  b a s a l t  a t  t he  Hanford S i t e ,  
Richland, Washington, t he  tu f f  i n  Yucca Mountain a t  the  Nevada T e s t  S i t e ,  
and the  bedded salt i n  Deaf Smith County, Texas. The s p e c i f i c a t i o n s  pro- 
v ide  guidance on (1) the  i d e n t i t y  and determinat ion of the  repos i tory  envi- 
ronmental parameters,  (2)  the  cons idera t ions  t h a t  the  models/methodologies 
must take i n t o  account, and ( 3 )  t he  input  needed t o  determine the  output 
parameters wi th in  the  s p e c i f i c a t i o n s  f o r  implementing the  models/methodologies 
i n  the  context  of the  o v e r a l l  waste package performance ana lys i s .  

It is emphasized t h a t  no attempt is made t o  descr ibe  a p a r t i c u l a r  model or  
modeling approach t o  be used t o  demonstrate compliance with regula t ions .  
The choice of models and modeling approaches t o  be made must be dependent 
on waste package and repos i tory  designs,  the degree of conservatism assumed, 
t h e  s i te  s p e c i f i c  environment, and the  performance a l loca ted  t o  the  waste 
package t h a t  is required t o  s a t i s f y  the  o v e r a l l  repos i tory  performance. 

1.2 REGULATORY PERSPECTIVE 

The Environmental P ro tec t ion  Agency (EPA) has published an environmental 
s tandard  with respec t  t o  releases of radionucl ides  from HLW disposa l  s i t e s  
(EPA 1985). The Nuclear Regulatory Commission (NRC) develops and i ssues  
r egu la t ions  t h a t  cover a l l  aspec ts  of H L W  d i sposa l  which will implement the 
s tandards ;  subsequently,  it a l s o  l i c e n s e s  the  reposi tory.  The Department 
of Energy (DOE) i s  pr imar i ly  respons ib le  f o r  developing methods of d i sposa l  
of H L W  and has determined t h a t  na t iona l  po l icy  should focus on the  d isposa l  
of H L W  i n  mined geologic  r epos i to r i e s .  

These s tandards and regula t ions  c l e a r l y  requi re  t h a t  the  performance of a 
waste package be analyzed over a t i m e  frame of s eve ra l  thousand years  t o  
show compliance with the  NRC containment and release rate c r i te r ia  f o r  a 
waste package and t o  provide source terms f o r  t he  r epos i to ry  regions 
surrounding the  waste package (near-f ie ld)  and the  regions away from the 
immediate v i c i n i t y  of the  r epos i to ry  (f  ar-f i e l d )  analyses.  The environment 
i n s i d e  and around the  waste package is a c r i t i ca l  determinant of i t s  pe r -  
formance, thus making the r epos i to ry  environment a sub jec t  of concern. 

1 
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1.3 TECHNICAL PERSPECTIVE 

Implicit in the purpose of the document is the assumption that the mode!l/ 
methodology will acquire input parameters from some source, perform certain 
internal functions, and then generate output values for subsequent use in 
the performance assessment of a waste package. An approach to a waste 
package reliability analysis has been given by Sastre and co-workers (1986) 
and in a more recent Federal Register notice (NRC 1985) .  In this guidance, 
the failure probabilities are to be predicted based on the application of 
simple phenomenological models, with the input parameters sampled from 
distribution functions by some probabilistic scheme. According to the 
suggested guidelines, we would expect a performance model to be composed of 
the following component models : 

1 e a time-dependent temperature model; 

2. a time-dependent heat source model; 

3 ,  a time-dependent radiation model to predict gama dose rates in the 
packing ; 

4. a time-dependent water flow model; 

5 .  a water chemistry model capable of predicting the parameters of 
interest such as pH, redox conditions, and salt concentrations as 
a function of temperature, radiation, and time; 

6 .  a corrosion model capable of predicting corrosion rates as a function 
of temperature, water chemistry, and radiation doses; 

7. a mechanical failure model capable of predicting damage to a canister 
due to stresses; 

8. a solubility leach model for the release rate of radionuclides as a 
function of time, temperature, water chemistry, and radiation field; 
and 

9. a packing material transport model for radionuclides. 

It is emphasized that these component models must consider synergistic and 
other feedback effects. 
affect the corrosion rate which can change the time to mechanical failure 
of the waste package. The time to failure of the waste package and release 
rates of radionuclides result from the interaction of the individual com- 
ponent models. All this must be considered or else demonstrated that an 
assumed independence of these component models produce a conservative result. 

For example, a change in water chemistry could 

1.4 SPECIFICATIONS FOR A MODEL/METHODOLOGY TO PREDICT REPOSITORY 
ENVIRONMENTAL PARAMETERS 

The specifications and guidance in the NRC Draft Technical Position on 
waste package .reliability provide a brief overview of the environmental 
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conditions involved in the performance assessment of a waste package. 
More-detailed specifications for the repository environmental parameter 
model/methodology are developed in this report. Specifications are 
comprised of guidance concerning the output parameters, the subsidiary 
models, and the input parameters. 

1.4.1 Environmental Model/Methodology Output Parameters 

A large number of possible waste package degradatiodfailure modes were 
characterized to (1) identify the environmental parameters that affected 
each mode, and ( 2 )  to prioritize the degradatiodfailure modes by comparing 
the relevant environmental parameters with the anticipated range of the 
parameter. This procedure led to the development of a prioritized list of 
repository environmental parameters. In ranking the relevant environmental 
parameters in order of importance, the more critical parameter was deter- 
mined based on the following considerations: (1) effects on the life of 
the waste package, ( 2 )  effects on radionuclide release, ( 3 )  effects of the 
degree of uncertainty of the values of the parameter on the performance 
assessment, and (4) design controllability of the values of ‘the parameters 
in the engineered barrier system. The necessary output parameters from an 
environmental model/methodology, in decreasing order of importance, were 
judged to be: groundwater characteristics (including composition and f low 
rate), temperature, radiation, and pressure. It is emphasized that these 
ratings represent a subjective evaluation based on reference designs f o r  
the repositories in basalt, tuff, and salt and on the state of the art. 

1.4.2 Subsidiary Environmental Models 

All subsidiary environmental models should be capable of accommodating 
time-dependency, nonlinearities, and feedback effects, and should be ade- 
quately documented. Unless it can be shown that an alternative model is 
conservative or has insignificant impact on the calculated results, these 
models should possess the following attributes: 

1. The model for water characteristics, whether calculational, experimental, 
or a combination of these, should 

(a) predict pHs, redox conditions, and the concentrations of a l l  
significant species; 

(b) account for kinetic effects; 

(c) 

(d) predict radiation and temperature effects on water chemistry; 

(e) allow for boiling effects; and 

account for water flow through the waste package; 

(f) account for supersaturation and colloid formation for the 
pertinent radionuclides. 

2. The temperature hodel should 

(a) possess the capability for three-dimensional calculations; 
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(b )  p r e d i c t  both the  waste package and the f a r - f i e ld  temperature 
h i s t o r i e s ;  

( c )  account f o r  heat  conduction through mul t ip le  l a y e r s ;  

( d )  account f o r  r a d i a t i v e  heat  t r anspor t  ca l cu la t ions ;  and 

(e) al low f o r  heat  t r anspor t  by groundwater convection. 

3 .  The r a d i a t i o n  t r anspor t  model should 

( a )  provide f o r  determining the a lpha-par t ic le ,  gamma-ray, and 
be ta -pa r t i c l e  (probably i n s i g n i f i c a n t  e f f e c t  except f o r  
h e a t  generat ion)  sources;  

( b )  possess  the  c a p a b i l i t y  f o r  two-dimensional ca l cu la t ions ;  and 

(c> account f o r  t r anspor t  and absorp t ion  of r a d i a t i o n  i n  mul t ip le  
l a y e r s  of d i f f e r e n t  materials . 

4. The pressure  model should provide f o r  determining the h y d r o s t a t i c  
head, the  l i t h o s t a t i c  pressure ,  and self-induced pressures  ( e . g . ,  from 
swe l l ing  of the packing mater ia l ) .  

The use of a l t e r n a t i v e  models t h a t  do not account f o r  some of the  a spec t s  
g iven  above is  acceptable  i f  t he  app l i can t  has demonstrated, using experi-  
mental  evidence, t h e o r e t i c a l  analyses ,  o r  s e n s i t i v i t y  ana lyses ,  t h a t  t h e  
a spec t  is unimportant . 
1.4.3 Input  Parameters f o r  Environmental Mode 

The input  parameters should be p robab i l i t y  dens i ty  funct ions (PDFs) s ince  
t h e  o v e r a l l  system model is assumed to  be p r o b a b i l i s t i c  i n  n a t u r e .  A 
number of methods of sampling from these  PDFs could be acceptable  i f  t h e  
proper s t a t i s t i ca l  methods are used and documented. 

The input  da ta  base (thermophysical p rope r t i e s ,  thermal and r a d i a t i o n  
source  terms, r ad ia t ion  t r anspor t  p rope r t i e s ,  water chemistry,  e tc . )  slnould 
be s u f f i c i e n t  f o r  the  requirement of the models employed. 

1.4.4 Val idat ion of the  Repository Environmental Parameter Model/ 
Methodology 

Va l ida t ion  and documentation of the  repos i tory  environmental parameter 
model/methodology and the  ind iv idua l  submodels contained the re in  a r e  ciri t- 
i c a l  a spec t s  of the, model/methodology t h a t  is employed by an app l i can t .  

Documentation of the computer codes employed must follow the guide l ines  i n  
NUREG-0856 (SILLING 1983). I n  genera l ,  va l ida t ion  of a model should r e l y  
on comparison with well-conceived, well-conducted experimental  r e s u l t s  t h a t  
account f o r  a l l  p o t e n t i a l l y  pe r t inen t  e f f e c t s .  
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This  pos i t i on  leads  t o  the  i d e n t i f i c a t i o n  of two p o t e n t i a l l y  acceptable  
methods f o r  va l ida t ion  of the environmental parameter component and sub- 
s i d i a r y  models. The f i r s t  approach is t o  conduct l a r g e ,  i n t e g r a l  experi-  
ments ( labora tory  or  i n  s i t u )  s imulat ing the i n t e r a c t i o n  of var ious ground- 
waters with a waste package under appropr ia te  temperature,  r a d i a t i o n ,  and 
p res su re  condi t ions . I n t e r p r e t a t i o n  of these  i n t e g r a l  tests w i l l  be 
enhanced by concurrent ly  conducting more fundamental va l ida t ion  tests t h a t  
address  fewer parameters and processes. A second p o t e n t i a l l y  acceptable  
approach is t o  employ n a t u r a l  analogs as a comparative bas i s  f o r  the 
results of the environmental parameter component. 



2. INTRODUCTION 

2.1 PURPOSE AND SCOPE 

The purpose of t h i s  document is t o  provide s p e c i f i c a t i o n s  f o r  models/ 
methodologies t o  be employed i n  determining repos i tory  environmental param- 
eters r e l evan t  t o  H L W  package performance i n  r e p o s i t o r i e s  constructed i n  
t h e  b a s a l t  a t  the  Hanford S i t e ,  Richland, Washington; the  tu f f  i n  Yucca 
Mountain at the  Nevada T e s t  S i t e ;  and the  bedded sa l t  i n  Deaf Smith County, 
Texas. S p e c i f i c a l l y ,  t h i s  e n t a i l s  developing s p e c i f i c a t i o n s  f o r  the 
fol lowing aspects :  

1. guidance concerning the  repos i tory  environmental parameters needed 
t o  analyze waste package performance, 

2. a t t r i b u t e s  of models/methodologies t h a t  are acceptable  f o r  determining 
t h e s e  repos i tory  environmental parameters,  

3 .  t he  input  necessary t o  determine the required output parameters, arid 

4. an approach t o  implementing the models/methodologies i n  the  context: of 
t h e  o v e r a l l  waste package performance ana lys i s  system. 

These s p e c i f i c a t i o n s  descr ibe  (1) the  repos i tory  environmental parameters 
r e l evan t  t o  waste package performance cons idera t ions ,  (2 )  the  considera- 
t i o n s  and e f f e c t s  t h a t  must be taken i n t o  account i n  determining them, ( 3 )  
t h e  poss ib l e  use of the  models/methodologies by DOE t o  a l l o c a t e  the con- 
t r i b u t i o n  of ind iv idua l  waste package components t o  radionucl ide contain- 
ment and cont ro l led  release, ( 4 )  the  i d e n t i f i c a t i o n  of some controllab1.e 
parameters ,  and ( 5 )  the a t t r i b u t e s  of acceptable  methods f o r  determining 
t h e s e  parameters while avoiding a l e v e l  of d e t a i l  t h a t  would unduly 
res t r ic t  DOE'S development of a s u i t a b l e  waste package performance ana lys i s .  

The func t ion  of the repos i tory  environmental parameter model/methodology 
is t o  determine the  environmental condi t ions (e.g., temperature, ground- 
water composition) adjacent  t o  the  waste package t h a t  a f f e c t s  the  perfor-  
mance of the  waste package (i.e., waste package degradat ion and the 
rad ionucl ide  source term). Waste package performance is defined as the  
behavior of the waste package r e l a t i v e  t o  i ts  a b i l i t y  t o  meet app l i cab le  
r egu la t ions  (see Sect. 2.2) .  

The following bounding assumptions have been made i n  t h i s  document : 

1 . t he  technica l  cons idera t ions  w i l l  be l imi t ed  to  those r ep resen ta t ive  
of t he  proposed s i tes  f o r  t he  b a s a l t  on the  Hanford Reservation near 
Richland, Washington; the t u f f  of the  Yucca Mountain a t  the Nevada 
Test S i t e ;  and the  bedded sal t  i n  Deaf Smith County, Texas; 

2. t h e  model/methodology w i l l  consider  only pos tc losure  condi t ions and 
parameters;  and 

3. the  most recent  conceptual designs f o r  waste packages ( a t  the  three! 
proposed s i tes )  t h a t  have been published are taken as re ference  designs.  

6 
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The restriction of the mdel/methodology to postclosure conditions is 
necessary since preclosure occurrences will be heavily dependent on proce- 
dures and events occurring during the operational phase. Variability in 
these considerations may be handled by treating their cumulative result as 
the initial state in the time-dependent postclosure determination of repo- 
sitory environmental parameters. 

In addition, no effects of highly unlikely natural catastrophic events 
such as major tectonic episodes, volcanic activity, or meteorite strikes 
are considered here. Such catastrophic occurrences can destroy a waste 
package by common cause (i.e., multiple barriers fail simultaneously as 
the result of a single event). Although the methodology to be used in 
assessing the overall system performance for the geologic repository after 
permanent closure must address such unanticipated processes and events 
(Sect. 60.112 of 10 CFR 60), the objective of this report is to provide 
the specifications for the repository environmental parameters which will 
be used in assessing the performance of the waste package, assuming antici- 
pated processes and events. Consideration of catastrophic events is out- 
side the present scope of work. 

It should be noted that this report constitutes guidance in meeting the 
applicable regulations and criteria based on the current state of knowledge 
concerning waste package performance analysis. Thus, it is expected that 
the models/methodologies ernployed by DOE to show compliance with the regu- 
lations and criteria will meet, or exceed, the specifications contained 
herein. However, it is not to be construed that the attributes of the 
guidance provided in this document cannot, or should not, be modified as 
future developments in the IME repository projects occur. 

It is a l s o  emphasized that no attempt is made to describe a particular 
model or modeling approach to be used to demonstrate compliance with regu- 
lations. The choice of models and modeling approaches to be made must be 
dependent on waste package and repository designs, the degree of conserva- 
tism assumed, the site specific environment, and the performance allocated 
to the waste package that is required to satisfy the overall repository 
performance. 

The steps used to develop the specifications for the repository environ- 
mental parameter model/methodology are as follows : 

1. define the proposed repositories and waste packages in sufficient 
detail to permit subsequent analysis (Appendix A) ; 

2. analyze each of the potential failure/degradation modes for the waste 
package to determine its effect on waste package performance, result- 
ing in a prioritization of the failure/degradation modes (Appendix B); 

3 .  analyze each of the failurejdegradation modes having a significant 
impact on waste package performance to determine the repository 
environmental parameters that affect it (Appendix B); 

4 .  develop a consolidated list of repository environmental parameters 
and prioritize them (Appendix C) ; 



a 

5 .  estimate the  numerical range of each of t he  s i g n i f i c a n t  r epos i to ry  
environmental parameters (Appendix D); 

6 .  develop a set of assumptions concerning the na ture  of the  system of 
models/methodologies and approaches t h a t  would be employed t o  analyze 
t h e  performance of the  waste package, thus providing a framework f o r  
t h e  environmental parameter mdel/methodology and approach (Sect 2 .3 )  ; 

7 .  develop s p e c i f i c a t i o n s  f o r  the  information t h a t  must r e s u l t  from the 
s u b j e c t  model/methodology t o  s a t i s f y  t h e  needs i d e n t i f i e d  i n  i t e m  4 
above (Sect. 3.1); 

8. develop s p e c i f i c a t i o n s  f o r  acceptable  methods f o r  determining the  
information i n  item 7 (Sect. 3.2);  

9. i d e n t i f y  the  input  parameters t h a t  are necessary t o  determine the  
output  parameters i n  item 7, using the  methods descr ibed i n  i t e m  El 
(Sect .  3.3); and 

10. review the  r epos i to ry  environmental parameter models/methodologies 
and approaches i n  the  context  of the s p e c i f i c a t i o n  developed under 
i t e m s  7 through 9 (Appendix E). 

The appendixes t o  t h i s  r epor t  are included (1) t o  provide background folr t he  
main body of t h i s  r epor t  (Appendixes A through C) and ( 2 )  t o  provide infor -  
mation f o r  use i n  o the r  NRC s t u d i e s  and eva lua t ions  (Appendixes D and E:). 

2 . 2 REGULATORY PERSPECTIVE 

Three f e d e r a l  agencies have major r o l e s  i n  t h e  n a t i o n a l  program f o r  dispo- 
sa l  of HLW. The EPA has developed an environmental s tandard t h a t  will 
s e r v e  as the  o v e r a l l  performance ob jec t ive  concerning r e l eases  of radio- 
nuc l ides  from HLW d i sposa l  sites (EPA 1985). The NRC develops and issues 
r egu la t ions  t h a t  cover a l l  aspec ts  of H L W  d i sposa l  and will implement the  
EPA standard.  The NRC w i l l  then consider  each l i c e n s e  app l i ca t ion  f o r  H L W  
d i s p o s a l  t o  determine whether t he  a p p l i c a t i o n  will conform to  a l l  appl i -  
c a b l e  regulat ions.  The DOE is pr imar i ly  respons ib le  f o r  developing methods 
f o r  disposing of H L W  and has determined t h a t  na t iona l  po l icy  should focus 
on d i sposa l  of HLW i n  mined geologic  r e p o s i t o r i e s  (DOE 1981; NWPA 1983). 
Furthermore, DOE is respons ib le  f o r  c o l l e c t i n g  the  da ta  needed f o r  s i t e  
c h a r a c t e r i z a t i o n  and f o r  cons t ruc t ing  and operat ing a waste d i sposa l  f a c i l -  
i t y  i n  accordance with NRC regula t ions .  

The Nuclear Waste Pol icy Act of 1982 (NWPA 1983) de f ines  the na t iona l  program 
f o r  d i sposa l  of c i v i l i a n  (commercial) nuclear  waste. In the  Act, i t  is 
s t i p u l a t e d  t h a t  the  NRC must i s s u e  a l i c e n s e  before  the DOE may cons t ruc t  a 
geologic  repos i tory  f o r  the  HLW. In order  t o  l i c e n s e  a nuclear waste repos- 
i t o r y ,  t he  NRC must have reasonable assurance t h a t  the  repos i tory  w i l l  
comply with EPA standards (EPA 1985) and NRC t echn ica l  cri teria (NRC 19133). 

Four por t ions  of 10 CFR 60 (NRC 1983) are p a r t i c u l a r l y  re levant  t o  environ- 
mental parameters and t h e i r  r e l a t i o n s h i p  t o  waste package performance. 
These parameters are b r i e f l y  discussed i n  t h e  following sec t ions .  
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2.2.1 Sect .  6OO135(a)(1): HLW Package Design i n  General 

This pa r t  p a r t i c u l a r l y  caut ions about de l e t e r ious  e f f e c t s  of t he  reposi-  
t o r y  environment on HLW packages, and i t  is  s t a t e d  as follows: 

Packages f o r  H L W  s h a l l  be designed so t h a t  the i n  s i t u  chemi- 
c a l ,  phys ica l ,  and nuclear  p rope r t i e s  of the  waste package and 
i t s  i n t e r a c t i o n s  with the  emplacement environment do not com- 
promise the func t ion  of the waste package o r  t he  performance 
of  t he  underground f a c i l i t y  o r  the geologic  s e t t i n g .  

2.2.2 Sect.  60.112: EPA Standaids 

The s ta tement  of t h i s  section is as follows: 

The geologic  s e t t i n g  s h a l l  be se l ec t ed  and the  engineered 
b a r r i e r  system and the  s h a f t s  boreholes and t h e i r  seals s h a l l  
be designed t o  assure  t h a t  releases of rad ioac t ive  materials 
t o  the access ib l e  environment following permanent c losure  con- 
form t o  such genera l ly  appl icable  environmental s tandards f o r  
r a d i o a c t i v i t y  as may have been e s t ab l i shed  by the  Environmental 
P ro tec t ion  Agency with respec t  t o  both an t i c ipa t ed  processes 
and events  and u n a n t i c i p a t d  processes and events.  

The waste package is a primary component of the engineered b a r r i e r  system, 
and i ts  performance w i l l  be d i r e c t l y  r e l a t e d  t o  the  environmental con- 
d i t i o n s .  The waste package could provide an add i t iona l  bas i s  (o ther  than 
t h e  geochemistry and geology of t he  formation) f o r  showing t h a t  releases 
are s u f f i c i e n t l y  low t h a t  the  EPA standards f o r  dose rate l i m i t s  i n  the 
access ib l e  environment as prescr ibed i n  40 CFR 191 (EPA 1985) are not 
exceeded . 
The second relevant  pa r t  of 40 CFR 191 is  Sect. 191.13, which requi res  t h a t  
reasonable  expec ta t ion  be provided such t h a t  spec i f i ed  cumulative radio- 
nuc l ide  release l i m i t s  would not be exceeded under condi t ions involving 
reasonably forseeable  releases and very unl ike ly  releases over a 
10,000-year t i m e  frame. Considerations involving waste package performance 
may be important i n  two ways with respect t o  t h i s  requirement: 

1. a waste package tha t  can be shown t o  have s u f f i c i e n t l y  long containment 
and/or s u f f i c i e n t l y  low radionucl ide release rates could meet t h i s  
requirement without having t o  r e s o r t  t o  o ther  arguments ( i .e. ,  hydrology 
and/or geochemistry),  and 

2. even i f  DOE elects not t o  employ such an argument, the waste package 
performance def ines  the  source term ( rad ionucl ide  f l u x ,  concentrat ion,  

t o  the access ib l e  environment. 
' and spec ia t ion )  t h a t  is necessary f o r  modeling radionucl ide t ranspor t  

2.2.3 Sect .  6Oo1l3(a) ( i i ) (A) :  Containment Criteria 

This  s e c t i o n  reads as follows: 
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. . . t he  engineered b a r r i e r  system s h a l l  be designed, assuming 
a n t i c i p a t e d  processes  and events ,  so t h a t  (A) containment of 
HLW wi th in  the  waste packages w i l l  be s u b s t a n t i a l l y  complete 
f o r  a period t o  be determined by the  Commission provided 
t h a t  such per iod s h a l l  be not less than 300 years  or  more than 
1,000 years  a f t e r  permanent c losu re  of the  geologic  repos i tory  

This po r t ion  of 10 CFR 60 s p e c i f i c a l l y  addresses  the  containment of t he  
waste package f o r  a 300- t o  1000-year period, thus requi r ing  t h a t  the  per- 
formance be predic ted  with reasonable  assurance over t h i s  t i m e .  It fo1:Lows 
that knowledge of the range of t he  environmental parameters and e f f e c t s  are 
r equ i r ed  with a reasonable degree of c e r t a i n t y .  

2.2 .4  Sect.  60.113(a)(i i)(B):  Release Rate Criteria 

The p e r t i n e n t  p a r t s  of t h i s  s e c t i o n  read as follows: 

. . . t he  engineered b a r r i e r  system s h a l l  be designed, assuming 
a n t i c i p a t e d  processes and events ,  so t h a t  (B) t he  release r a t e  
of any radionucl ide from the  engineered b a r r i e r  system 
fol lowing the  containment per iod s h a l l  not exceed one p a r t  i n  
100,000 per year of the  inventory of t h a t  radionucl ide calcu- 
l a t e d  t o  be present  ar; 1,000 years  following permanent c losure  
o r  o the r  such f r a c t i o n  of t he  inventory as may be approved or  
s p e c i f i e d  by the Commission provided t h a t  t h i s  requirement 
does not apply t o  any radionucl ide which is released a t  a r a t e  
less than 0.14 of the  ca l cu la t ed  t o t a l  release rate  l i m i t .  

Thus, t he  waste package performance a n a l y s i s  must provide reasonable 
assurance of compliance with t h i s  s e c t i o n ,  which w i l l  requi re  cont inua t ion  
of t he  waste package containment a n a l y s i s  f o r  times w e l l  beyond 1000 yea r s ,  
as w e l l  as ana lys i s  of the r ad ioac t ive  source t h a t  i s  released from the  
waste package t o  the near-f ie ld  environment. 

2.2.5 Rela t ionship  of Repository Environmental Parameter Determination 
t o  Waste Package Performance Assessment 

Sec t ions  2.2 . 1 through 2.2.4 c l e a r l y  requi re  t h a t  t he  performance of was; t e  
packages over a period of a t  least  s e v e r a l  thousand years  be analyzed to  
show compliance with the  containment and release rate c r i t e r i a  and t o  pro- 
v i d e  a source term f o r  o the r  near-f i e l d  and far-f i e l d  analyses.  Consequently, 
t h e  r epos i to ry  environmental parameters are a l s o  required s ince  i t  is these  
parameters t h a t  in f luence  t h e  rate a t  which the  waste package is degraded, 
t h e  release rate after package f a i l u r e ,  and the  characteristics of t he  
source term. Thus, t he  r epos i to ry  environmental parameters must be de te r -  
mined f o r  a l l  s tandards and cr i ter ia  t h a t  requi re  ana lys i s  of waste pack.age 
performance, and the accuracy of t he  r e s u l t s  of the  analysis will depend. on 
t h e  q u a l i t y  of these parameters 

2.3 TECHNICAL PERSPECTIVE 

As noted earlier,  the  primary purpose of t h i s  r epor t  is t o  provide speci- 
f i c a t i o n s  f o r  a model/methodology t o  p red ic t  repos i tory  environmental 
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parameters re levant  t o  the assessment of waste package performance . 
I m p l i c i t  i n  t h i s  purpose is the  assumption t h a t  t h i s  model/methodology 
w i l l  acqui re  input  parameters from some source,  perform c e r t a i n  i n t e r n a l  
func t ions ,  and then genera te  output values  f o r  subsequent use i n  the  
performance assessment of a waste package. 
is  t o  o u t l i n e  the  assumptions concerning the  por t ions  of t he  waste package 
performance system t h a t  i n t e r f a c e  with t h i s  report . 

The ob jec t ive  of t h i s  s e c t i o n  

2.3.1 Waste Package Performance Analysis 

The approach t o  a waste package r e l i a b i l i t y  a n a l y s i s  t h a t  has been pro- 
posed (SASTRE 1986) as an NRC t echn ica l  pos i t i on  on the  performance assess- 
ment of a waste package, which has gene ra l ly  become the  NRC pos i t i on  (NRC 
1986), has been adopted f o r  t h i s  r epor t  and is b r i e f l y  out l ined  here.  The 
proposal  d i scusses  a general  method of p r o b a b i l i s t i c  r e l i a b i l i t y  analyses  
as an acceptable  framework t o  i d e n t i f y ,  organize,  and convey the  necessary 
information t o  s a t i s f y  the  s tandard of reasonable  assurance of waste 
package performance according t o  the  regula tory  requirements during the  
containment and cont ro l led  release o r  i s o l a t i o n  periods.  On the  bas i s  of 
10 CFR 60, Stephens and co-workers (1986) a l s o  concluded t h a t  p r o b a b i l i s t i c  
ana lyses  should be included i n  the  performance assessment models used i n  
t h e  l i cens ing  process I n  the  proposed methodology by Sas t r e ,  p red ic t ions  
oi f a i l u r e  p r o b a b i l i t i e s  are based on the  app l i ca t ion  of simple phenomeno- 
l o g i c a l  models, with the  input  parameters sampled from d i s t r i b u t i o n  func- 
t i o n s  by some p r o b a b i l i s t i c  scheme. 

2.3.1.1 S teps  in  the  Proposed Approach f o r  Evaluating the  R e l i a b i l i t y  
of a Waste Package 

The proposed approach f o r  eva lua t ing  the  r e l i a b i l i t y  of a HLW package con- 
sists of t he  following s t e p s  (SASTRE 1986): 

1. 

2. 

3. 

Iden t i fy ing  the  types of known f a i l u r e s  t h a t ,  on t he  basis of engi- 
neer ing  judgment, are phys ica l ly  poss ib l e  f o r  t he  waste package f o r  a 
given repos i tory  system i n  the  sense of not v i o l a t i n g  physical  l a w s .  

Evaluat ing the ava i l ab le  approaches and e l imina t ing  those processes 
which are phys ica l ly  poss ib l e  under some circumstances but phys ica l ly  
impossible  under the  repos i tory  condi t ions This process is complete 
when a l l  f a i l u r e  types previously i d e n t i f i e d  are e i t h e r  e l iminated or  
e x p l i c i t l y  re ta ined  f o r  f u r t h e r  ana lys i s .  The reasons f o r  e l imina t ion  
i n  each case are documented with de fens ib l e  arguments and are presented 
i n  s u f f i c i e n t  d e t a i l  so as t o  f a c i l i t a t e  subsequent reviews and 
poss ib l e  reevaluat ions.  

Construct ing a model f o r  each of t he  f a i l u r e  types re ta ined  f o r  f u r t h e r  
ana lys i s .  The model descr ibes  t h e  condi t ions t h a t  may lead t o  the 
f a i l u r e ,  p red ic t s  when the f a i l u r e  may occur,  and the immediate r e s u l t s  
of t he  f a i l u r e .  The na ture  of t he  f a i l u r e s ,  the  s t a t e  of knowledge, 
and the  r o l e  of the  ind iv idua l  f a i l u r e  i n  the  o v e r a l l  f a i l u r e  of t h e  
r epos i to ry  d i c t a t e s  t he  l e v e l  of d e t a i l  required and the  model uncer- 
t a i n t y  t h a t  is to l e rab le .  This process is complete when there  i s  a 
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model for each of the failure modes and the model is documented, not 
only from the standpoint of nominal values but also with regard to 
statistical uncertainty and distribution forms of the predictions. 

4. Analyzing the properties that describe the environmental conditions of 
the repository relevant to the selected models and subsequently measuring 
or  calculating their values. This process is complete when the links 
between observable and measurable properties and parameters of the 
repository system are identified, their values and uncertainties 
obtained, and their probability distributions ascertained and documented. 

5 .  Combining the set of system properties, models, and parameters in a 
scheme that serves to explore all interactions modeled 3-d predict 
failure probabilities. Because failures tend to be mainly due to a 
combination of unfavorable circumstances that may occur in nature, a 
scheme to predict failure probabilities such as Monte Carlo simulation 
would be desirable and could also be practical and acceptable. Other 
probabilistic schemes might be acceptable as well. 

2.3.1.2 Component Models 

In performing a quantitative reliability analysis of a waste package 
design, the applicant for a license should combine the various models for 
design failure modes, material properties changes, and evolution of the 
waste package environment into a composite or overall performance assess- 
ment model (SASTRE 1986). The component and overall assessment models must 
consider synergistic and other feedback effects unless it is demonstrated 
that neglect of these effects produces conservative results or that these 
effects are of no consequence. 

The design of HLW packages is not sufficiently defined to permit a coimplete 
specification of the performance model, but guidelines suggested by Sastre 
(1986) indicate that a performance model should be composed of the 
following component models: 

1. a temperature model capable of predicting the temperature at any point 
in the waste package as a function of time; 

2. a heat source model capable of predicting the rate of heat generation 
in the waste as a function of time; 

3. a radiation model capable of predicting gamma dose rates in the packing 
material; 

4. a water flow model capable of predicting groundwater flow as a function 
of time; 

5 .  a water chemistry model capable of predicting the parameters of 
interest such as pH, redox conditions, and salt concentrations as a 
function of temperature, radiation, and time; 

6. a corrosion model capable of predicting corrosion rates as a function 
of temperature, water chemistry, and radiation dose rates; 
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7. a mechanical failure model capable of predicting damage to the canister 
due to stresses; 

8 .  a solubility-limited release model capable of predicting release rates 
of radioisotopes as a function of time, temperature, and water 
chemistry; and 

9 .  a packing material transport model capable of predicting concentrations 
of radionuclides as a function of time, water flow, temperature, water 
chemistry, and radiation field. 

2.3.1.3 Environmental Conditions 

Sastre (1986) states that in predicting the reliability of a waste package, 
the applicant should show the extreme range of the environmental conditions 
that the waste package may be subjected to throughout its lifetime. The 
environmental parameters were listed in the following order, without com- 
ments regarding the relative importance or possible ranges: temperature 
fields, groundwater chemistry (includes flow rate and quantity), radiation 
fields, and pressure and stress fields. Using a list of general failure 
modes for the waste package, it is pointed out that these environmental 
parameters will influence, singly or concurrently, all degradation modes of 
the waste package components. The relative importance of these parameters 
and their credible ranges are discussed in Sect. 3 and Appendixes C and D. 

2.3.1.4 Numerical Data and Constants 

The basic criterion being proposed for acceptance of numerical data to be 
used in the models for waste package reliability analyses is the reproduci- 
bility of the results for both experimental and derived data (i.e., other 
qualified practitioners can produce essentially the same results, based on 
the documentation of the experimental methods and data sources). All 
constants and parameters derived from experimental measurements that are 
used in the analysis should be presented with an estimate of the error, or 
confidence interval, along with an estimate of the expected error distribu- 
tion when the data have uncertainties greater than a few percent. Data in 
the form of plots for model justification without accompanying tabulations 
of the numerical values and references to reports are not acceptable 
(SASTRE 1986). 

2.3.1.5 Performance Modei and Quantitative Reliability Analysis 

A waste package performance model will be composed of component models that 
address the basic functions, or processes, involved in the degradation and 
subsequent failure of the components of the waste package. The accepta- 
bility of the performance model depends on the completeness with which the 
individual component model describes all phenomena of importance and their 
interactions, and the successful validation of the model. The applicant 
should supply predictive equations or equivalent (SASTRE 1986) for each 
failure mode (see Appendix B for discussions of possible failure modes) and 
for each basic process determining the evaluation of the environmental con- 
ditions and material property changes. The use of these predictive equations 
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i n  a computer model (e.g., the  WAPPA code as descr ibed i n  Appendix E) t ha t  
determines the  o v e r a l l  r e l i a b i l i t y  of a waste package by analyzing the 
behavior of the ind iv idua l  waste package o r  b a r r i e r  components (i.e., waste 
form, c a n i s t e r ,  overpack, and packing) ac t ing  as a system should permit 
a l l o c a t i o n  of the  con t r ibu t ion  of each b a r r i e r  component t o  the  containment 
o r  con t ro l l ed  release of radionucl ides .  This procedure w i l l  assist i n  eval- 
ua t ing  the e f f ec t iveness  of the  ind iv idua l  components of the engineered 
b a r r i e r s .  Such eva lua t ions  i n  the  e a r l y  s t ages  of t he  l i c e n s i n g  processes 
should be usefu l  i n  guiding research and development and f i n a l  designs.  By 
us ing  the  performance model and the  s t a t i s t i c a l l y  sampled v a r i a b l e s  t h a t  
represent  t he  da t a  and the  unce r t a in ty  of each component model, the  appl i -  
can t  should be ab le  t o  determine the  p robab i l i t y  d i s t r i b u t i o n  of L,;e times 
t o  containment f a i l u r e  and the  release of radionucl ides  i n  comparison with 
t h e  s tandard  (SASTRE 1986). 



3.  SPECIFICATIONS FOR A NODEL/ME"HODOLOGY TO PREDICT REPOSITORY 
ENVIRONMENTAL, PARAMETERS AFFECTING WASTE PACKAGE PERFORMANCE 

In the  performance assessment of a nuclear  waste repos i tory  by an appl i -  
can t ,  a model is required tha t  can demonstrate reasonable assurance by 
q u a n t i t a t i v e l y  pred ic t ing  the  release of radionucl ides  t o  the access ib l e  
environment . I n  the o v e r a l l  system assessment, the release of radioac- 
t i v i t y  from the  waste package represents  the  source term f o r  the model 
descr ib ing  the t ranspor t  of radionucl ides  successively throligh the reposi- 
t o r y ,  the geologic  nredium, and the  access ib l e  environment. Consequently, 
t h e  i n t e g r i t y  of the waste package becomes of paramount importance i n  
meeting the  performance objec t ives  of the  proposed regula t ions .  Radio- 
nuc l ide  containment by the  waste package is t o  be s u b s t a n t i a l l y  complete 
f o r  a period of not less than 300 years  o r  more than 1000 years.  An i so l a -  
t i o n  period, i n  which the f r a c t i o n a l  release rate is less than p e r  year 
(based on t he  inventory present  at 1000 years )  from the  engineered b a r r i e r  
system, follows the containment period. 

A s  discussed earlier i n  Sect. 2.3,  some of the component models/methodologies 
necessary to  implement the waste package performance assessment a r e  con- 
cerned with iden t i fy ing  those repos i tory  environmental parameters which 
a f f e c t  t he  performance of the  waste package. The s p e c i f i c a t i o n s  and 
guidance t h a t  are in the  proposed NRC t echn ica l  pos i t i on  on waste package 
r e l i a b i l i t y  (SASTRE 1986) genera l ly  cover the environmental condi t ions 
involved i n  the performance assessment of a waste package (Sect .  2.3.1.3). 
This s ec t ion  is concerned with the more-detailed s p e c i f i c a t i o n s  f o r  the 
r epos i to ry  environmental parameter model/methodology. These component 
model s p e c i f i c a t i o n s  a re  comprised of s p e c i f i c a t i o n s  f o r  the output param- 
eters, the subs id ia ry  models, and the  input  parameters. 

3.1 REPOSITORY ENVIRONMENTAL MODEL/METHODOLOGY OUTPUT PARAMETERS 

A q u a l i t a t i v e  evaluat ion involving,  i n  most cases ,  the judgment of the 
cu r ren t  state of the art was undertaken to determine the output parameters 
t h a t  must r e s u l t  from the repos i tory  environmental parameter model. Many 
poss ib l e  waste package degrada t ion/ fa i lure  modes were charac te r ized  (1) t o  
i d e n t i f y  the repos i tory  environmental parameters t h a t  a f fec ted  each, and 
( 2 )  t o  p r i o r i t i z e  the d e g r a d a t i o d f  a i l u r e  modes by comparing the relevant  
environmental condi t ions with the an t i c ipa t ed  c red ib l e  ranges of the param- 
eters (see Appendix D fo r  d i scuss ion  and r a t i o n a l e )  i n  the  proposed repo- 
s i t o r i e s .  

The term "credib le  range" was used i n  place of "expected range" s ince  the 
expected range is usua l ly  thought of i n  terms of devia t ions  from the norm, 
whereas "cred ib le  range" is not l i k e l y  t o  be confused with o the r  conven- 
t i o n a l  terminology. Here, we use "cred ib le  range" as an imprecisely defined 
quan t i ty  t h a t  is meant to  include devia t ions  from the norm, unce r t a in t i e s ,  
f u t u r e  small design changes, and o the r  l o c a l  per turba t ions  t h a t  could 
reasonably occur i n  a sealed r epos i to ry  barr ing unusual t ec ton ic  a c t i v i t y  
o r  o ther  ca t a s t roph ic  events. Admittedly, def ining a c red ib l e  range i s  

15 
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somewhat sub jec t ive  and must be based on assumptions t h a t  are sub jec t  t o  
change. However, t he  au thors  believe t h a t  t he  assigned c red ib l e  ranges 
represent  a reasonable  attempt to  l i m i t  t he  poss ib l e  range of t he  environ- 
mental  parameters,  based on cur ren t  published information. The i n t e n t  i s  
c e r t a i n l y  not t o  set absolu te  l i m i t s ,  and i t  is recognized t h a t  arguments 
can be made f o r  changing these va lues  based on o the r  assumptions or  subjec- 
t i v e  viewpoints. Nevertheless ,  they can serve  as gu ide l ines  i n  t h r e e  
important ways: (1) t o  l i m i t  t he  range of environmental parameters for  u s e  
i n  preliminary waste package performance analyses ,  ( 2 )  t o  l i m i t  t he  range 
of t hese  parameters i n  R&D work, and ( 3 )  t o  provide a " fee l"  f o r  t he  phLysi- 
cal  realities involved i n  the  performance of a waste package i n  a reposi-  
t o r y  . 
Ind iv idua l  f a i l u r e  modes are discussed i n  Appendix B and r a t ed  as t o  
whether the p a r t i c u l a r  f a i l u r e  mode could be dominant, s i g n i f i c a n t ,  
i n s i g n i f i c a n t ,  o r  unknown (i.e., the answer t o  some cr i t ical  ques t ion  i s  
requi red  before  a r a t i n g  can be determined). It is  emphasized t h a t  t hese  
r a t i n g s  represent  an eva lua t ion  based on t he  re ference  design and the  
state of the  art. Consequently, i t  does not fol low t h a t  all t he  possiblle 
f a i l u r e  modes are very probable; however, they do represent  a r a t h e r  
exhaus t ive  l i s t  of p o s s i b i l i t i e s  t h a t  were considered i n  determining the  
environmental  parameters r equ i r ing  cons idera t ion ,  While t h i s  eva lua t ion  
should not be construed t o  be an NRC pos i t ion ,  i t  i s  h l i n e  with the  
suggested procedure f o r  waste package r e l i a b i l i t y  a n a l y s i s  by Sas t r e  (1986), 
which is quoted below: 

In t he  S A R ,  the  app l i can t  should l ist  a l l  poss ib l e ,  i d e n t i f i e d  
f a i l u r e  modes of each waste package component and t h e i r  r e t e n t i o n  
o r  d i smis sa l  f o r  f u r t h e r  ana lys i s .  This prel iminary ana lys i s ,  
gene ra l ly  ca l l ed  Fa i lu re  Mode and E f f e c t s  Analysis - FMEA, is 
q u a l i t a t i v e  i n  nature .  It is expected t o  r e s u l t  i n  t he  reduct ion 
of the  set of poss ib le  f a i l u r e  modes t o  only those which are 
r e l e v a n t  under the  range of r epos i to ry  condi t ions  i d e n t i f i e d  in 
Sect ion  2,1.2 [of the  Sas t r e  r epor t  and in  Appendix C of t h i s  
r epor t ] .  This set of s i g n i f i c a n t  f a i l u r e  modes will be ca l l ed  
des ign  f a i l u r e  modes. The d ismissa l  of any given f a i l u r e  
mode should be discussed and documented. 

Considerat ion of a consol idated l i s t  of environmental parameters with respect 
t o  the  p r i o r i t i z e d  d e g r a d a t i o d f  a i l u r e  modes yielded a p r i o r i t i z e d  l i s t  of 
r e p o s i t o r y  environmental condi t ions  t h a t  have a s i g n i f i c a n t  impact on waste 
package performance ( see  Appendix C f o r  d i scuss ion  and r a t i o n a l e ) .  In  
ranking these parameters i n  order  of importance, t he  more c r i t i ca l  param- 
e ter  was  determined based on t he  following considerat ions:  (1) e f f e c t s  on 
t h e  l i f e  of the waste package, ( 2 )  e f f e c t s  on rad ionucl ide  release, ( 3 )  
effects  of the  degree of unce r t a in ty  of t he  values  of the parameters on the  
performance assessment of the waste package, and ( 4 )  design c o n t r o l l a b i l i t y  
of t he  values  of the parameters i n  t h e  engineered b a r r i e r  system. This  
a n a l y s i s  produced the following list of r epos i to ry  environmental parameters,  
i n  decreasing order  of importance: groundwater c h a r a c t e r i s t i c s ,  temperature,  
r a d i a t i o n ,  and pressure.  Each of t hese  parameters i s  discussed i n  d e t a i l  
i n  t he  following sect ion.  
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3.1.1 Groundwater Characteristics 

The groundwater characteristics that must be determined by the repository 
environmental parameter model/methodology are: (1) concentration of all 
significant dissolved species, (2 )  pH, ( 3 )  redox conditions, and ( 4 )  flow 
rate. 

These output parameters may be based on calculations with a model/methodo- 
logy using input values obtained from PDFs or by sampling from bounding 
experimental results. 

3.1.2 Temperature 

The temperature of each waste package material should be determined by a 
repository environmental parameter model/methodology that has been verified 
and validated. 

3.1.3 Radiation Levels 

The radiation level in each waste package component and the immediate 
surrounding should be determined by a repository environmental parameter 
model/methodology that has been verified and validated. 

3.1.4 Pressure 

The pressure exerted on, or by, all waste package components must be deter- 
mined via a repository environmental parameter model/methodology. 
includes pressures resulting from hydrostatic head, lithostatic head, and 
swelling of materials. This pressure becomes an input to a stress model 
for the reliability analysis of a waste package as mentioned in Sect. 2 . 1 . 3 . 2 .  

This 

3.1.5 Dimensionality 

3 . 1.5 . 1 Spatial 

Analysis indicates that, in general, a two-dimensional representation of 
the above data will be required; an R-Z geometry is preferred. This repre- 
sentation will allow any effects resulting from parameter differences 
occurring radially or axially to be subsequently taken into account. More 
complex three-dimensional representations do not appear to be necessary, 
except possibly for some heat transport calculations. Lower-order dimen- 
sion models are acceptable if the applicant can show that the results are 
conservative or that the dimensional effects and any potential adverse 
effects resulting from parameter differences are small. 

3.1.5.2 Time - 
The output parameters must be given as a function of time over a span of at 
least 10,000 years. The methodology may be based on analytical solutions, 
numerical solutions with time incremented as an independent variable, or 
combinations of these. Time dependency for some conditions may be ignored 
if the applicant can demonstrate that the procedure i s  conservative or has 
no significant effect on the performance analysis . 
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3.1.6 Design C o n t r o l l a b i l i t y  of Output Parameters 

The environmental condi t ions ,  which are the  output parameters of the environ- 
mental model, are c o n t r o l l a b l e  t o  a reasonable degree by s i t e  s e l e c t i o n  and 
design t h a t  are based on labora tory  da t a  and i n  s i t u  t e s t s .  

While the  c h a r a c t e r i s t i c s  of the undis turbed groundwater a r e  obviously not 
c o n t r o l l a b l e  environmental parameters, the components (except perhaps t h e  
redox condi t ion)  are measurable. The reg iona l  hydrology of the d isposa l  
s i t e  w i l l  c o n t r o l  t h e  migrat ion r a t e  of any rad ionucl ide  i n  the  f a r  f i e l d  
and wi l l  in f luence  groundwater flow i n s i d e  and around the  waste package. 
The d i f f i c u l t y  arises i n  p r e d i c t i n g  the long-term c h a r a c t e r i s t i c s  of the 
groundwater a f t e r  a l t e r a t i o n  because of i t s  i n t e r a c t i o n  with the waste 
package. For a d e t a i l e d  d iscuss ion  of these  d i f f i c u l t i e s  and the sub- 
sequent u n c e r t a i n t i e s ,  see Davis (1983). 

The design con t ro l  of temperature seems s t r a igh t fo rward  s i n c e  the  c a n i s t e r  
and areal thermal loadings can be ad jus t ed  t o  l i m i t  temperatures t o  the 
d e s i r e d  values based on p red ic t ions  us ing  va l ida t ed  hea t - t ransfer  models. 
I n  add i t ion ,  these  temperature p red ic t ions  f o r  t he  very near f i e l d  or near 
f i e l d  can be confirmed by measurements i n  a few years o r  l e s s  a f t e r  waste 
emplacement p r i o r  t o  r epos i to ry  s e a l i n g  - a  condi t ion  t h a t  w i l l  permi t  
remedial  a c t i o n  i f  necessary. 

The gamma r a d i a t i o n  f i e l d  e x t e r n a l  t o  a c a n i s t e r  can be con t ro l l ed  by the  
c a n i s t e r  design and loading and may be e a s i l y  and accu ra t e ly  va l ida t ed  by 
measurements p r i o r  t o  and after emplacement. The a lpha-par t ic le  source i n  
t h e  waste form should be ca lcu lab le  with reasonable accuracy i f  t he  a c t i -  
n ide  loading of the c a n i s t e r  is known.. 

Hydros ta t ic  pressures  t h a t  develop with t i m e  a f t e r  r epos i to ry  s e a l i n g  i n  
b a s a l t  (which normally cannot develop i n  salt o r  t u f f )  w i l l  depend on the 
depth of the r epos i to ry  horizon. Swelling pressures  t h a t  develop from ben- 
t o n i t e  i n  packaging ma te r i a l  can be con t ro l l ed  with the compaction dens i ty  
o r  percentage of bentoni te  i n  the packing mater ia l s .  See Sect. 3 .3 .5  f o r  
a d i scuss ion  of pressure  development i n  a repos i tory .  

3.2 REPOSITORY ENVIRONMENTAL PARAMETER MODEL/METHODOLOGY 

This s e c t i o n  d iscusses  a t t r i b u t e s  of the models/methodologies t h a t  might be 
used t o  determine the  output parameters descr ibed i n  the  previous sec t ion .  
Two genera l  approaches a r e  discussed, the c a l c u l a t i o n a l  and experimental 
approaches. These genera l  approaches represent  methodology l i m i t s .  It is 
more probable and d e s i r a b l e  t h a t  an acceptab le  approach w i l l  be a com- 
b i n a t i o n  of these  two extremes. 

3.2.1 Groundwater Chemistry 

3.2.1.1 Calcu la t iona l  Approach 

Conceptually, it is poss ib l e  to  c a l c u l a t e  a l l  of the output parameters 
r e l a t e d  t o  groundwater or b r ine  chemistry i n  an acceptable manner (except 
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f o r  t he  flow rate)  by using thermodynamic and k i n e t i c  cons idera t ions .  
Thermodynamic data supply the  information necessary t o  determine the  
equi l ibr ium s ta te  of the  system under cons idera t ion ,  and the k i n e t i c  da t a  
d e f i n e  the  rate a t  which t h i s  equi l ibr ium is approached. However, c u r r e n t l y  
a v a i l a b l e  groundwater chemistry models do not appear t o  be adequate f o r  
t h i s  t a sk ,  p a r t i c u l a r l y  i n  the  case of t he  sa tu ra t ed  br ines  t o  be expected 
i n  a sa l t  repos i tory .  The following are some of the a t t r i b u t e s  t h a t  are 
necessary f o r  a c a l c u l a t i o n a l  approach t o  groundwater chemistry t o  be 
acceptab le ,  unless a d d i t i o n a l  knowledge can be developed t o  show t h a t  t he  
e f f e c t s  they take  i n t o  account are unimportant o r  conservat ive wi th  respec t  
t o  performance asse-ament: 

1. 

2. 

3 .  

4. 

5 .  

6. 

completeness of t he  thermodynamic da ta  bases with respec t  t o  many 
rad ionucl ides  and engineered materials ( e spec ia l ly  a t  e leva ted  
temperatures) ;  

a b i l i t y  of the  models t o  account f o r  k i n e t i c  e f f e c t s ;  

a b i l i t y  of the  models t o  account f o r  t he  e f f e c t s  of water flow through 
t h e  waste package and convection/mixing within the  package; 

a b i l i t y  t o  account f o r  the  e f f e c t s  of alpha p a r t i c l e s ,  gamma rays ,  
and beta  rays (which are probably of no s ign i f i cance )  on the  ground- 
water chemistry; 

a b i l i t y  t o  account f o r  the  e f f e c t s  of bo i l i ng  o r  vapor iza t ion  of 
water on the  groundwater or  b r ine  chemistry,  which w i l l  occur i n i t i a l l y  
i n  a tu f f  repos i tory  above the  water t a b l e  and may occur during the 
resaturation/repressurization period i n  a b a s a l t  repos i tory  o r  the 
e a r l y  times af ter  emplacement i n  a salt repos i tory ;  and 

a b i l i t y  of t he  models t o  account f o r  supe r sa tu ra t ion ,  c o l l o i d s ,  e t c .  

Addi t iona l ly ,  it should be noted t h a t  t h i s  approach would r equ i r e  some type 
of comparison with an i n t e g r a l  experiment or  na tu ra l  analog f o r  va l ida t ion  
purposes . 
3.2.1.2 Experimentally Based Approach 

I n  an experimental ly  based approach, t h e  values  input  t o  the  r epos i to ry  
environmental parameter component would be the r e s u l t  of experiments 
conducted a t  some earlier t i m e  and s p e c i a l l y  designed t o  provide infor-  
mation concerning groundwater o r  b r ine  ( i n  the  case of sa l t  r e p o s i t o r i e s )  
chemistry i n  the  v i c i n i t y  of the  waste package. These da t a  could be i n  a 
number of d i s c r e t e  sets, with each set having an assoc ia ted  p robab i l i t y  o r  
organized so as t o  e l imina te  the  p o s s i b i l i t y  of v i o l a t i n g  phys ica l  laws. 

I n  t h i s  case, the  repos i tory  environmental parameters obtained by the 
sampling methodology would be simply passed through t o  the  waste package 
degrada t ion / f a i lu re  component f o r  subsequent use. However, i f  t h i s  
approach is se l ec t ed ,  a method must be devised t o  accommodate the feedback 
effects on the groundwater or  b r ine  chemistry unless  they can be shown to  
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be  negl ig ib le .  
l a t i o n a l  methodology as descr ibed above, but o the r  methodologies could be 
used (e.g., semi-empirical approaches) as long as t h e i r  v a l i d i t y  can be 
demonstrated. 

This approach might be accomplished with a va l ida t ed  calcu- 

3.2.2 Temperature 

The heat- t ransport  model of t he  r epos i to ry  environmental parameter c o w  
ponent should possess the following a t t r i b u t e s  unless  i t  can be shown t h a t  
a n  a l t e r n a t i v e  model has an i n s i g n i f i c a n t  impact on the  ca l cu la t ed  results:  

1. c a p a b i l i t y  f o r  three-dimensional ca l cu la t ions ;  

2. provis ions  f o r  modeling the very near  f i e l d  ( inc ludes  waste, overpack, 
packing, and nearby rock temperatures) ,  the  near f i e l d  (nearby rock 
b a c k f i l l  and room p i l l a r s ) ,  and the f a r  f i e l d  ( s h a f t  temperatures and 
t h e  v i c i n i t y  beyond the  repos i tory)  and a method i n t e r f a c i n g  the  models; 

3.  provis ions  f o r  modeling the conduction of heat  through mul t ip l e  laiyers 
(primary mechanism of hea t  t r a n s p o r t ) ;  

4 .  provis ions  f o r  r a d i a t i v e  hea t  t r anspor t  (may be important between 
waste package l a y e r s ) ;  and 

5 . provis ions  f o r  accounting f o r  heat  t r anspor t  v i a  groundwater convebc- 
t i o n ,  both within the  waste package and i n  the  f a r  f i e l d .  

It is assumed t h a t  t he  time dependence of. the case w i l l  be handled by 
e i t h e r  a n a l y t i c a l  o r  numerical methods and t h a t  feedback e f f e c t s  w i l l  be 
handled by ad jus t ing  re levant  dimensions and thermal p rope r t i e s  as 
r equired . 
3.2.3 Radiat ion 

The subs id ia ry  r ad ia t ion  t r anspor t  model of the repos i tory  environmental 
parameter component should possess the  following a t t r i b u t e s  unless  i t  can 
be shown t h a t  an a l t e r n a t i v e  model has an i n s i g n i f i c a n t  impact on the 
ca l cu la t ed  r e su l t s :  

1. provis ions  f o r  determining (obta in ing)  the a lpha-par t ic le ,  gamma-ray, 
and be ta-par t ic le  r a d i a t i o n  source as a func t ion  of energy (def ines  
i n p u t  t o  a t t enua t ion  ca l cu la t ion )  ; 

2. c a p a b i l i t y  f o r  two-dimensional ca l cu la t ions ;  and 

3. provis ions  f o r  modeling the t r anspor t  and absorpt ion of r a d i a t i o n  i n  
mul t ip l e  layers  of d i f f e r e n t  materials (necessary t o  account f o r  the 
expected mul t i layer  waste package). 

Discrete-ordinates  r a d i a t i o n  t r anspor t  codes, such as DOT (RHOADES 1973) 
and ANISN (ENGEL 19671, are genera l ly  acceptab le  i n  t h i s  appl ica t ion .  
Approximate methods (buildup f a c t o r s ,  e tc . )  can a l s o  be used if they 
can be shown t o  produce s u f f i c i e n t l y  accura te  or  conservat ive r e s u l t s .  
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3.2.4 Pressure 

The pressure  model i n  the  repos i tory  environmental parameter component 
should possess the following a t t r i b u t e s  unless it can be shown t h a t  an 
a l t e r n a t i v e  model (or  ignoring a p a r t i c u l a r  e f f e c t )  is conservat ive o r  A.as 
a n  i n s i g n i f i c a n t  impact on the  r e s u l t s :  

1. provis ions  f o r  determining pressure  r e s u l t i n g  from hydros t a t i c  head 
i n  b a s a l t  (hydros t a t i c  heads w i l l  not develop i n  the  sa l t  and tu f f  
r e p o s i t o r i e s ) ;  

2. provis ions  f o r  determining pressure r e s u l t i n g  from l i t h o s t a t i c  pressure ,  
which is a long-range p o s s i b i l i t y  i n  the case of b a s a l t  and tuf f  but a 
r e l a t i v e l y  short-range p o s s i b i l i t y  f o r  sa l t  because of i t s  creep charac- 
ter is t ics ;  

3. c a p a b i l i t y  f o r  determining self-induced pressures  (e-g., packing material 
swe l l ing  and thermal expansion of t he  var ious materials) ; and 

4 .  c a p a b i l i t y  f o r  determining pressure d i s t r i b u t i o n s  i n  two dimensions. 

3.3  INPUT PARAMETERS 

This section provides guidance on those independent parameters which const i -  
t u t e  the input  t o  the repos i tory  environmental parameter model/methodology 
t o  determine the  outputs  descr ibed earlier . 
3.3.1 Character  of Input Parameters 

As is evident  from the  previous d iscuss ion ,  the input  parameters f o r  the  
environmental parameter model/methodology are assumed t o  be PDFs s ince  the 
o v e r a l l  system model is considered t o  be p r o b a b i l i s t i c  i n  nature .  It is  
recognized t h a t  e s t ab l i sh ing  these  PDFs may have l a rge  a t tendant  uncertain- 
ties. The following paragraphs d iscuss  some aspec ts  of these u n c e r t a i n t i e s  
and acceptab le  ways t o  handle them. 

3 . 3 . 1 . 1 J u s t  i f  i c a t i o n  of PDFs 

It is expected t h a t  e s t ab l i sh ing  PDFs using genera l ly  accepted methods t h a t  
r equ i r e  l a rge  numbers of samples o r  t r ia ls  may be impossible i n  cases 
involving phys ica l  data.  However, the  use of assigned PDFs is genera l ly  
acceptab le  as long as (1) a r a t i o n a l e  is presented f o r  the PDF (shape and 
range) ,  and ( 2 )  some s e n s i t i v i t y  analyses  have been performed t o  ensure 
t h a t  r e s u l t s  are not i no rd ina te ly  a f f ec t ed  by the  PDF shape employed. 
Since the  u n c e r t a i n t i e s  i n  many of the  input parameters are expected t o  
increase with t i m e ,  the  t i m e  dependence of the  PDFs w i l l  need t o  be taken 
i n t o  account. 

The use of single-value input  da ta  is acceptable  i f  it has been previously 
shown v i a  techniques such as s e n s i t i v i t y  ana lys i s  t h a t  the v a r i a t i o n  of a 
parameter wi th in  i ts  c red ib l e  range has a small impact on the r e s u l t s  of 
t he  waste package performance ana lys i s .  
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3.3.1.2 Level of Model Def in i t i on  

The model/methodology developer is permitted considerable  f l e x i b i l i t y  :in 
the  s t r u c t u r e  of the  waste performance systems ana lys i s  model/methodology 
f o r  t he  purposes of computational e f f i c i e n c y  o r  convenience. As a r e s u l t ,  
t h e  input  parameters t o  the  r epos i to ry  environmental parameter component of 
t he  model may vary,  depending on t h e  scope of t he  subs id i a ry  models. For 
example, t he  three-dimensional heat t r a n s f e r  problem might be reduced t o  
two coupled, one-dimensional cases encompassing a fa r - f ie ld /near - f ie ld  
c a l c u l a t i o n  and a very-near-field c a l c u l a t i o n ,  with the  former supplyirig 
t h e  temperature a t  t he  boundary between the  models (i .e . , t he  i n t e r f a c e  
between the  waste package and the  surrounding rock). 

Such methods can be acceptab le  wi th in  the  following l i m i t a t i o n s :  ( 1 )  
sampling from independent input  parameter PDFs must not y i e l d  a set  of 
i n p u t  va lues  t h a t  v i o l a t e  phys ica l  laws (e.g., an input  pH must correspond 
t o  the  input  temperature) ,  and ( 2 )  t he  e f f e c t s  of ca lcu la ted  changes i r i  
waste package c h a r a c t e r i s t i c s  must have a neg l ig ib l e  impact  on any modeling 
performed sepa ra t e ly  from the  package performance a n a l y s i s  ( e  .g . , feedback 
e f f e c t s  on a separa te  c a l c u l a t i o n  of near - f ie ld / fa r - f ie ld  heat  t r anspor t  
must not be s i g n i f i c a n t )  . 
3.3.1.3 Independence 

I f  the PDFs cannot be shown t o  be independent from o the r  input  parameters, 
t hen  s p e c i a l  measures must be taken t o  accommodate the  dependence. 
A l t e rna t ive ly ,  as discussed i n  Sect. 3.3.1.2,  t he  appl icant  may elect  t o  
d e f i n e  the  input  parameters a t  a l e v e l  such t h a t  they are independent and 
inc lude  a model t o  account f o r  the  dependence i n  the  environmental param- 
e ter  component. 

3.3 .1 .4  Time  a t  Which Input Parameters are Defined 

I n  genera l ,  it is assumed t h a t  a l l  of t he  input  parameters will represent  
t h e  i n i t i a l  s tate of t he  system, including any changes tha t  have occurred 
dur ing  packaging, emplacement, and r e t r i e v a b l e  s torage.  It should be 
recognized t h a t  as the performance a n a l y s i s  model/methodology proceeds !, 
some of these  parameters w i l l  be a l t e r e d  (e.g., dimensions, chemical com- 
p o s i t i o n )  while o the r s  w i l l  remain f ixed  (e.g., thermal conduct iv i ty  of! a 
material a t  a p a r t i c u l a r  temperature) . 
3.3.2 Groundwater Chemistry 

As mentioned i n  Sect. 3.2.1,  t he re  are two genera l  approaches t o  determining 
t h e  groundwater chemistry i n  and around the  waste package: c a l c u l a t i o n a l  
and experimental. It is doubtful  that  the  c a l c u l a t i o n a l  approach is usable  
f o r  t he  sa tu ra t ed  br ines  t h a t  are expected i n  sa l t  r epos i to r i e s .  The input  
information t h a t  would be needed f o r  the  c a l c u l a t i o n a l  approach includes:  

1. thermodynamic da ta  (e.g., f r e e  energ ies  and en tha lp i e s  of formation, 
a c t i v i t y  c o e f f i c i e n t s )  f o r  a l l  s i g n i f i c a n t  radionucl ide and chemical 
s p e c i e s  i n s i d e  and around the waste' package; ' 
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2.  parameters r e l a t e d  t o  the  rate at which the  var ious poss ib le  r eac t ions  
between groundwater cons t i t uen t s ,  waste package c o n s t i t u e n t s ,  and the  
hos t  rock/secondary minerals proceed (i .e. ,  da t a  on k i n e t i c s ) ;  

3 .  t he  unperturbed groundwater composition and the groundwater flow r a t e  
i n t o  the  waste package; 

4. composition of a l l  materials i n s i d e  and around the  waste package; 

5. t h e  temperature i n s i d e  and around the  waste package; and 

6. some information concerning the  formation rate and s t a b i l i t y  of 
c o l l o i d s ,  supersa tura ted  condi t ions ,  and so fo r th .  

I f  the  experimental ly  based approach is employed, then the input  parameters 
are sets of the  following information as a func t ion  of space,  t i m e ,  and 
p r o b a b i l i t y  of occurrence: (1) concentrat ions of a l l  s i g n i f i c a n t  dissolved 
spec ie s  i n  the groundwater, (2)  pH, ( 3 )  redox condi t ions ,  and ( 4 )  ground- 
water flow rate. 

Addi t iona l ly ,  some type of information w i l l  l i k e l y  have t o  be suppl ied t o  
a l low the  parameters l i s t e d  above t o  be ad jus ted  t o  compensate f o r  feedback 
e f f e c t s .  

The c a l c u l a t i o n a l  and experimental approaches represent  methodology l i m i t s .  
It is more probable and des i r ab le  t h a t  an acceptable  approach w i l l  be a 
combination of these  two extremes . 
3.3.3 Temperature 

I n  genera l ,  t h e r e  are two major aspec ts  t o  determining temperatures in s ide  
and around the  waste package: a near-f ie ld  heat t r anspor t  ca l cu la t ion  to  
determine the  temperature a t  t he  waste package-host rock i n t e r f a c e ,  and the 
very-near-f i e l d  heat  t r anspor t  ca l cu la t ion  t h a t  determines the  temperature 
d i s t r i b u t i o n  i n  d e t a i l  i n s i d e  and around the waste package. The input  
parameters f o r  the f a r - f i e ld  model would be as follows: 

1. th icknesses  of the rock l aye r s  i n s i d e  and around the  repos i tory ;  

2 .  engineer ing design da ta  f o r  the repos i tory  (emplacement hole diameter,  
p i l l a r  th icknesses ,  d i sposa l  room dimensions); 

3. diameter  of the overpack and the packing material; 

4 .  thermophysical p rope r t i e s  (heat  capaci ty ,  dens i ty ,  and thermal conduc- 
t i v i t y )  f o r  the homogenized waste package (through the overpack),  pack- 
i n g  material, and rock l aye r s ;  

5. t h e  rate a t  which the waste form is generat ing hea t ;  and 

6. parameters (e.g., volumetric flow r a t e s )  pe r t inen t  t o  the ca l cu la t ion  
of convective heat  t r anspor t  i n  the f a r  f i e l d .  
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The input  parameters f o r  t he  waste package temperature determinat ion would 
be as follows: 

1. dimensions of a l l  of t he  waste package components ( lengths ,  th icknesses ,  
e t c . ) ,  inc luding  gap thicknesses  between l aye r s ;  

2 .  thermophysical p rope r t i e s  of a l l  of the waste package components, 
i nc lud ing  heat  c a p a c i t i e s ,  d e n s i t i e s ,  thermal c o n d u c t i v i t i e s ,  and 

' emissivit ies;  

3.  t h e  rate a t  which the  waste form is producing heat  and t h e  d i s t r i b u t i o n  
of t he  heat  source; and 

4 .  parameters r e l a t e d  t o  the  c a l c u l a t i o n  of convective hea t  t r anspor t  
immediately around the  waste package i f  s u f f i c i e n t  water is present .  

3 . 3 . 4  Radia t ion  

If a r a d i a t i o n  t r a n s p o r t  model employs a r e l a t i v e l y  soph i s t i ca t ed  methodo- 
logy such as a d iscre te -ord ina tes  ca l cu la t ion ,  then t h e  input  needed would 
be as follows: 

1 .  t h e  source term gamma rays (alpha and beta particles can, f o r  a l l  
p r a c t i c a l  purposes, be absorbed a t  the  poin t  of assumed emission);  

2. t h e  multigroup energy spectrum of the  gamma rays;  

3 .  t h e  compositions and dimensions of a l l  of the  waste package ma te r i a l s  
and t h e  immediately surrounding host  rock; and 

4 .  multigroup gamma-ray a t t enua t ion  and absorpt ion c ross  s e c t i o n s  f o r  a l l  
of t he  elements present  i n  s i g n i f i c a n t  concentrat ions.  

The use of the  o lder  "shielding handbook" approach o r  buildup f a c t o r  rnethod 
t h a t  involves  a ray-tracing technique (ROCKWELL 1956) would r equ i r e  the same 
gene ra l  types of information except t h a t  (1) considerably fewer c ross  sec- 
t i o n s  would be required,  and ( 2 )  buildup f a c t o r s  (o r  equiva len t )  would be 
needed t o  account f o r  s c a t t e r e d  photons. 

3.3.5 Pressure 

The pressure  h i s t o r y  around a waste package i n  a repos i tory  w i l l  depend 
p r imar i ly  upon the  rock type and swel l ing pressures  t h a t  develop from 
expandable c lays  i f  used i n  the  packing. I n  the  case of b a s a l t ,  p ressures  
on an overpacked waste c a n i s t e r  can be expected t o  vary from atmospheric t o  
l i t h o s t a t i c  ( see  Sect. A . 1 . 1  f o r  a desc r ip t ion  of the  cur ren t  designs f o r  
t h e  waste package and BWIP repos i tory) .  Af te r  t he  s e a l i n g  of a repos i tory ,  
water w i l l  g radual ly  f i l l  t he  void spaces and the  pressure  exer ted  w i l l  
i n c r e a s e  t o  hydros t a t i c  i n  a few t o  hundreds of years ,  depending on the  spe- 
c i f i c  si te.  This hydros t a t i c  pressure  (o r  head) w i l l  depend on the  reposi-  
t o r y  depth and the  height  of t he  water t a b l e  above the  d i sposa l  horizon, an 
e a s i l y  measurable quant i ty .  The rate of rise of t h e  hydros t a t i c  pressure ,  
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however, seems t o  be an uncont ro l lab le  parameter t h a t  is not e a s i l y  de te r -  
mined. Development of f u l l  l i t h o s t a t i c  pressure because of rock creep o r  
subsidence is unl ike ly  f o r  s eve ra l  thousand years ,  bar r ing  unexpected tec- 
t o n i c  a c t i v i t y ;  however, pressure around the  c a n i s t e r  can increase  because 
of the  swel l ing pressure exerted by the bentoni te .  In  addi t ion ,  un l ike  
r e p o s i t o r i e s  i n  tu f f  and sal t ,  t he  undisturbed i n  s i t u  rock stress at the  
b a s a l t  s i te  is highly an i so t rop ic ;  t h e  r a t i o  of the  ho r i zon ta l  t o  the 
v e r t i c a l  stress is  about 2.7. This condi t ion could create a hor izonta l  
shear ing force  on the  waste package before  f u l l  l i t h o s t a t i c  pressure is 
a t t a i n e d .  Pressures  exer ted by the  rock t h a t  =e s i g n i f i c a n t l y  above 
I i t h o s t a t i c  cannot exist because the  rock w i l l  f r a c t u r e  and r e l i e v e  the  
stresses. The swel l ing pressure  from the  bentoni te  o r  any add i t iona l  
stresses t h a t  may arise due t o  thermal expansion and rock f r a c t u r i n g  should 
be cont ro l led  v i a  design. 

The pressures  are expected t o  remain at  approximately atmospheric i n  a tu f f  
r epos i to ry  f o r  a long period of t i m e  s ince  the  s i te  at  Yucca Mountain is 
above the  water t a b l e  and a hydros t a t i c  head cannot develop ( see  Sect. A . 2 . 1  
f o r  a desc r ip t ion  of t h e  previously published designs of t he  waste package 
and the  repos i tory)  . Tuff,  which is a hard rock, w i l l  resist room c losure  
and, as i n  the  case of b a s a l t ,  t h e  f u l l  l i t h o s t a t i c  pressure may take 
thousands of years  t o  develop. Swelling pressures  from the  packing can 
develop i f  bentoni te  is used i n  the  packing, which is an a l t e r n a t e  design. 

Unlike the oilner rocks,  a salt r epos i to ry  can be expected t o  a t t a i n  f u l l  
l i t h o s t a t i c  pressure i n  t ens  of years  depending on the  creep p rope r t i e s  of 
t h e  salt  ( see  Sect. A.3 .1  f o r  a desc r ip t ion  of t he  waste package and the  
r epos i to ry ) .  It is poss ib le ,  however, t h a t  pressures  on the  waste package 
t h a t  are above l i t h o s t a t i c  could develop i n  the  f i r s t  few years  because of 
thermal expansion of the  surrounding salt bed and, consequently, t h i s  should 
be considered even though i t  is expected t h a t  salt creep w i l l  a l l e v i a t e  
these  expansion effects. Since groundwater i s  not present  i n  a salt forma- 
t i o n ,  a hydros t a t i c  head cannot develop, barr ing an unant ic ipated t ec ton ic  
event t h a t  c r e a t e s  a v e r t i c a l  opening t h a t  connects with an overlying aqu i f e r .  

To account f o r  these poss ib le  scenar ios  and t h e i r  p o t e n t i a l  e f f e c t s ,  the  
minimum requirements f o r  input  da t a  f o r  the environmental model/methodology 
are : 

1. hydros t a t i c  head changes with t i m e ,  

2. swell ing pressure changes with t i m e ,  

3. rates of development of the  ho r i zon ta l  and v e r t i c a l  components of t he  
l o c a l  l i t h o s t a t i c  pressure,  and 

4 .  rock t e n s i l e  and compressive s t r e n g t h  i n  ho r i zon ta l  and v e r t i c a l  
d i r ec t ions .  
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3 0 4 OPERATION OF REPOSITOBY ENVIRONMENTAL PARAMETER 
MODEL/METHODOLOGY 

Several  important aspec ts  of the approach t o  operat ions performed by t h e  
r epos i to ry  environmental parameter model/methodology are discussed below. 

3.4.1 Nature of Models 

A s  discussed previously,  i t  is assumed t h a t  the  p r o b a b i l i s t i c  nature  of the  
o v e r a l l  model/methodology r e s u l t s  from the  use of PDFs as input  and the  
accumulation of s ta t i s t ica l  output.  

Any type of model ( t h e o r e t i c a l ,  empir ica l ,  o r  semi-empirical) can be 
employed a t  the  developer 's  d i s c r e t i o n ,  sub jec t  t o  the  o ther  l imitat ionis  
descr ibed  herein.  I n  t h i s  regard,  Sect. 3.5 should be noted. 

3 . 4 . 2  Scope 

I n  p a r a l l e l  with the  d iscuss ion  on the  l e v e l  of input  data, t h e  scope 
(nea r  f i e l d ,  f a r  f i e l d ,  etc.) of the  subs id ia ry  models is a t  the  developer 's  
d i s c r e t i o n ,  subjec t  t o  the  model's c a p a b i l i t y  f o r  accommodating feedback 
e f f e c t s .  Interdependence between the  ind iv idua l  models and between the 
components of the waste package performance ana lys i s  &-.? assumed t o  be 
handled by using appropr ia te  coupling techniques. 

3 . 4 . 3  U s e  of Experimental Resul ts  

It is  gene ra l ly  acceptable  t o  produce experimental ly  based output parameters 
i n  l i e u  of ca lcu la ted  output parameters; however, c e r t a i n  precaut ions nust 
be taken. The input parameters c o n s t i t u t i n g  the  experimental  da ta  must ( i n  
gene ra l )  be expressed as PDFs while not v i o l a t i n g  physical  l a w s .  This pro- 
cedure might be handled by developing seve ra l  cons i s t en t  sets of da ta  
( e .ga8  chemical compositions) and ass igning  each a p robab i l i t y  of occurrence.  
F i n a l l y ,  i f  feedback e f f e c t s  are important,  then the appl icant  must provide 
a de fens ib l e  method f o r  accounting f o r  the e f f e c t s  of the feedback on the  
inpu t  da ta  obtained by sampling the experimental ly  based PDFs. 

3.5  VALIDATION OF THE REPOSITORY ENVIRONMENTAL PARAMETER 
MODEL/METHODOLOGY 

Val ida t ion  and documentation of the  repos i tory  environmental parameter 
model/methodology and the  ind iv idua l  models contained the re in  are c r i t i c a l  
a spec t s  of the approach t o  t h i s  model/methodology. 
t h a t  the  va l ida t ion  s t r a t e g y  be made a part of the i n i t i a l  development of 
t h e  environmental parameter model/methodology and i t s  subs id i a ry  models 
i n  order  to ensure an' acceptable  r e s u l t  

It is s t rong ly  urged 

3 .5 .1  Documentation Guidelines 

Guidel ines  'have been proposed (SILLING 1983) f o r  the documentation of 
models and computer codes used i n  support  of l i cens ing  a c t i v i t i e s .  
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A br i e f  genera l  o u t l i n e  of these  gu ide l ines  is given below. 

1. Software Summary - This summary is a one-page document t h a t  i d e n t i f i e s  
t h e  code and vers ion  number and provides o the r  bas i c  information. 

2. Mathematical Models and Numerical Methods - This work includes a 
d e r i v a t i o n  and j u s t i f i c a t i o n  f o r  the  model, an explanat ion of i t s  
c a p a b i l i t i e s  and l i m i t a t i o n s ,  and a desc r ip t ion  of the  numerical 
s o l u t i o n  s t r a t e g y ,  s t a b i l i t y ,  accuracy, and computational sequence. 

3. User's Manual -The user's manual, toge ther  with the  code l i s t i n g ,  
should be s u f f i c i e n t  t o  i n s t r u c t  the user on how t o  set up and run 
problems as w e l l  as to  reso lve  poss ib l e  d i f f i c u l t i e s .  

4. Model Assessment and Support - This document must d i scuss  a l l  work 
t h a t  sheds l i g h t  on the  adequacy of t he  model, provide evidence t h a t  
t h e  model has been ex tens ive ly  reviewed and va l ida t ed ,  and descr ibe  
t h e  q u a l i t y  assurance and maintenance programs f o r  t he  computer code. 

5 .  Continuing Documentation and Code L i s t ings  - Continuing documentation 
inc ludes  the  development of new c a p a b i l i t i e s ,  t he  de t ec t ion  of repair 
of e r r o r s ,  and appl icat ion-oriented modif icat ions.  

3.5.2 Methods of Val ida t ion  

I n  genera l ,  t he  v a l i d a t i o n  of a model should r e l y  on a comparison with 
well-conceived, well-conducted experimental  r e s u l t s  t h a t  account f o r  a l l  
p o t e n t i a l l y  p e r t i n e n t  e f f e c t s .  The v a l i d a t i o n  of complex c a l c u l a t i o n a l  
results with o the r  ca lcu la ted  r e s u l t s  or with simple experiments t h a t  only 
account for one process or e f f e c t  may not be acceptable .  A l l  computer 
codes w r i t t e n  t o  descr ibe  the  physical  model must be v e r i f i e d  with regard 
t o  computational accuracy and c a p a b i l i t y  of represent ing  the  physical  
model . 
Two p o t e n t i a l l y  acceptable  methods f o r  v a l i d a t i n g  the  environmental para- 
meter component and subs id ia ry  models can be i d e n t i f i e d .  The f i r s t  
approach is t o  conduct l a rge ,  i n t e g r a l  experiments ( labora tory  or  i n  s i t u )  
s imula t ing  the  i n t e r a c t i o n  of var ious groundwaters with a waste package 
under appropr ia te  temperature,  r a d i a t i o n ,  and pressure condi t ions .  These 
i n t e g r a l  experiments need t o  be supported by more fundamental tests t h a t  
address  fewer va r i ab le s  and processes.  Otherwise, the r e s u l t s  of the  
i n t e g r a l  tests may be d i f f i c u l t  t o  i n t e r p r e t  i n  a meaningful manner. A 
second p o t e n t i a l l y  acceptable  v a l i d a t i o n  approach is t o  employ na tu ra l  ana- 
l o g s  as a comparison b a s i s  f o r  the  r e s u l t s  of t he  environmental parameter 
component . While t h i s  provides a more real is t ic  geologic  environment than 
t h e  i n t e g r a l  test, it s u f f e r s  i n  t h a t  many of the  condi t ions expected i n  
t h e  r epos i to ry  ( r a d i a t i o n ,  e leva ted  temperatures,  engineered ma te r i a l s )  
have not been present .  

3.5.3 Exis t ing  Val idat ion 

Subs id ia ry  models have already been developed, documented, and va l ida ted  
for some of t he  repos i tory  environmental parameters such as temperature and 
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r a d i a t i o n  t ranspor t .  I f  v a l i d a t i o n  of the  e x i s t i n g  models can be 
demonstrated by reference i n  these  cases, a d d i t i o n a l  documentation and 
v a l i d a t i o n  w i l l  not be required.  It i s  acceptab le  t o  augment e x i s t i n g  
documentation which lacks  some of the required information (SILLING 1983). 
However, it should be noted tha t  v a l i d a t i o n  concerning accommodating feed- 
back e f f e c t s  and i n t e r f a c e s  with o the r  models w i l l  s t i l l  be required.  

3.6 FEEDBACK EFFECTS AND OTHER NONLINEARITIES 

This s e c t i o n  is added to  emphasize t h e  importance of "feedback" and o ther  
n o n l i n e a r i t i e s  (such as temperature dependence of material p rope r t i e s  and 
s y n e r g i s t i c  e f f e c t s )  i n  the  performance assessment of a waste package. 
Feedback and temperature dependence of some parameters cause nonlineari . ty 
i n  the  system model, which can make a n a l y t i c a l  so lu t ions  (closed form) 
extremely d i f f i c u l t  o r  impossible and can considerably inc rease  the  coui- 
p u t a t i o n a l  t i m e  f o r  numerical so lu t ions .  

The word "feedback" is used i n  t h i s  document t o  denote the f a c t  t h a t ,  as 
t h e  waste package components are a f f ec t ed  by t h e i r  environments, both t:he 
components and the environmental condi t ions are a l t e r e d ,  subsequently 
a f f e c t i n g  the  repos i tory  environment. For example, i f  i t  is  postulated! 
t h a t  a carbon steel ubcrpack is degraded by being oxidized,  the  product. of 
t h i s  process  might be a loose l aye r  of i r o n  oxides. The presence of t hese  
oxides  would change the  dimensions and thermal conduct ivi ty  of the  pack.age, 
which would a f f e c t  the  temperatures i n s i d e  and i n  the immediate area 
surrounding the waste package. I n  add i t ion ,  the  formation of the  i r o n  
oxides ,  coupled with the changes i n  temperature,  w i l l  a l t e r  the  water <:om- 
pos i t i on .  The obvious method for taking these  e f f e c t s  i n t o  account i s  t o  
a d j u s t  t he  appropr ia te  parameters and da ta  during the  ca l cu la t ion  t o  
reflect t h e  changes t h a t  have j u s t  been ca lcu la ted  t o  occur ( feedback) ,  
a l though o ther  methods are not precluded. The problems can be l i n e a r i z e d  
when the  e f f e c t  of neglec t ing  n o n l i n e a r i t i e s  can be shown t o  be i n s i g n i f i -  
can t  o r  conservat ive.  



4. REFERENCES 

DAVIS 1983. M. S. Davi and D. G. Schweit r ,  D r  f t  Technical 
Waste Package Perf ormaGe Af ter  Repository Pos i t i on  - Subtask 1 . 1 : 

Closure,  vol.  1, NUREG/CR-3219 (BNL-NUREG-51658), 1983. 

DOE 1981. U.S. Department of Energy, Nuclear Waste Package Materials 
Degradation Modes and Accelerated Test ing,  DOE/NWTS-13, 1981. 

ENGEL 1967. W. W. Engel, Jr., A User's Manual f o r  ANISN - A 
One-Dimensional Discrete Ordinates  Transport  Code with Anis t ropic  
Sca t t e r ing ,  UCND-K-1693, 1967. 

EPA 1985. Environmental P ro tec t ion  Agency, 40 CFR 191, "Environmental 
Standards f o r  t h e  Management and Disposal of Spent Nuclear Fuel ,  
High-Level and Transuranic  Radioactive Wastes" (Fina l  Rule),  Fed. 
Regist., 50 (182), 38066 (September 1985). 

NRC 1983. Nuclear Regulatory Commission, 10 CFR 60, "Disposal of 
High-Level Radioact ive Wastes i n  Geologic Repos i to r i e s ,  Technical 
Criteria," Fed. Regist .  - 48(120), 28194 (1983). 

NRC 1986. Nuclear Regulatory Commission, 10 CFR 60, "Generic Technical 
P o s i t i o n  - Waste Package R e l i a b i l i t y  Analysis f o r  High-Level Nuclear 
Waste Repos i tor ies , "  Fed. Regist .  - 51(3) ,  460 (1986). 

NWPA 1983. Nat ional  Waste Pol icy A c t  of 1982, Pub. Lo 97-425, 
H.R. 3809, Jan. 7, 1983. 

RHOADES 1973. W. A. Rhoades and F. R. Mynatt, The DOT 111 Two-Dimensional 
Discrete Ordinates  Transport  Code, ORNL/TM-4280, 1973. 

ROCKWELL 1956. Theodore Rockwell, 111, ed., Reactor Shie ld ing  Design 
Manual, U. S. Atomic Energy Coimmission, 1956. 

SASTRE 1986. C. Sastre, C. Pescktore,  and T. Sul l ivan ,  Waste Package 
R e l i a b i l i t y ,  NUREG/CR-4509 (BNL-NUREG-51953), 1986. 

SILLING 1983. S. A. S i l l i n g ,  F ina l  Technical P o s i t i o n  on Documentation 
of Computer Codes f o r  High-Level Waste Management, NUREG-0856, 1983. 

STEPHENS 1986. K. Stephens, L. Boesch, B. Crane, R. Johnson, R. Moler, 
S. Smith, and L. Zaremba, Methodologies f o r  Assessing Long-Term 
Performance of High-Level Radioactive Waste Packages, NUREG/CR-4477 
[ATR-85 (5810-01)-1ND], 1986. 





5 .  APPENDIXES 





APPENDIX A 

DESCRIPTION OF WASTE PACKAGE AND REPOSITORY ENVIRONMENT 

The t ime-to-failure of a waste package (i.e., a breach t h a t  p e r m i t s  con- 
tact  between the waste form and ambient water) and i ts  subsequent behavior 
i n  l i m i t i n g  or controlLing the  release of radionucl ides  are dependent on 
t h e  waste package and repos i tory  designs and the environment i n  the 
immediate v i c i n i t y .  This environment is both s t rong ly  si te- and design- 
dependent and changes with t i m e .  Thus, many combinations of waste 
package designs,  r epos i to ry  types and designs,  and rad ionucl ide  release 
scena r ios  may u l t ima te ly  have t o  be considered. It is an t i c ipa t ed  t h a t  
t he  model/methodology s p e c i f i c a t i o n s  developed by t h i s  p ro jec t  w i l l  be 
s u f f i c i e n t l y  genera l  t o  be adaptable  t o  many designs and degradat ion 
models and repos i tory  types. 

The f a i l u r e  scenar io  t h a t  i s  considered is the  postclosure degradat ion 
of the  waste package as the r e s u l t  of an t i c ipa t ed ,  long-term processes ,  
which is cons i s t en t  with the  requirements of 10 CFR 60 ( see  Sects.  2.2 .2  
and 2 . 2 . 3 ) .  N o  e f f e c t s  of highly unl ike ly  n a t u r a l  ca t a s t roph ic  events 
(e.g., major t ec ton ic  episodes,  volcanic  a c t i v i t y ,  o r  meteor i te  s t r i k e s )  
are considered here. Occurrences of t h i s  na ture  can des t roy  a waste 
package by common cause (i.e., mul t ip le  b a r r i e r s  f a i l  simultaneously as 
t h e  r e s u l t  of a s i n g l e  event).  These events are not considered here 
because they are unant ic ipated processes and events  as def ined in 10 CFR 
60, whereas Sect . 60 . 113( a) ( 1)  only addresses the performance require- 
ments of engineered barriers assuming a n t i c i p a t e d  processes and events.  
I f  these  events are not t r u l y  ca t a s t roph ic ,  they can be fac tored  i n t o  a 
waste package degradation model by parameter changes, such as increas ing  
t h e  water flow and pressure on the waste package. 

P o t e n t i a l  r epos i to ry  sites have been se l ec t ed  by DOE f o r  d e t a i l e d  
c h a r a c t e r i z a t i o n  i n  the  basa l t  at Hanford, Washington; i n  the  tu f f  a t  
Yucca Mountain, Nevada; and i n  the  bedded salt i n  Deaf Smith County, 
Texas. Some aspec ts  of the  cur ren t  conceptual designs and degradat ion 
and radionucl ide release scenar ios  are discussed i n  the  following sec- 
t i o n s  of the appendix. An earlier repor t  (CLAIBORNE 198s) discussed the  
basalt r epos i to ry  only. This repor t  includes d iscuss ions  of the salt 
and t u f f  r e p o s i t o r i e s  and the  cur ren t  b a s a l t  repos i tory  design. 

A.1 NUCLEAR WASTE REPOSITORY I N  BASALT 

The re ference  repos i tory  is loca ted  near  the cen te r  of the DOE-controlled 
Hanford reserva t ion  i n  the south-central  port ion of the s ta te  of 
Washington. This area l ies  within the  Pasco Basin, the s t r u c t u r a l  and 
topographical  low pa r t  of the Columbia Plateau (DOE 1984a, 1986a). 

33 
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A l l  .I Repository Design and I n i t i a l  Conditions 

The repos i tory  horizon is cu r ren t ly  planned t o  be around 975 m deep i n  the  
Cohassett  b a s a l t  flow in t he  Sen t ine l  Bluffs  Sequence of the  Grande Ronde 
Formation on the  Hanford Reservation. The earlier 1982 re ference  concep- 
t u a l  design (RKE/PB 1983) placed the  r epos i to ry  horizon i n  the  Umtanum 
flow, near ly  200 m lower than the  d i sposa l  horizon i n  the  Cohassett .  
I n t r a f low s t r u c t u r e s  exist t h a t  can be simply c l a s s i f i e d  as f r ac tu red  and 
j o i n t e d ,  with varying degrees of secondary minera l iza t ion  present .  Higher- 
po ros i ty  in te rbeds ,  which are sources  of water (GUZOWSKI 1983) a l s o  e x i s t .  
The p o t e n t i a l  sources of groundwater f o r  contac t ing  the  waste c a n i s t e r s  are 
t h e  unconfined aqu i f e r  i n  the  sediments l y ing  above the  sequence of basalt 
f lows and the  numerous confined a q u i f e r s  a t  the g r e a t e r  depths wi th in  the  
b a s a l t  flows. There are t h r e e  dominant pathways f o r  groundwater movement 
i n  the  basalt: (1) brecc ia  zones between basalt flows and i n  the  sedimen- 
t a r y  in te rbeds ;  ( 2 )  v e r t i c a l  f a u l t s  and f r a c t u r e  zones between adjacent  
basalt  flows; and (3) s t r a t i g r a p h i c  d i s c o n t i n u i t i e s  w i th in  the  basalt 
flows. The shallow b a s a l t s  are thought t o  recharge i n  outcrop areas anid t o  
d ischarge  t o  the  overlying unconfined aqu i f e r  and the  Columbia River. The 
deeper  b a s a l t s  appear t o  be recharged from i n t e r b a s i n  groundwater movement 
o r i g i n a t i n g  nor theas t  and northwest of t he  Pasco Basin. The discharge 
l o c a t i o n  is  not known but is speculated t o  be south of the Hanford S i t e  
(DOE 1984a, 1986a). 

In  v i e w  of t h i s  geologic  s t r u c t u r e ,  t he  ava i l ab le  water, and the  poten- 
t i a l  per turba t ions  of the  hydrologic  system, i t  had been commonly accepted 
t h a t  a r epos i to ry  i n  b a s a l t  would " f i l l "  o r  r e s a t u r a t e  with water a f t e r  clo- 
s u r e  wi th in  tens  t o  a few hundreds of years.  However, i n  a study by Pruess  
(1982) f o r  a repos i tory  i n  the  Umtanum, he est imated tha t  the  host  rock 
w i l l  completely r e s a t u r a t e  before  the  end of t he  50-year open per iod and 
p r i o r  t o  backf i l l i ng .  Resaturat ion of the r epos i to ry  a f t e r  b a c k f i l l i n g  
would be less than 2 years  based on the  most probable values  of t he  per- 
t i n e n t  rock parameters. 

The r epos i to ry  is t o  be of the  conventional pillar-and-room mine design 
t h a t  w i l l  f a c i l i t a t e  mul t ip le  waste package emplacement [both commercial 
high-level waste (CHLW) and spent f u e l  (SF)] i n  ho r i zon ta l  boreholes con- 
t a ined  i n  the p i l l a r s .  Based on the  ava i l ab le  information at  the  t i m e  t h a t  
t h e  previous publ ica t ion  on the  relevance of r epos i to ry  environmental param- 
eters i n  assess ing  waste package performance w a s  prepared (CLAIBORNE 1985), 
t h e  re ference  design cons is ted  of long ho r i zon ta l  boreholes containing 
several waste packages ( see  Fig. A . 1 ) .  The b a c k f i l l  material around the  
overpacked waste canister, henceforth ca l l ed  the  packing material (al though 
t e c h n i c a l l y  a part of t he  waste package), w a s  not t o  be emplaced simulta- 
neously with the overpacked waste c a n i s t e r .  Ins tead ,  it w a s  t o  be pneuma- 
t i c a l l y  d i s t r i b u t e d  i n  the  emplacement hole  around the  overpacked c a n i s t e r  
p r i o r  t o  repos i tory  decommissioning. The operat ing period is def ined by 
BWIP as 90 years ,  divided i n t o  th ree  phases: emplacement, during which a l l  
emplacement operat ions take place (20 years)  ; observat ion (50 years )  ; and 
e i t h e r  backf illing-decommissioning (20 years )  or  r e t r i e v a l  (20 years ) .  
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Fig. A. 1 . Reference package and emplacement scheme for the long hori- 
zontal borehole concept. Source: Westinghouse Electric Corporation, 
Advanced Energy Systems Division, Waste Package Conceptual Designs f o r  a 
Nuclear Repository in Basalt , RHO-BW-CR-136P/AESD-TM-3142 , 1982 . 
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By the t i m e  t h e  r epor t  w a s  issued,  t h e  re ference  conceptual design had 
been changed t o  the  s h o r t  h o r i z o n t a l  borehole (SHB) concept (see Fig. A . 2 ) .  
The long ho r i zon ta l  borehole concept and the pipe-in-tunnel (PIT)  concept, 
which involves waste c a n i s t e r s  placed i n  ho r i zon ta l  pipes wi th in  a d isposa l  
room, became p o t e n t i a l  a l t e r n a t i v e  des igns  (HENRY 1984). I n  t h e  SHB con- 
cept ,  t h e  boreholes extend from the  walls of t he  emplacement room and each 
conta ins  only one waste package (McCALL 1986). Design s t u d i e s  involvin,g 
these  concepts with many v a r i a t i o n s  are a v a i l a b l e  (WEC 1984 and RKE/PB 1983). 

Design s t u d i e s  a r e  continuing, and changes can be expected t o  occur i n  pro- 
posed designs p r i o r  t o  a l i c e n s e  app l i ca t ion .  Actua l ly ,  an updated concep- 
t u a l  design of the r epos i to ry  t h a t  i nco rpora t e s '  a l l  of the cu r ren t  func t iona l  
requirements and cri teria will only be completed i n  '987. Current ly ,  i t  is 
assumed t h a t  cons t ruc t ion  of a r epos i to ry  w i l l  proceed i n  two s tages .  
Stage I provides cons t ruc t ion  s u f f i c i e n t  f o r  acceptance of the equiva len t  
of 400 metric tons of heavy metal pe r  year (MTHM/year) f o r  f i v e  years  
beginning i n  1998. I n  Stage 11, the  remaining f a c i l i t i e s  a r e  t o  be 
cons t ruc ted  f o r  acceptance of 500 MTHM s t a r t i n g  i n  the  year 2001, 1400 MTHM 
i n  2002, and the f u l l  opera t ing  capac i ty  of 3000 MTHM/year s t a r t i n g  i n  
2003, f o r  a t o t a l  of 70,000 MTHM i n  t h e  form of SF and CHLW and, i f  
r equ i r ed ,  defense high-level waste (DHLW). 

During Stage I opera t ions ,  spent f u e l  assemblies from both BWRs and PWRs 
w i l l  be received and packaged without disassembly i n t o  carbon-steel con- 
t a i n e r s .  In  Stage 11 opera t ions ,  spent f u e l  elements t h a t  a r e  received 
w i l l  be disassembled and consol idated p r i o r  t o  packaging i n t o  carbon-steel  
con ta ine r s .  Any CHLW ( o r  DHLW, i f  received) w i l l  be shipped t o  the s i t e  
where i t  w i l l  be overpacked with carbon-steel  conta iners .  The waste con- 
t a i n e r s  w i l l  be i nd iv idua l ly  t r anspor t ed  and emplaced i n  the sho r t  horizon- 
t a l  boreholes (one package pe r  ho le)  a t  t he  r epos i to ry  horizon. A t  l e a s t  
10-year-old spent f u e l  w i l l  be i n i t i a l l y  received, but spent  f u e l  f i v e  years  
ou t  of t he  r e a c t o r  may a lso  be received. I n  e i t h e r  case, the same waste 
con ta ine r s  can be used by l i m i t i n g  t h e  thermal loading t o  2.2 kW. 

The temperature h i s t o r y  w i l l  depend on the  areal thermal loading, the r a t e  
of c a n i s t e r  emplacement, and the t i m e  i n t e r v a l  p r i o r  t o  b a c k f i l l i n g  and 
f i n a l  c losu re  and decommissioning of the repos i tory .  The ambient tem- 
p e r a t u r e  of the undis turbed rock is 51°C a t  the r epos i to ry  horizon. 
Calcu la ted  maximum rock temperatures are s i g n i f i c a n t l y  lower f o r  s equen t i a l  
loading  (RICKERTSEN 1982) as compared with those assumed f o r  instantaneous 
loading. Depending on the d e t a i l e d  arrangement, t he  v e n t i l a t i o n  system 
could remove a l a rge  amount of the heat l i b e r a t e d  (SA1 1977). The esti- 
mated BWIP peak temperatures and design l i m i t s  f o r  each component of t he  
waste package are discussed l a t e r  i n  Sect. D.1.3. 

The p res su re  exer ted  on the c a n i s t e r  w i l l  be atmospheric p r i o r  t o  back- 
f i l l i n g .  Although s l i g h t  l o c a l  i nc reases  can be observed a f t e r  back- 
f i l l i n g ,  s i g n i f i c a n t  i nc reases  cannot occur u n t i l  a f t e r  decommissioning 
and water begins t o  accumulate. Except f o r  (poss ib ly)  some l o c a l  thermal 
stresses and swelling pressure  exer ted  by the  packing, which could be 
c o n t r o l l e d  by proper design, t he  maximum pressure  should not g r e a t l y  exceed 
h y d r o s t a t i c  (-11 MPa) i n  the f i r s t  few thousand years. For a properly 
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Fig.  A.2. Short ho r i zon ta l  borehole emplacement concept. 
Source:- K. H. Henry, Decision Memorandum f o r  Waste Emplacement Concept, 
SD-BWI-PD-Of2 3 1984. 
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designed basalt r epos i to ry ,  it is not expected t h a t  f u l l  l i t h o s t a t i c  
pressure  (-30 and -60 Wa, r e s p e c t i v e l y ,  f o r  t he  v e r t i c a l  and horizontail 
s t r e s s  components) w i l l  be a t t a i n e d  f o r  many thousands of years. 

The pH and redox condi t ions  w i l l  s t r o n g l y  in f luence  cor ros ion  r a t e s ,  wa.ter 
chemistry, and the var ious  p o t e n t i a l  chemical r eac t ions  wi th in  the system. 
The unperturbed pH is approximately equal t o  10, and the Eh has been esti- 
mated as low as 4.5 V, which is an anoxic condi t ion  and favorable  t o  long 
c a n i s t e r  l i f e t i m e .  The ptz w i l l  decrease  as the temperature increases .  The 
a i r  i n  the  f r e s h l y  sea led  r epos i to ry  w i l l  produce oxic condi t ions  with an 
Eh up t o  M . 5  V. A crude estimate of the time f o r  t h e  r epos i to ry  to  be 
r e s t o r e d  t o  geologic eq,tlibrium and s l i g h t l y  anoxic condicions is seve ra l  
hundred years (SMITH 1980). Demonstration with reasonable assurance t h a t  
such favorable  anoxic condi t ions  w i l l  e x i s t  i n  t h e  f i r s t  few hundred years,  
however, is yet  t o  be accomplished. 

A.1.2 Waste Package Designs 

Some d e t a i l s  of t he  cu r ren t  conceptual design f o r  the waste packages are 
no t  ava i l ab le .  The major changes from the previous conceptual design t h a t  
were discussed in t he  earlier r epor t  (CLAIBORNE 1985) were the inc rease  i n  
t h e  thermal loading of the waste c a n i s t e r  from 1.65 kW t o  a maximum of 
2.2  kW f o r  spent f u e l ,  "long with some dimensional changeo and the use of 
prepackaged, encapsulated packing in s t ead  of pneumatic emplacement of the 
packing, which was (and s t i l l  is) considered to  be a mixture of 25% sodium 
ben ton i t e  and 75% crushed b a s a l t .  The package design f o r  CHLW is essen- 
t i a l l y  unchanged except f o r  the use of prepackaged packing. The packing 
c o n s i s t s  of >15.2-cm-thick preformed annular s ec t ions  of the bentoni te-  
b a s a l t  mixture t h a t  are stacked toge ther  and encased i n  an inner  and ou te r  
shea th  of 0.5-cm-thick low-carbon s t e e l .  The packing assemblies a r e  to  be 
emplaced i n  the sho r t  ho r i zon ta l  boreholes f i rs t ;  then the waste c a n i s t e r s  
are i n s e r t e d  and the s h i e l d  plug is i n s t a l l e d .  

A s  pointed out i n  the previous s e c t i o n ,  i n  Stage I opera t ions ,  the spent 
f u e l  assemblies t ha t  are received i n t a c t  (unconsolidated) i n  e i t h e r  
s t a i n l e s s  o r  low-carbon s t e e l  c a n i s t e r s  w i l l  be overpacked w i t h  t h i ck  llow- 
carbon s t e e l  p r i o r  to  d isposa l .  In Stage 11, the spent f u e l  assemblies 
w i l l  be disassembled and the f u e l  rods w i l l  be t i g h t l y  repacked i n t o  low- 
carbon s t e e l  c a n i s t e r s ,  which are then overpacked with low-carbon s t e e l  
p r i o r  to  i n s e r t i o n  i n  the emplaced packing assembly (see Fig. A . 3 ) .  The 
th i ckness  of the overpack is based on the s t r u c t u r a l  requirements necessary 
t o  withstand hydros t a t i c  pressures t o  be developed, the a d d i t i o n a l  
t h i ckness  f o r  a corrosion allowance, and any a d d i t i o n a l  th ickness  t h a t  m y  
be requi red  to  reduce groundwater r a d i o l y s i s  to  acceptab le  l e v e l s .  The 
i n t e r n a l  diameter of the spent f u e l  c a n i s t e r  is s ized  to  accept the spent 
f u e l  rods from four  PWR assemblies (hea t  genera t ion  rate, 2.2 kW) or nine 
BWR f u e l  assemblies, and the rods a r e  t o  be i n s t a l l e d  i n  a t i g h t  f i t  f o r  
the l a r g e s t  expected number and s i ze  of the f u e l  rods (DOE 1984a). The 
i n t e r n a l  length  is s ized  t o  accept the longes t  expected f u e l  rods w i t h  a 
small c learance  between the conta iner  head and the f u e l  rod ends. Some 
o v e r a l l  c h a r a c t e r i s t i c s  a r e  shown i n  Table A . l .  The more-detailed charac- 
terist ics f o r  spent f u e l  shown i n  Table A.2 a r e  f o r  the e a r l i e r  
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Fig. A.3. Reference waste package conceptual designs in  basalt 
(short borehole horizontal emplacement). Source: S. Stephens e t  a l . ,  
Methodologies for Assessing Long-Term Performance of High-Level Radioactive 
Waste Packages, NUREG/CR-4477 [ATR-85 (5810-01)-1ND], 1986. 
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Table A.1 . Overall waste package and borehole characteristics 

Parameter 
SDent fuel Come rc i  a1 

Stage I Stage I1 high-level aaste 

Waste package 
Outside diameter, m 0 m852 

Bore hole 
Diameter, m 1.24 
Length, m 6.4 

Was t e container 
Max. length, m 4 08 

Loaded container 
Weight, MTa 11.7 

Maximum thermal 
loading, kW 2.20 

0 3 0 3  

0 0890 
6.1 

4.44 

7 -6  

2.20 

0.456 

0.840 
6.1 

3.25 

2 07 

2.21 

aMT = metric tons. 
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Table A.2. Summary of BWIP a l t e r n a t i v e  waste package design f e a t u r e s  

Conceptual design f ea tu re  SFa CHLW 

Waste form f ea tu res  

Waste form diameter,  cm 
Waste form length ,  cm 
Waste form weight, kg 
Waste content per packagp, kg 
Package heat load,  W 

Package f e a t u r e s  

Canis t er 
Canister 
Overpack 
Overpack 
Overpack 
Overpack 
Overpack 
Over pack 
Overpack 

w a l l  th ickness ,  cm 
outs ide  diameter,  cm 
i n s ide  diameter, cm 
w a l l  th ickness ,  cm 
outs ide  diameter, cm 
head thickness ,  cm 
l ength ,  cm 
empty weight, MT 
loaded weight, MT 

Packing f ea tu res  

Packing thickness ,  cm 
Packing weight, kgd 

Emplacement f e a t u r e s  

Borehole diameter,  m 
Borehole p i tch ,  me 
Package p i t ch ,  mf 

30 05 
38 5 
1980 
1380b 
1650 

I - 
30 e5 
5 06 
41 07 
8.5 
40 5 
2-19 
4.17 

15 e2 
1380 

32.5 
30 5 
845 
595c 
2210 

0 -95 
32 -4 
35 
5 03 
45.6 
8.6 
3 25 
1.84 
2 068 

15 e 2  

1170 

0.73 0.76 
18.3 32 e 6  
4-25 3 045 

aDimensions shown f o r  the  consolidated rods from three PWR assemblies,  
Length, weight, and waste loading w i l l  be s l i g h t l y  d i f f e r e n t  f o r  BWR rods. 
For spent f u e l ,  a separa te  c a n i s t e r  is not employed. The overpack is the 
only metallic barrier between the spent f u e l  and the geology. 

bkg of uranium. 
=This amount of CHLW r e s u l t s  from the reprocessing of 2280 kg of 

dBased on 75% basa l t  and 25% bentoni te  (by weight), with 50% voids. 

eDistance between borehole centers .  
fDistance between package centers  i n  a borehole (package length p l u s  

uranium. 

particle dens i ty  is 2.3 g/cm3. 
Dry 

0.15 m f o r  packing). 

Source: Westinghouse E l e c t r i c  Corporation, Advanced Energy Systems 
Division, 7 
Basalt, RNO-BW-CR-136P/AESD-TME-3142, 1982. 
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Westinghouse design (WEC 1982) and do not apply f o r  t he  cu r ren t  concept; 
they now represent  a p o t e n t i a l  a l t e r n a t i v e  concept. The conceptual design I of the  waste package f o r  CNLW has not s i g n i f i c a n t l y  changed with regard t o  
dimensions, even though the  packing i s  now preformed and contained i n  a 
s t ee l  sheath. 

The conceptual design (WEC 1982) f o r  a reference waste package containing 
b o r o s i l i c a t e  glass is also shown i n  Fig. A.3. Some o v e r a l l  c h a r a c t e r i s t i c s  
are summarized i n  Table A. 1 ; more-detailed c h a r a c t e r i s t i c s  are given i n  
Table A.2, The reference  c a n i s t e r  i s  f ab r i ca t ed  by welding together  pre- 
formed s e c t i o n s  of 0.95-cm-thick 304 L s t a i n l e s s  steel. The c a n i s t e r s  have 
-15% void volume a t  the top t o  prevent  overflow during g l a s s  pouring. For 
des ign  purposes, the c a n i s t e r  is considered only as an a id  i n  processing 
and handling; pro tec t ion  aga ins t  crushing and cor ros ion  i n  the  repos i tory  
is  provided by the  overpack. 

The packing material is requi red  t o  be a low-permeability b a r r i e r  with a 
hydrau l i c  conduct iv i ty  t h a t  is s u f f i c i e n t l y  low t o  l i m i t  t r anspor t  of a a t e r  
t o  the  o v e r a l l  pack in t he  containment period by d i f f u s i o n a l  processes  and 
t o  a l s o  l i m i t  radionucl ide t r anspor t  after a breach of t he  waste c a n i s t e r .  
When the  packing becomes s a t u r a t e d  wi th  water, it is expected to  expand and 
reduce the  void f r a c t i o n  and permeabi l i ty  to  a very low value. 

A.1.3 Degradation and Nuclide Release Scenario 

Barr ing unexpected severe t e c t o n i c  events ,  water flow through the  region of 
t h e  r epos i to ry  horizon can be expected to  be very slow - on the  order  of a 
few cent imeters  per  year. A long t i m e  w i l l  be required to  f i l l  t he  reposi-  
t o r y  voids ,  s a t u r a t e  the  b a c k f i l l ,  and s tar t  t h e  degradat ion process on the  
overpacked waste can i s t e r .  This expected scenar io  f o r  t he  waste packagle 
degrada t ion  has been se l ec t ed  for t h e  i n i t i a l  s tudy on long-term waste 
package behavior in a waste r epos i to ry  i n  basa l t .  

The design l i f e  of a waste package can be divided i n t o  two periods 
(WHEELWRIGHT 1981). The f i r s t  is one of nea r ly  complete water exclusion;  
t h e  second occurs a f te r  s a t u r a t i o n  of the  b a c k f i l l .  

The water exclusion period is t he  t i m e  interval when the  dry,* bentonite- 
crushed b a s a l t  (i.e., s t r u c t u r a l l y  bound water is pr imar i ly  present )  i s  i n  
p l ace  p r i o r  t o  water i n t r u s i o n  i n t o  the  packing. It can be expected t h a t  
t h e  waste package would remain dry p r i o r  t o  b a c k f i l l i n g  the  rooms s ince  i t  
is reasonable  to  assume t h a t  any water co l l ec t ed  i n  ho r i zon ta l  d r i l l  holes 
w i l l  d r a i n  toward a room. The overpacked waste c a n i s t e r  w i l l  be p ro tec ted  
from l i q u i d  water and steam by the  s teel-sheathed packing. No s i g n i f i c a n t  
co r ros ion  of the low-carbon steel should occur f o r  these  condi t ions.  When 
the overpacked waste c a n i s t e r  is i n s e r t e d  i n t o  the  prev ious ly  emplaced 

*Bentonite does not exist n a t u r a l l y  i n  the  dry state. 
ben ton i t e ,  -10% water is necessary f o r  s t r u c t u r a l  s t a b i l i t y .  The speci-  
f i c a t i o n s  f o r  t he  water content  f o r  the pneumatic emplacement have not been 
determined ye t ,  but i t  w i l l  probably be i n  the  range of 5 t o  10 w t  %. 

I n  compacting 
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packing assembly, t he  temperature of the  packing w i l l  begin t o  rise and a 
slow release of the  i n t e r l a y e r  water as vapor would begin. This vapor 
could cause degradation of the  packing ( see  Sect.  B.3.1 f o r  a d i scuss ion)  
and supply a source of water f o r  corrosion of the  low-carbon s t e e l  sheath 
enc los ing  the  packing. The dura t ion  of the "dry" period f o r  the  overpacked 
c a n i s t e r  w i l l  be determined by the  t i m e  required for water t o  migrate 
through the host rock t o  the  packing material and cause s i g n i f i c a n t  breach- 
i n g  of the  packing sheath by corrosion.  This water migration depends on 
t h e  s i t e  geology, as w e l l  as the  thermal and hydraul ic  g rad ien t s ,  around 
t h e  waste package. 

When s u f f i c i e n t  water en te r s  the waste package, the second period begins 
wi th  a slow penet ra t ion  and hydrat ion of the packing material (rehydrat ion 
of i n t e r l a y e r s  s ince  the  processes have been genera l ly  considered revers- 
i b l e  f o r  dehydration under 4OOOC). 
i n d i c a t e  otherwise ( see  Sect. B.3.1). The mechanisms and k i n e t i c s  by which 
groundwater hydrates  montmoril lonite c l ays  and migrates through a re  not 
c l e a r l y  understood. Two concepts f o r  water migration i n  bentoni te  packing 
materials were examined by Wheelwright (1981), and estimates of s a t u r a t i o n  
times were i n  the  thousands of years. In  one concept, the packing mater ia l  
i s  viewed as a system of hypothe t ica l  concent r ic  layers .  I n i t i a l l y ,  the 
groundwater w i l l  migrate from the  hos t  geology i n t o  the i n t e r f a c i n g  l aye r  
of the packing ma te r i a l ,  and the  c lay  of t h a t  l aye r  w i l l  then begin to  
hydra te  and exert a swel l ing pressure.  Before the  water can reach the 
second l aye r ,  it must migrate through the  f i r s t  l a y e r ,  which has a reduced 
permeabi l i ty  because of the  swel l ing t h a t  causes the  second l a y e r  to  
r e q u i r e  a longer  t i m e  f o r  s a tu ra t ion .  By similar reasoning, each suc- 
ces s ive  l aye r  r equ i r e s  a longer  t i m e  t o  a t t a i n  sa tu ra t ion .  For t h i s  model, 
i t  was concluded t h a t  the t i m e  required t o  s a t u r a t e  20 cm of i n t a c t  packing 
material w i l l  be on the  order  of s eve ra l  thousand years.  The second con- 
cept  involves  the t i m e  required f o r  a s i g n i f i c a n t  volume of water t o  reach 
t h e  waste package, e q u i l i b r a t e  with the  system, and then continue migration 
down the hydraul ic  grad ien t  within t h e  packing material. This model indi-  
ca ted  t h a t  the  order  of lo5 years  was required f o r  a s i g n i f i c a n t  amount of 
water t o  reach the overpack surf  ace . 

However, more recent  evidence may 

These t i m e  es t imates  are based on crude models, and i t  was  assumed t h a t  the 
ben ton i t e  was highly compacted as compared with the  less dense packing 
(1700 kg/m3) t h a t  has been proposed, or  t h a t  r e s u l t i n g  from pneumatic 
emplacement as i n  the o lder  design. 

Water movement through the  packing material after s a t u r a t i o n  w i l l  be 
con t ro l l ed  by the hydraul ic  conduct iv i ty  of the packing ma te r i a l  and the 
reg iona l  hydraul ic  grad ien t .  Since bentoni te  swells on hydrat ion,  t h e  
hydraul ic  conduct ivi ty  w i l l  decrease t o  the point t h a t  d i f f u s i o n  w i l l  prob- 
ab ly  be the  con t ro l l i ng  t ranspor t  mechanism, p a r t i c u l a r l y  i n  view of the 
low hydraul ic  g rad ien t s  (<0.01) t h a t  can be expected. 

With the  a v a i l a b i l i t y  of liquid-phase water,  the  corrosion of the over- 
packing can be expected t o  acce le ra t e .  The var ious mechanisms and r a t e s  
f o r  the  corrosion of low-carbon steel are dependent on the pH, redox con- 
d i t i o n s ,  water composition, temperature, and the accumulation of corrosion 
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products  (e.g., p i t t i n g  corrosion can be re ta rded  as the  r e s u l t  of block- 
age of t h e  p i t s  by accumulated cor ros ion  products).  See Appendix B, 
Sect.  B.1.2, f o r  more-detailed d i scuss ion  of p o t e n t i a l  cor ros ion  mechanisms. 

A.2 NUCLEAR WASTE REPOSITORY I N  TUFF 

The Yucca Mountain s i te  t h a t  has been proposed f o r  d e t a i l e d  cha rac t e r i za t ion  
i s  loca ted  i n  Nye County, Nevada, ad jacent  t o  the  southwest por t ion  of the  
Nevada T e s t  S i t e  (NTS) and about 100 miles northwest of Las Vegas. Yucca 
Mountain i s  i n  the  southern p a r t  of the  Great Basin, where a l l  sur face  
waters d r a i n  i n t o  closed bas ins  rather thar. flowing i n t o  the  ocean. 

A.2.1 Repository Design and Conditions 

The reg iona l  s e t t i n g  , geology, hydrology and geochemistry of the  Yucca 
Mountain loca t ion  have been discussed in a repor t  prepared by the Sandia 
Nat ional  Laborator ies  (GUZOWSKI 1983). 

The rock un i t  s e l ec t ed  f o r  t he  r epos i to ry  a t  Yucca Mountain is t he  Topopah 
Spring Member of the Paintbrush t u f f  unit ,  which is about 350 m t h i c k  at 
t h e  si te and is charac te r ized  by fou r  d i s t i n c t  zones, from top t o  bottom: 
(1) nonwelded to  densely welded, gene ra l ly  v i t r i c  t u f f ;  (2 )  a moderately t o  
dense ly  welded, d e v i t r i f i e d  t u f f ;  ( 3 )  a basal vi t rophyre;  and (4) a v i t r i c  
t u f f  varying from welded t o  nonwelded. The densely welded, d e v i t r i f i e d  
p o r t i o n  of the second zone (from the  top)  is cu r ren t ly  being considered! f o r  
the waste repos i tory  (DOE 1984b9 1986b). 

The re ference  horizon is assumed t o  l i e  completely i n  the  unsa tura ted ,  o r  
vadose,  zone a t  a depth of 350 t o  400 m below the sur face  and more than 
100 m above the  water t a b l e  (0"EA.L 1984). Conceptual designs f o r  a repos- 
i t o r y  and analyses  f o r  waste packages i n  tu f f  below the  water t a b l e  were 
developed by the  Westinghouse Electric Corporation (WEC 1983a). However, 
t h e  candidate  horizon w a s  changed to  the vadose zone in l a t e  1982 (VIETH 
1982; DUDLEY 1983) . Consequently, changes and add i t ions  (which are s t i l l  
being made) t o  the  conceptual designs have been made by the  Lawrence 
Livermore National Laboratory (LLNL) t o  r e f l e c t  the change i n  the  reposi-  
t o r y  horizon t o  a loca t ion  above the  water t ab le .  The loca t ion  of t he  
d i s p o s a l  horizon i n  the unsa tura ted ,  o r  vadose, zone is a s i g n i f i c a n t  
change t h a t  appears t o  have advantages with respec t  t o  a more convent ional  
and o r i g i n a l l y  planned loca t ion  below the  water tab le .  

Discussions of the  aspec ts  of nuclear  waste d i sposa l  i n  the  vadose zone in 
arid regions are given by Roseboom (1983) and by Wollenberg (1983). In 
r ecogn i t ion  of the  concerns t h a t  had been expressed as to  the  app1icabi : l i ty  
of 10 CFR 60 t o  d i sposa l  about the  water t a b l e ,  t he  NRC has proposed amend- 
ments (OSTROWSKI 1984) t o  the  r u l e  t o  ensure t h a t  i t  is equal ly  app l i cab le  
t o  d i sposa l  within the  sa tu ra t ed  and unsaturated zones. The proposed 
amendments do not d i r e c t l y  a f f e c t  the waste package since the NEX s t a f f  
concluded t h a t  the  cur ren t  r u l e  is adequate f o r  the  performance ob jec t ives  
and the s p e c i f i c  design c r i te r ia  f o r  the  waste package and i t s  components. 
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As a r e s u l t  of d i sposa l  above the  water t a b l e ,  the waste c a n i s t e r s  W i l l  not 
become submerged i n  a continuum of w a t e r .  They w i l l  be sub jec t  t o  cons tan t  
con tac t  with water vapor and only t o  i n t e r m i t t e n t  contact  with l imi t ed  
amounts of l i q u i d  water t h a t  seeps down through the  tu f f  after the  temper- 
a t u r e  drops below the  bo i l ing  point.  The water i n f l u x  t o  the  d i sposa l  
horizon has been est imated t o  be <1 mm per year (MONTAZER 1984) of t he  
r a i n f a l l  at the  surface.  The pressure  exerted on t he  c a n i s t e r  should be 
near atmospheric s ince  a hydros t a t i c  head cannot develop without a con- 
tinuum of water above the  d i sposa l  horizon. A small amount of pressure  
might develop i f  l oca l i zed  rock sloughing occurs i n  the  emplacement bore- 
hole. The vadose water and atmosphere of the  re,:sitory are expected t o  be 
mi ld ly  oxidizing. The temperature of the undisturbed rock at the reposi-  
t o r y  horizon is est imated to  be 29°C. 

A number of t u f f -wa te r  i n t e r a c t i o n  tests have been completed u t i l i z i n g  both 
crushed and i n t a c t  Topopah Spring t u f f  samples i n  contact  with water from a 
nearby w e l l ,  which is completed i n  the  Topopah Spring Member where i t  
extends below the  water table .  The test matrices include a range of tempera- 
t u r e s ,  rock-surface-area/water-volume r a t io s ,  and test durat ions.  The 
r e s u l t s  of these tests have been reported by Knauss (1983). I n  genera l ,  
t h e  tests i n d i c a t e  t h a t  (1) changes i n  water chemistry w i l l  be minimal, ( 2 )  
no s i g n i f i c a n t  a l t e r a t i o n  of t he  primary mineral  phases of the rock is  t o  
be expected, and (3 )  t he  near-neutral  pH of the  system should be maintained 

. (BALLOU 1983). Increases  in  the  concentrat ion of dissolved salts i n  the  
groundwater t h a t  w i l l  u l t ima te ly  contac t  t he  waste package could r e s u l t  
from redisso lv ing  the salts p r e c i p i t a t e d  by the  evaporation of the water 
contac t ing  the waste package i n  the  earlier s t ages  ( O ' N E k  1984). 

The repos i tory  is t o  be of the  conventional pillar-and-room mine design, 
which will f a c i l i t a t e  mul t ip le  waste package emplacement. Both v e r t i c a l  
and hor izonta l  conf igura t ions  are c u r r e n t l y  being s tudied  f o r  waste 
emplacement. Vertical emplacement, cu r ren t ly  the re ference  design ( see  
Figs. A.4 and A . 5 ) ,  c o n s i s t s  of emplacing the  waste packages i n  v e r t i c a l  
ho le s  bored i n  the  f l o o r  of the mine d r i f t s .  The ho r i zon ta l  boreholes f o r  
t h e  ho r i zon ta l  emplacement layout (see Figs. A.6 and A.7)  have a carbon- 
steel  l i n e r  t h a t  is assumed t o  be required f o r  r e l i a b l e  emplacement and 
r e t r i e v a l  operat ions.  For t h i s  conf igura t ion ,  mul t ip le  waste packages 
('"40) are emplaced i n  long ho r i zon ta l  holes  t h a t  are d r i l l e d  in the  walls 
of mined d r i f t s .  The waste package design is the  same f o r  e i t h e r  waste 
emplacement conf igura t ion  (O'NEAL 1984; JACKSON 1984). 

Horizontal  emplacement will involve the  removal of less rock, which w i l l  
r e s u l t  i n  a lesser degree of d i s r u p t i o n  of the  na tu ra l  geology and lower 
c o s t s  f o r  the  excavation, However, s p e c i a l  hor izonta l  boring technology 
w i l l  r equi re  development, which introduces the  uncer ta in ty  as to  whether 
t h e  ho r i zon ta l  ho les  are t echn ica l ly  f e a s i b l e  t o  bore, The equipment and 
methods required t o  bore the  v e r t i c a l  ho les  are s tandard (0"EAL 1984). 
S tud ie s  of the  eva lua t ion  of ho r i zon ta l  emplacement are being continued, 
bu t  v e r t i c a l  emplacement remains the  reference design pending f u r t h e r  
developments. 
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Fig. A . 4 .  Plan view of the re ference  d r i f t  and borehole geometry 
f o r  v e r t i c a l  emplacement of spent fue l .  
Nuclear Waste Storage Inves t iga t ions  - Preliminary Concepts Report, 
SAND 83-1877, 1984. 

Source: J. L. Jackson, Nevada 
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Fig. A . 5 .  Cross-sectional view of the  reference v e r t i c a l  emplacement 
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Storage Invest igat ions  - Preliminary Concepts Report, SAND 83-1877, 1984. 
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Fig.  A.6. Plan view of the re ference  d r i f t  and borehole geometry 
f o r  ho r i zon ta l  emplacement of spent  fue l .  Source: J. L. Jackson, 
Nevada Nuclear Waste Storage Inves t iga t ions  - Preliminary Concepts Report 
SAND 83-1877, 1984. 
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A.2.2 Waste Package Designs 

A number of unce r t a in t i e s  have ye t  t o  be resolved with respect  t o  the  per- 
formance of waste package components; consequently, the  conceptual package 
designs include a l t e r n a t i v e s  t o  accommodate v e r t i c a l  or ho r i zon ta l  emplace- 
ment ,  and spent  f u e l  c a n i s t e r s  emplaced e i t h e r  with o r  without a preformed 
t u f f  packing material (BALLOU 1983) . 
The reference conceptual designs (which do not include packing) f o r  both 
spent  f u e l  and CHLW are shown i n  Fig. A.8. Spent f u e l  c a n i s t e r s  of th ree  
d i f f e r e n t  lengths ,  4.00, 4.50, and 4.75 m (p lus  p i n t l e ) ,  a r e  used t o  
accommodate spent f u e l  rods of var ious  lengths;  each is 70 c m  i n  diameter. 
The i n t e r n a l  space-frame f o r  t h e  i n t e r n a l  can i s t e re  o r  conta iners  f o r  the  
spent  f u e l  provides mechanical s t a b i l i t y  and enhances hea t  t r a n s f e r ;  i t  
c o n s i s t s  of a 1-cm-thick @geonhole a r r a y  of 304L s t a i n l e s s  steel  square 
r ecep tac l e s  with end p l a t e  and p i n t l e .  For BWR assemblies,  t h e  arrange- 
ment may contain up t o  7 i n t a c t  o r  14 consol idated f u e l  assemblies (i.e., 
f u e l  rods removed from f u e l  assemblies and clamped toge ther ) ,  which pro- 
duces a maximum heat  genera t ion  rate of 3.36 kW. The PWR contains  t h r e e  
i n t a c t  o r  s ix  consol idated f u e l  assemblies,  which produces a maximum heat 
genera t ion  rate of 3.30 kW (O'NEAL 1984). The spemt f u e l  c a n i s t e r s  a r e  t o  
be f ab r i ca t ed  from an a u s t e n i t i c  s t a i n l e s s  steel  with a w a l l  th ickness  of 
1 cm. The a u s t e n i t i c  steels under cons idera t ion  f o r  t h i s  purpose include: 
304L, 316L, and 321, with t h e  Incoloy 825, a nicke'-hased a l l o y ,  as  a 
backup material (RUSSELL 1983) . More r ecen t ly  copper a l l o y s  [CDA102(0FHC)] 
CDA613 (8% A l  bronze),and CDA715 (70/30 Cu-Ni) were added t o  the  l i s t  of 
backup materials f o r  overpacking (McCRIGHT 1985). Using the  70-cm-diam 
waste package f o r  consol idated boxed assemblies is contingent on a 
success fu l  2 / 1  volume reduct ion t h a t  has been demonstrated i n  tests of 
preconsol ida t ion  of f u e l  elements (ANDERSON 1982). 

An a l t e r n a t i v e  design (see Fig. A.9) u t i l i z i n g  a precompressed t u f f  packing 
t h a t  is encased i n  a steel conta iner  is a l s o  being considered t o  reduce 
p o t e n t i a l  release rates (O'NEAL 1984). Current ly ,  t h e  packing material 
being considered ( i f  needed) is approximately 15 cm th ick  and c o n s i s t s  of 
e i t h e r  crushed and pressed t u f f ,  o r  crushed and pressed t u f f  containing 5 
t o  15% iron-bearing smectite c lay  as a binder (GREGG 1983). One reason 
for the  a l t e r n a t e  design is t h a t  segregated phases within the  spent fue:L 
a r e  considerably more so luble  i n  water than t h e  g l a s s  waste forms and, 
t he re fo re ,  less l i k e l y  than CHLW waste t o  meet the  postcontainment period 
release requirements i f  the Zircaloy cladding does not perform s a t i s f a c t o r i l y  e 

The reference CHLW form is b o r o s i l i c a t e  g l a s s ,  which is poured to  about 
85% capac i ty  i n t o  304L s t a i n l e s s  steel c a n i s t e r s  which are 32 c m  i n  diameter,  
300 cm long, and 1 c m  t h i c k  (SLATE 1981). The pour c a n i s t e r  is overpacked 
(see Fig. A.8) with a 1-cm-thick 304L s t a i n l e s s  s teel  container .  The 
o v e r a l l  length is 324.5 c m  ( inc luding  the  overpack p i n t l e ) ,  and the ou te r  
diameter of the  overpack is  36 cm (O'NEAL 1984). 

Although the  reference c a n i s t e r  and overpack metal is cur ren t ly  AIS1 304L 
s t a i n l e s s  steel ,  a l t e r n a t i v e  metals such as 316L and 321 s t a i n l e s s  steels 
and Incoloy 825 and some copper a l l o y s  are s t i l l  under cons idera t ion  for: 
t h e  following reasons : 
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Fig. A.8. Xeference waste package designs. Source: W. C. O'Neal, 
D. W. Gregg, J. N. Hockman, E. W. Russel l ,  and W. S te in ,  Prec losure  Analyses 
of Conceptual Waste Package Designs f o r  a Nuclear Waste Repository in Tuff, 
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packages i f  packing is needed t o  reduce release- rate. Source: W. C. O ’ N e  
D. W. Gregg, J. N. Hockman, E. W. Russe l l ,  and W. S te in ,  Prec losure  Analys 
of Conceptual Waste Package Designs f o r  a Nuclear Waste Repository i n  T u f f  - 
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(1) t o  provide a p o t e n t i a l  replacement metal u n t i l  t he  re ference  metal i s  
confirmed by t e s t i n g  under s i t e - s p e c i f i c  condi t ions,  and (2 )  t o  provide 
comparative d a t a  t o  support  the  choice of AISI  304L s t a i n l e s s  steel as the  
r e fe rence  metal during the  regula tory  review (RUSSELL 1983). 

A.2.3 Degradation and Nuclide Release Scenario 

Barr ing unexpected severe t e c t o n i c  events along with severe changes i n  the  
hydrology of the  region, a continuous flow of water around waste packages 
loca t ed  i n  t h e  unsaturated zone is not  possible .  It has been est imated 
t h a t  downward i n f i l t r a t i o n  from the  su r face  and overlying unsaturated media 
w i l l  supply <1 UIU per year (MONTAZER 1984) of t he  r a i n f a l l  a t  t he  sur face  
as water to  d r i p ,  o r  seep, around the  waste packages. With the  small 
q u a n t i t i e s  of water involved and the  l ack  of a water continuum above the  
waste packages, t he  pressure  should remain a t  near  atmospheric. A small 
pressure  could develop i f  l oca l i zed  rock sloughing occurs i n  the  emplace- 
ment boreholes. It is d i f f i c u l t  t o  envis ion  a r e tu rn  t o  the o r i g i n a l  
l i t h o s t a t i c  pressure  by the  n a t u r a l  and expected geologic  processes  wi th in  
t h e  f i r s t  thousand years  o r  so i n  a backf i l l ed  r epos i to ry  i n  the  densely 
welded t u f f  of t he  Topopah Spring Member. 

A t  the  e l eva t ion  (-900 m) of the  proposed repos i tory ,  the boi l ing  point of 
water is -95°C. Consequently, the  waste package w i l l  be exposed to  air- 
water vapor mixtures i n  the  f i r s t  few hundred years  u n t i l  the  sur face  temp- 
e r a t u r e  of t he  waste c a n i s t e r  o r  t he  overpack ( i f  u t i l i z e d )  f a l l s  below 
9SoC, which is -300 years  f o r  reprocessed waste f o r  the  re ference  design 
without crushed tu f f  packing (-400 years  with packing) and, i n  the case of 
spent  f u e l ,  >lo00 years (STEIN 1984). After these  t i m e s ,  l iquid-phase water 
w i l l  be i n t e r m i t t e n t l y  i n  contact  with the waste package and the  aqueous 
co r ros ion  mechanisms should be the predominant degradat ion process at an 
acce le ra t ed  rate. (See Appendix B, Sect.  B.1.2, f o r  a d iscuss ion  of the 
p o t e n t i a l  cor ros ion  mechanisms.) During the  period when the  temperatures 
around the  waste package exceed the  bo i l ing  poin t ,  evaporat ion of ground- 
water t h a t  seeps w i l l  occur and depos i t  salts. When the  temperatures per- 
m i t  t he  l i q u i d  phase t o  exis t ,  these  salts w i l l  d i s so lve  and produce a 
l i q u i d  phase tha t  is probably more aggress ive  from a corrosion viewpoint 
than the  o r i g i n a l  groundwater. 

Under the  expected condi t ions i n  the  proposed r epos i to ry ,  i t  appears t ha t  
t h e  waste package w i l l  be highly r e s i s t a n t  to  cor ros ion  but may be suscep- 
t i b l e  t o  t ransgranular  corrosion cracking (RUSSELL 1983). A backup 
material, AISI 316L or  317L s t a i n l e s s  steel or  Incoloy 825, is planned f o r  
use  i f  f u t u r e  t e s t i n g  cannot provide the  da t a  t o  ensure t h a t  t he  1000-year 
containment requirement can be achieved. 

It can be expected t h a t  s i g n i f i c a n t  breaching of the  waste c a n i s t e r s  will 
occur  during the  i s o l a t i o n  period ( lo3  t o  lo4 years )  and t h a t  leaching of 
t h e  waste w i l l  begin. Assuming t h a t  leaching of rad ionucl ides  w i l l  not 
exceed the  NRC l i m i t  (<10-5/year of the  rad ionucl ides  present  a t  IO00 
y e a r s ) ,  the  t r anspor t  t i m e  of the  contaminated water then becomes the 
important issue.  Densely welded t u f f s  are highly f r ac tu red  and j o i n t e d ,  
wi th  v e r t i c a l  j o i n t i n g  being the  most common type. Many welded t u f f s  



a l s o  show a hor i zon ta l  p l a t e  j o i n t i n g  i n  o r  near t he  zone of maximum com- 
pac t ion  (RAWLINGS 1984). I n  the  unsa tura ted  zone, any contaminated water 
can be expected t o  seep down t o  t he  water t a b l e  through these  v e r t i c a l  
j o i n t s  and f r a c t u r e s .  Tuff,  having gene ra l ly  good ion-exchange p rope r t i e s  
along with t h e  phenomenon of matrix d i f f u s i o n ,  can be expected t o  cause 
r e t a r d a t i o n  of some rad ionucl ides .  These e f f e c t s  are sub jec t  t o  l a rge  
u n c e r t a i n t i e s  and must be s u f f i c i e n t l y  s u b s t a n t i a t e d  f o r  use i n  perfor- 
mance assessments t h a t  must be made t o  determine the  time of t r a v e l  and 
amounts of rad ionucl ides  re leased  t o  the access ib l e  environment. 

A.3 NUCLEAR WASTE REPOSITORY I N  SALT 

As t he  r e s u l t  of prel iminary i n v e s t i g a t i o n s  and s i te -screening  a c t i v i t i e s ,  
a number of salt sites were examined f o r  poss ib l e  use as a waste reposi-  
t o ry .  Of these ,  t he  si te i n  Deaf Smith County, Texas, has been proposed 
f o r  d e t a i l e d  cha rac t e r i za t ion .  The p o t e n t i a l  s i t e  is loca ted  i n  the  north- 
c e n t r a l  p a r t  of the county, which is s i t u a t e d  i n  the  Southern High P la ins  
of the  Texas Panhandle, approximately 56 km west of Amarillo. 

Repository Design and Conditions 

The Deaf Smith County s i te  is loca ted  i n  the Palo Euro Basin, a s t r u c t u r a l  
sub-basin wi th in  the  l a r g e r  Permian Basin. The p o t e n t i a l  r epos i to ry  hos t  
rock is a t h x k  sequence of bedded salt  ( h a l i t e )  wi th in  Unit 4, the  second 
u n i t  from t h e  top of t he  f i v e  u n i t s ,  of the Lower San Andres Formation ( see  
DOE 1984c o r  DOE 1986c f o r  a complete d e s c r i p t i o n  of the geology of the 
reg ion  and s t r a t i g r a p h y  of the s i t e ) .  

I n  the v i c i n i t y  of the s i te ,  the  depth to  the top of Unit 4 ranges from 
about 700 t o  760 m with a thickness of about 48 m. The geothermal grad- 
i e n t  is 0.4 t o  0.6OC per  30 m (0.8 t o  l.O°F p e r  1000 f t ) ,  and the tempeira- 
t u r e  is estimated a t  27OC a t  the proposed r epos i to ry  horizon. 

S a l t  depos i t s  a r e  f r e e  of c i r c u l a t i n g  groundwater; however, water is present  
i n  the  form of small s a t u r a t e d  b r ine  inc lus ions  wi th in  the  h a l i t e  c r y s t a l s ,  
t h e  i n t e r l a y e r  water i n  c lay  i m p u r i t i e s ,  and o the r  minerals t h a t  may con- 
t a i n  waters of c r y s t a l l i z a t i o n .  When a thermal g rad ien t  is app l i ed ,  solu- 
b i l i t y  d i f f e rences  between the hot and the  cool  s i d e s  of a b r i n e  i nc lus ion  
can cause a migrat ion of a b r ine  inc lus ion  up the  thermal grad ien t  toward 
t h e  hea t  source. The quan t i ty  of b r ine  t h a t  would contac t  a waste package 
by t h i s  o r  o the r  mechanism depends on the  thermal parameters and the 
p r o p e r t i e s  of the bedded sal t ,  which a re  discussed i n  Sect. A.3.4. 

The Lower  San Andres Unit 4 h o s t  horizon conta ins  small amounts of b r ine  
as f l u i d  inc lus ions  and ine rg ranu la r  water i n  halite and as hydrat ion arid 
pore water i n  the mudstone l a y e r s  and chaot ic  salt/mudstone mixtures. 
maximum amount of br ine  a v a i l a b l e  w a s  ca l cu la t ed  (DOE 1 9 8 6 ~ )  from da ta  on 
t h e  water content of hali te and mudstone i n  t h e  Lower San Andres Unit 4 
h o s t  horizon. 

The 

The r e s u l t s  of these  c a l c u l a t i o n s  as reported by DOE were as follows: 

Water i n  Halite: Based on the a n a l y s i s  of over 150 samples from 
var ious  Lower San Andres Unit 4 cores ,  f l u i d  inc lus ions  and . i n t e r -  
g ranu la r  water average 0.4 w t  % and vary between 0.1 and 0.8 w t  %. 
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Assuming 0.5 w t  % water i n  clay-free hali te and 88% h a l i t e  i n  t h e  
Unit 4 host horizon s t r a t a ,  0.44 wt X water could be derived from 
h a l i t e .  

Water i n  Mudstone: The maximum water content of host  horizon mudstone 
was estimated t o  be 15.0 w t  X ,  but the a c t u a l  value is l i k e l y  c l o s e r  t o  
7.5 w t  X .  This inc ludes  both pore water i n  the  mudstone and water i n  
hydrous minerals such as clays.  The average mudstone content of Unit 4 
h o s t  horizon is 8%. Therefore,  1.20 wt % water can be derived from 
Unit 4 mudstone . 
Sum of Water from Halite and Mudstone: The 0.44 w t  % water from h a l i t e  
p l u s  1.20 wt X water from mudstone equals 1.64 t o t a l  w t  % water. 

Conversion from W t  X Water t o  Vol % Water: Assuming a dens i ty  of water 
of 1.00 g/cm and average dens i ty  of Unit 4 sal t  (mostly h a l i t e )  of 
21.16 g/cm, then 1.64 w t  X water converts t o  3.48 vo l  % water and 
4.14 vol  X brine.  

The e f f e c t s  of geochemical processes on rad ionucl ide  so rp t ion  and rock 
s t r e n g t h  are probably small, and t h e r e  is no clear i n d i c a t i o n  as t o  
whether t h e  e f f e c t s  w i l l  be p o s i t i v e  o r  negative.  There is l i t t l e  d i r e  t 
evidence on the  oxida t ion  s t a t e  of the f l u i d s  i n  the  h a l i t e  formation, but 
t h e  mineral  assemblages present  would be un l ike ly  t o  c r e a t e  an oxid iz ing  
environment. 

The l i t h o s t a t i c  pressure  of the undis turbed rock a t  the  proposed reposi- 
t o r y  horizon w i l l  be approximately 17 MPa, which w i l l  be e s s e n t i a l l y  
i s o t r o p i c  because of t he  sa l t  p l a s t i c i t y .  This l i t h o s t a t i c  pressure  w i l l  
produce a r e s u l t a n t  c losu re  fo rce  on the  mined-out rooms, even with crushed 
s a l t  b a c k f i l l i n g ,  s i n c e  the crushed salt  w i l l  conta in  -40% voids. Hard 
rocks can resist these  fo rces ;  however, salt  ( h a l i t e ) ,  which is a plast ic  
material, creeps under stress. No h y d r o s t a t i c  pressure  can be exer ted  
because a pressure-producing water column w i l l  not e x i s t  un less  a severe 
t e c t o n i c  event creates one. 

Af t e r  the r epos i to ry  has been backf i l l ed  with crushed sal t ,  the d i sposa l  
room margins w i l l  slowly move i n  and squeeze out entrapped b r ine  u n t i l  the  
crushed-sal t  b a c k f i l l  consol ida tes  i n t o  a s o l i d  mass or the br ine  becomes 
trapped. As a r e s u l t  of the salt  creep, the pressure  after s e a l i n g  of the 
r epos i to ry  w i l l  slowly inc rease  from atmospheric t o  the stress s t a t e  of the 
surrounding rock, 17 MPa. 

It is d i f f i c u l t  t o  estimate the time required f o r  a r epos i to ry  t o  regain 
t h e  reg iona l  l i t h o s t a t i c  pressure.  Room-closure c a l c u l a t i o n s  are complex 
and are very s p e c i f i c  f o r  t he  r epos i to ry  design and l o c a l  geology. For 
example, t h e  c o n s t i t u t i v e  l a w  (c reep  r a t e  as a func t ion  of stress, temp- 
e r a t u r e ,  and pe t ro fab r i c s  of t he  s a l t )  can vary widely f o r  d i f f e r e n t  salt  
formations. 

Room-closure-rate c a l c u l a t i o n s  involv ing  thermo/v iscoe las t ic  analyses of 
a room-and-pillar conf igura t ion  were made by Wagner (1980) f o r  s eve ra l  
thermal loadings and r epos i to ry  depths,  and the e f f e c t s  of crushed sal t  
b a c k f i l l  on room c losure  were examined by the I T  Corporation (ITC 1984). 
Wagner's c a l c u l a t i o n s  were f o r  open rooms and would hold only f o r  a few 
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t e n s  of years s ince  the model would break down when the  s t r a i n s  become 
l a r g e  and slabbing and f l o o r  heaving begin. The b a c k f i l l ,  however, would 
tend t o  prevent rock f a i l u r e  by the  r e s i s t a n c e  t h a t  is of fered .  On the  
b a s i s  of the ca l cu la t ed  r e s u l t s ,  a few tens of years seems t o  be a reaso- 
nable guess f o r  time required f o r  t h e  e n t i r e  r epos i to ry  horizon to  
approach the  f u l l  l i t h o s t a t i c  stress. 

I n  a more recent  study, Ratigan (1985) has pred ic ted  t h a t  t he  sa l t  sur- 
rounding the  waste package w i l l  creep and consol ida te  t o  a monolithic 
s t r u c t u r e  wi th in  a few years  a f t e r  emplacement. The foregoing d iscuss ion  
p r imar i ly  r e f e r s  t o  near - f ie ld  condi t ions .  I n  the  very near f i e l d  adja- 
cen t  t o  the  waste package, borehole c losu re  can r e s u l t  i n  t he  development 
of l o c a l  thermal stresses t h a t  cause a rapid inc rease  i n  the  pressure  on 
t h e  waste package. Conservative c a l c u l a t i o n s  by Callahan (1975) f o r  a 
s tee l  s l eeve  i n  c lose  contac t  with t h e  host salt i n d i c a t e  t h a t  l o c a l i z e d  
thermal stresses exceeding l i t h o s t a t i c  i n  the  form of r a d i a l  compressive 
stresses on the waste package nay develop i n  t h e  f i r s t  year and then decay 
as the  r e s u l t  of salt creep. The r e s u l t s  are very dependent on des ign ,  
sa l t  p r o p e r t i e s ,  and the  model used. Whether such high stresses a r e  
real is t ic  or not is open t o  ques t ion .  

A number of non-si te-specif ic  conceptual designs have been made f o r  sa l t  
r e p o s i t o r i e s .  The most recent  and d e t a i l e d  designs inc lude  those by Kaiser 
(1978), Stearns-Roger (1979), Bechtel (1981), and Stearns-Roger (1983) 
All designs were f o r  t he  convent ional  room-and-piilar mine arrangements; 
v e r t i c a l  emplacement of the waste packages w a s  similar t o  the tu f f  concep- 
t u a l  design i l l u s t r a t e d  i n  Figs. A.4 and A.5. Backf i l l i ng  of the d i s p o s a l  
rooms was t o  be done with crushed salt .  

A.3.2 Waste Package Designs 

Conceptual designs f o r  waste packages f o r  t he  d i sposa l  of spent f u e l  and 
high-level  waste i n  salt  were developed by Westinghouse (WEC 1983b). A 
r e fe rence  design and two a l t e r n a t i v e s  f o r  both waste forms were descr ibed  
f o r  d i sposa l  i n  v e r t i c a l  emplacement holes i n  a room-and-pillar type of 
salt  mine. In a more recent  r epor t  (WEC 19861, new reference  designs have 
been developed from the earlier designs (WEC 1983b) f o r  commercial high- 
l e v e l  waste and consol idated spent f u e l .  In  all cases, i t  was assumed 
t h a t  crushed salt would be used as packing i n  the  space between t h e  waste 
package and the host rock sal t .  

A.3.2.1 Spent Fuel 

I n  the  case of the o r i g i n a l  re ference  design f o r  spent f u e l  (which is no 
longer  t h e  re ference  des ign) ,  disassembled spent f u e l  rods from 6 PWR (or 
18 BWR) are consolidated i n  a close-packed c i r c u l a r  a r r a y  ( see  Fig. A.10) 
with  a heat load of 3.3 kW/package at emplacement. 
has the  same heat load but u t i l i z e s  a larger-diameter and longer l eng th  
con ta ine r  i n  order t o  accommodate t h r e e  s t a i n l e s s  steel boxes conta in ing  
two consol idated f u e l  elements (see Fig. A . 1 1 ) .  For these  des igns ,  the 
c a n i s t e r  ( c a l l e d  overpack reinforcement by Westinghouse) is made of 7-cns 
t h i c k  carbon steel. The overpack f o r  these  designs is a t h i n  corrosion-- 
r e s i s t a n t  s h e l l  of a t i t an ium a l l o y  (TiCode-12) nominally 0.25 cm thick, ,  

The Al te rna te  I desjtgn 

The Alternate I1 design, which w a s  considered the re ference  design f o r  a 
s h o r t  period (DOE 1984c), is no longer a reference.  It was replaced as 
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EMPLACEMENT TUNNEL FLOOR 
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GAP FOR ASSEMBLY 1584 PWR 
SPENT FUEL RODS 
(6 ASSEMBLIES) 

STRAPPING 
BAND \ 

t 

0.25 a 
(TrnDE.12) 
ALL AROUND 

iZ2 /OVERPACK 

/ 

OVERPACK REINFORCEMENT 
e .  : \‘ (CARBON STEEL) 

11% BWR 
SPENT FUEL RODS 
(18 ASSEMBLIES) 

\ 
CRUSHED SALT 

ROCK (SALT) 

Fig. A. 10 . Reference spent  f u e l  package for borehole emplacement. 
Source: Westinghouse Electric Corporation, Advanced Energy Systems 
Divis ion ,  Engineered Waste Package Conceptual Design: Defense High-Level 
Waste (Form 11, Commercial High-Level Waste (Form 11, and Spent Fuel 
(Form 2) Disposal i n  S a l t ,  ONWI-438, 1983. 
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Fig. A.11. Boxed spent  f u e l  rod package concept f o r  borehole 
emplacement. Source: Westinghouse Electric Corporation, Advanced Energy 
Systems Divis ion,  Engineered Waste Package Conceptual Design: 
High-Level Waste (Form 11, Commercial High-Level Waste (Form 1>, and Spent 

Defense 

Fuel (Form 2) Disposal i n  S a l t ,  ONWI-438, 1983. - 
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t h e  r e s u l t  of continuing design s t u d i e s  (WEC 1986). I n  the  Al te rna te  I1 
des ign ,  the TiCode-12 cladding was  e l imina ted  and the  th ickness  of the 
low-carbon steel conta iner  ( o r  overpack) w a s  increased t o  12 cm t o  allow 
f o r  corrosion. The loading per waste package was increased t o  the number 
of f u e l  rods from ten PWR f u e l  assemblies,  which produces a heat genera- 
t i o n  rate of 5.5 kW a t  emplacement. The f u e l  c a n i s t e r  of s t a i n l e s s  s t e e l  
was divided i n t o  s i x  inne r ,  s i x  middle, and s i x  ou te r  compartments with 
respect t o  the  rad ius .  Each inner  compartment conta ins  44 rods; each 
middle compartment holds 135 rods; and the  ou te r  compartments hold 264 
rods. The dimensions and some performance c h a r a c t e r i s t i c s  of the.  
A l t e r n a t e  I, Al te rna te  11, and the  o r i g i n a l  re ference  designs a r e  sum- 
marized i n  Table A.3. 

The cur ren t  re ference  design (WEC 1986) f o r  a waste package containing 
spent  f u e l  evolved from the previous design s t u d i e s  (WEC 1983b). It spe- 
c i f i c a l l y  r ep resen t s  a v a r i a t i o n  of the e a r l y  Al t e rna te  I1 design; t he  
all-steel overpack concept e l imina ted  the need f o r  a TiCode-12 p r o t e c t i v e  
l a y e r  on t h e  overpack steel  reinforcement. 

~~ 

The major d i f f e rences  are the  e l imina t ion  of the boxed concept, t he  
i n c r e a s e  i n  t h e  hea t  load by inc reas ing  the  number of disassembled and 
consol ida ted  f u e l  assemblies t o  be contained from 10 PWRs or  24 BWRs t o  12 
and 30, r e spec t ive ly ,  and changing t h e  i n t e r n a l  arrangement of the f u e l  
rods . Siz ing  s t u d i e s  showed t h a t  c a n i s t e r s  conLdning  these  numbers of 
rods w i l l  have very similar minimum diamet ra l  envelopes and t h a t  a stan- 
dardized c a n i s t e r  envelope is v iab le .  A schematic of the overpack design 
i s  shown i n  Fig. A.12. A cross  s e c t i o n  of a t y p i c a l  c a n i s t e r  f o r  con- 
s o l i d a t e d  spent  f u e l  is shown i n  Fig. A.13. The c a n i s t e r  is segmented 
i n t o  s i x  equal pie-shaped compartments t h a t  each hold the  rods from e i t h e r  
two PWR or f i v e  BWR f u e l  assemblies. The vacant space a t  t he  center  of 
t h e  c a n i s t e r  accommodates a bar t h a t  extends from the c a n i s t e r  basepla te  
f o r  handling purposes. The c h a r a c t e r i s t i c s  of the cur ren t  waste package 
des ign  a r e  l i s t e d  i n  Table A.4, along with those f o r  t he  cu r ren t  concep- 
t u a l  design f o r  high-level waste, which is discussed i n  the  next sec t ion .  
The emplacement method is schemat ica l ly  ind ica t ed  i n  Fig. A.14. 

A.3.2.2 Commercial High-level Waste 

As i n  t h e  case of spent f u e l  d i sposa l ,  a re ference  conceptual design for a 
waste package and two a l t e r n a t e  designs f o r  the d i sposa l  of CHLW i n  ver- 
t i c a l  boreholes i n  a salt r epos i to ry  were developed i n  the earlier study 
(WEC 19838). I n  these  alternate des igns ,  CHLW is processed i n t o  a borosi- 
l i c a t e  g l a s s  form and poured i n t o  s t a i n l e s s  s t e e l  c a n i s t e r s ,  which were to  
be overpacked p r i o r  t o  d isposa l .  
r e f e rence  design f o r  t he  c a n i s t e r  and the a l t e r n a t e  designs is the s i z e ,  
as i l l u s t r a t e d  i n  Fig. A.15. The l a r g e r  c a n i s t e r s  of the Al te rna te  I and 
11 des igns  have a heat genera t ion  r a t e  of 9.5 kW each a t  emplacement, 
while  those of t he  smaller o r i g i n a l  re ference  design have a rate of 
2.21 kW. The Al te rna te  I1 c a n i s t e r  design is now the  cu r ren t  re ference  
design for t he  c a n i s t e r ,  as shown i n  Fig. A.15. 
i n a l  re ference  design is overpacked with 0.25 c m  of TiCode-12; re inforce-  
ment is provided by 6 cm of low-carbon s t e e l .  A schematic of the  emplaced 
waste package is shown i n  Fig. A.15. The method of emplacement and com- 
ponents of the waste package f o r  the Al te rna te  I conceptual design a re  as 
shown i n  Fig. A.14, except f o r  the increased  diameter and length  t o  accom- 
modate the l a r g e r  waste c a n i s t e r .  

The major d i f f e r e n c e  i n  the o r i g i n a l  

The c a n i s t e r  f o r  the  orig- 
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Table A.3. Early waste package design c h a r a c t e r i s t i c s a  f o r  spent fued - 
~- ~ ~- 

Orig ina l  
r e fe rence  Alternate I Al te rna te  - I1 

PWR BWR PWR BWR PWR BWR 

Waste form 
58 60 . 57 60 43 49 

3.85 4.11 
2766 3402 
4850 C260 

Diameter, cut 
Length, m 
Weight of waste, kg U 
Toral  waste form weight, kg 

4.09 4.32 
2766 3402 
4950 6360 

4.10 4.35 
4610 4536 
8590 8750 

Waste package 
Overpack material 
Outside diameter,  cut 
Length, m 
Empth weight, tonnes 
Loaded weight, tonnes 
Heat load,  W 

TiCode-12 

4.2 4.45 
4.0 4.8 
8.9 11.1 
3300 3420 

57.5 64.5 
TiCode- 12 

76.5 80.5 
4.44 4.78 
7.7 8.6 
12.7 15.0 
3300 3420 

Carbon s t e e l  

4.48 4.78 
10.4 11,9 

5500 4560 

83.5 88 

19.0 20.7 

Repository 
P x k s g e  p i t ch ,  m 
Tunnel he ight ,  m 
Tunnel width, m 
Borehole diameter, cut 
Borehole depth, m 

10.0 10.0 
7.4 7.4 
4.0 4.0 
84 86 
5.8 5.8 

10.4 8.5 
7.4 7.4 
4 .O 4 
89 93 
5.9 5 e 9  

10.0 19-0 
7.2 7.2 
4.0 4.0 
64 68 
5 06 5 e6 

Radiation 
Surf ace of overpack, mrem/h 
Surf ace of tunnel ,  mrem/h 

2.6~10~ <PwR 
1.3 1.3 

1.1x106 <PwR 
1.4 1.3 

8 . 5 ~ 1 0 ~  <PWR 
1.4 1 e4 

Corrosion 
Allowance, an 
Predic ted  depth at  l o 3  years  

Unlimited br ine ,  cm 
Expected br ine ,  cm 

0.25 0.25 2.5 2.5 0.25 0.25 
f o r  : 
00011 0.011 
<0.011 (0.011 

0.011 0.011 2.5 2.5 
<0.011 <Om011 4.075 <2.5 

S t r u c t u r a l  component thickness  
Cylinder w a l l ,  cm 7 -7 
Actual top head, an 20 20 
Actual bottom head, cm 12 -1 2 

9 -9 12 12 
20 20 20 20 
16 16 18 18 

Peak temperatures 
Waste form, O C  372 372 

110 110 
110 110 

372 372 258 258 
110 110 146 146 
110 110 146 146 

Overpack, O C  

S a l t ,  O C  

Local areal load,  W/m2 12 12 12 12 18.75 18.75 

aSource: Westinghouse Electric Corporation, Advanced Energy Systems 
Division,  Engineered Waste Package Conceptual Design: Defense High-Level - 
Waste (Form 1). Commercial Hinh-Level Waste (Form 1). and Suent Fuel 
(Form 2) Disposal i n  S a l t ,  ONWI-438, 1983. 
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Fig. A.12 .  Current conceptual waste package overpack design. Source: 
Westinghouse Electric Corporation, Waste Package Reference Conceptual Designs 
for a Repository in  Salt, BMI/ONWI-517, 1986. 
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HANDLING 8AR 
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Fig. A.13. Typical consolidated spent f u e l  c a n i s t e r  c ross  section. f o r  
cu r ren t  reference design. Source: Westinghouse E l e c t r i c  Corporation, 
Waste Package Reference Conceptual Designs f o r  a Repository in Salt, 
BMI/ONWI-517, 1986- 
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Table A.4.  Current conceptual waste package design characteristicsa 
for spent fuel and commercial high-level waste 

Spent fuel High-level waste 
Design parameter PWR BWR (CHLW) 

~-~ -~ 

Waste canister: 
Outer diameter; cm 62 62 56. 

Length,b cm 400 435 40 9 
Mat e rialc Low-carbon steel Low-carbon steel Stainless aLeel 

Thickness, cm 0.2 0.2 6.95 

Overpack : 
Center diameter, an 84.5 84.5 76.3 

Length,b cm 446.5 481.5 446 .8 
Mater ialc Low-carbon steel Low-carbon steel Low-carbon steel 

Thickness, cm 10 10 8.9 

Component weights : 
Waste form, kg 
Canister, kg 
Overpack, kg 
Total package, tonnes 

Heat loads : 
Canister, W 
Local areal, W/m* 

Repository dimensions: 
Package pitch, m 
Tunnel he ight ,  m 
Tunnel width, m 
Rib width, m 
Borehole diameter, m 
Borehole depth, m 

Peak temperature: 
Waste form, O C  

Overpack, OC 
Salt, O C  

Waste form at 103 
years, O C  

Radiation (max.): 
Canister surf ace, 

Overpack surface, 

Tunnel floor, mrem/h 

mrem/h 

mrem/h 

7920 
470 
9250 
17 .6 

6 0.6 
14.9 

22.14 
6.40 
4.57 
20.1 
0 090 
5 -86 

348 
175 
175 

99 

2.85~10~ 

1 .9x105 
1.8 

83 10 
500 
9890 
18 .7 

5 07 
12 08 

22 14 
6.40 
4.57 
20.1 
0.90 
6 022 

<PWR 
<PWR 
<PWR 

<PWR 

2.80~10 

<PWR 
<PWR 

2560 
865 
7285 
10.7 

9 05 
15.0 ' 

24.17 
5.79 
4.57 
26.2 
0.82 
6 -37 

480 
230 
230 

60 

1.51~108 

1 .6x108 
1 e 6  
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Table A.4 (continued) 

Spent f u e l  High-level waste 
Design parameter PWR BWR ( CHLW) 

~ ~~ - ~~- ~~ 

Corrosion: 
Allowance, an 2 030 
Pene t r a t ion  at 103 
years  for :  

Expected br ine ,  an 0.07 
Unlimited br ine ,  cm 2.30 

N A ~  

<PWR 
<PWR 

1.92 

0.14 
1 e92 

aSource: Westinghouse Electric Corporation, Waste Package Reference 

bRepresentat ive values only. 

CEquivalent to AIS1 1018-type s t e e l .  
dNA = not ava i l ab le .  

Conceptual Designs f o r  a Repository i n  S a l t ,  BMI/ONWI-517, 1986. 

somewhat . This value is design-specif ic  and w i l l  vary 
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Fig. A.14, Original  reference design f o r  CHLW with borehole 
emplacement, Source: Westinghouse Electric Corporation, Advanced Energy 
Systems Division, Engineered Waste Package Conceptual Design: Defense 
High-Level Waste (Form l ) ,  Commercial High-Level Waste (Form l ) ,  and 
Spent Fuel (Form 2) Disposal i n  S a l t ,  ONWI-438, 1983. 
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Fig. A.15. Schematics of the  o r i g i n a l  and cu r ren t  re ference  
des igns  f o r  CHLW. : Westinghouse Electric Corporation, Advanced 
Energy Systems Divis ion,  Engineered Waste Package Conceptual Design: 
Defense High-Level Waste (Form 1) , Commercial High-Level Waste (Form 1IL 
and Spent Fuel (Form 2) Disposal in S a l t ,  ONWI-438, 1983. 
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The o r i g i n a l  Al te rna te  I1 conceptual design is s i m i l a r  t o  the Al t e rna te  I 
des ign  except t h a t  the TiCode-12 c ladding  has been e l imina ted  and the 
steel  overpack has been increased t o  15 c m  i n  th ickness  t o  provide a 
cor ros ion  allowance. The dimensions and some c h a r a c t e r i s t i c s  of the orig- 
i n a l  reference and the  Al te rna te  I and 11 designs a r e  summarized i n  
Table A.5. The c h a r a c t e r i s t i c s  of t h e  cu r ren t  conceptual designs f o r  the 
c a n i s t e r  and the overpack are shown i n  Table A.4 .  

A.3.3 Degradation and Nuclide Release Scenarios 

Barr ing unant ic ipa ted  events ,  groundwater cannot be expected i n  a s a l t  
r epos i to ry  i n  the  t i m e  frame of concern. Water is a v a i l a b l e ,  however, 
i n  t he  form of b r ine  inc lus ions  t h a t  can migrate up the thermal grad ien t  
toward the waste package and collect  i n  the  space between the waste oackage 
and hos t  rock t h a t  is f i l l e d  with crushed salt.  This b r ine  is very corro- 
s i v e ,  and even tua l ly  s u f f i c i e n t  metal w i l l  be converted t o  the oxide, which 
w i l l  weaken t h e  overpack t o  t h e  poin t  where the  developing l i t h o s t a t i c  
pressure  (see Sect. C.4) can cause a l a r g e  breach i n  the  waste c a n i s t e r  and 
s i g n i f i c a n t  r eac t ion  between the  g l a s s  waste o r  spent f u e l  w i l l  begin. 

Using the  Jenks equat ion (JENKS 1972 and Appendix F) as the  bas i s  f o r  
c a l c u l a t i n g  b r ine  migrat ion rates, the  t o t a l  b r ine  accumulations pe r  
waste package f o r  t he  cur ren t  re ference  designs have been estimated a t  
0.85 and 0.41 m3 f o r  CHLW and PWR spent  f u e l ,  r e spec t ive ly ,  when assumin 
a threshold  temperature grad ien t  f o r  br ine  migrat ion and 0.95 and 0.75 m , 
r e spec t ive ly ,  n c i i o u t  a threshold g rad ien t  (DOE 1 9 8 4 ~ ) .  It was a l s o  
assumed t h a t  t he  concent ra t ion  of the b r ine  inc lus ions  was 5 vol 4, a fac- 
t o r  of 2.8 g r e a t e r  than the est imated t o t a l  water content of 1.8 vol 4. 
(The b r ine  migrat ion rate is considered t o  be d i r e c t l y  propor t iona l  t o  the 
water content.) The rate of b r ine  flow decreases with t i m e ,  but the 
h ighes t  i n i t i a l  rate t h a t  was ca lcu la t ed  was only 0.06 m3/year. For these 
r e l a t i v e l y  small b r ine  migrat ion rates, the supply of b r ine  t o  the su r face  
of t he  waste package should govern both t h e  cor ros ion  rate and the r a t e  of 
release of t he  so lub i l i t y - l imi t ed  rad ionucl ides  from the waste c a n i s t e r .  

4 

I n  the  pos tc losure  period a f t e r  the entrapped oxygen has been consumed i n  
t h e  oxida t ion  r eac t ions ,  the only oxygen ava i l ab le  f o r  cor ros ion  is  i n  the 
in-migrating brine.  There is a p o s s i b i l i t y  t h a t  t h i s  supply could be 
i n s u f f i c i e n t  t o  consume enough of t h e  steel overpack t o  produce a s i g n i f i -  
can t  breach i n  the  waste package. However, an acceptab le  demonstration of 
such a condi t ion  may not be poss ib le .  

Assuming t h a t  contaminated b r ine  has co l l ec t ed  around a waste package, 
d i f f u s i o n  along g ra in  boundaries is the  only process a v a i l a b l e  f o r  
t r a n s p o r t i n g  the b r ine  away from t h e  r epos i to ry  area without flow pathways 
being opened by s h a f t  seal f a i l u r e s  o r  t e c t o n i c  events. Theore t i ca l ly ,  a 
b r i n e  inc lus ion  with s u f f i c i e n t  vapor phase can migrate down a thermal 
g rad ien t  ( s ee  Appendix F) ,  but it is d i f f i c u l t  t o  v i s u a l i z e  the  i n i t i a t i o n  
of t h i s  t r a n s p o r t  process with contaminated brine.  It is even more d i f -  
f i c u l t  t o  v i s u a l i z e  the maintenance of the movement i n  the  cooler tempera- 
t u r e s  and smaller thermal g rad ien t s  t h a t  e x i s t  away from the  repos i tory .  

I n  t h e  unexpected event of an i n t r u s i o n  scenar io ,  a poss ib le  source of 
groundwater is the Ogallala/Dockum aqui fer .  The piezometric p o t e n t i a l s  
are such t h a t  any flow i n t o  the r epos i to ry  would come from the aqu i f e r  
above. In view of the p o s s i b i l i t y  of such an event,  corrosion ca lcu la-  
t i o n s  were made based on an unlimited supply of b r ine  with a composition 
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Table A.5 . Early conceptual waste package design c h a r a c t e r i s t i c s a  
f o r  commercial high-level waste 

Or ig ina l  
Reference Al te rna te  I Al te rna te  11 

Waste form 
Diameter, an 
Length, m 
Weight of waste, kg 
Totar waste form weight, kg 

Waste package 
Overpack mater ia l :  

Outer 
Inner  

Outside diameter,  an 
Thickness : 

TiCode-12, cm 
Carbon s t e e l ,  an 

Length, m 
EmptI- raeight , tonnes 
Loaded weight, tonnes 
Heat load,  W 

Repository 
Package p i t ch ,  m 
Tunnel he ight ,  m 
Tunnel width, m 
Borehole diameter,  cm 
Borehole depth,  m 

Radiation 
Surface of overpack, mrem/k 
Surface of tunnel,  mrem/h 

Corrosion 
Allowance, an 
Predic ted  depth at  lo3  years  

Unlimited br ine,  cm 
Expected br ine ,  an 

32 .4 
3.05 
595 
845 

56 

2560 
3425 

4 009 

TiCode- 12 
Carbon steel 

47 05 

0.25 
6 
3.38 
2.4 
3.2 
22 10 

2 048 
6.1 
3 08 
52 
4.9 

5.2 105 
1.7 

0.25 

0.05 
<O -05 

fo r :  

T i  Code- 12 
Carbon steel 

79 05 

0.25 
6 
4.48 
8 06 
12 00 
9500 

10 
7 -2 
4.0 
82 
6.3 

9.3 105 
1.5 

0.25 

0.03 
<0*03 

S t r u c t u r a l  component thickness  
Cylinder w a l l ,  cm 6 
Top head, cm 
Bottom head, cm 

20 
10 

Peak temperatures 
Waste form, O C  

Overpack, O C  

S a l t ,  "C 

322 
233 
233 

10 
20 
16 

496 
25 0 
250 

56 
4.09 
2560 
3425 

Carbon s -- 
89 

12 

4.59 
13.4 
16.9 

-- 

1 

9500 

10 
7 02 
4 .O 
94 
6.3 

1 x 105 
1 e 5  

5 e 0  

4.9 
0.07 

15 
21 
21 

476 
250 
250 
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Table A.5 (continued) 

Original 
reference Alternate I Alternate I1 

Local areal load, W/m2 37.5 30 30 

aSource: Westinghouse Electric Corporation, Advanced Energy Systems 
Division. Engineered Waste Package ConceDtual Design: Defense High-Level 
Waste (Form l), Commercial High-Level Waste (Form l),  and Spent Fuel 
(Form 2) Disposal in Salt, ONWI-438, 1983. 

determined by the dissolved halite (DOE 1984~). For transport of the con- 
taminated brine to the accessible environment by means other than diffusion, 
some sink has to develop to complete a flow path, a condition that should 
be evaluated in a safety assessment of the repository. 
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APPENDIX B 

IDENTIFICATION AND PRIORITIZATION OF WASTE PACKAGE FAILURE MODES 

I n  consider ing the  f a i l u r e  modes of the  mater ia l s  i n  a waste package, the 
re ference  design is assumed t o  be the cur ren t  concept f o r  d i sposa l  i n  
b a s a l t ,  t u f f  , and sal t ,  as described i n  Appendix A. It is a l s o  assumed 
t h a t  the  waste package w i l l  not be subjected t o  extremely unl ike ly  
c a t a s t r o p h i c  events t h a t  can destroy the  waste package (e.g., volcmiism, 
l a r g e  meteori te  impacts ,  and severe t ec ton ic  events )  because of the  empha- 
sis of NRC regula t ions  [ l o  CFR 60, Sect. 60.113(a)( i i ) l  on an t i c ipa t ed  pro- 
cesses and events.  

The p o t e n t i a l  f a i l u r e  modes t h a t  have been pos tu la ted  f o r  each component 
of the waste package and t h e i r  relevance i n  meeting the requirements of 
10 CFR 60 are discussed ind iv idua l ly  below. It does not follow t h a t  a l l  of 
t hese  modes are very probable; i n s t ead ,  they represent  a r a the r  exhaustive 
l i s t  of p o s s i b i l i t i e s  t o  consider i n  a s a f e t y  ana lys i s  repor t  (SAR). The 
d iscuss ion  and ana lys i s  of f a i l u r e  modes t h a t  follow should not be 
construed a s  a f i n a l  NRC pos i t i on  with regard t o  waste package r e l i a b i -  
l i t y ,  but i t  is i n  l i n e  with the  cur ren t  NRC generic  t echn ica l  pos i t ion  
(NRC 1986) and with the  suggested procedure on Waste Package R e l i a b i l i t y  
by Sastre (1986), which is quoted as follows: 

I n  the  SAR, the  appl icant  should list a l l  poss ib le ,  i d e n t i f i e d  
f a i l u r e  modes of each waste package component and t h e i r  r e t en t ion  
o r  d i smissa l  f o r  f u r t h e r  ana lys i s .  This preliminary a n a l y s i s ,  
gene ra l ly  ca l l ed  F a i l u r e  Mode and Effec ts  Analysis - FMEA, is 
q u a l i t a t i v e  i n  nature .  It is expected t o  resul t  i n  the  reduction 
of the  set of poss ib le  f a i l u r e  modes t o  only those which a r e  re le-  
vant under the range of repos i tory  condi t ions i d e n t i f i e d  i n  Sect. 
2.1.2 [of the  Sas t r e  repor t ] .  This set of s i g n i f i c a n t  f a i l u r e  
modes w i l l  be ca l l ed  design f a i l u r e  modes. In  the  d ismissa l  of 
p o t e n t i a l  f a i l u r e  modes, the  appl icant  should consider the na tu ra l  
v a r i a b i l i t y  of environments t o  which the  package w i l l  be exposed. 
The d ismissa l  of any given f a i l u r e  mode should be discussed and 
documented . 

B.1 DEGRADATION, OR FAILURE, MODES FOR THE OVERPACK AND STAINLESS 
STEEL CANISTER 

The degradat ion,  o r  f a i l u r e ,  modes f o r  the  metallic overpack, o r  the 
nonoverpacked s t a i n l e s s  steel c a n i s t e r  i n  the case of d isposa l  of spent 
f u e l  elements i n  t u f f ,  can be c l a s s i f i e d  as thermally/mechanically,  chem- 
i c a l l y ,  o r  b io log ica l ly  induced corrosion. It is  assumed t h a t  a qua l i t y  
con t ro l  and assurance program w i l l  genera l ly  preclude poor workmanship 
and ma te r i a l s  t h a t  do not meet spec i f i ca t ions .  
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B.1.1 Thennal/Mechanical Fa i lu re  Modes 

I n  considering the  var ious mechanical f a i l u r e  modes, it is assumed tha t  
cor ros ion  has not s u b s t a n t i a l l y  degraded the  overpack or  t he  non- 
overpacked s t a i n l e s s  steel  c a n i s t e r  in  t h e  case of d i sposa l  in t u f f .  
After s u b s t a n t i a l  cor ros ion  has occurred, breaching of the  c a n i s t e r  can 
be expected and the  mechanism ( p i t t i n g ,  cracking,  shear ing,  etc.) becomes 
i r r e l e v a n t .  

B.l.1.1 Force and/or Temperature-Induced Elastic Deformation 

Elastic deformation is not a f a i l u r e  mode per  se, but excessive defor- 
mations under certain condi t ions  could lead t o  a f a i l u r e  mode even though 
t h e  average stresses remain i n  the  elastic range. I n  d iscuss ing  the  con- 
d i t i o n s  t h a t  could lead to  a f a i l u r e  mode, it is  assumed t h a t  deformations 
occur as a r e s u l t  of an app l i ca t ion  of fo rce  (external and/or thermally 
induced) and t h a t  the  removal of t h i s  fo rce  w i l l  usua l ly  permit the  member 
t o  r e t u r n  t o  i ts  o r i g i n a l  shape (i.e., behave e l a s t i c a l l y ) .  It is custo- 
mary t o  design s t r u c t u r a l  members with average stresses s u f f i c i e n t l y  below 
t h e  y i e l d  poin t  t o  gene ra l ly  preclude excessive deformation and f a i l u r e  i n  
t h e  elastic range. For such a design condi t ion ,  l oca l i zed  stresses 
exceeding the  y i e ld  point  could e x i s t  a t  notches,  bolt-holes . s t r i n g e r s ,  
o r  o the r  flaws. Duct i le  materials can r e d i s t r i b u t e  these loca l i zed  
stresses without f a i l u r e  occurring. With b r i t t l e  materials, however, 
l o c a l i z e d  stresses can cont inue t o  increase, even when the re  is no l o c a l  
y i e ld ing ,  u n t i l  a crack forms t h a t  can spread r ap id ly  over t he  sec t ion .  
F a i l u r e  i n  t h e  elastic range is a l s o  p o s s i b l e  from sudden d e f l e c t i o n  or  
buckl ing under condi t ions of i n s t a b i l i t y ,  or  from f a t i g u e  and f r e t t i n g  
when the load becomes cyc l ic .  These p o t e n t i a l  f a i l u r e  modes in  the  
e las t ic  range and b r i t t l e  f r a c t u r e  are discussed below under the  
appropr i a t e  headings. 

B . 1.1.2 Yield ing  

Yielding,  or  p l a s t i c ,  deformation occurs when the  appl ied  load causes the  
e las t ic  l i m i t  of the material t o  be exceeded. When the  load is  r e l i eved ,  
t h e  recovery is along a path d i f f e r e n t  from the  loading one, which r e s u l t s  
i n  a permanent set o r  elongated shape. Addit ional  loading w i l l  cause an 
i n c r e a s e  i n  the  y i e ld  poin t ,  a phenomenon known as s t r a i n  or  work harden- 
ing. Yielding of the material could lead  t o  improper funct ioning of the  
component and subsequent f a i l u r e  of t he  s t ruc tu re .  However, i n  a d u c t i l e  
metal under condi t ions of static loading a t  moderate temperatures,  y ie ld ing  
r a r e l y  r e s u l t s  i n  f r a c t u r e  i n  properly designed s t ruc tures  because the  
metal s t r a i n  hardens as i t  deforms. A t  temperatures s i g n i f i c a n t l y  higher  
t han  room temperature,  metals no longer  e x h i b i t  s t r a i n  hardening and can 
cont inue  t o  p l a s t i c a l l y  deform by the  mechanism denoted as "creep" 
(d iscussed  under same heading below). While the temperature a t  which 
s t r a i n  hardening s tops  is not accu ra t e ly  known, it is gene ra l ly  about one- 
t h i r d  of the  melting-point temperature ( i n  absolu te  units, K o r  R). 
However, f o r  ordinary mild steel it is about 450°C (DAVIS 1982a). 

S u f f i c i e n t l y  l a rge  stresses w i l l  cause f a i l u r e  after l a r g e  deformations 
e i t h e r  v i a  a d u c t i l e  t e n s i l e  o r  shear  rupture ,  b r i t t l e  f r a c t u r e  a f t e r  

~~ ~ 
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s t r a i n  hardening, or  an acce le ra t ing  o r  t e r t i a r y  creep. However, bar r ing  
unexpected s t rong  t e c t o n i c  a c t i v i t y ,  it is d i f f i c u l t  t o  fo re see  t h a t  a 
well-designed and s i t e d  repos i tory  w i l l  develop stresses that can cause 
rup tu re  or  f r a c t u r e  of an overpack before  considerable  degradat ion has 
occurred through cor ros ive  act ion.  However, f o r  d i sposa l  i n  t u f f ,  the  
stainless steel canister may be sub jec t  t o  stress cor ros ion  cracking before  
s i g n i f i c a n t  degradation occurs as t h e  r e s u l t  of genera l  cor ros ive  a c t i o n  
(see Sect. B.1.2.2 f o r  d i scuss ion) .  

B.1.1.3 Duc t i l e  Rupture 

Any metal t h a t  remains d u c t i l e  while being s t r a i n e d  w i l l  undergo d u c t i l e  
rup tu re  when s t r e s s e d  beyond i t s  tensi le ,  or  u l t ima te ,  s t rength .  Typical ly ,  
d u c t i l e  rupture  o r  f a i l u r e  r e s u l t s  after gross  p l a s t i c  deformation. With 
d u c t i l e  rupture  a number of poss ib le  s t r u c t u r e  p a t t e r n s  can develop on the  
f r a c t u r e  sur face ,  whereas a b r i t t l e  f r a c t u r e  produces l i t t l e  or no p l a s t i c  
deformation and is always charac te r ized  by a l u s t r o u s  appearance. The 
customary design technique of l i m i t i n g  stresses t o  less than the  y i e l d  
stress gene ra l ly  e l imina tes  the l ike l ihood  of a d u c t i l e  rupture  during the  
expected l i f e t i m e  of a s t r u c t u r e  o r  equipment. I n  the  case of a waste 
package, d u c t i l e  rupture  (a l though not c r ed ib l e  i n  the  f i rs t  few hundred 
years )  w i l l  become highly probable af ter  considerable  degradat ion by 
co r ros ive  processes.  

B.1.1.4 Britt le F rac tu re  

It is w e l l  known t h a t  low-carbon steel under load i s  sub jec t  t o  b r i t t l e  
f r a c t u r e  at low temperatures under c e r t a i n  condi t ions of stress applica- 
t i on .  The primary f a c t o r s  t h a t  in f luence  b r i t t l e  f r a c t u r e  i n  steel 
inc lude  average and loca l i zed  stress l e v e l s ,  temperature,  and flaw s ize .  
A l l  commercial steel  products have microcracks or  inc lus ions  t h a t  act 
l i k e  cracks from the  viewpoint of stress concentrat ion.  Since f law s i z e  
i s  somewhat imponderable and stress l e v e l  can be con t ro l l ed  by design 
p r a c t i c e ,  service temperature has become the  c r i t e r i o n  f o r  t he  avoidance 
of b r i t t l e  f r ac tu re .  S t a i n l e s s  steel ,  however, i s  not sub jec t  t o  b r i t t l e  
f r a c t u r e  i n  the  classical sense a t  r epos i to ry  temperatures,  o r  even s ign i f -  
i c a n t  hydrogen embrit t lement.  

A p a r t i c u l a r  mild steel can e x h i b i t  both d u c t i l e  and b r i t t l e  behavior,  
depending on the  temperature. The o r i g i n  of t he  classical  b r i t t l e  f rac-  
t u r e  problem ( r ap id  propagation of a crack across  a loaded member) i s  the  
decrease  i n  f r a c t u r e  toughness r e s u l t i n g  from a change i n  the  f r a c t u r e  
mode from high-energy d u c t i l e  t ea r ing  t o  low-energy absorpt ion cleavage 
f r a c t u r e  i n  a r a t h e r  narrow range of temperature. The f u l l  span of the 
t r a n s i t i o n  is i n  the  order  of 67OC. However, the  t r a n s i t i o n  range of 
engineer ing interest  f o r  convent ional ly  loaded members usua l ly  occurs over 
a range of 6 t o  34OC (PELLINI 1964). 

It is poss ib l e  t o  cons t ruc t  a crack arrest temperature (CAT) curve from 
l abora to ry  test da ta  by p l o t t i n g  nominal stress v s  temperature beyond 
which f r a c t u r e s  w i l l  not propagate regard less  of the f l a w  s i z e  (PELLINI 
1964). The reference is the  " n i l  d u c t i l i t y  temperature" (NDT), which can 
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be es t ab l i shed  d i r e c t l y  by drop-weight tests with good accuracy. Below the  
NDT, a f r a c t u r e  becomes 100% cleavage and a minute crack or  flaw, i r respec-  
t i v e  of s i z e ,  could i n i t i a t e  a b r i t t l e  f r a c t u r e  (provided t h a t  t he  y i e ld  
point  stress was reached a t  the  f law) t h a t  could propagate through the 
surrounding region even though the  genera l  stress l e v e l  w a s  below the y i e l d  
point .  As t he  f law s i z e  inc reases ,  t he re  is a decrease i n  the  stress 
required t o  i n i t i a t e  b r i t t l e  f r a c t u r e  and an inc rease  in  the  temperature 
required to  prevent propagation. Below a nominal stress of about 3 .4  t o  
5.5 MPa (5000 t o  8000 p s i ) ,  however, b r i t t l e  f r a c t u r e s  probably w i l l  not 
occur ,  since there is i n s u f f i c i e n t  elastic s t r a i n  energy a v a i l a b l e  t o  sup- 
p o r t  propagation of f r a c t u r e s  (DIETER 1976). 

The lowest temperature f o r  which f r a c t u r e  is 100% f i b r o u s ,  o r  t o t a l l y  
d u c t i l e ,  is ca l l ed  the  " f r ac tu re  t r a n s i t i o n  p l a s t i c "  (FTP) temperature,  
which occurs at the  i n t e r s e c t i o n  of the  t e n s i l e  s t r e n g t h  curve and the  
CAT curve. Cracking does not occur above t h i s  temperature;  f a i l u r e s  
r e s u l t  i n  large deformations with subsequent-duct i le  tear ing .  For prac- 
t i c a l  purposes the FTP temperature is equal  t o  the M)T + 67°C. 

Between the  NDT and the  FTP temperatures ,  t he  cracks e x h i b i t  a mixture of 
c leavage and f i b r o s i t y  or shear. A number of t r a n s i t i o n  temperature cr i -  
t e r ia  are poss ib le  i n  t h i s  range [e.g., t he  50% c leavage50% shear point  
c a l l e d  the  " f r a c t u r e  appearance t rans i t i t tA temperature" (FATT) and the  
" f r a c t u r e  t r a n s i t i o n  elastic (FTE) temperature"].  This la t te r  temperature,  
which is the  i n t e r s e c t i o n  of the y i e l d  s t r e n g t h  curve and the  CAT curve,  is 
approximately equal t o  the  NDT + 3 4 O C .  
poin t  f o r  most engineering s t ruc tu res .  It has been e s t ab l i shed  experiuien- 
t a l l y  t h a t  a b r i t t l e  f r a c t u r e  cannot propagate ac ross  any region t h a t  is 
loaded wi th in  the  e las t ic  range (average stress below y ie ld  poin t ) .  Si.nce 
des ign  p r a c t i c e  gene ra l ly  r equ i r e s  t h a t  average stresses not exceed t h e  
y i e l d  point  in any ex tens ive  region,  only small loca l i zed  areas of excessive 
stress (assuming no long s t r i n g e r s  are present )  would e x i s t  due to  some! 
stress riser, such as a flaw. A f r a c t u r e  might be i n i t i a t e d  under such a 
condi t ion ,  but it would not propagate i f  the  region temperature w a s  above 
t h e  FTE temperature. Consequently, maintaining the  s e r v i c e  temperature 
above the  FTE temperature (which should present  no problem f o r  a basalt: 
r epos i to ry )  w i l l  provide almost c e r t a i n  p ro tec t ion  aga ins t  the classical  
type  of b r i t t l e  f r ac tu re .  

It represents  an important design 

It is poss ib l e  tha t  d u c t i l e  steel can be embr i t t l ed  ( inc rease  i n  the  M)T) 
by work hardening, as the  r e s u l t  of successive stress-deformation cyc les ,  
and by neutron i r r a d i a t i o n ,  which occurs i n  r eac to r  pressure ves se l s ;  
however, these condi t ions w i l l  not exist i n  a waste reposi tory.  A possi- 
b i l i t y  does e x i s t ,  of course,  t h a t  hydrogen embrit t lement could occur (see 
Sect .  B.1 .2 .8) ,  thus iead ing  to  b r i t t l e  f r a c t u r e  or  stress cor ros ion  
cracking.  I n  the  au thors '  opinion, however, i t  does not appear l i k e l y  
t h a t  f r a c t u r i n g  could occur p r i o r  t o  ex tens ive  degradat ion of the overpack, 
wi th  subsequent embrit t lement by some mechanism. 

B.1.1.5 Fat igue 

Repe t i t i ve ,  or f l u c t u a t i n g ,  stress appl ied  t o  metals i n  a s u f f i c i e n t  number 
of cyc les  can cause f r a c t u r e  even though the  maximum stress is  f a r  below 
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t h e  ultimate s t r eng th  and i n  the  e las t ic  range. Such f r a c t u r e s  are ca l l ed  
f a t i g u e  f a i l u r e s  because they gene ra l ly  occur under dynamic loading af ter  
a considerable  period of service.  Phys ica l ly ,  a minute crack o r i g i n a t e s  
a t  a stress riser such as a su r face  scratch or  o the r  flaw. The crack then 
en la rges  during the  c y c l i c  loading un t i l  t he re  is i n s u f f i c i e n t  material 
l e f t  ahead of the  crack f r o n t  t o  support  t he  load; subsequently,  f a i l u r e  
occurs.  

The t h r e e  basic f a c t o r s  necessary t o  cause f a t i g u e  f a i l u r e  include:  
s u f f i c i e n t l y  high maximum t e n s i l e  stress, (2)  a s u f f i c i e n t l y  l a r g e  
var ia t ion i n  the  amplitude of the  appl ied stress, and ( 3 )  a s u f f i c i e n t l y  
l a r g e  number of cycles.  Other v a r i a b l e s ,  such as stress concentrat ion,  
cor ros ion ,  temperature, overload, me ta l lu rg ica l  s t r u c t u r e ,  r e s idua l  stress, 
and combined stresses t h a t  tend t o  a l ter  the  condi t ions f o r  f a t i g u e  
f a i l u r e ,  are a l s o  involved (DIETER 1976). 

(1) a 

Although the basic causes of f a t i g u e  i n  metals are not completely under- 
s tood,  a mass of empir ical  d a t a  t h a t  permit s a f e  engineering design 
e x i s t s .  However, even with c a r e f u l  design and t e s t i n g  materials, a l a r g e  
percentage of a c t u a l  f a i l u r e  i n  s t r u c t u r e s  and machinery can be t raced to  
some type of f a t igue .  The genera l  types of f a t i g u e  f a i l u r e ,  which are 
d iscussed  below, include: high cyc le ,  low cycle ,  thermal, corrosion,  and 
f r e t t i n g .  

The conventional method f o r  present ing  high-cycle engineer ing f a t i g u e  da ta  
i s  by the  S-N curve, &ich is a p l o t  of stress range (S) vs t he  number of 
cyc le s  t o  f a i l u r e  (N). Most l abora to ry  determinat ions of f a t i g u e  prop- 
ert ies have been made f o r  reverse  s t r e s s i n g  (bending or  t o r s i o n a l ) ,  where 
t h e  mean stress is zero. However, nonzero mean stress data are a l s o  
obtained,  depending on the  engineer ing appl ica t ion .  C h a r a c t e r i s t i c a l l y ,  
t h e  S-N curve shows an increas ing  f a t i g u e  l i f e  with decreasing stress. 
For some engineering materials, such as steel ,  t he  S-N curve becomes hori-  
zon ta l  a t  a l i m i t i n g  stress. Below t h i s  stress, which is ca l l ed  the  
f a t i g u e  (or endurance) l i m i t ,  the material presumably can endure an indef- 
i n i t e l y  large number of cycles  without f a i l u r e .  In high-cycle f a t i g u e  
tests (N = >lo5 cyc le s )  f o r  engineer ing app l i ca t ions ,  the  stress on a 
g r o s s  scale is elastic,  but the  metal deforms i n  a loca l i zed  way and 
f a i l u r e  occurs without any obvious warning. 

Low-cycle f a t i g u e  (N = <lo4  cyc le s )  f a i l u r e  occurs a t  r e l a t i v e l y  high 
stress and a low number of cycles.  This type of f a i l u r e  must be considered 
i n  the  design of steam turb ines  and o the r  types of power machinery s ince  
low-cycle f a t i g u e  condi t ions are f r equen t ly  created i n  which t h e  repeated 
stresses are thermal stresses r e s u l t i n g  from expansion and con t r ac t ion  of 
t h e  m e t a l .  Consequently, low-cycle f a t i g u e  f a i l u r e  r e s u l t s  from c y c l i c  
s t r a i n  r a t h e r  than from c y c l i c  stresses, as i n  t he  case of high-cycle 
f a t i g u e  f a i l u r e .  In low-cycle f a t i g u e  t e s t i n g ,  t h i s  is s t a r t e d  by pul l ing  
t h e  specimen i n t o  the  i n e l a s t i c  range and then cycl ing the  load under 
s t r a i n  cont ro l .  The equivalent  S-N curve is constructed using the  p l a s t i c  
s t r a i n  range i n  place of the stress range. 
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I n  determining S-N curves,  cons iderable  random scatter is found i n  the  
da ta .  Consequently, f a t i g u e  l i f e  and f a t i g u e  l i m i t  are f r equen t ly  t r ea t ed  
as s ta t i s t ica l  q u a n t i t i e s  t h a t  r e q u i r e  considerably more da ta  f o r  obtainin:  
t h e  necessary s ta t i s t ica l  parameters than are required f o r  cons t ruc t ing  thl 
usua l  S-N curves. The s t a t i s t i ca l  problem of determining the  f a t i g u e  1.imi 
i s  complicated by the  d e s t r u c t i v e  method of t e s t ing .  I f  a specimen f a i l s ,  
it cannot be r e t e s t ed .  It is only known t h a t  the  f a t i g u e  l i m i t  i s  lower, 
or greater, than the stress employed. Consequently, groups of specimens 
are t e s t e d  at  seve ra l  stresses t o  f i n d  out  how many f a i l  a t  each leve l .  
Two s ta t i s t ica l  approaches, c a l l e d  "probi t  analysis '* and the  "staircase: 
method," are used (DIETER 1976). The procedures f o r  applying these  
approaches are w e l l  e s t ab l i shed  and reasonably s tandardized (ASTM 1963) . 
Fat igue  f a i l u r e  can be produced by f l u c t u a t i n g  thermal stresses even when 
no stress is produced by mechanical causes,  Thermal stresses r e s u l t  when 
t h e  thermal expansion of a member is r e s t r a i n e d  i n  some fashion.  When 
r e s t r a i n e d  metallic members are exposed t o  c y c l i c  heat sources  o r  s i n k s ,  
f a t i g u e  f a i l u r e  can r e s u l t  from mechanisms similar t o  those involved i n  
low- and high-cycle f a t i g u e  f a i l u r e .  Such condi t ions  f o r  f a i l u r e  are Itre- 
quent ly  present  i n  high-temperature equipment. Aus ten i t i c  s t a i n l e s s  
steels are p a r t i c u l a r l y  s e n s i t i v e  t o  thermal f a t i g u e  because of t h e i r  
r e l a t i v e l y  low thermal conduc t iv i t i e s  and high thermal c o e f f i c i e n t s  of 
expansion :3IETER l r i d ) .  

Corrosion f a t i g u e  is defined as the  behavior of metals when they a r e  sub- 
j ected t o  c y c l i c  stress and simultaneously exposed t o  a corroding environ- 
ment. The sepa ra t e  damage caused by s ta t ic  corrosion or  by f a t i g u e  o f f e r s  
l i t t l e  ind ica t ion  of t he  g r e a t l y  acce le ra t ed  damage t h a t  can r e s u l t  when 
t h e s e  two phenomena act simultaneously.  With ord inary  cor ros ion ,  t he  
cor ros ion  products o f t en  r e t a r d ,  o r  suppress ,  f u r t h e r  reac t ions .  When 
c y c l i c  stress is superimposed, c y c l i c  s t r a ins  tend t o  d i s r u p t  any protec- 
t i v e  f i lm,  and the sur face  p i t t i n g  or  roughening caused by cor ros ion  tends 
t o  reduce the  mechanical s t r eng th  and s u s c e p t i b i l i t y  to  cracking as the  
p i t s  become sharp enough t o  produce a high stress concentrat ion.  I n  t h i s  
sense ,  c y c l i c  stress accelerates the corrosion by a more or  less mechani- 
cal  ac t ion ,  but t he  inf luence  on t he  chemical c o r r o d i b i l i t y  of the  materia 
i s  usua l ly  small (LESSELS 1954). 

F r e t t i n g  is the  sur face  damage t h a t  r e s u l t s  when two hard su r faces  i n  con- 
tact experience some r e l a t i v e  pe r iod ic  motion. It produces a wearing 
a c t i o n  on metal and can a l s o  s imula te  cor ros ion  f a t igue .  Prolonged 
f r e t t i n g  w i l l  produce su r face  cracks t h a t  can grow and cause a high-cyc:le 
f a t i g u e  f a i l u r e  (WATERHOUSE 1981). 

F r e t t i n g  damage and f a i l u r e  f r equen t ly  occur on s h a f t s  with p re s s - f i t t ed  
hubs or  bearings.  The damage i s  caused by a small amount of s l i p  deform- 
a t i o n  ( i n  the  order  of in . )  t h a t  i s  v i r t u a l l y  impossible to  e l imina te  
completely. Examples of f r e t t i n g  i n  o the r  than machinery inc lude  damage t8 
w i r e  ropes and cables ,  f langes ,  and pin-lug combinations. A thorough 
t reatment  of f r e t t i n g  damage, inc luding  theory,  methods of mi t iga t ion ,  and 
examples of in-service f a i l u r e s  is given by Waterhouse (1981). 
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In basalt, t u f f ,  o r  salt r e p o s i t o r i e s ,  stress cycl ing of a waste package 
by ex te rna l  mechanical means is not important.  Some s l i g h t  thermal cycl ing 
may occur during the  opera t iona l  period due t o  r epos i to ry  temperature f luc-  
t u a t i o n s ,  but t h i s  would be i n s i g n i f i c a n t  with respec t  t o  inducing c y c l i c  
stresses. After b a c k f i l l i n g  of t he  r epos i to ry  is complete, a more l i k e l y  
( b u t  s t i l l  improbable) scenar io  f o r  inducing thermal cycl ing o r  mechanical 
v i b r a t i o n  would be a slugging ac t ion  caused by water vapor iza t ion ,  conden- 
s a t i o n ,  or motion. However, such a phenomenon could not e x i s t  f o r  more 
than  a f e w  tens  of years  because bo i l ing  would be suppressed by the 
inc reas ing  hydros t a t i c  head i n  t h e  case of a basa l t  r epos i to ry  and the  
decreas ing  temperature a t  the  su r face  of t h e  overpack or  c a n i s t e r  af ter  
b a c k f i l l i n g  t r a n s i e n t s  have been damped out i n  a l l  t h r e e  r epos i to ry  types.  

B. 1 . 1.6 Creep 

Creep is t he  cont inuing p l a s t i c  deformation t h a t  occurs when a material is 
subjec ted  t o  a load o r  stress. In determining the engineer ing creep curve 
of a metal, a constant  un iax ia l  t e n s i l e  load is usua l ly  appl ied  t o  a speci-  
men maintained a t  a constant  temperature and the  s t r a i n  is measured as a 
func t ion  of t i m e .  Three d i s t i n c t  per iods can o f t en  be observed: (1) tran- 
s ien t  creep,  with the  rate decreasing wi th  t i m e ;  ( 2 )  secondary or  steady- 
s ta te  creep; and (3 )  t e r t i a r y  o r  acce le ra t ing  creep leading t o  rupture .  
Creep rates i n  metals increase both with temperature and with appl ied 
stress, which, a t  high l e v e l s ,  can r e s u l t  i n  t e r t i a r y  creep. This t h i r d  
c reep  s t age  occurs when the re  is a l o c a l i z e d  reduct ion i n  cross-sect ional  
area because of necking or  void formation. In metallic s t r u c t u r e s  and 
machinery, s teady-state  creep could lead  t o  i n s t a b i l i t i e s  and mechanical 
weakening. T e r t i a r y  creep is usua l ly  not poss ib le  i n  s t r u c t u r e s  or  machi- 
nery  s ince  o the r  f a i l u r e  mechanisms would take precedence or  s u f f i c i e n t  
c o n s t r a i n t s  would be present .  T e r t i a r y  creep can be a problem i n  
metalworking, which involves high temperatures and stresses. 

The understanding of the high-temperature behavior of material is usua l ly  
i n s u f f i c i e n t  to  p red ic t  creep and s t ress - rupture  behavior from t h e o r e t i c a l  
models; good empir ical  d a t a  are necessary. It is a common practice t o  
speak of "creep s t rength"  or  " rupture  strength." Creep s t r e n g t h  is  the  
stress a t  a given temperature t h a t  produces a given s teady-state  creep 
rate,  usua l ly  taken as o r  per  hour. A l t e rna t ive ly ,  the  creep 
s t r e n g t h  may be def ined as the  stress t o  cause a creep s t r a i n  of 1% a t  a 
g iven  temperature. Rupture s t r e n g t h  refers to  the s t r e s s  a t  a given temp- 
e r a t u r e  t o  produce a rupture  i n  a predetermined time, usua l ly  l o 3 ,  l o 4 ,  or 
105 h. 

A t  the expected temperatures,  p ressures ,  and induced stresses tha t  a waste 
package w i l l  experience,  metal creep should be i n s i g n i f i c a n t  and, i n  f a c t ,  
may be b e n e f i c i a l  i n  that  r e s idua l  and o the r  l o c a l  stresses would tend t o  
be  re l ieved .  

B .1 1 . 7 Thermal Relaxation 

Thermal ' re laxa t ion  i s  important when a component o r  s t r u c t u r a l  member is 
intended t o  ca r ry  a' preload by means of a f ixed  deformation (e.g., torqued 



bolts, spr ing  loading,  and shr ink  f i ts) ,  but the  preload stress is  re l ieved  
during opera t ion  because of a change i n  stress and s t r a i n  from a tempera- 
t u r e  change or creep. A waste package design t h a t  r equ i r e s  preloaded mem- 
b e r s  cannot be v i sua l i zed  by the  authors;  consequently,  i t  seems improbable 
t h a t  such a design would be a cons idera t ion  i n  performance assessment. 

B.1.1.8 S t r e s s  Rupture 

The t ew  "stress rupture"  i s  misleading s i n c e  it encompasses a l l  t he  
f a i l u r e  mchanisms . S t r e s s  rupture  is usua l ly  appl ied to  creep-rupture 
situations. The s t ress - rupture  test  is b a s i c a l l y  s i m i l L 7 -  t o  creep tests 
except  that  it is always c a r r i e d  out  u n t i l  t he  material ruptures .  Thus, 
i t  rep resen t s  an acce le ra t ed  creep test. The higher  stresses and creep 
rates of t he  s t ress - rupture  test cause s t r u c t u r a l  changes to  occur i n  
shorter times than are observed f o r  ordinary creep tests. It has d i r e c t  
a p p l i c a t i o n  i n  design where creep deformation can be t o l e r a t e d  but f r a c t u r e  
must be prevented (e.g., high-temperature s t r e n g t h  of a l l o y s  f o r  je t -engine  
app l i ca t ions ) .  S t r e s s  rupture  tests are designed t o  provide d a t a  t h a t  can 
be used t o  guard aga ins t  rup ture  a t  high temperatures when creep is  s i g n i f -  
icant (DIETER 1976). 

B . 1. I .9 S p a l l i n g  

Spa l l ing ,  a term usual ly  appl ied  t o  rocks and ceramic materials, i s  a 
b r i t t l e - t y p e  f r a c t u r e  t h a t  r e s u l t s  in  chipping, fragmentation, or  f l a k i n g  
from a material. Spal l ing  of metals can occur under only unusual ly  severe 
condi t ions  (e.g., c r ea t ing  shock waves with explosive charges) ,  which 
would not exist i n  the  opera t iona l  or  pos tc losure  phases of a repos i tory .  
Spa l l i ng  of hard rocks such as b a s a l t s  and g r a n i t e ,  and poss ib ly  welded 
t u f f ,  can occur i f  the e x i s t i n g  temperature g rad ien t s  are high enough to  
produce thermal stresses t h a t  exceed the  f r a c t u r e  s t r e n g t h  of the sock. 
Compressive stresses appl ied  t o  t h e  sur face  w i l l  i n h i b i t  spa l l i ng .  

B . 1 . 1 . 10 Buckling 

Buckling is a f a i l u r e  mode that involves  the  geometry and mechanical s t a b i l -  
i t y  of the  system. Fa i lu re  occurs when the  d e f l e c t i o n s  of a member become 
t o o  l a r g e  f o r  s t ruc tura l .  s t a b i l i t y  even though deformations i n  the metal 
are wi th in  the  e las t ic  l i m i t .  Classical buckling condi t ions  involve long 
beams, columns, thin-walled cy l inde r s ,  and t h i n  p l a t e s  with an axial load 
t h a t  exceeds the  cr i t ical  load (i.e., the  load t h a t  causes the  column t o  
d e f l e c t  beyond the s t a b i l i t y  region with subsequent buckling o r  co l l apse ) .  
Bas i ca l ly ,  i n s t a b i l i t i e s  r e s u l t  from l a r g e  bending moments on a p p l i c a t i o n  
of a load with a small  e c c e n t r i c i t y .  Applicat ion of a t ransverse  load w i l l  
increase the cr i t ical  load and prevent buckling i f  the  t r ansve r se  load is 
s u f f i c i e n t l y  high. Buckling i n  t o r s i o n  can a l s o  occur. When the c r i t i ca l  
torque  is reached, one or  more wrinkles  appear ( t h e o r e t i c a l l y  on a 45' 
diagonal )  due t o  buckling f a i l u r e  on compression. Crushing of a hollalw 
geometr ic  conf igura t ion  (such as a submarine) by t r ave r se  fo rces  i s  a l s o  
.considered as a buckling phenomenon. 

An overpacked c a n i s t e r  (except  f o r  t he  void loca ted  a t  the top 15% of the 
c a n i s t e r  volumes, which could be braced o r  f i l l e d  with some i n e r t  material 
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such as sand) r ep resen t s  a s o l i d  cy l inde r  t h a t  is r e l a t i v e l y  s tocky ( i .e . ,  
has a low s lenderness  r a t i o )  and, as such, i s  not s u s c e p t i b l e  t o  the 
classical buckling-type f a i l u r e  p r i o r  t o  excessive degradat ion of t he  waste 
c a n i s t e r  with subsequent removal of s i g n i f i c a n t  q u a n t i t i e s  of t he  i n t e r n a l  
support  ( i .e. ,  the  waste material). I f  t h i n  cladding (such as  100 mils of 
TiCode-12), which i s  under cons ide ra t ion  f o r  a salt r epos i to ry ,  were 
wrapped around the steel overpack and some cr i t ical  c learance  developed 
between the cladding and the overpack as t h e  pressure  increased ,  a buckling 
f a i l u r e  i n  the form of wrinkl ing o r  dimpling of t he  cladding could occur. 
Such a f a i l u r e  should be preventable  by proper f a b r i c a t i o n  procedures t h a t  
p rec lude  the  formation of a c r i t i ca l  clearance. 

B . l . l . l l  Creep Buckling 

Geometries with low s lenderness  r a t i o s  that w i l l  not buckle i n  the  e las t ic  
range can f a i l  i n  t he  i n e l a s t i c  range (i .e. ,  a f t e r  some y ie ld ing ) .  With 
s u f f i c i e n t  compressive stresses and s u f f i c i e n t l y  high temperatures,  cumula- 
t i v e  creep deformation due t o  long-term loading can create geometric i n s t a -  
b i l i t i e s  t h a t  lead t o  f a i l u r e  of t h e  s t r u c t u r e .  As previous ly  d iscussed ,  
creep should not be s i g n i f i c a n t  and may be b e n e f i c i a l  i n  r e l i e v i n g  stresses. 

B.1.2 Chemical F a i l u r e  Modes (Corrosion) 

A l l  poss ib l e  chemical f a i l u r e  modes of overpacks and c a n i s t e r s  involve oxi- 
da t ion  of a metal by the environment, which, by d e f i n i t i o n ,  i s  corrosion. 
One poss ib l e  exception is hydrogen a t t a c k  o r  embrit t lement,  but even t h i s  
form of degradat ion may have i ts  o r i g i n  i n  the cor ros ion  process. 

In  t h i s  s ec t ion ,  cor ros ion  i n  geologic  r e p o s i t o r i e s  cons t ruc ted  i n  t h r e e  
d i f f e r e n t  rock types i s  considered: b a s a l t ,  t u f f ,  and rock salt. The 
environment t o  which the canis te rs /overpacks  are exposed inc ludes  the host 
rock, groundwater, b a c k f i l l ,  and cor ros ion  products - a l l  i n  the presence 
of i on iz ing  r a d i a t i o n  and a t  e l eva ted  temperatures and pressures  and d i f -  
f e r e n t i a l  stresses. Because the environment is d i f f e r e n t  i n  the various 
rock types,  the materials used t o  enclose the waste may a l s o  d i f f e r .  
Regardless of t he  r epos i to ry ,  however, two classes of ma te r i a l s  a r e  con- 
s idered:  those t h a t  are r e l a t i v e l y  inexpensive and would be expected to  
corrode at  an apprec iab le  rate, and those t h a t  are nea r ly  pass ive  i n  the 
environment but are expensive. The former type includes the steels and 
cast i r o n  and would be used as  thick-wall conta iners ,  whereas t i t an ium and 
high-nickel a l loys  are examples of t he  l a t t e r  and would probably be used as 
r e l a t i v e l y  t h i n  cladding on a l e s s - r e s i s t a n t  s t r u c t u r a l  material. 

Only the  one o r  two ma te r i a l s  t h a t  a r e  c u r r e n t l y  favored f o r  overpacks will 
be considered here. In a l l  r e p o s i t o r i e s ,  a low-carbon a u s t e n i t i c  s t a i n l e s s  
steel is spec i f i ed  f o r  the c a n i s t e r .  E i the r  steel o r  cast i r o n  is the  
r e fe rence  material f o r  the overpack i n  a b a s a l t  r epos i to ry  (WEC 1982). The 
overpack f o r  c a n i s t e r s  i n  salt w i l l  probably be made of e i t h e r  s t e e l  o r  
steel c lad  with a t i t an ium a l l o y  (WEC 1983). In  t u f f ,  t he  r epos i to ry  loca- 
t i o n  w i l l  be 300 t o  400 m below grade, but a t  least 100 m above the perma- 
nent water t a b l e  (O'NEAL 1984). Spent f u e l  element c a n i s t e r s  w i l l  probably 
be used without an overpack i n  t u f f ,  but the c a n i s t e r s  containing g l a s s  
may be overpacked; a low-carbon a u s t e n i t i c  s t a i n l e s s  steel is the  ma te r i a l  
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of choice f o r  the overpack (McCRIGHT 1984a) . To f a c i l i t a t e  r e t r i e v a b i l i t y  
from the  tu f f  repos i tory  during the  f i r s t  50 years ,  the  boreholes w i l l  be 
f i t t e d  with a l i n e r ,  made of mild s t e e l  o r  possibly an a u s t e n i t i c  
s t a i n l e s s  s t e e l  (O'NEAL 1984).  

General desc r ip t ions  of the  d i f f e r e n t  types of corrosion t h a t  could leisd 
t o  f a i l u r e s  of overpacks and c a n i s t e r s  a r e  presented below. Following each, 
a d iscuss ion  of corrosion of the  materials spec i f i ed  for overpacks i n  the 
t h r e e  environments is included. While the  present  repor t  w i l l  repeat some 
of the  information presented earlier by Claiborne (1985) concerning corrosion 
i n  a b a s a l t i c  environment, it w i l l  a l s o  incorporate  information generated 
since t h a t  t i m e .  Canis te r  corrosion is  discussed i n  Sect. B.1.2.9. 

Table B.1 lists analyses of representa t ive  groundwaters i n  r e p o s i t o r i e s  
The compositions of the  br ines  a r e  taken from those given by Molecke (1983).  
It is noted t h a t  Brine A is r ep resen ta t ive  of br ines  t h a t  would r e s u l t  from 
i n t r u s i o n  of water i n t o  a bedded sa l t  repos i tory  i n  the  v i c i n i t y  of magne- 
sium and potassium minerals and t h a t  Brine B is r ep resen ta t ive  of brines  
t h a t  would be expected i f  water entered domed s a l t  or  bedded halite. 
Brine A is similar t o  br ine  inc lus ions  i n  bedded s a l t  crystals. It has 
been est imated t h a t  these  inc lus ions  contain about 64,000 ppm Mg, 34,000 
ppm N a ,  257,000 ppm C1,  and 4000 ppm B r  (JENKS 1972). The tu f f  groundwate- 
l i s t e d  i n  Table B.1 is  from W e l l  5-13 a t  Jackass F l a t s ,  Nevada, and is 

Table B.1. Representat ive compositions of so lu t ions  
i n  sa l t ,  basa l t  and tu f f  r e p o s i t o r i e s  

Ionic  composition (ppm) 
S a l t a  

Ion Brine A Brine B Basaltb Tuff 

Na 
K 
Mg 
Ca 
c1 
so 4 
HCO 3 
co3 
B r  
F 
NO3 
s i 0 2  
PH 

42,000 
30,000 
35,000 

600 
190,000 

3,500 
700 

400 

6.5 

115,000 
15 
10 

900 
175,000 

3,500 
10 

400 

6.5 

250 
1.9 
0.4 
1.3 
148 
108 
70 
27 

37 

65 
9.8-10 

51 
4.9 
2.1 
14 
7.5 
22 
120 
0 

2.2 
5.6 
6 1  
7.1 

~~ ~~~ 

aFrom Molecke (1983) . 
bFrom Wood (1980). 
CFrom Westerman (1982).  Water from Well 5-13, 

Jackass F l a t s ,  Nevada Test S i te .  Water a l s o  
conta ins  5 t o  6 ppm oxygen. 
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expected t o  be r ep resen ta t ive  of the  water underlying much of t he  tu f f  i n  
Nevada (WESTERMAN 1982). The composition of the  b a s a l t i c  groundwater is 
t h a t  f o r  the water i n  the  basa l t  a t  t he  Hanford, Washington, r e se rva t ion  
(WOOD 1980). 

B.1.2.1 General Corrosion (SHREIR 1976; UHLIG 1948) 

Corrosion f a i l u r e s  seldom occur as the r e s u l t  of general  corrosion;  they  
are usua l ly  the  r e s u l t  of l oca l i zed  forms of a t tack .  However, f o r  waste 
r e p o s i t o r i e s  where conta iner  i n t e g r i t y  is expected f o r  per iods as long as 
1000 years ,  genera l  o r  uniform cor ros ion  must be considered and an appro- 
p r i a t e  cor ros ion  allowance must be designed i n t o  the  overpack and/or 
c a n i s t e r .  This is p a r t i c u l a r l y  important f o r  the  l e s s - r e s i s t a n t  materials 
such as steel. 

Since a l l  p r a c t i c a l  engineer ing metals and a l loys  are thermodynamically 
uns t ab le  i n  repos i tory  environments (copper may be s t a b l e  under some 
condi t ions) ,  t he  successfu l  use of these  materials requi res  t h a t  the 
k i n e t i c s  of the  degradat ion process be cont ro l led .  Control may cons i s t  
of t he  development of p ro tec t ive  f i lms  o r  l i m i t i n g  the  quan t i ty  of t he  
aqueous cor ros ive  t h a t  reaches the  metal. In the  former case, it must 
be remembered t h a t  f i lms  are not completely p r o t e c t i v e  and thicken as 
co r ros ion  proceeds. The p o s s i b i l i t y  exists t h a t  stresses & t h i n  these  
f i l m s  o r  scales w i l l  u l t ima te ly  cause breakup, and corrosion rates higher  
than predic ted  on the bas i s  of short-term tests w i l l  r e s u l t .  In the  
l a t t e r  case, the  presence of a packing can limit the amount of s o l u t i o n  
reaching the  overpack. For example, hydraul ic  conduc t iv i t i e s  as low as 

1983). Also i n  bedded salt ,  where migrat ion of br ine  inc lus ions  within 
t h e  c r y s t a l l i n e  salt t o  the  hot waste package is expected t o  be the prin- 
c i p a l  source of water, corrosion rates may be l imi t ed  by the  rate a t  which 
t h e  b r ine  reaches the  overpack r a t h e r  than by the  corrosiveness  of the  
br ine .  It has been ca l cu la t ed  (JENKS 1979) t h a t  t he  ra te  of br ine  migra- 
t i o n  t o  an overpack 35 years  a f t e r  emplacement of 10-year-old waste could 
be  so s m a l l  t h a t  the  cor ros ion  ra te  would be <<25 pm/year i f  the b r ine  
corroded steel  uniformly. 

t o  cm/s have been repor ted  f o r  compacted bentoni te  (WESTZK 

The most important va r i ab le s  t h a t  a f f e c t  metal cor ros ion  are the  com- 
p o s i t i o n  of the  s o l u t i o n  t o  which they are exposed and the  temperature.  
I n  a waste repos i tory ,  i t  is poss ib l e  t o  con t ro l  t he  temperature by adjust-  
i n g  the  quan t i ty  of radionucl ides  i n  the  waste o r  by spacing the  waste 
packages (i.e., area thermal loading) ;  however, the chemistry of t he  
groundwater i n  a given repos i tory  cannot be changed. 
some genera l  s ta tements  about how s p e c i f i c  components of s o l u t i o n  inf luence  
corrosion:  

The following are 

1. - In the absence of oxygen, many corrosion r eac t ions  a r e  cont ro l led  
by the  reduct ion of hydrogen ions. Thus, cor ros ion  of most metals is 
much less a t  pH values  i n  the  a l k a l i n e  range (8 t o  13) than i n  acid 
so lu t ions .  Some waters conta in  apprec iab le  concent ra t ions  of multiva- 
l e n t  ca t ions  (Mg2+, Fe2+) t h a t  undergo s i g n i f i c a n t  hydro lys is  a t  high 
temperatures t o  y i e l d  hydrogen ions.  Thus, it is poss ib le  t h a t  a water 
t h a t  is v i r t u a l l y  nonaggressive a t  the n a t u r a l  r epos i to ry  temperature 
can become much more aggressive i n  the  v i c i n i t y  of a waste package. 
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2. 4kyg en Concentration - Reduction of dissolved oxygen, i f  present ,  
c o n s t i t u t e s  t h e  primary cathodic  process i n  n e u t r a l  o r  a l k a l i n e  solu- 
aions. 
repos i tory  during operat ion.  
d e s ,  inc luding  oxygen and hydrogen peroxide,  t h a t  may a f f e c t  corrosion. 

Most groundwaters are devoid of oxygen, but a i r  w i l l  be i n  the  
Radiat ion can a l s o  produce oxidizing srpe- 

3. UXbride Ion Concentration - Chloride ions a r e  usua l ly  assoc ia ted  with 
X d i z e d  a t t a c k ,  although t h e i r  presence can accelerate unif o m  coirro- 
don, However, i n  a l k a l i n e  s o l u t i o n s ,  ch lor ide  ions have minimum e f f e c t  
am the genera l  corrosion of most metals. 

4, Otkr Ions - Most groundwaters conta in  s u l f a t e  ions ,  and some conta in  
l b w  l e v e l s  crf f l u o r i d e  ions.  The s u l f a t e  salts are gene ra l ly  less 
corrosive than ch lor ide  ions and do not  u sua l ly  cont r ibu te  t o  loca l i zed  
attack, except perhaps i n  t h e  case of c rev ice  corrosion.  F luor ide  
Bans,  p a r t i c u l a r l y  i n  ac id  s o l u t i o n s ,  are de t r imenta l  t o  the cor ros ion  
r e d s t a n c e  of iron-base a l l o y s ,  and they are p a r t i c u l a r l y  co r ros ive  t o  
rrpetals l i k e  t i t an ium and zirconium. In the  la t ter  cases ,  s table  fluo- 
U e  i on  complexes are formed and the  usual  t h i n  p ro tec t ive  oxides do 
xmt fonn. For tuna te ly ,  when f l u o r i d e  ion is present  i n  groundwater, 
the concent ra t ion  is usua l ly  low; and the  groundwater is t y p i c a l l y  
newtral o r  a l k a l i n e ,  where i ts  e f f e c t  is minimal. 

5. Hydrogen Sul f ide  Concentration - Most n a t u r a l l y  occurr ing groundwaters 
are reducing, and low concent ra t ions  of hydrogen s u l f i d e  e x i s t  i n  some 
of them. Certain anaerobic b a c t e r i a  are a l s o  capable of reducing 
sulfate ions  t o  hydrogen s u l f i d e .  Hydrogen s u l f i d e  usua l ly  causes an 
Bncrease i n  the  corrosion rate of steel; i t  can a l s o  cause an i nc rease  
fn the  hydrogen pickup of some steels and lead  to  embrit t lement.  
Bowever, t o  increase the  hydrogen pickup by a metal, t he  s u l f i d e  m u s t  
be present  as undissociated molecules (H2S) t h a t  exist only i n  acid 
so lu t ions ;  a t  pH l e v e l s  above 8 o r  9, hydrogen s u l f i d e  does not a x e l -  
erate hydrogen uptake because the  formation of HS' begins t o  be 
favored. 
occurs.  The genera l  corrosion r e s i s t a n c e  of t i tanium, zirconium, and 
austenitic s t a i n l e s s  steels is unaffected by the  presence of hydrogen 
s u l f i d e .  

As the  pH is  increased f u r t h e r ,  complete ion iza t ion  t o  S2- 

6. Radiat ion Ef fec t s  - The absorpt ion of r ad ian t  energy by aqueous s01.u- 
t i o n s  leads  t o  the  formation of a v a r i e t y  of products,  some of which 
are oxid iz ing  i n  charac te r  and can inf luence  corrosion processes.  The 
y i e l d s  and compositions of t he  r a d i o l y s i s  products a r e  s t rong ly  depen- 
dent  on the  chemistry of the  i r r a d i a t e d  so lu t ion ,  the r a d i a t i o n  type 
and i n t e n s i t y ,  and the c a p a b i l i t y  of the  r a d i o l y s i s  products f o r  
escaping from so lu t ion .  In  a given closed environment from which 
r a d i o l y s i s  products cannot escape, t h e  s teady-s ta te  concentrat ions of 
t h e  products are e s t ab l i shed  i n  sho r t  t i m e s  r e l a t i v e  t o  the flow of 
groundwater. If r a d i a t i o n  causes an inc rease  i n  the po ten t i a l  of the  
metal, the  corrosion rate of steels w i l l  probably increase .  With o the r  
metals, an increase  i n  p o t e n t i a l  may lead  t o  passivat ion.  As discussed 
later,  changes i n  p o t e n t i a l  may a f f e c t  p i t t i n g  and stress cor ros ion  
cracking of c e r t a i n  a l loys .  Although r a d i a t i o n  will probably not 
i n f luence  the uniform corrosion of t i t an ium i n  repos i tory  environments, 
i t  may adversely a f f e c t  t he  corrosion r e s i s t a n c e  of steel and low-alloy 
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steels; however, t he  e f f e c t s  cannot be pred ic ted  i n  a q u a n t i t a t i v e  
fash ion ,  It is  clear, however, t h a t  tests aimed a t  determining the  
behavior of materials i n  r e p o s i t o r i e s  should be conducted i n  the pres- 
ence of r a d i a t i o n .  

The i r r a d i a t i o n  of mist  air produces nitric ac id  and lesser amounts of 
o t h e r  n i t rogen  oxides (LIND 1961) . The s teady-state  concentrat ion of 
n i t r i c  ac id  is very low; however, i f  a process e x i s t s  f o r  t he  removal of 
the ac id ,  such as the  r eac t ion  with a metal suscep t ib l e  to  a t t a c k  by n i t r i c  
a c i d ,  n i t r ic  ac id  i s  continuously produced. Such a s i t u a t i o n  has been 
observed i n  beam tubes assoc ia ted  with a nuclear  r e a c t o r  (PR1MAJ.C 1954). 
There appears t o  be a cr i t ical  r e l a t i v e  humidity below which the  ni t r ic  
a c i d  formed in  the  vapor w i l l  not a t t a c k  a metal. Whether such a t t a c k  
w i l l  occur on heated waste packages during handling o r  i n  a repos i tory  
before  f looding  needs t o  be es tab l i shed .  

Temperature a l s o  plays an important p a r t  i n  determining the  cor ros ion  rate 
of waste packages. Like most k i n e t i c  processes ,  t he  rate of cor ros ion  
u s u a l l y  increases with temperature; and, as previously noted, groundwaters 
may a lso  become more cor ros ive  as the  temperature increases .  On the  o the r  
hand, p ro tec t ive  scales may form more read i ly ,  o r  have a d i f f e r e n t  composi- 
t i o n ,  a t  high temperatures than a t  lower temperatures. Under some con- 
d i t i o n s ,  t he  average long-term cor ros ion  rates may be lower at  high tempera- 
t u r e s  than at  lower temperatures. However, experience ind ica t e s  t h a t  most 
degradat ion rates inc rease  as the  temperature increases  . In  p a r t i c u l a r ,  
l o c a l i z e d  forms of a t t a c k  ( p i t t i n g ,  c r ev ice  corrosion,  and stress corro- 
s i o n  cracking)  are more l i k e l y  at t h e  higher  temperature. 

B.1.2.1.1 General cor ros ion  i n  a basalt r epos i to ry  

A number of s t u d i e s  have been conducted t o  determine the  genera l  corrosion 
resistance of iron-base a l l o y s  i n  simulated b a s a l t i c  environments, but 
tests of the  longes t  dura t ion  (up t o  20 months) have been reported by 
Westerman (1984b). Alloys tested were 2-1/4 Cr-1 Mo cast steel, 
1-1/4 C d . 5  Mo cast steel, 1025 cast steel (ASTM A-27, Grade 60-30), duc- 
t i l e  cast i r o n  (ASTM A536-77, Grade 60-40-18), 1020 wrought s t e e l ,  and 
9 Cr-1 Mo wrought steel. The la t te r  a l l o y  was only t e s t e d  f o r  5 months. 
The tests were conducted i n  oxic  Grande Ronde groundwater i n  re f reshed  
au toc laves  at 150 and 25OOC. A t  25OoC, corrosion rates were high i n i t i a l l y  
bu t  decreased markedly; a f t e r  1 month, t he  corrosion rates were reasonably 
uniform among the  materials and l o w  [i.e., (8 pm/year ((0.3 m i l l y e a r ) ] ,  
and t h e r e  was l i t t l e  s ign  of nonuniform a t tack .  However, p i t s  began t o  
appear  on a l l  specimens during the per iod between 12 and 17 months. 
S imi l a r  p i t t i n g  was also observed on t he  specimens exposed a t  1 5 O o C  during 
t h e  17- to  20-month i n t e r v a l .  The average cor ros ion  rates (based on weight 
l o s s )  observed a t  150OC were somewhat higher  than those observed a t  250OC. 
A s  the  author  poin ts  ou t ,  p i t t i n g  of t he  f e r rous  a l l o y s  is of much g r e a t e r  
concern than the  modest pene t ra t ion  rates assoc ia ted  with genera l  corro- 
s ion. 

Tests i d e n t i c a l  t o  those descr ibed above were a l s o  conducted a t  2 5 O O C  i n  
a gamma f i e l d  with an i n t e n s i t y  of 3 x LO5 rads/h (WESTERMAN 1984b). The 
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r e s u l t s  showed somewhat higher  cor ros ion  rates i n  the  presence of r a d i a t i o n  
than i n  the un i r r ad ia t ed  tests. The scatter of the  d a t a  and the  presence 
of p i t s  made q u a n t i t a t i v e  comparison d i f f i c u l t ;  however, after 12 months of 
t h e  same test, the  presence of r a d i a t i o n  increased  the  cor ros ion  rates by 
f a c t o r s  of 2 t o  3 (NELSON 1984). 

Basaltic groundwater a t  the  Hanford r e se rva t ion  conta ins  measurable quan- 
t i t i e s  of dissolved methane. It has been shown that i r r a d i a t i o n  of suc‘h 
waters produces Ngh-molecular-weight organic  compounds (GRAY 1983). The 
presence of these  organic  compounds may inf luence  the cor ros iveness  of such 
waters e i t h e r  by the  a c t i o n  of newly formed organic  compounds themselves or  
by changing the s teady-s ta te  concent ra t ions  of o the r  r a d i o l y s i s  products. 
That such a s i t u a t i o n  can occur is i l l u s t r a t e d  by the  r e s u l t s  descr ibed 
b r i e f l y  by Davis (1985a). Carbon s teel  i n  simulated b a s a l t i c  groundwater 
a t  150OC i n  a r a d i a t i o n  f i e l d  of 3.8 x l o4  rads/h developed p i t s  when the  
water contained methane, but  no p i t s  were de tec ted  when methane w a s  absent .  
No other cor ros ion  r e s u l t s  were reported.  

The d a t a  discussed a b o v e . i l l u s t r a t e  some of t he  problems involved i n  
modeling genera l  cor ros ion  to  p r e d i c t  long-term cor ros ion  damage. Most 
modelers u sua l ly  assume t h a t  t he  cor ros ion  rate inc reases  with temperature,  
bu t  t h i s  is not always t rue.  Furthermore, e x i s t i n g  models have been based 
on short-term d a t a  and do noc account f o r  the  f a c t  t ha t  the  mode of a t t a c k  
may change with t i m e .  It is obvious t h a t  a much l a r g e r  da t a  base than 
p r e s e n t l y  exists must be e s t ab l i shed  before  any meaningful model can be 
developed. 

B.1.2.1.2 General cor ros ion  i n  a salt r epos i to ry  

Ferrous a l loys .  Several  s t u d i e s  have suggested t h a t  mild s t ee l ,  cast 
i r o n s ,  and low-alloy steels may have adequate cor ros ion  r e s i s t a n c e  f o r  u s e  
as overpacks i n  salt r epos i to r i e s .  Resul t s  from some r e c e n t l y  reported 
i n v e s t i g a t i o n s  are presented below. Westerman (1984a) inves t iga t ed  c a s t  
and wrought 1025 cast steel, 2-1/4 Cr-1 Mo cast steel, and d u c t i l e  cast 
i ron  i n  b r ine  so lu t ions  (122 t o  134 ppm Mg) a t  150°C both in the  absence of 
r a d i a t i o n  and at  two r a d i a t i o n  l e v e l s ,  1 x l o 5  and 2 x l o 3  rads/h.  
tests without r ad ia t ion ,  the b r ine  contained 0.5 t o  1.5 ppm oxygen; however, 
i t  w a s  free of oxygen i n  the  i r r a d i a t i o n  tests. Attack w a s  not severe in 
t h e  absence of r ad ia t ion ;  the  r e s u l t s  suggested t h a t  less than 25 mn of 
material would be l o s t  during a 1000-year period. Gamma i r r a d i a t i o n  a t  a 
dose rate of 1 x l o 5  rads/h enhanced cor ros ion  by a f a c t o r  of “6, whereas a 
dose rate of 2 x lo3 rads /h  produced l i t t l e  or  no e f f e c t .  There w a s  l i t t l e  
d i f f e r e n c e  among the materials t e s t ed .  A similar increase  i n  corrosion 
rate as a r e s u l t  of gamma i r r a d i a t i o n  w a s  noted by Koster (1983) . 
The cor ros ion  of materials i n  b r ine  represents  an extreme case f o r  a sal t  
repos i tory .  It is much more l i k e l y  t h a t  the vesse l  w i l l  be i n  contact  with 
e i t h e r  damp or  dry salt. Tests at 150°C i n  salt moistened with a low- 
magnesium b r ine  showed low cor ros ion  rates (-5 um/year) f o r  cast mild 
steel ,  wrought mild steel ,  and d u c t i l e  cast i r o n  (WESTERMAN 1 9 8 4 ~ ) .  
However, when the  salt was moistened with a high-magnesium b r ine ,  such as 
t h a t  present  in  br ine  inc lus ions  i n  rock s a l t ,  much higher corrosion rates 

In the  
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0700 pmlyear) were noted. 
i n t e r f e r e d  with the  formation of normally p ro tec t ive  Feg04 f i l m s  , 
on mild steel was very low i n  dry s a l t ,  a t  least up t o  225OC (RANKIN 1980). 

It appeared t h a t  t he  presence of magnesium 
Attack 

The cor ros ion  rate of mild steel and 2-1/4 Cr-1  Mo steel  i n  bentoni te  
moistened with b r ine  (low magnesium content )  a t  temperatures up t o  250°C 
without  r a d i a t i o n  was very low, although q u a n t i t a t i v e  rates were not 
measured (MOLECKE 1984), The 2-1/4 Cr-1 Mo steel ,  however, experienced 
some p i t t i n g  and, i n  t h i s  regard,  was i n f e r i o r  t o  mild steel. 

It is obvious t h a t  the use of steels o r  low-alloy steels i n  sa l t  reposi-  
t o r i e s  may ue acceptable ,  but more work is  required t o  de f ine  the  con- 
d i t i o n s  t h a t  w i l l  exist i n  the  s p e c i f i c  r epos i to ry  and t o  eva lua te  the  
cor ros ion  of f e r rous  a l l o y s  i n  these  environments. For example, it has 
r e c e n t l y  been shown that b r ines  made from gamma-irradiated sal t  have high 
pH values  (A" 1985), and the cor ros ion  of i r o n  a l l o y s  i n  these  br ines  
should be less than t h a t  i n  the  near ly  n e u t r a l  b r ines  used i n  most tests. 
Ex i s t ing  da ta  do not permit modeling of corrosion of f e r rous  a l loys  i n  
s a l t  r e p o s i t o r i e s  . 

Titanium a l loys .  The uniform cor ros ion  r e s i s t a n c e  of t i t an ium and 
i t s  a l l o y s  t o  b r ines  is very high,  but l oca l i zed  a t t a c k  is of much more 
concern thal. genera l  a t t a c k  i n  r epos i to r i e s .  The average corrosion rate 
of TiCode-12 (0.6 t o  0.9X Ni, 0.2 t o  0.4% Mo) i n  Brine A a t  25OOC w a s  
3 pm/year during a 28-d test. In  a much longer  t e s t  (190 d )  a t  2OO0C, the  
cor ros ion  rate decreased by as much as e igh t fo ld  between 21 and 190 d and 
the  maximum measured value observed was 0.35 pm/year during t h i s  i n t e r v a l  
(MOLECKE 1983). The e f f e c t  of r a d i a t i o n  on the cor ros ion  of TiCode-12 i n  
Brine A appears t o  be low; a dose rate of lo7  rads/h increased the  corro- 
s i o n  ra te  by a f a c t o r  of 2 (BRAITEIWAITE 1980). In a l k a l i n e  b r i n e  a t  150°C, 
formed from salt t h a t  had been i r r a d i a t e d ,  corrosion rates of Ticode-12 
were f a c t o r s  of 5 t o  8 g r e a t e r  than i n  br ine  made from the same unirrad- 
i a t e d  sa l t  (A" 1985). The high pH of the  i r r a d i a t e d  br ine  was presumably 
respons ib le  f o r  t he  h igher ,  but s t i l l  low, cor ros ion  rate. Thus, it seems 
clear t h a t  t he  genera l  cor ros ion  rate of TiCode-12, even under the  worst 
condi t ions  envisioned i n  a waste r epos i to ry ,  w i l l  be low and a uniform 
cor ros ion  allowance of a r e l a t i v e l y  few millimeters w i l l  be adequate f o r  a 
waste package expected t o  las t  f o r  1000 years.  

B,1.2.1.3 General corrosion i n  a tu f f  repos i tory  

The environments expected t o  be encountered i n  a tuf f  r epos i to ry  are hot, 
"dry1' a i r  with l imi t ed  humidity l e v e l s  a t  95 t o  300°C, corresponding t o  
(1) i n i t i a l  condi t ions  when the  hot waste package d r ives  moisture away 
from i t s  v i c i n i t y ;  (2)  "moist" a i r  with humidity at  or near s a t u r a t i o n ,  
corresponding t o  the  period when the  rock has cooled t o  about 95OC and 
water can r een te r  the v i c i n i t y  of t he  waste package; and ( 3 )  water expo- 
s u r e  t h a t  corresponds t o  poss ib l e  ep isodic  i n t r u s i o n  of water i n t o  the  
r epos i to ry  environment. Although the  f i r s t  environment cannot be 
summarily dismissed, the  las t  two environments are l i k e l y  t o  be more 
aggress ive  t o  waste packages than the  f i r s t  and, consequently,  have 
received more a t t en t ion .  It should be noted t h a t  t he  waste package will 



88 

be exposed t o  an environment c o n s i s t i n g  of a i r  plus  water vapor u n t i l  t he  
temperature of the c a n i s t e r  or overpack is 95°C or less (95OC is  the 
bo i l ing  point of water a t  the r epos i to ry  e l eva t ion ) .  Actua l ly ,  i t  is 
poss ib l e  f o r  c a p i l l a r y  condensation t o  occur i n  cracks and crev ices  a t  
temperatures somewhat higher than 95OC, depending on the s i z e  of cracks 
and c rev ices  and the r e l a t i v e  humidity of the gaseous environment. 

The cor ros ion  rate of 304L s t a i n l e s s  steel exposed t o  tuff-condi t ioned 
water a t  100°C and the  vapor above it during a 1000-h test was very low,, 
ranging from no de tec t ab le  a t t a c k  t o  0.25 pm/year. 
mild steel experienced rates of 26.8 and 12.5 l,im/year i n  the aqueous ancl 
vapor phases, r e spec t ive ly ,  during 5000-h tests a t  100°C (McCRIGHT 1984~1). 

In  the  same environment, 

The cor ros ion  of 304L s t a i n l e s s  steel and mild steel i n  tuff-condi t ioned 
water at  105 and 150°C i n  a gamma f i e l d  was a l s o  examined during a 2-month 
test. 
was 6 x los rads/h. 
each condi t ion ,  whether t he  a l l o y  was exposed i n  water above a bed of t u f f  
o r  embedded i n  the  t u f f .  On t he  o the r  hand, mild steel corroded a t  r a t e s  
of 40 pm/year, regard less  of exposure l o c a t i o n  o r  temperature (McCRIGHT 
1984a). Both of t he  above condi t ions  a r e  more severe  than would be 
expected i n  a t u f f  repos i tory .  

At 105"C, the r a d i a t i o n  dose rate was 3 x lo5  rads/h; a t  150°C, i t  
The 304L s t a i n l e s s  steel corroded at 0.3 pm/year under 

Tests aimed s p e c i f i c a l l y  a t  determining the cor ros ion  r e s i s t a n c e  of mild- 
s teel  borehole l i n e r s  i nd ica t ed  t h a t  a w a l l  thickness of 1.25 cm would he 
s u f f i c i e n t  f o r  a l i f e  of more than 50 years i n  e i t h e r  steam or aqueous 
environments (McCRIGHT 1984b). However, one a r e a  not i nves t iga t ed  was the 
e f f e c t  of a r a d i a t i o n  f i e l d  on corros ion  of s t e e l  i n  moist air .  The 
c a n i s t e r  and/or overpack will be at  a higher temperature than the  gas arid 
w i l l  probably not be sub jec t  t o  a t t a c k  by d i l u t e  gaseous n i t r i c  acid.  The 
temperature of t he  l i n e r ,  on the o the r  hand, may be lower than t h a t  of the 
gas;  thus,  any ni t r ic  ac id  formed i n  the moist a i r  may condense on, and 
r e a c t  with, t he  steel. 

I n  genera l ,  t he  uniform cor ros ion  rate of an a u s t e n i t i c  s t a i n l e s s  s t e e l  
under t u f f  repos i tory  condi t ions  would be predic ted  t o  be low, and experi- 
mental r e s u l t s  v e r i f y  t h i s .  In  such an environment, l oca l i zed  a t t a c k  is 
of much g r e a t e r  concern than uniform corrosion. A uniform s t a i n l e s s  steel  
cor ros ion  allowance of only a few millimeters should be adequate f o r  t he  
1000-year l i f e  of a waste c a n i s t e r  o r  overpack. 

B.1.2,2 Stress-Corrosion Cracking (STAEHLE 1969, 1977; SCULLY 1971) 

S t r e s s i n g  a metal o r  a l l o y  has no s i g n i f i c a n t  e f f e c t  on i ts  genera l  corro- 
s i o n  r e s i s t a n c e  but can cause cracks t o  form i n  some environments. W i t h  a 
s u f f i c i e n t l y  high sus ta ined  t e n s i l e  s t r e s s  ( e i t h e r  applied or r e s i d u a l )  
and i n  the  presence of c e r t a i n  cor ros ive  species, s t ress -cor ros ion  cracks 
can develop i n  most metals and a l l o y s ,  S t r e s s - r e l a t ed  cracks caused by 
c y c l i c  stresses i n  cor ros ive  environments are c a l l e d  corrosion f a t i g u e  
cracks; they a r e  not considered here . 
Stress-corrosion cracking has two success ive  s tages:  an incubation period 
and a period of crack growth. For engineer ing ma te r i a l s  used i n  p r a c t i c a l  
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environments, e i t h e r  the  incubat ion per iod is very long or  t he  material is 
not suscep t ib l e  t o  cracking i n  the  environment. I n  most practical cases, 
i t  is not poss ib l e  t o  measure o r  estimate the  length  of the  incubat ion 
period. On t he  o the r  hand, crack growth is more predic tab le ;  once a 
threshold  stress a t  the  t i p  of the crack  is exceeded, f r a c t u r e  mechanics 
can be used t o  estimate i t s  growth rate. Thus, crack growth lends i tself  
t o  ana lys i s ,  whereas no known method of p red ic t ing  incubat ion per iods 
exists. The l ike l ihood  of cracking i n  waste packages is d i f f i c u l t  t o  esti- 
mate f o r  two reasons: (1) phase changes wi th in  the  a l l o y  may occur over 
long per iods a t  r e l a t i v e l y  high temperatures (up t o  3 O O O C )  and produce a 
s u s c e p t i b l e  s t r u c t u r e ,  whereas the  o r i g i n a l  s t r u c t u r e  was not suscep t ib l e ;  
and (2 )  unpredictable  changes can a l s o  occur i n  the  composition of ground- 
water during a 1000-year period. An example of t he  former i s  the  long- 
term, low-temperature s e n s i t i z a t i o n  and subsequent cracking of a u s t e n i t i c  
stainless steel i n  boiling-water-reactor environments. 

Because of the incubat ion per iod,  s t ress -cor ros ion  cracking tests t h a t  use 
constant-load specimens can g ive  inconclusive r e s u l t s .  When a tes t  i s  
discont inued af ter  a given period without evidence of cracking,  t he  
ques t ion  remains as t o  whether cracks would have developed i f  the  tes t  had 
been continued longer. It is gene ra l ly  assumed t h a t  i f  a material can 
c rack  i n  a given environment, cracking w i l l  u l t ima te ly  occur, regard less  of 
t h e  incubat ion period. Consequently, a type of test t h a t  e s s e n t i a l l y  elimi- 
na t e s  t he  incubat ion period has found favor  with many i n v e s t i g a t o r s  of 
s t ress -cor ros ion  cracking. This test ,  r e fe r r ed  t o  as the  constant  exten- 
s i o n  rate test (CERT), involves  s t r a i n i n g  a tensi le- type specimen a t  a very 
low constant  rate i n  the  se l ec t ed  environment u n t i l  i t  f r ac tu res .  The 
r e s u l t s  obtained ( t i m e  t o  f a i l u r e ,  e longat ion ,  reduct ion  i n  area, and 
appearance of f r a c t u r e  sur faces)  are compared with those of an i d e n t i c a l  
specimen s t r a i n e d  under the  same condi t ions but i n  the  absence of the 
cor ros ive  f l u i d .  A measure of s u s c e p t i b i l i t y  of a material t o  cracking 
i s  obtained from the  d i f f e rence  i n  behavior with and without t he  corro- 
s i v e  f lu id .  By s t r a i n i n g  the  specimen a t  a low constant  r a t e ,  the  protec- 
t i v e  f i lm  on the  sur face  is cons tan t ly  d is rupted  and the  s t r e s s  l e v e l  is 
cont inuously increased so t h a t  any tendency toward cracking should be 
apparent .  Evidence of cracking does not necessa r i ly  mean t h a t  the material 
will f a i l  i n  service; however, it does i n d i c a t e  t h a t  t h e  material has a 
s u s c e p t i b i l i t y  t o  cracking i n  the  environment t e s t ed .  P a r t i c u l a r l y  with 
waste packages, it would be prudent t o  avoid materials t h a t  show any 
s u s c e p t i b i l i t y  t o  cracking i n  simulated repos i tory  environments when using 
CERT . 
There is one case i n  which CERT r e s u l t s  may be misleading. Cracks some- 
times o r i g i n a t e  a t  the base of p i t s  because the  p i t s  se rve  as stress 
risers; however, i t  has been a l t e r n a t e l y  suggested t h a t  t he  so lu t ion  t h a t  
develops i n  a p i t ,  which is d i f f e r e n t  from the  bulk s o l u t i o n ,  is the  
cracking agent  (BROWN 1972). I f  t he  lat ter view is c o r r e c t ,  t he  CERT 
approach with unpi t ted  specimens could lead t o  a nonconservative conclusion. 

Another way of g e t t i n g  around the induct ion  period is t o  use precracked 
specimens, and t h i s  is the  technique used i n  the  f r a c t u r e  mechanics 
approach t o  the  s tudy of stress cor ros ion  cracking. Frac ture  mechanics 
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e s t a b l i s h e s  crack growth rates as a func t ion  of stress i n t e n s i t y  and 
allows t h e  development of r e l a t i o n s h i p s  between the two. Using t h i s  
approach, a model p red ic t ing  the t i m e  t o  f a i l u r e  of waste con ta ine r s  may 
be possible.  One disadvantage of t h i s  method f o r  waste con ta ine r s  i s  the  
very long l i f e t i m e s  involved, 300 t o  1000 years ;  crack growth r a t e s  as low 
as t o  m/s are important,  and measurements of such low r a t e s  
present s i g n i f i c a n t  experimental d i f f i c u l t i e s .  

In  most aqueous environments i n  which s t r e s s -co r ros ion  cracking has been 
observed, cracking occurs over on ly  a l i m i t e d  range of e l e c t r o d e  po ten t i a l s .  
The p o t e n t i a l  of t h e  material is determined, t o  a l a r g e  measure, by the  
redox p o t e n t i a l  of the  s o l u t i o n  i n  which i t  is immersed; consequently,  the 
chemistry of t h e  s o l u t i o n  ( i n  a d d i t i o n  t o  the presence of t he  cracking 
agent)  is of prime importance i n  determining whether the material w i l l  
crack. 

Cont ro l l ing  the stress l e v e l  wi th in  a material is one way of avoiding 
s t ress -cor ros ion  cracking. A l l  materials r e q u i r e  a minimum stress i n  
o rde r  for s t ress -cor ros ion  cracks t o  start and grow. This stress i s  near 
t h e  yield stress of the material i n  some cases, but is w e l l  below t h a t  
l e v e l  i n  o thers .  While it  is  customary t o  design f o r  average stresses 
below t h e  threshold stress, i t  is  d i f f i c u l t  t o  f a b r i c a t e  v e s s e l s  t h a t  have 
a l l  parts below t h a t  l e v e l .  Examples are r e s i d u a l  stresses caused by 
welding and stresses caused by deformation during handling. 

B. 1.2.2.1 Stress-corrosion cracking of steel i n  a b a s a l t  r e p o s i t o r y  

U n t i l  a f e w  years  ago, carbon steels were bel ieved to  be s u s c e p t i b l e  t o  
s t ress -cor ros ion  cracking i n  only s t rong  c a u s t i c  o r  nitrate so lu t ions .  
However, more recent  i n v e s t i g a t i o n s ,  l a r g e l y  using those CERT methods, 
have shown t h a t  a number of o the r  ions  or compounds can cause cracking i n  
mild steel. The l i t e r a t u r e  on agents  repor ted  t o  be capable of producing 
s t ress -cor ros ion  cracking i n  low-strength carbon s t e e l s  has r e c e n t l y  been 
reviewed (BEAVERS 1985a). In  most cases, cracking occurs more r e a d i l y  as  
t h e  concent ra t ion  of t he  co r ros ive  reagent and/or the temperature 
inc reases .  Cracking has not been observed i n  steel when the  ind iv idua l  
i ons  are present a t  concent ra t ions  found i n  b a s a l t  groundwater, but 
CERT-type t e s t i n g  has apparent ly  not  been performed i n  simulated basalt  
groundwater a t  high temperatures i n  the presence of a r a d i a t i o n  f i e l d .  I n  
add i t ion ,  the e f f e c t  of concent ra t ing  the s o l u t i o n  (e.g., by l o s s  of 
steam) must a l s o  be considered. Of the  components present i n  b a s a l t  
groundwater, only the  carbonate/bicarbonate  mixture has been demonstrated 
t o  crack steel; however, a combination of o the r  ions a t  s u f f i c i e n t l y  high 
concent ra t ions  could poss ib ly  induce cracking. 

Long-term s t ress -cor ros ion  cracking t e s t s  with mild steel and 9 Cr-1 Mo 
steel i n  b a s a l t i c  groundwater conta in ing  bentoni te  at  150 and 250OC haxe 
been s t a r t e d ,  and prel iminary d a t a  f o r  a 2000-h exposure have r e c e n t l y  
become a v a i l a b l e  (JAMES 1985). Modified wedge-open-loading specimens t h a t  
had been precracked i n  air  were used i n  these  tests. No s igns  of crack 
growth were found with mild steel under any of t he  condi t ions  used, but 
t h e  r e s u l t s  suggest t h a t  s l i g h t  c rack  ex tens ion  may have occurred i n  the 
9 Cr-1 Mo steel specimens a t  the two h ighes t  stress i n t e n s i t i e s  a t  250°C. 
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Longer tests (up t o  20,000 h ) ,  p re sen t ly  i n  progress,  will be needed t o  
confirm these r e s u l t s .  In add i t ion ,  c y c l i c  t e s t s  with the same mate r i a l s  
are planned (JAMES 1983). Although c y c l i c  stresses a r e  not expected i n  a 
r epos i to ry ,  t he  information obtained from these  tests and the app l i ca t ion  
of linear elastic f r a c t u r e  mechanics can lead t o  conservative es t imates  of 
t h e  minimum s t r e s s e s  necessary t o  produce crack growth f o r  given flow 
s i z e s  i n  steel conta iners .  

The s t ress -cor ros ion  cracking of s t e e l  i n  b a s a l t i c  r epos i to ry  environments, 
i nc lud ing  r a d i a t i o n  and concent ra t ion  e f f e c t s ,  has not yet been i n v e s t i -  
gated.  Such tests i n  the  absence of r a d i a t i o n  have been s t a r t e d ,  but only 
p r e l i d n a r y  r e s u l t s  are a v a i l a b l e  a t  t h i s  t i m e .  I n i t i a l  t e s t s  with very 
low concent ra t ions  of f e r r i c  ch lo r ide  i n  water produced cracking i n  carbon 
steel a t  3OOOC (BEAVERS 1985b). Since the presence of r a d i a t i o n  may 
i n c r e a s e  the redox p o t e n t i a l  of t h e  groundwater i n  t h e  same manner as 
f e r r i c  i ons ,  t h e r e  is a t  l e a s t  a suggestion t h a t  mild s t e e l s  may be 
s u s c e p t i b l e  t o  cracking i n  i r r a d i a t e d  b a s a l t i c  groundwaters. 

The stress on an overpack i s  increased ,  and thereby the p r o b a b i l i t y  of 
s t ress -cor ros ion  cracking is increased ,  by the fo rce  exer ted  on the waste 
package by corros ion  products. When a volume of s t e e l  corrodes,  the volume 
of the cor ros ion  product is more than twice t h a t  of the corroded metal. 
Thus, the pressure  on a packed waste package may inc rease  as corros ion  pro- 
ceeds. The importance of t h i s  phenomenon on corrosion i n  gene ra l ,  and on 
s t ress -cor ros ion  cracking i n  p a r t i c u l a r ,  needs t o  be considered. 

Our o v e r a l l  understanding of s t ress -cor ros ion  cracking is poorly developed, 
and the  s u s c e p t i b i l i t y  of s t e e l s  t o  cracking i n  b a s a l t i c  groundwaters has 
not  been determined. It seems un l ike ly  t h a t  a mathematical model based on 
an  understanding of t he  stress -cor ros ion  cracking process will be developed 
i n  t i m e  f o r  l i c e n s i n g  the f i r s t  repos i tory .  However, a model based on 
measured c y c l i c  crack growth r a t e s  as proposed by James (1983) may provide 
a means of conserva t ive ly  p red ic t ing  times to  f a i l u r e .  

B.1.2.2.2 S t ress -cor ros ion  cracking i n  a salt r epos i to ry  

Titanium and TiCode-12 do not appear suscep t ib l e  to  s t r e s s -co r ros ion  
cracking i n  any environments assoc ia ted  with a sa l t  r epos i to ry ,  
Experiments conducted under a wide v a r i e t y  of condi t ions ,  both with and 
without r a d i a t i o n  and a t  temperatures up to  250°C, show no evidence of 
loss of d u c t i l i t y  on a macro s c a l e  (MOLECKE 1983; BRAITHWAITE 1980; ABREGO 
1981). However, on a micro scale, a very t h i n  sur face  l aye r  (up t o  SO Um) 
showed a nonduct i le  f a i l u r e  t h a t  may have been r e l a t e d  t o  hydrogen 
embri t t lement  and w i l l  be discussed more f u l l y  i n  Sect. B.1.2.5.2. 

As was  the case i n  b a s a l t i c  environments, t he re  appear t o  be no reported 
s t u d i e s  of the cracking of s t e e l s  i n  b r ine  so lu t ions .  I f  s t e e l  overpacks 
are t o  be considered i n  salt r e p o s i t o r i e s ,  information on the s t r e s s -  
cor ros ion  cracking s u s c e p t i b i l i t y  of these materials is e s s e n t i a l .  It is 
p o s s i b l e  t h a t  the amount of b r ine  migrat ing t o  a hot overpack sur face  w i l l  
be too small t o  cause a s i g n i f i c a n t  genera l  a t t a c k ,  but even small amounts 
of b r ine  could produce s t ress -cor ros ion  cracking. 
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B.1.2.2.3 S t ress -cor ros ion  cracking i n  a t u f f  r e p o s i t o r y  

Since waste packages w i l l  be s to red  above the water t a b l e ,  the a u s t e n i t i c  
s t a i n l e s s  steel canisters or overpacks w i l l  be exposed t o  a gaseous 
environment until the  temperature of t he  waste package drops t o  (95°C. It 
seems reasonable  t o  assume t h a t  s t r e s s -co r ros ion  cracking w i l l  not occuic 
u n t i l  the  s t a i n l e s s  steel is exposed t o  an aqueous s o l u t i o n ;  consequent.ly, 
most cracking t e s t s  have been performed i n  s o l u t i o n s  a t  < l O O " C  and, i n  
some cases, i n  the  vapor above such s o l u t i o n s .  

Both U-bend and beam-type specimens of 304L s t a i n l e s s  steel exposed to  tuff  
groundwater at 50 t o  100°C i n  the  presence of r a d i a t i o n  showed no evidence 
of s t ress -cor ros ion  cracking a f t e r  3 months. Absence of cracking w a s  a l s o  
observed in r e l a t e d  CERT tests a t  1 5 O O C  (JUHAS 1985). S imi la r  r e s u l t s  were 
obta ined  with V-notched, C-ring specimens exposed at  100°C i n  and above 
t u f f  groundwater and the same water concentrated t en fo ld  (DAVIS 1985b). 
In later tests, however, microcracks were repor ted  on notched C-ring 
specimens exposed t o  the aqueous phase of s y n t h e t i c  5-13 w e l l  water and 
t h e  vapor above it  (ABRAHAM 1986). In  these  tests, t h e  specimens i n  both 
l o c a t i o n s  were packed i n  crushed t u f f  and during the  test ,  the  s o l u t i o n  
increased  i n  salt content as components were leached from the  tu f f  . The 
cracks  has a maximum depth of 27 I.cm and the depth of pene t ra t ion  was about 
t h e  same f o r  5- and 12-month exposures. Cracks were observed on the  
smooth p a r t  of t he  C-ring as w e l l  as i n  the roo t  of die notch. From the 
micrographs shown i n  tne  r e p o r t ,  i t  i s  not  c e r t a i n  t h a t  these  s l i g h t  
pene t r a t ions  should be c l a s s i f i e d  as stress cor ros ion  cracks. 

While the  above tests do not completely e s t a b l i s h  the  s u s c e p t i b i l i t y  of 
304L s t a i n l e s s  steel t o  cracking i n  t u f f  groundwater, a scenar io  e x i s t s  
whereby a d i l u t e  ch lo r ide  s o l u t i o n  pe rco la t ing  through the  tu f f  could con- 
c e n t r a t e  on the  s t a i n l e s s  steel su r face  and produce a ch lo r ide  ion con- 
c e n t r a t i o n  high enough t o  produce cracking. Addit ional  t e s t i n g  under 
a l l  conceivable condi t ions  appears j u s t i f i e d  i n  view of t he  high suscep- 
t i b i l i t y  of a u s t e n i t i c  s t a i n l e s s  steels t o  s t ress -cor ros ion  cracking i n  
c h l o r i d e  environments. 

Mild steel w i l l  be used as a borehole l i n e r  i n  the t u f f  repos i tory .  A 
crack i n  t h i s  material is of less consequence than a through-wall crack. in 
t h e  waste package; neve r the l e s s ,  it could i n t e r f e r e  with the r e t r i e v a b i l i t y  
of the package. T e s t s  have shown the absence of cracks i n  welded 1020 
s teel  specimens s t r e s s e d  t o  90% of t h e  y i e ld  stress i n  tu f f  groundwater a t  
90°C (McCRIGHT 1984b). Qn the o the r  hand, 9 C r l  Mo steel specimens 
cracked i n  the weld metal a f t e r  3500 h ,  and the i n v e s t i g a t o r s  suggested. 
t h a t  hydrogen was respons ib le .  The weld metal was mar t ens i t i c .  Based on 
these  few da ta ,  i t  seems t h a t  s t ress -cor ros ion  cracking of the borehole 
l i n e r  w i l l  not be a problem during its SO-year l i f e .  

B.1.2.3 P i t t i n g  (SHREIR 1976; STAEHLE 1974; KRUGER 1982) 

P i t t i n g  is a form of l o c a l i z e d  cor ros ion  i n  which random deep pene t r a t ions  
( p i t s )  develop i n  a metallic s u b s t r a t e .  P i t t i n g  pr imar i ly  occurs when the  
metal is pass ive  over most of i t s  su r face . and  the s o l u t i o n  conta ins  aggres- 
s i v e  ions such as ch lo r ide  and bromide. Such ions can pene t r a t e  f i lms  and 
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s ta r t  p i t s  a t  weak spots  i n  the  passive film. 
s o l u t i o n  a t  the p i t  s i t e  develops a lower pH than t h a t  of the bulk so lu t ion  
because the  metal ions from the  i n i t i a l  reac t ion  hydrolyze to  produce an 
a c i d i c  environment. The low pH acce le ra t e s  a t t a c k ,  and the p i t t i n g  process 
becomes au toca ta ly t i c .  P i t t i n g  is much more l i k e l y  t o  occur i n  s t a t i c  than 
i n  flowing s o l u t i o n s ,  where the corrosion products may be washed away. For 
example, a u s t e n i t i c  s t a i n l e s s  s t e e l s  p i t  badly i n  qu ie t  seawater but show 
no tendency t o  p i t  i n  flowing seawater. Also,  as the  p i t s  ge t  wider, t he  
s o l u t i o n  i n  them becomes easier t o  wash out - a f a c t  t h a t  accounts f o r  the  
f requent  se l f -pass iva t ion  of p i t s  a f t e r  they reach a c e r t a i n  s i ze .  

Once a t t a c k  s ta r t s ,  the  

Af te r  a p i t  has s t a r t e d ,  the formation of ca t ions  i n  the  so lu t ion  within 
t h e  p i t  is balanced by reduct ion of an oxid iz ing  agent on the  sur faces  
adjacent  t o  the p i t .  The formation of ca t ions  i n  the  p i t  requi res  the 
migration of anions (usua l ly  ch lor ide  ions)  i n t o  the  p i t  t o  maintain charge 
n e u t r a l i t y .  This f a c t ,  combined with hydrolysis  of the  corrosion-product 
ca t ions ,  makes the  so lu t ion  within t h e  p i t  more cor ros ive  than the  bulk 
so lu t ion .  Soluble corrosion products d i f fus ing  from t h e  p i t  may precipi-  
t a te  a t  the  mouth of the  p i t ,  where they meet the bulk so lu t ion  t h a t  has a 
h igher  pH. Thus, p i t s  are o f t en  marked by depos i t s  of corrosion products ,  
which are re fe r r ed  t o  as tuberc les .  Tubercles tend to  keep the  p i t  a c t i v e  
by r e s t r i c t i n g  mixing of t he  p i t  s o l u t i o n  with the bulk so lu t ton .  

A minimum e lec t rode  p o t e n t i a l  - t he  p i t t i n g  p o t e n t i a l  - is required f o r  
p i t s  t o  remain a c t i v e  and depends on the  s p e c i f i c  environment. Many 
s t u d i e s  have been conducted t o  determine the p i t t i n g  p o t e n t i a l  of var ious 
metals and a l loys  i n  s p e c i f i c  environments, and r e s u l t s  genera l ly  i n d i c a t e  
t h a t  the  p o t e n t i a l  where p i t t i n g  begins becomes lower as  the temperature 
and aggressive ion  concentrat ion increase ;  i n  o ther  words, p i t t i n g  is 
e a s i e r .  As i n  most types of l oca l i zed  a t t a c k ,  t he  i n i t i a t i o n  of p i t t i n g  
r equ i r e s  an induct ion period. Even though t h i s  period may be long, it is  
genera l ly  bel ieved t h a t  p i t t i n g  w i l l  u l t imate ly  begin a t  t he  p i t t i n g  
p o t e n t i a l ,  o r  above, but not a t  lower e lec t rode  po ten t i a l s .  The required 
p o t e n t i a l  f o r  p i t t i n g  may be suppl ied by an ex te rna l  source or  by the 
redox p o t e n t i a l  of the so lu t ion .  

When a p i t  starts, oxidat ion a t  the base of the p i t  keeps i ts  p o t e n t i a l  i n  
t h e  a c t i v e  d i s so lu t ion  p o t e n t i a l  range, and reduction on the sur face  
surrounding the  p i t  ca thodica l ly  p ro tec t s  t h a t  surface.  Because of the 
d i f f e rence  i n  p o t e n t i a l  between the  base of the  p i t  and the  adjacent  sur- 
f a c e ,  t he  p i t  continues t o  grow; and because of r e s t r i c t e d  mixing, the 
s o l u t i o n  within the  p i t  increases  i n  salt concentrat ion and becomes 
deple ted  i n  oxidant (usua l ly  oxygen). 

The above d iscuss ion  is based on conventional p i t t i n g  s t u d i e s  t h a t  usual ly  
s t o p  while t he  p i t s  are small. For waste packages, the  behavior of deep 
p i t s  is important. Some quest ions pecul ia r  t o  waste packages have 
apparent ly  not been addressed. For example, as noted above, it is usua l ly  
pos tu la ted  t h a t  the  s o l u t i o n  a t  the  base of an a c t i v e  p i t  is depleted i n  
oxid iz ing  agent;  however, i n  a r a d i a t i o n  f i e l d  t h e  concentrat ion of oxi- 
d i z i n g  spec ies  may be similar both i n s i d e  and outs ide  the p i t .  W i l l  a p i t  
grow under such circumstances? O r  when a p i t  is deep i n  an overpack w a l l  
and the  r ad ia t ion  i n t e n s i t y  t o  which the  so lu t ion  is exposed is g rea t e r  a t  
t he  base than a t  the  su r face ,  w i l l  the p i t  continue t o  grow? What happens 
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t o  t h e  corrosion products generated i n  p i t t i n g  when the overpack is embedded 
i n  a plast ic  ma te r i a l  such as w e t  bentoni te?  Does a p i t  which i s  s t a r t e d  
under these condi t ions  ge t  so impacted with bentoni te  and s o l i d  corrosion 
products t h a t  the electrical conduc t iv i ty  of the aqueous phase wi th in  the 
p i t  becomes too low t o  support a p i t ?  What e f f e c t  does hea t  f l u x  have on 
p i t t i n g ?  

Answers t o  these  ques t ions  need t o  be determined experimental ly  and und,er 

t o r y  before the  s ign i f i cance  of p i t t i n g  i n  overpacks can be assessed. 
, condi t ions  s imula t ing  as c l o s e l y  as poss ib l e  those a n t i c i p a t e d  i n  a reposi- 

B.1.2.3.1 P i t t i n g  i n  a basalt r epos i to ry  

Measurements of p i t t i n g  p o t e n t i a l  on carbon steel at  temperatures as high 
as those i n  waste r e p o s i t o r i e s  and with s o l u t i o n s  comparable t o  those 
expected i n  basalt formations have apparent ly  not been made. It has been 
shown, however, t h a t  steel p i t s  i n  ae ra t ed  groundwater a t  150 and 25OOC: 
(UESTERMAN 1984b) and at  lSO°C i n  gamma-irradiated deaerated b a s a l t  ground- 
water conta in ing  methane (DAVIS 1985a); p i t t i n g  does not occur i n  the  
absence of methane. The p i t s  observed i n  these  tests were small and 
sha l low and, as such, do not t h r e a t e n  the i n t e g r i t y  of the overpack. The 
ques t ion  of how, or i f ,  these  p i t s  continue tn  grow t o  the point of 
p e n e t r a t i o n  of the overpack w a l l  ( a t  l e a s t  s e v e r a l  cm t h i ck )  remains t o  be 
answered . 
A r e c e n t l y  i n i t i a t e d  experimental program w i l l  s tudy p i t  growth k i n e t i c s  i n  
steel under b a s a l t  r epos i to ry  condi t ions ,  but r e s u l t s  on growth r a t e s  itre 
not p resen t ly  ava i l ab le  (LUMSDEN 1985). Resul t s  have shown, however, t h a t  
p i t s  cannot be s t a r t e d  a t  5 O O C ;  however, at  100 t o  2OOOC p i t t i n g  can be 
s t a r t e d  by anodic e lectrochemical  p o l a r i z a t i o n  a f t e r  a p r o t e c t i v e  l a y e r  of 
magnet i te  has formed. 

B.1.2.3.2 Pi t t ing;  i n  a salt r epos i to ry  

Problems of p i t t i n g  i n  carbon s t e e l  i n  a salt  r epos i to ry  might be expected 
t o  be similar t o  those i n  b a s a l t  groundwater t h a t  a l s o  contains ch lo r ide  
ions,  but a t  much lower l eve l s .  However, short-term tests i n  pure deaera ted  
4 M sodium chlor ide  so lu t ions  at  temperatures up t o  2OO0C showed high c:orro- 
si& r a t e s  but no evidence of p i t t i n g  (POSEY 1979). S imi l a r ly ,  a 3-year 
exposure to  aera ted  w e t  salt i n  the salt mine a t  Avery I s l and ,  Louisiana,  
a t  temperatures near 2OOOC showed heavy corrosion of s t e e l  but no evidence 
of p i t t i n g  (GRIESS 1982). These d a t a ,  combined with the absence of pit . t ing 
of cast i r o n  i n  br ine  (MOLECKE 19831, suggest t h a t  p i t t i n g  of s t e e l  i n  a 
salt  b r ine  w i l l  not be a major problem. 

Titanium and i ts  a l l o y s  pas s iva t e  e a s i l y  and might be expected to  become 
p i t t e d  i n  concentrated ch lo r ide  environments; however, experience indic:ates 
t h a t  p i t t i n g  seldom causes f a i l u r e s  i n  t i t an ium equipment. It has been 
shown, however, t h a t  pure t i t an ium and i ts  a l l o y s  can be p i t t e d  i n  ch lo r ide  
s o l u t i o n s ,  but the p i t t i n g  p o t e n t i a l s  are very high. The p i t t i n g  p o t e n t i a l  
decreases  with temperature, but even a t  200°C the p i t t i n g  p o t e n t i a l  for each 
alloy examined (except f o r  one conta in ing  t i n )  i s  about +1.0 V w i t h  r e fe r -  
ence t o  the sa tu ra t ed  calomel e l ec t rode  (POSEY 1967). TiCode-12 had not 
been developed a t  the time of the above inves t iga t ion .  P o t e n t i a l s  of t:ita- 
dum conta iners  i n  a salt repos i tory  w i l l  undoubtedly be l e s s  than +1.0 V;  
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t he re fo re ,  p i t t i n g  should not be expected. In  view of t he  above considera- 
t i o n s ,  f a i l u r e  of e i t h e r  steel o r  TiCode-12 overpacks i n  sa l t  r e p o s i t o r i e s  
by p i t t i n g  seems very unl ikely.  

B.1.2.3.3 P i t t i n g  i n  a t u f f  r epos i to ry  

In  t h e  usual  sense ,  p i t t i n g  requi res  the  development of s p e c i f i c  anodes 
surrounded by cathodic  regions t h a t  are connected by an aqueous so lu t ion .  
Since the  r epos i to ry  i n  tu f f  w i l l  be above the  water t a b l e  and the  temp- 
e r a t u r e  of t he  waste packages w i l l  be higher  than that  of the surroundings,  
an aqueous phase w i l l  not exis t  on the  su r face  of t he  waste package f o r  a 
s i g n i f i c a n t  p a r t  of i ts  l i f e .  However, t he  p o s s i b i l i t y  e x i s t s  t h a t  a t  some 
t i m e  an aqueous so lu t ion  containing low l e v e l s  of ch lo r ide  w i l l  contac t  t he  
waste package and concentrate  on it. P i t t i n g  of t he  a u s t e n i t i c  s t a i n l e s s  
steels is possible under these  condi t ions.  How f a s t  p i t s  w i l l  grow under 
t h e s e  condi t ions  depends on the temperature and ch lo r ide  concentrat ions.  

The a u s t e n i t i c  s t a i n l e s s  steels (304L, 316L, and 317L) showed no evidence 
of p i t t i n g  i n  a 1000-h test a t  100°C i n  water from w e l l  5-13 a t  t he  Nevada 
T e s t  S i t e ,  as w e l l  as i n  the  vapor above i t .  In  these  Same tests, carbon 
steel  (poss ib le  borehole l i n e r  materials) showed evidence of l oca l i zed  
a t t a c k ,  although the  depth of a t t a c k  was not measured (McCRIGHT 1984a). 
During a 2-month test i n  5-13 w e l l  water i n  a r a d i a t i o n  f i e l d  a t  105'C 
( 3  x lo5 rads/h) and a t  1 5 O O C  (6 x lo5  rads /h) ,  p i t s  a l s o  f a i l e d  t o  form 
i n  s t a i n l e s s  steel  (McCRIGHT 1984a). I n  o the r  tests in bo i l ing  5-13 w e l l  
water, carbon steel  experienced p i t t i n g ;  however, both the  genera l ized  and 
p i t t i n g  cor ros ion  rates decreased with t i m e  (McCRIGHT 1984b). P i t t i n g  in 
borehole l i n e r s  is not of major consequence, provided the  l i n e r  remains in 
p lace  f o r  the 50-year period of r e t r i e v a b i l i t y .  

Thus, t he  da t a  p re sen t ly  ava i l ab le  i n d i c a t e  t h a t  p i t t i n g  of s t a i n l e s s  s t e e l  
i s  not l i k e l y  t o  be a means of f a i l u r e  f o r  e i t h e r  an overpack o r  a c a n i s t e r ;  
of course,  t h i s  conclusion is based on tests conducted i n  5-13 w e l l  water 
t h a t  is very low i n  choride content.  It seems probable t h a t  e a r l y  i n  the 
r epos i to ry  l i f e  r a i n  water pe rco la t ing  through the  rock above the  c a n i s t e r  
w i l l  d i s so lve  salts and evaporate i n  the  hot rocks around the  waste package. 
Later, after the  temperature of t he  package and surrounding rocks has 
become <95"C, percola t ing  water w i l l  d i sso lve  the  deposi ted materials and 
t h e  r e s u l t i n g  water w i l l  have a g r e a t e r  sa l t  concentrat ion than the  present  
5-13 w e l l  water. P i t t i n g  of s t a i n l e s s  steel  may be poss ib le  under these  
condi t ions  . 
B.1.2.4 Crevice Corrosion (SHREIR 1976; STAEHLE 1974; KRUGER 1982). 

As t he  n a m e  impl ies ,  crevice cor ros ion  is a form of a t t a c k  t h a t  sometimes 
occurs on metal p a r t s  loca ted  i n  the  confines  of narrow crevices .  The 
s o l u t i o n  wi th in  the  c rev ice  cannot mix f r e e l y  with the  bulk s o l u t i o n ,  and 
i t s  composition gradual ly  becomes d i f f e r e n t  from, and more cor ros ive  than, 
t h e  bulk so lu t ion .  

When a metal objec t  t h a t  has a creviced a rea  on i ts  sur face  i s  i n i t i a l l y  , 

exposed t o  a so lu t ion  containing d isso lved  oxygen, or perhaps some o ther  
ox id i z ing  agent ,  the  s o l u t i o n  i n  contac t  with a l l  sur faces  has the  same 
composition; consequently,  a l l  su r f aces  have the same e l ec t rode  po ten t i a l .  
Corrosion i n i t i a l l y  consumes oxygen on a l l  sur faces ;  however, because of 
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the very small volume of t h e  c r e v i c e  s o l u t i o n  and i ts  i n a b i l i t y  t o  mix 
with the bulk s o l u t i o n ,  t he  oxygen i n  t h e  c rev ice  i s  soon consumed. As a 
r e s u l t ,  t he  p o t e n t i a l  of t he  metal wi th in  the c rev ice  becomes less noble 
than the f r e e l y  exposed su r face  t h a t  has access t o  oxygen. Hence, the 
c r e v i c e  reg ion  becomes an anode with metal ions being s o l u b i l i z e d  and 
anions migrat ing i n t o  the  c rev ice ;  t o  complete the cel l ,  oxygen is reduced 
on the su r face  ou t s ide  the c rev ice .  Hydrolysis of metal ions i n  the crev- 
ice produces ac id  t h a t  accelerates c r e v i c e  a t t a c k  u n t i l  the d i f f u s i o n  of 
co r ros ion  products and ac id  out of the  c rev ice  is balanced by t h e i r  r a t e s  
of formation. Once s t a r t e d ,  t he  cor ros ion  mechanism i n  a c rev ice  i s  iden- 
t i ca l  to  t h a t  i n  an a c t i v e  p i t .  

Both p i t t i n g  a d  c rev ice  cor ros ion  usua l ly  occur on pass ive  metals  and 
become more severe  as the temperature and the  salt  concent ra t ion  of t he  
s o l u t i o n  increase .  P i t t i n g ,  however, u sua l ly  r equ i r e s  s p e c i f i c  ions f o r  
i n i t i a t i o n ,  whereas c rev ice  cor ros ion  can occur with d i f f e r e n t  salts. 
Under normal condi t ions  both types of a t t a c k  occur by e lec t rochemica l  
a c t i o n ,  involving c l e a r l y  defined anodic and cathodic areas. 

Assessment of the l i ke l ihood  of crevice cor ros ion  t h a t  is damaging t o  waste 
packages r equ i r e s  knowledge of t he  e f f e c t s  of r a d i a t i o n ,  heat f l u x ,  and 
r e s t r i c t e d  access of s o l u t i o n  t o  all sur faces .  Based on the theory of crev- 
ice cor ros ion ,  as i t  is usua l ly  i n t e r p r e t e d ,  one would conclude t h a t  when 
t h e  e n t i r e  e*:-€ace is a "crev ice ,"  such as a buried waste package, c r e v i c e  
co r ros ion  could not occur. S imi l a r ly ,  i f  the s o l u t i o n  i s  t o t a l l y  f r e e  of 
oxygen when it  comes i n  contac t  with t h e  package o r  i f  r a d i a t i o n  produces 
adequate  concent ra t ions  of ox id iz ing  r a d i c a l s  i n  the s o l u t i o n  a t  a l l  loca- 
t i o n s ,  cor ros ion  should not occur even i f  d i s c r e e t  c r ev ices  e x i s t  on t h e  
overpack. Tests t o  v e r i f y  the  above suppos i t ions  have not been c a r r i e d  out 
i n  r e p o s i t o r y  environments. 

B.1.2.4.1 Crevice cor ros ion  i n  a b a s a l t  r epos i to ry  

As a r e s u l t  of a l i t e r a t u r e  survey, Charlot and Westerman (CHARLOT 1981) 
concluded t h a t  c r ev ice  cor ros ion  was an un l ike ly  f a i l u r e  mode f o r  cast 
i r o n  (and presumably mild s t e e l )  i n  a b a s a l t  r epos i to ry .  In view of t h e  
low sal t  content of the groundwater, t h i s  seems to  be a reasonable assump- 
t i o n ;  however, no cons idera t ion  w a s  given t o  the poss ib le  concent ra t ion  of 
salts i n  the water. Short-term tests i n  which mild s t e e l  w a s  embedded i n  
a 75% basalt-25% bentoni te  inc luding  e i t h e r  aera ted  o r  deaerated ground- 
water a t  150 and 250OC seem to  have confirmed the conclusion of Charlot 
and Westerman (ANANTATMULA 1983); no c rev ice  cor ros ion  ( o r  o the r  forms of 
l o c a l i z e d  a t t a c k )  w a s  noted. On the  o the r  hand, steel coupons exposed i n  
oxygen-containing groundwater i n  t h e  presence of r a d i a t i o n  a t  250OC showed 
c r e v i c e  cor ros ion  when the  coupons contacted the support  rod (NELSON 1984). 

Based on the  above information, i t  i s  clear t h a t  a d d i t i o n a l  t e s t i n g  under 
realist ic r epos i to ry  condi t ions  is necessary before  the importance of crev- 
ice cor ros ion  of steel i n  a b a s a l t i c  r epos i to ry  can be assessed. 

B.1.2.4.2 Crevice cor ros ion  i n  a salt r epos i to ry  

Crevice cor ros ion  of t i t an ium and most of i ts  commercial a l l o y s  i s .  
recognized as a major cause of f a i l u r e s  of t i t an ium equipment. Two 
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commercially ava i l ab le  a l l o y s  t h a t  show g r e a t  r e s i s t ance  t o  c rev ice  corro- 
s i o n  are Ti-0.2% Pd and TiCode-12. TiCode-12 and steel are the  materials 
most l i k e l y  t o  be used as overpacks i n  salt r epos i to r i e s .  

L i t t l e  information appears t o  be ava i l ab le  on t h e  c rev ice  corrosion of 
steels i n  sa l t - r e l a t ed  environments. I n  tests i n  the  Avery Is land salt 
mine, steel specimens bol ted t o  a steel s leeve  and i n  contact  with w e t  s a l t  
showed no more a t t a c k  on t h e  creviced sur face  than on t h e  o the r  sur faces ,  
suggest ing the  absence of a c rev ice  e f f e c t  (GRIESS 1982). Also, tests i n  
bentoni te ,  i n  bentonite-sand mixtures (both w e t  and dry) ,  and i n  crushed 
s a l t  i n  f i e l d  zests i n  New Mexico a t  temperatures of up t o  272OC f a i l e d  t o  
show evidence of c rev ice  a t t a c k  on mild steel (MOLECKE 1 9 8 4 ) .  Thus, on 
t h e  b a s i s  of these r e s u l t s ,  crevice cor ros ion  of steel i n  salt reposi-  
t o r i e s  does not appear t o  be a l i k e l y  f a i l u r e  mode, but f u r t h e r  t e s t i n g  t o  
confirm t h i s  t e n t a t i v e  conclusion is warranted. 

Although commercially pure t i tanium is highly r e s i s t a n t  t o  neu t r a l  ch lor ide  
so lu t ions ,  it is suscep t ib l e  t o  c rev ice  corrosion; €or t h a t  reason, it has 
not been considered as a material f o r  overpacks i n  salt r epos i to r i e s .  
Because of i t s  high r e s i s t ance  t o  genera l  a t t a c k  by acid s a l t  s o l u t i o n ,  i t s  
r e s i s t a n c e  t o  c rev ice  corrosion,  and i t s  lower cos t  as compared with the 
Ti-0.2% Pd a l l n v ,  TiCode-12 i s  the  prefer red  t i tanium s l h y  f o r  overpacks 
i n  a salt reposi tory.  

Tests made with TiCode-12 i n  deaerated Brine A a t  2OO0C showed no evidence 
of c rev ice  a t t a c k  f o r  up t o  3 weeks (MOLECKE 1983); apparent ly ,  no tests 
were performed using aera ted  brine.  I n  a completely deaerated sa l t  solu- 
t i o n  containing no oxidizing agents ,  c rev ice  corrosion is unl ike ly  even 
f o r  pure t i t an ium (GRIESS 1968). Crevice corrosion of TiCode-12 was 
observed when the  br ine  w a s  a c i d i f i e d  t o  a pH of 2 and contained oxygen, 
t h e  TiCode-12 had an adherent l a y e r  of salt  on its sur face ,  and the  
temperature w a s  150 t o  2OO0C (DIEGLE 1984). Also, crevice  corrosion was 
reported i n  Brine A under both aera ted  and deaerated condi t ions a t  15OoC, 
but a t t a c k  was g r e a t e r  i n  the aera ted  so lu t ions  (A" 1983). No s i g n i f i -  
can t  damage t o  the a l l o y  w a s  noted i n  these lat ter tests; only a 
thickening of t h e  oxide on sur faces  wi th in  the c rev ice  w a s  observed. 

Whether c rev ice  corrosion of TiCode-12 w i l l  occur i n  a salt  repos i tory  
remains t o  be determined. Attack can occur i f  the  condi t ions are severe 
enough and, once s tar ted,  i s  l i k e l y  t o  pene t ra te  the t h i n  t i tanium overpack 
o r  cladding on the overpack. Useful information i n  t h i s  regard will be 
obtained from long-term (5-year) c rev ice  corrosion tests i n  progress a t  
Sandia National Laborator ies  (MOLECKE 1983). 

B.1.2.4.3 Crevice corrosion i n  a t u f f  repos i tory  

Crevice corrosion requi res  a continuous aqueous phase on the  creviced sur- 
f a c e s ,  as w e l l  as on the f r e e l y  exposed surfaces .  Since the repos i tory  w i l  
be located above the  water t a b l e  and the  temperature of the waste package 
w i l l  be above the boi l ing  point of d i l u t e  s o l u t i o n s  f o r  hundreds of years ,  
c rev ice  corrosion is impossihle f o r  t h a t  period. By t h e  t i m e  t h a t  in t ruding  
so lu t ions  could exist on the  sur face  f o r  any dura t ion ,  the  temperature of 
t h e  overpack would be t95"C and the  concentrat ion of salts  i n  the  so lu t ion  
would probably be low. Crevice corrosion,  w h i l e  poss ib le  under such con- 
d i t i o n s ,  seems highly unl ike ly  and, t he re fo re ,  is considered t o  be a very 
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improbable route  f o r  breaching s t a i n l e s s  steel c a n i s t e r s  or overpacks i n  a 
t u f f  repos i tory .  

B.1.2.5 Hydrogen Embtittlement (STAEHLE 1977; BERNSTEIN 1974; API 1977) 

Hydrogen can degrade the t e n s i l e  p r o p e r t i e s  of c e r t a i n  metals and a l l o y s ,  
inc luding  steels and t i t an ium and i ts  a l loys .  Embrittlement of high- 
s t r e n g t h  steels is a time-dependent func t ion  t h a t  causes cracks t o  form 
and grow when the steel is subjec ted  t o  sus ta ined  t e n s i l e  s t r e s s e s  below 
t h e i r  y i e l d  s t rength .  The problem becomes less severe as the s t r e n g t h  of 
steel decreases,  and steels with y i e l d  stresses *&low about 550 MPa 
(80,000 p s i )  are not sub jec t  t o  t h i s  form of a t t a c k ,  although o the r  
hydrogen-related a t t a c k  is poss ib le  ( see  Sect. B.1.2.5.1). I n  the  case of 
high-strength steels, only very low concent ra t ions  of d i sso lved  hydrogen 
produce embrittlement; however, i n  t h e  case of t i t an ium,  a loss  of t e n s i l e  
p r o p e r t i e s  occurs only when the  concent ra t ion  of hydrogen exceeds the 
s o l u b i l i t y  of t i t an ium hydride and a b r i t t l e  hydride phase e x i s t s .  
I n  order  t o  en te r  a metal, hydrogen mst f i r s t  be present  on the  metal s u r -  
f a c e  as hydrogen atoms. In  a waste r epos i to ry ,  the only sources of atomic 
hydrogen are r a d i o l y s i s  of groundwater and corrosion. In  the  former case ,  
t h e  energy absorbed by the water d i s s o c i a t e s  water molecules t o  y i e l d  a 
l o w  s teady-s ta te  concent ra t ion  of hydrogen atom- +,hroughout the so lu t ion .  
I n  t h e  la t ter  case, t h e  reduct ion  ( o r  cathodic) ha l f  r eac t ion  of the 
o v e r a l l  cor ros ion  r e a c t i o n  produces atomic hydrogen on the  surf  ace of t he  
metal. Most of the atomic hydrogen on the  metal su r f ace  combines t o  form 
molecular hydrogen, which escapes from the sur face .  Cer ta in  subs tances ,  
such as hydrogen s u l f i d e  and a r s i n e   ASH^), i n t e r f e r e  with the  recom- 
b i n a t i o n  of hydrogen atoms and thereby f a c i l i t a t e  the en t ry  of hydrogen 
i n t o  metals. 

B.1.2.5.1 Hydrogen embrittlement i n  a b a s a l t  r epos i to ry  

The embrittlement of high-strength steels i s  of no direct consequence i n  
waste r e p o s i t o r i e s  s i n c e  these  ma te r i a l s  a r e  not considered f o r  overpacks e 

Embrittlement of steels with normal t e n s i l e  s t r eng ths  has been repor ted ,  
but a l l  documented cases of t h i s  type have been i n i t i a t e d  i n  loca l i zed  
reg ions  of high hardness with m a r t e n s i t i c  or b a i n i t i c  micros t ruc tures  
(FESSLER 1977). Some of these  f a i l u r e s  have o r ig ina t ed  i n  hard welds and 
hea t -a f fec ted  zones of welds. The above form of embrittlement i s  tempera- 
t u r e  dependent; maximum s u s c e p t i b i l i t y  occurs a t  -25"C, while no cracking 
w a s  observed i n  tests at  82°C (TOWNSEND 1972). Since the temperature of 
t h e  overpack i n  a r epos i to ry  is pro jec ted  t o  be >75"C f o r  about the f i r s t  
1000 years  (ALTENHOFEN 1981), t hese  r e s u l t s  suggest t h a t  t h i s  form of 
f a i l u r e  is not l i k e l y  f o r  most, i f  not a l l ,  of the required l i f e  of the 
overpack, even i f  hard spo t s  e x i s t  i n  and around welds. Whether the above 
temperature  limit f o r  embrittlement i s  app l i cab le  f o r  long times and f o r  
t h e  p a r t i c u l a r  s t e e l  used i n  a r epos i to ry  needs t o  be determined. 

I n  add i t ion  to  the c l a s s i c a l  hydrogen embrittlement of high-strength 
steels,  hydrogen i n  steel, inc luding  low-carbon steels, can produce o t h e r  
de t r imen ta l  e f f e c t s  such as (1) pressure  buildup i n  the cav i ty  between the 
c a n i s t e r  and the overpack, (2) su r face  b l i s t e r i n g ,  (3) hydrogen a t t a c k  
(methanation), and (4) hydrogen-induced cracking o r  stepwise cracking, 
which is a l i nk ing  up of parallel  inc lus ions  aligned i n  p a r a l l e l  p lanes ,  
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a f t e r  hydrogen has expanded t h e  void spaces around t h e  inc lus ions .  
a d d i t i o n ,  should t h e  cladding of carbon steel  with an a u s t e n i t i c  s t a i n l e s s  
s teel  be considered, t h e  formation of molecular hydrogen a t  t h e  i n t e r f a c e  
between the two materials may lead t o  disbanding. 

I n  

P res su re  buildup i n  t h e  overpack should not present  a problem a t  t h e  temp- 
e r a t u r e  of t h e  steel. However, at  temperatures lower than those expected 
t o  exist  i n  t h e  r e p o s i t o r y  (-25"C), s u b s t a n t i a l  pressures  could b u i l d  up 
and o v e r s t r e s s  t h e  overpack. 

Surface b l i s t e r i n g  occurs p r imar i ly  a t  low temperatures and should not 
pose a problem with t h e  steel  overpack. Atomic hydrogen e n t e r i n g  t h e  
metal may recombine a t  i n c l u s i o n s  and form bubbles of hydrogen a t  high 
pressure.  Since these  inc lus ions  are always very small, only those c lose  
t o  t h e  s u r f a c e  can gene ra t e  a s u f f i c i e n t l y  high p res su re  t o  cause y i e ld ing  
of t h e  metal, which is manifested as small b l i s t e r s .  However, as noted i n  
(4) above, l i n k i n g  up of such b l i s t e r s  could l ead  t o  t h e  formation of 
cracks p a r a l l e l  t o  t h e  surface.  Using a c lean  steel with few inc lus ions  
can minimize t h i s  type of damage. 

A t  t h e  h ighes t  temperature expected i n  t h e  overpack w a l l s  (3OO0C), hydro- 
gen a t t a c k  ( a l s o  r e f e r r e d  t o  as methanation) may occur,  as i l l u s t r a t e d  
below, i f  t h e  hydrogen p res su re  is s u f f i c i e n t l y  high: 

Fe3C + 4H + 3Fe + CH4. 

The methane c o l l e c t s  a t  both g r a i n  boundaries and inc lus ions  and e m b r i t t l e s  
t h e  steel. Hydrogen a t t a c k  of carbon steel is p o s s i b l e  a t  temperatures as 
low as -25OoC, provided t h e  p re s su re  of t h e  hydrogen gas is s u f f i c i e n t l y  
high. This type of problem has been most f r equen t ly  encountered i n  petro- 
leum r e f i n i n g ,  where high-pressure hydrogen is handled a t  high temperatures;  
however, carbon-steel  b o i l e r  tubes i n  f o s s i l  power p l a n t s  have a l s o  exper- 
ienced b r i t t l e  f a i l u r e  i n  cases where t h e  source of hydrogen is  corrosion- 
product hydrogen. Temperatures i n  b o i l e r  tubes are u s u a l l y  i n  t h e  range of 
300 t o  350°C. 

Hydrogen produced e l e c t r o l y t i c a l l y  on t h e  steel su r face  ( e i t h e r  by cathodic  
charging or as p a r t  of t he  co r ros ion  process) acts i n  the  same manner as 
high-pressure gaseous hydrogen; consequently,  co r ros ion  is one method of 
i n t roduc ing  hydrogen i n t o  steel. Corrosion i n  the  waste r e p o s i t o r y  
environment could conceivably lead t o  embrit t lement of t h e  overpack; t he  
p r o b a b i l i t y  of t h i s  occurr ing i n c r e a s e s  as t h e  co r ros ion  rate and/or the 
temperature increases .  

It should be noted t h a t  hydrogen a t t a c k  of carbon steel  does not appear t o  
be a problem below about 200°C. This observat ion,  however, is based on 
short-term d a t a  r e l a t i v e  t o  t h e  300 t o  1000 years  i n  a waste r epos i to ry  
where temperatures of 200°C o r  g r e a t e r  w i l l  exist f o r  50 t o  200 yea r s -  
Consequently, before l i c e n s i n g  of a r e p o s i t o r y  t h a t  uses carbon steel  con- 
t a i n e r s  can be expected, t he  absence of methanation must be demonstrated. 
However, t he  a d d i t i o n  of small amounts of carbide-forming elements (Mo, 
C r ,  T i ,  etc.) t o  t h e  steel can m i t i g a t e  the  problem (API 1977).  Carbides 
of molybdenum and o t h e r  elements,  such as t i t an ium and chromium, are very 
s t a b l e  and t i e  up the carbon so tha t  it is unavai lable  t o  react w i t h  
hydrogen. 
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I n  summary, hydrogen embrit t lement of steel  overpacks i n  a basalt reposi-  
t o r y  does not appear t o  be a l i k e l y  f a i l u r e  mode. If hydrogen a t t a c k  i.s a 
problem, it is one t h a t  can e a s i l y  be remedied. 

B.1.2.5.2 Hydrogen embrit t lement i n  a sa l t  r epos i to ry  

The cons idera t ions  of embrit t lement of steel  i n  a salt  r epos i to ry  are the  
same as those i n  a basalt repos i tory ;  t h u s ,  they are not repeated here. 
However, it is poss ib l e  t h a t  cor ros ion  of steel  may be more ex tens ive  i n  
s a l t  than i n  basalt and t h a t  more hydrogen may be a v a i l a b l e  f o r  a t t ack .  
I n  genera l ,  t he  p r o b a b i l i t y  of hydrogen-related f a i l u r e s  of steel over- 
packs i n  salt  r e p o s i t o r i e s  is very low. 

On the o the r  hand, t i t an ium and i ts  a l l o y s  can absorb hydrogen and became 
embr i t t l ed .  For example, a TiCode-12 specimen exposed t o  b r ine  at  25OOC 
showed a normal d u c t i l e  f a i l u r e  during slow s t r a i n i n g ,  but f r ac tog raph ic  
a n a l y s i s  revealed a 50-pm-deep l a y e r  around the  perimeter of the  specimen 
t h a t  showed a less d u c t i l e  f r a c t u r e  (BRAITHWAITE 1980). Such r e s u l t s  indi-  
cate t h a t  t he  environment can a f f e c t  the f r a c t u r e  process of TiCode-12. 

CERT tests i n  Brine A a t  1 5 0 O C  a t  an appl ied  vol tage of -1.000 V with 
r e spec t  t o  the s i l v e r / s i l v e r  ch lo r ide  e l ec t rode  showed no s igns  of 
embrit t lement.  Also, s t r a i n i n g  under the  same condi t ions  with a cons tan t  
ca thodic  cur ren t  dens i ty  of 1.4 mA/cm2 produced no embrit t lement;  however, 
a s i g n i f i c a n t  loss of d u c t i l i t y  was observed when the  cur ren t  dens i ty  was 
increased  t o  7 mA/cm2 (MOLECKE 1983). 
TiCode-12 a f t e r  cathodic  charging w a s  noted a t  Brookhaven Nat ional  
Laboratory (A" 1985). 

A similar l o s s  of d u c t i l i t y  i n  

Resu l t s  of weight-loss tests i n  b a s a l t i c  groundwater showed t h a t  both t i t a -  
nium and TiCode-12 absorbed more hydrogen i n  the  presence of r a d i a t i o n  than 
i n  i t s  absence (NELSON 1984). I n  f a c t ,  t he  amount of hydrogen absorbed was 
g r e a t e r  than could be explained by corrosion.  It was a l s o  noted t h a t  t he  
hydrogen absorp t ion  i n  a l k a l i n e  b r ine  (pH -11.5) w a s  g r e a t e r  than i n  
n e u t r a l  b r ine  (A" 1985). 

The above data at  least h i n t  t h a t  TiCode-12 may become embr i t t l ed  i n  a 
s a l t  r epos i to ry ,  and add i t iona l  long-term t e s t i n g  is d e f i n i t e l y  needed t o  
determine i f  t h i s  is the  case. The r e s u l t s  suggest t h a t  t he  use of f rac-  
t u r e  mechanics may shed l i g h t  on the  cracking/embrit t lement of t i t an ium 
and i ts  a l loys .  
s t r u c t u r a l  material such as s teel ,  i t  is a l s o  necessary t o  determine 
whether hydrogen has any effect on t h e  bond between t i t an ium and the  
s u b s t r a t e .  

Since TiCode-12 would probably be used as a cladding on a 

B.1.2.5.3 Hydrogen embrit t lement i n  a tu f f  r epos i to ry  

An a u s t e n i t i c  s t a i n l e s s  steel  i s  the  material of choice f o r  the  c a n i s t e r  
and overpack i n  a t u f f  reposi tory.  Since t h i s  c l a s s  of materials is  not 
sub jec t  t o  hydrogen embrit t lement,  f a i l u r e  w i l l  not occur by t h i s  means. 
The borehole l i n e r  w i l l  be made of mild s teel ,  and the comments made for 
b a s a l t  (see Sect. B.1.2.2.1) are app l i cab le  here;  however, s ince  the  
environment will be moist a i r  during the  design l i f e  of the  l i n e r  corro- 
s i o n  should be low and the  quant i ty  of hydrogen en te r ing  the  steel should 
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be much smaller than i n  basaltic groundwater. A t  the  high temperatures 
expected during the  50-year l i f e ,  only hydrogen a t t a c k  seems possible .  
t h i s  proves to be a problem, the  incorpora t ion  of low concentrat ions of 
chromium and/or molybdenum i n  the  steel w i l l  prevent a t t ack .  

I f  

B.1.2.6 Microbial  Corrosion (TILLER 1982) 

Microbial  corrosion r e f e r s  t o  the  degradat ion of metallic s t r u c t u r e s  
r e s u l t i n g  from the  a c t i v i t y  of microorganisms. The a t t a c k  may be i n i -  
t i a t e d  by t h e  products generated during the  metabolic process of the  organ- 
i s m s  o r  by colonies  of organisms t b t  p a r t i a l l y  block the  sur fac-  of a 
metal, thereby f a c i l i t a t i n g  d i f f e r e n t i a l  concentrat ion c e l l s  . It is 
important t o  note t h a t  microbial  involvement i n  corrosion produces no new 
corrosion processes. 

Although microorganisms of a wide v a r i e t y  can cause de te r imenta l  e f f e c t s  
on metals under s p e c i f i c  condi t ions,  t he  most important types a r e  bac te r i a  
t h a t  u t i l i z e  s u l f u r  and its compounds i n  t h e i r  metabolism. The Thiobac i l lus  
genus of bacteria oxidizes  s u l f u r  t o  s u l f u r i c  ac id  under aerobic  conditions.  
These bacteria are destroyed a t  temperatures of 55 t o  60°C and should 
represent  no t h r e a t  t o  waste packages s ince  the  temperature of most, i f  not 
a l l ,  r e p o s i t o r i e s  w i l l  be >60"C f n t  a t  least the f i r s t  1000 years.  

I n  terms of underground corrosion,  t he  genera of bacteria ca l l ed  
Desulfovibrio and Desulfatomaculum a r e  the  mst damaging because they 
reduce s u l f a t e  ions t o  hydrogen s u l f i d e .  These b a c t e r i a ,  which a r e  s t r i c t  
anerobes,  can survive f o r  long per iods under well-aerated condi t ions.  
Hydrogen s u l f i d e  would l i k e l y  have i t s  g r e a t e s t  e f f e c t  on carbon-steel  
overpacks, but it may a l s o  f a c i l i t a t e  t he  en t ry  of hydrogen i n t o  t i tanium 
a l loys .  The e f f e c t  of hydrogen s u l f i d e  on annealed a u s t e n i t i c  s t a i n l e s s  
s t e e l  should be n i l .  I n  the  presence of hydrogen s u l f i d e ,  carbon s t e e l  
achieves a low p o t e n t i a l  a t  which water can be reduced t o  hydrogen. The 
microbes use t h i s  hydrogen t o  reduce s u l f a t e  ions ,  which i n  tu rn  depolar- 
i z e s  the  cathodic  r eac t ion  and increases  the corrosion rate . 
Ti l le r  (1982) has reported t h a t  sulfate-reducing bac te r i a  are k i l l e d  a t  
7OoC, but o ther  information shows t h a t  a t  least c e r t a i n  s t r a i n s  can s t i l l  
produce hydrogen s u l f i d e  at  104OC (WEST 1982). Therefore,  from a thermal 
s tandpoin t ,  it seems poss ib le  t h a t  t he  temperature of waste t h a t  has 
decayed f o r  some period w i l l  be low enough t o  permit sulfate-reducing bac- 
t e r ia  t o  grow. However, t he  pH w i l l  increase  on cooling ( l e s s  hydro lys is ) ,  
and the  same authors  show t h a t  sulfate-reducing bacteria do not funct ion 
a t  pH values  of -9, regard less  of t he  redox p o t e n t i a l  of the  so lu t ion .  
Some waste packages may have high enough r ad ia t ion  f i e l d s  assoc ia ted  with 
them t o  k i l l  most bac t e r i a  i n  the immediate v i c i n i t y  of the  overpack, but 
i t  is known t h a t  c e r t a i n  bacteria can func t ion  i n  high r ad ia t ion  f i e l d s .  

Most r e p o s i t o r i e s  a r e  l i k e l y  t o  have some concentrat ion of b a c t e r i a  
present  a t  the t i m e  of waste emplacement. Whether the types and numbers 
of bac te r i a  are l i k e l y  t o  lead t o  s i g n i f i c a n t  corrosion must be determined 
f o r  each reposi tory.  
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B.1.2.7 I n t e r g r a n u l a r  Corrosion (SHREIR 1976) 

In t e rg ranu la r  cor ros ion  is a form of a t t a c k  i n  which the  cor ros ion  r a t e  a t  
t h e  g r a i n  boundaries is very much h igher  than on the  g r a i n s  pe r  se. Thus, 
even though very l i t t l e  metal may be oxidized, i n t e r g r a n u l a r  pene t r a t ion  
i n t o  the  metal can be ex tens ive  and the loss of load-carrying a b i l i t y  can 
be s u b s t a n t i a l .  

Grain boundaries are regions of high energy because of the d i s a r r a y  of 
atoms where c r y s t a l s  with d i f f e r e n t  o r i e n t a t i o n s  meet and because prec ip i -  
tates p r e f e r e n t i a l l y  form at  g r a i n  boundaries. Cader some cond i t ions ,  the 
formation of g r a i n  boundary p r e c i p i t a t e s  can impoverish the edges of the 
g r a i n s  of an e s s e n t i a l  a l loy ing  element, l eav ing  t h a t  po r t ion  of t he  
g r a i n s  much less cor ros ion  r e s i s t a n t  than t h e  remainder. A c l a s s i c  
example is the  s e n s i t i z a t i o n  of a u s t e n i t i c  s t a i n l e s s  steels in which the 
p r e c i p i t a t i o n  of chromium carb ide  a t  g r a i n  boundaries r e s u l t s  i n  such a 
l o w  chromium concent ra t ion  a t  the edge of t he  g ra ins  t h a t  these  regions no 
longer  have a s t a i n l e s s  charac te r .  Consequently, s e n s i t i z e d  austeni t ic :  
s t a i n l e s s  steels experience severe  fn t e rg ranu la r  a t t a c k  i n  a v a r i e t y  of 
s o l u t i o n s  (e.g., a c i d i f i e d  copper s u l f a t e  and n i t r i c  ac id  s o l u t i o n s ) .  

In t he  case of carbon s t e e l ,  i n t e r g r a n u l a r  a t t a c t  seems to  be of minor 
importance. For example, Sh re i r  (1976) i n  h i s  bibl iography on intergrainu- 
l a r  a t t a c k  lists 94 r e fe rences ,  none of which concern carbon s t e e l .  In. a t  
least  one case,  however, i n t e r g r a n u l a r  a t t a c k  occurred under depos i t s  in 
an  a l k a l i n e  n i t r a t e  s o l u t i o n  (ONDREJCIN 1978) . The lack  of i n t e r g r a n u l a r  
a t t a c k  i n  carbon steels is  probably r e l a t e d  t o  the f a c t  t h a t  Fe$, which 
i s  an i n t e g r a l  p a r t  of most s t e e l s ,  is more noble than i r o n  i t s e l f  i n  most 
s o l u t i o n s ,  and p r e c i p i t a t e s  a t  g r a i n  boundaries a r e  l i k e l y  t o  be a t  l e a s t  
as cor ros ion  r e s i s t a n t  as i ron.  Also, carbon s t e e l s  contain no pass i -  
v a t i n g  element (e.g., chromium) t h a t  could become depleted a t  the edges of 
g r a i n s  and provide a means of s e l e c t i v e  a t t a c k  a t  g r a i n  boundaries, 
Because of the above cons idera t ions ,  s t e e l  overpacks i n  waste r e p o s i t o r i e s  
are un l ike ly  t o  f a i l  from i n t e r g r a n u l a r  corrosion. 

Heat- t reat ing of TiCode-12 does not appear  t o  promote i n t e r g r a n u l a r  a t t a c k  
in ac id  ch lo r ide  s o l u t i o n s ,  although the  corrosion rate was increased  
somewhat as the r e s u l t  of s e n s i t i z i n g  heat treatments (MOLECKE 1983). 
The a u s t e n i t i c  s t a i n l e s s  steels a r e  sub jec t  t o  s e n s i t i z a t i o n  i f  the a l l o y  
con ta ins  s u f f i c i e n t  carbon (usua l ly  regarded to  be >0.03%), and i n  the 
s e n s i t i z e d  condition they may be s u s c e p t i b l e  t o  i n t e r g r a n u l a r  a t t ack .  
Although the s t a i n l e s s  s t e e l  chosen f o r  use  i n  a t u f f  r epos i to ry  conta ins  - (0.03% carbon, long times i n  the  s e n s i t i z i n g  temperature range (-500 t o  
750OC) may s t i l l  produce g ra in  boundary p r e c i p i t a t e s  t h a t  lead to  i n t e r -  
g ranu la r  a t tack .  S t a i n l e s s  steels with carbon contents  >0.03% may be 
s e n s i t i z e d  a t  m c h  lower temperatures if nuc le i  of carb ides  e x i s t  i n  the 
a l l o y .  An overview of the Pow-temperature s e n s i t i z a t i o n  phenomenon has 
r e c e n t l y  been prepared (FOX 1983), and tests a r e  being conducted a t  
Lawrence Livermore National Laboratory to  study the s e n s i t i z a t i o n  of 304L 
s t a i n l e s s  steel (McCBSGHT 1984a). 

I n  most cases ,  i n t e r g r a n u l a r  a t t a c k  r equ i r e s  the presence of an aqueous 
phase f o r  an extended period. For most of the f i r s t  1000 yea r s ,  c a n i s t e r s /  
overpacks i n  the proposed tu f f  r epos i to ry  will be contacted by water only 
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occas iona l ly  and f o r  sho r t  periods. Consequently, t he re  appears l i t t l e  
l i ke l ihood  t h a t  i n t e rg ranu la r  a t t a c k  w i l l  cause f a i l u r e  of low-carbon 
a u s t e n i t i c  s t a i n l e s s  steel i n  the tu f f  reposi tory.  

B.1.2.8 Stray-Current Corrosion (SHREIR 1976; PEABODY 1967) 

S t r a y  cu r ren t s  are d i r e c t  cu r ren t s  flowing i n  the e a r t h  and a r e  assoc ia ted  
wi th  some source o the r  than the  objec t  a f f ec t ed  by them. To cause corro- . 
s i o n ,  s t r a y  cu r ren t s  must e n t e r . t h e  metallic objec t  a t  one a rea ,  flow 
through the  metal, r een te r  the  ea r th ,  and complete the  c i r c u i t  t o  i t s  u l t i -  
mate des t ina t ion .  Corrosion occurs an ly  i n  loca t ions  where the cur ren t  
leaves  the  metal. Such sources of cur ren t  may be dc t r a n s i t  systems, 
welding machines, high-voltage dc t ransmissions systems, and o thers .  In  
p a s t  years ,  s t r a y  cu r ren t s  o r ig ina t ing  from dc t r a n s i t  systems created 
s e r i o u s  corrosion problems with underground piping systems. I n  these  
cases, the  cur ren t  was returned t o  t h e  generator  through the  t racks ;  
however, the  t r acks  were not always completely in su la t ed  from the e a r t h  
and pa r t  of the  cu r ren t  passed t o  the  ground and was ca r r i ed  by under- 
ground pipes f o r  some d is tance .  Where the cur ren t  l e f t  the pipe,  the  
severe  . 
I n  reported cases of s t ray-current  z?r ros ion ,  a f f ec t ed  p ipe l ines  were near 
t h e  e a r t h ' s  sur face  (buried no more than 1 t o  2 m deep). Waste packages 
w i l l  be buried 700 t o  1000 m deep i n  s p e c i f i c  geologic formations. It 
seems highly probable t h a t  s t ray-current  a t t a c k  w i l l  not occur under these 
condi t ions  s ince  it is genera l ly  assumed t h a t  such cur ren ts  flow primari ly  
near  the  ea r th ' s  surface.  When an overpack is breached, t he  cause is much 
more l i k e l y  t o  be some o the r  type of corrosion than s t ray-current  a t tack .  

Although unre la ted  t o  s t ray-current  cor ros ion ,  the establishment of a 
ga lvanic  cell  after a s t e e l  overpack is breached could prolong the l i f e  of 
t h e  s t a i n l e s s  steel  c a n i s t e r  i n  a basa l t  or salt  reposi tory.  Af te r  the 
overpack is breached, probably by some form of loca l ized  a t t a c k ,  the space 
between the overpack and the c a n i s t e r  w i l l  become p a r t i a l l y  f i l l e d  with a 
s o l u t i o n  containing ch lor ide  ions. I f  the  c a n i s t e r  were not i n  e l e c t r i c a l  
contac t  with the overpack, the  s t a i n l e s s  s t e e l  w a l l  would probably be 
pene t ra ted  by stress corrosion cracks and/or p i t t i n g  i n  times i n  the order  
of 10 years  or  less. However, if the s t a i n l e s s  s t e e l  is i n  e l e c t r i c a l  con- 
tact with the  steel ,  corrosion of the  steel  w i l l  ca thodica l ly  pro tec t  the 
s t a i n l e s s  steel. How long the  steel  w i l l  be e f f e c t i v e  depends on how much 
s t e e l  exists a t  the t i m e  the  overpack is penetrated and i t s  corrosion r a t e ,  
assuming, of course,  continued e l e c t r i c a l  contact  between the  steel and 
s t a i n l e s s  steel. 

B.1.2.9 Other Corrosion Considerations 

Cer ta in  aspec ts  of corrosion are common t o  a l l  r epos i to r i e s .  In  each case,  
t h e  c a n i s t e r  material is spec i f i ed  as a low-carbon a u s t e n i t i c  s t a i n l e s s  
s t e e l  t h a t  w i l l  be closed by welding; t h e  overpacks t h a t  contain the  
c a n i s t e r s  will a l s o  be welded shut.  
t h a t  incorpora tes  rad ioac t ive  wastes o r  spent f u e l  elements. Thus, the  
cor ros ion  of c a n i s t e r ,  weld, and f u e l  element cladding is a po ten t i a l  
problem i n  a l l  r epos i to r i e s  and is b r i e f l y  dicsussed below. 

Canis te rs  w i l l  enclose e i t h e r  g l a s s  
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B.1.2.9.1 Cani s t e r  cor ros ion  

Once an overpack is breached, groundwater will e n t e r  the  cav i ty  between 
t h e  overpack and the  c a n i s t e r  and cor ros ion  of t he  c a n i s t e r  can begin 
(except i n  the  proposed t u f f  repos i tory) .  I f  t he  c a n i s t e r  i s  f i l l e d  with 
g l a s s ,  it will have been subjected for some extended per iod t o  tempera- 
t u r e s  high enough t o  produce s e n s i t i z a t i o n  i n  s t a i n l e s s  steels containing 
more than 0.03% carbon. Furthermore, i f  t he  g l a s s  is l i q u i d  when pQured 
i n t o  the c a n i s t e r ,  t he  q t a i n l e s s  steel w i l l  be under a high hoop stress 
a f t e r  the glass s o l i d i f i e s  because t h e  c o e f f i c i e n t  of expansion is g r e a t e r  
f o r  stainless steel than f c t  g lass .  Recognizing t h a t  a l l  groundwaters 
con ta in  ch lo r ide  ions ,  stainless steel under the condi t ions  descr ibed 
above is h ighly  suscep t ib l e  t o  s t ress -cor ros ion  cracking and p i t t i n g .  
Consequently, it is highly  probable t h a t  t he  c a n i s t e r  w a l l  will be 
penet ra ted  i n  a f e w  years.  As noted i n  Sect.  B.1.2.8, some p ro tec t ion  may 
be afforded by a less noble overpack - but only i f  good e lec t r ica l  contac t  
between the overpack and the  c a n i s t e r  is maintained. Therefore,  it seems 
appropr i a t e  t o  take no c r e d i t  f o r  such c a n i s t e r s  as b a r r i e r s  aga ins t  t h e  
environment, and t h i s  assumption has been made f o r  t he  basalt r epos i to ry  
(WEC 1982). 

I f  t he  c a n i s t e r  contains  f u e l  elements, i t  will not have been subjec ted  t o  
t h e  thermal treatment and w i l l  not have a high hoop stress, but t he re  w i l l  
be r e s i d u a l  t e n s i l e  stresses i n  the  weld region; and even with f u l l y  
annealed s t a i n l e s s  steel, p i t t i n g  i n  chloride-containing so lu t ions  i s  prob- 
ab le .  Thus, while the  me ta l lu rg ica l  condi t ion  of a c a n i s t e r  w i t h  spent  
f u e l  elements i n  it is more favorable  for corros ion  r e s i s t ance  than the  
g l a s s  f i l l e d  c a n i s t e r s ,  pene t ra t ion  i s  s t i l l  l i k e l y  t o  occur i n  a relati- 
v e l y  s h o r t  t i m e  once the  overpack has been breached. 

B.1.2.9.2 Corrosion of f u e l  rod cladding 

The cladding on spent f u e l  elements could be considered an a d d i t i o n a l  metal 
b a r r i e r  t h a t  s epa ra t e s  rad ionucl ides  from the  environment i f  t he  cladding 
r e t a i n s  i t s  i n t e g r i t y  when contacted by groundwater. However, the  ou t s ide  
s u r f a c e s  of f u e l  elements w i l l  probably conta in  some more or less adherent 
rad ionucl ides ,  including f i s s i o n  products and f u e l  from leaking  f u e l  e:Le- 
ments and ac t iva t ed  corrosion products.  These must be considered i n  terms 
of radionucl ide release after the  overpack and c a n i s t e r  have been breached. 
Most of the  f u e l  elements s to red  i n  a waste r epos i to ry  w i l l  be clad i n  
e i t h e r  Zircaloy-2 or Zircaloy-4, but a few w i l l  be c lad  i n  an a u s t e n i t i c  
s t a i n l e s s  steel. 

The Zircaloy cladding has a dark oxide on its su r faces  on removal from the 
r e a c t o r ,  and the  p a r t  t h a t  was i n  t h e  cooler  regions of the  r e a c t o r  may be 
embr i t t l ed .  In  genera l ,  zirconium has very good cor ros ion  r e s i s t a n c e  130 
many types of so lu t ions ,  and one would expect a very low cor ros ion  r a t e  i n  
r epos i to ry  groundwaters. The presence of an oxide f i l m  should only enhance 
i t s  cor ros ion  r e s i s t ance ;  however, Zircaloy-2 is  sub jec t  t o  s t ress -cor ros ion  
cracking a t  25OC (and presumably a t  higher temperatures) i n  n e u t r a l  d i l u t e  
sodium chlor ide  so lu t ions  i f  t he  p o t e n t i a l  i s  increased only s l i g h t l y  above 
i t s  cor ros ion  p o t e n t i a l  (COX 1973). In  t h i s  case, the  presence of an oxide 
f i l m  inc reases  the tendency t o  crack. E i the r  an appl ied anodic current: 
from an ex te rna l  source or coupling t o  platinum can po la r i ze  Zircaloy-2 
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i n t o  the p o t e n t i a l  range where cracking is l i k e l y  t o  occur. 
observa t ions  l e d  Jenks to  specula te  t h a t  the s t a i n l e s s  steel c a n i s t e r  i n  
t h e  presence of groundwater and a r a d i a t i o n  f i e l d  could po la r i ze  
Zircaloy-2 i n t o  the crack-ing p o t e n t i a l  range (JEIYKS 1979). Assuming the 
above scena r io ,  cracking would soon fo l low breaching of the overpack and 
c a n i s t e r .  'If c r e d i t  f o r  rad ionucl ide  r e t e n t i o n  is t o  be taken f o r  
Zi rca loy  cladding, experiments must be conducted t o  determine the l i f e  of 
t h e  cladding under r epos i to ry  conditions.  

The above 

A comprehensive review of the genera l  corrosion and stress corrosion 
cracking of Zi rca loy  and s t a i n l e s s  steel f u e l  claddings has been reported 
by SOO (1985). 

Zircaloy-clad f u e l  elements are a l s o  sub jec t  to  s t ress -cor ros ion  cracking 
from the f u e l  s i d e ,  and t h i s  type of cracking may progress and pene t r a t e  
t h e  cladding while i n  the repos i tory .  This f a i l u r e  mode is not discussed 
here ,  but it needs t o  be considered i f  the Zircaloy cladding is t o  be 
regarded as an e f f e c t i v e  barrier. A recent  pub l i ca t ion  d iscusses  the 
e f f e c t s  of s e l e c t e d  f i s s i o n  products and metal iod ides  on such cracking 
(SHANN 1983). 

The cor ros ion  of s t a i n l e s s  s t e e l  cladding on spent f u e l  elements i n  
ra;ious r epos i to ry  groundwaters should be similar t o  t h a t  a l ready  
discussed f o r  c a n i s t e r s .  However, t he  cladding has been subjec ted  to  
f ast-neutron i r r a d i a t i o n  t h a t  produces changes i n  the  a l l o y  . For example, 
i t  has been shown t h a t  annealed 304 s t a i n l e s s  s t e e l  exposed to  a minimum 
neutron f luence  of about 2 x 1020 neutrons/cm2 is sub jec t  t o  i n t e r g r a n u l a r  
s t ress -cor ros ion  cracking during CERT t e s t i n g  i n  high-temperature water 
conta in ing  low l e v e l s  of oxygen; i n  the absence of r a d i a t i o n  damage, 
cracking does not occur (CLARKE 1983). It seems probable t h a t  the 
s t a i n l e s s  steel cladding may a l s o  have an increased s u s c e p t i b i l i t y  t o  
o the r  forms of corrosion. Since un i r r ad ia t ed  s t a i n l e s s  s t e e l  c a n i s t e r s  
wi th  even t h i c k e r  walls were judged t o  remain i n t a c t  f o r  only a r e l a t i v e l y  
s h o r t  t i m e ,  it seems appropr ia te  t o  assume tha t  the s t a i n l e s s  s t e e l  
c ladding w i l l  be penetrated very soon a f t e r  contact with groundwater; 
t he re fo re ,  no c r e d i t  should be taken f o r  the cladding as a metal b a r r i e r .  

B.1.2.9.3 Weld-related cor ros ion  

Welds are areas of me ta l lu rg ica l  inhomogeneity and, as such, a r e  p o t e n t i a l  
a r e a s  of enhanced corrosion. I f  t he  composition of the weld metal i s  d i f -  
f e r e n t  from t h a t  of the base metal, ga lvanic  a t t a c k  of the less noble 
metal is possible.  In add i t ion ,  changes i n  the micros t ruc ture  of the base 
metal adjacent t o  the weld m y  r e s u l t  i n  lower cor ros ion  r e s i s t a n c e  i n  
t h a t  region. An example of t he  l a t t e r  is the formation of chromium car- 
b ides  i n  the  g r a i n  boundaries i n  the heat-affected zone of a u s t e n i t i c  
s t a i n l e s s  s t e e l s  containing more than 0.03% carbon - a f a c t  t h a t  makes the 
material suscep t ib l e  t o  i n t e r g r a n u l a r  a t t a c k  i n  t h a t  area.  

Welds i n  carbon steel t h a t  a r e  not subsequently heated are usua l ly  harder 
than the base metal and are l i k e l y  t o  be more suscep t ib l e  to  s t ress -cor ros ion  
cracking and hydrogen embrittlement than the base metal. In the welding of 
t i t an ium,  both me ta l l i c  and atmospheric impur i t i e s  must be avoided i n  order 
to ob ta in  d u c t i l e  welds. For t h a t  reason, t i tanium is usual ly  welded i n  a 
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d ry  box under c a r e f u l l y  con t ro l l ed  conditions.  Welding of l a r g e  highly 
r ad ioac t ive  waste packages c lad  with a t i t an ium a l l o y  has apparent ly  not 
been f u l l y  considered; nor has cor ros ion  a s soc ia t ed  with such welds. I n  
a l l  types of c a n i s t e r s ,  weld shrinkage during s o l i d i f i c a t i o n  produces 
r e s i d u a l  t e n s i l e  stresses t h a t  i nc rease  the  p r o b a b i l i t y  of stress- 
cor ros ion  cracking. 

A review of the a v a i l a b l e  literature i n d i c a t e s  t h a t  inadequate a t t e n t i o n  
has been given t o  the behavior of welds i n  r epos i to ry  environments. Some 
tests have been conducted with welded coupons, but the welds i n  t h i s  case 
probably have d i f f e r e n t  c h a r a c t e r i s t i c s  than those made i n  the f i e l d  on 
heavy-walled vesse ls .  F u l l  eva lua t ion  of the i n t e g r i t y  of waste packages 
w i l l  r equ i r e  a better knowledge of t h e  behavior of welds than c u r r e n t l y  
e x i s t s  . 
B.2 MODES OF WASTE FORM DEGRADATION 

B.2.1 Glass Waste Form 

Glass has long been the  medium of choice f o r  immobilizing r ad ioac t ive  
wastes. The v i t r i f i c a t i o n  process is r e l a t i v e l y  s i m p l e  and capable of 
accommodating a wide range of chemical elements. Also, g l a s s  has adequate 
chemical, thermal, and r a d i a t i o n  s t a b i l i t y  f o r  the expected r epos i to ry  
cond i t ions  . B o r o s i l i c a t e  g l a s s ,  t he  prefer red  type,  is the most thoroughly 
s tud ied  of t he  poss ib l e  waste forms. Typica l ly ,  a b o r o s i l i c a t e  g l a s s  with 
incorpora ted  waste might cons i s t  of 20 t o  30% waste oxides,  30 t o  40% 
s i l i ca ,  5 t o  10% boron oxide, and 10 t o  15 w t  % a lka l i  oxides,  plus  
a d d i t i v e s .  

The degradat ion of g l a s s  forms is r e f l e c t e d  by increased  l e a c h a b i l i t y  of 
rad ionucl ides  when i n  contac t  with groundwater. The mechanisms t h a t  lead 
t o  increased l e a c h a b i l i t y  include: (1)  matrix d i s s o l u t i o n ,  or corrosicm of 
t h e  g l a s s ,  by physical and chemical processes; (2) hydrat ion of s i l i c a t e s ,  
which leads  to  swelling and d i s r u p t i o n  of p r o t e c t i v e  f i lms t h a t  u sua l ly  
form; (3) d e v i t r i f i c a t i o n  with subsequent cracking; and (4 )  r a d i a t i o n  
damage . 
Considerable information is a v a i l a b l e  i n  the l i t e r a t u r e ;  d e t a i l e d  reviebws 
of the  p rope r t i e s  and behavior of g l a s s  and o the r  waste forms have been 
made by Mendel (1978, 1981, 19841, Rusin (1980), Dayal (1982), Davis acid 
Schweitzer (DAVIS 1982b), and Kircher  (1983) . Recently, Westsik (1983)l 
performed a number of leach  tests on simulated HLW g l a s s  (PNL 76-68 g l a s s )  
doped with Tc, U,  Np, Pu, Am, and Cm using a sal t  b r ine  s imula t ing  the 
WIPP s i t e  b r ines ,  a bicarbonate s o l u t i o n  represent ing  p o t e n t i a l  s i1icat .e  
rock r e p o s i t o r i e s ,  and deionized water a t  temperatures of 150 and 250°C. 
H i s  genera l  conclusions were as follows: Normalized r e l eases  of t h e  a c t i -  
n ides  tended t o  be higher i n  the sodium bicarbonate s o l u t i o n  than i n  the 
o t h e r  leachants.  Technetium releases were h ighes t  i n  the deionized wat:er 
and bicarbonate  leachants  . Increas ing  the  temperature increased the 
r e l e a s e s  of technetium and the a c t i n i d e s .  A l l  of the a c t i n i d e s  showed 
less leaching than s i l i c o n ,  but the technetium releases were higher than 
those  f o r  s i l i c o n .  Many of t h e  nonradioact ive components of the  g l a s s  had 
h igher  releases i n  the VIPP b r ine  than i n  the o the r  leachants ;  however,, 



107 

s i l i c o n ,  boron, and molydenurn behaved more l i k e  technetium i n  t h a t  t h e i r  
releases were lowest i n  the  brine.  Except f o r  the  a l k a l i n e  e a r t h s ,  t he  
releases of nonradioact ive spec ies  increased with temperature and leaching 
t i m e .  S o l u b i l i t y  cons t r a in t s  d i c t a t e d  by the pH and spec ies  t h a t  can 
complex with those leached from the glass appear t o  con t ro l  the  release of 
many spec ies  from the  glass .  

B.2.1.1 Matrix Dissolut ion 

Matrix d i s so lu t ion  is akin t o  cor ros ion ,  which r e s u l t s  in chemical reac- 
t i o n s  and/or the  physical  removal of sur face  material. 
"corrosion" and "leaching" are genera l ly  used interchangeably,  even though 
i t  is poss ib le  t o  have a p a r t i c u l a r  nucl ide leached from g l a s s  with no 
s i g n i f i c a n t  removal of sur face  material. Although eva lua t ing  waste forms 
in terms of a leach rate is convenient,  the  radionucl ides  involved should 
be spec i f ied .  I n i t i a l l y ,  ind iv idua l  nucl ide leach rates a r e  f requent ly  
d i f f e r e n t  ( incongruent);  as d i s s o l u t i o n  proceeds, however, the leach r a t e s  
u sua l ly  become congruent. 

The corrosion of glass is complex and involves a number of poss ib le  mechan- 
isms. The corrosion and subsequent leach r a t e s  a r e  inf luenced by many 
v a r i a b l e s ,  including s o l u t i o n  and g l a s s  composition, pH, redox condi t ions,  
groundwater flow rate, temperature,  pressure,  sur face  area-to-volume r a t i o ,  
and g l a s s  s t ruc tu re .  

The terms 

Many years  of research have e s t ab l i shed  t h a t  t he re  a r e  two general  s tages  
of sur face  reac t ions  i n  a l k a l i - s i l i c a t e  g l a s ses  exposed to  water. The 
f i r s t  is dea lka l i za t ion  of t h e  su r face  by exchange of a hydrogen o r  hydro- 
nium ion  with an a l k a l i  ion,  which tends t o  be the dominant mechanism f o r  
pH <9. The o v e r a l l  r e s u l t  of t h i s  r eac t ion  is a deple t ion  of ca t ions  from 
t h e  su r face ,  leaving a hydrous si l ica layer .  It has been pos tu la ted  t h a t  
t h i s  l aye r  funct ions as an increas ingly  p ro tec t ive  barrier u n t i l  the  
second-stage mechanism becomes r a t e  con t ro l l i ng ,  but t h i s  has not been 
w e l l  e s tab l i shed .  In  s t age  two, f o r  pH > lo ,  network d i s s o l u t i o n  and 
sloughing off by hydroxyl-ion breakdown of silicon-oxygen bonds tend t o  
dominate. However, i t  is known t h a t  both processes can occur simulta- 
neous'ly over very wide pH ranges (HENCH 1977). 

I n  view of the complexities and the  number of va r i ab le s  involved i n  g l a s s  
cor ros ion ,  the  development of models for predic t ing  long-term behavior is 
f raught  with uncertainty.  However, t h e r e  is genera l  agreement t h a t  under 
s t a t i c  condi t ions,  reac t ions  i n  s t age  1 occur with square-root t i m e  depend- 
ence a t  low t o  intermediate  pHs, while the network d i s s o l u t i o n  i n  s tage  2 
occurs  with a l i n e a r  t i m e  dependence a t  high pHs. With t h i s  v i  w ,  t h e  

where a and b a r e  empir ical  constants .  No comprehensive mechanistic s tud ie s  
are cu r ren t ly  ava i l ab le  t o  expla in  the  r e l a t ionsh ip ,  but the square root  
gene ra l ly  i n d i c a t e s  a diffusion-control led reac t ion  and the l i n e a r  term 
reflects an in te r face-cont ro l led  r eac t ion  f o r  test condi t ions.  Most 
leaching  experiments with b o r o s i l i c a t e  ass a r e  reconci lab le  with an 

e r a t u r e s ,  and with t a t  longer times and higher temperatures (DAVIS 1982b). 
There has been considerable  controversy over the t r a n s i t i o n  in t i m e  regimes 
from square-root t o  l i n e a r ,  but it is genera l ly  acknowledged t h a t  the tran- 
s i t i o n  pr imar i ly  depends on t h e  t i m e  required f o r  the pH t o  reach 9 t o  10 

amount removed with t i m e  per u n i t  area may be expressed as (at1 7 + b t ) ,  

o v e r a l l  rate process t h a t  v a r i e s  with t f 3 2  a t  sho r t  times and low temp- 
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(HENCH 1977). However, i n  nuclear waste g l a s s  s t u d i e s ,  t he  most important 
f a c t o r  is the  long-term behavior,  and i n  most cases i t  should be s u f f i c i e n t  
t o  consider the l i n e a r  term b t  f o r  p red ic t ion  of long-term d u r a b i l i t y  i n  
geologic  d i sposa l  s e rv i ce .  

B.2.1.2 Hydration 

The aging, o r  weathering, of n a t u r a l  g l a s s e s  by con tac t  with humid 
atmospheres has been s tudied  .for many years  i n  r e l a t i o n  t o  t h e  archaeolog- 
ical problem of da t ing  n a t u r a l  a r t i f a c t s .  It seems un l ike ly  t h a t  water vapor 
could exist i n  a r epos i to ry  by t h e  t i m e  t h a t  the waste c a n i s t e r  has been 
penet ra ted  and the  waste form becomes exposed t o  ambient condi t ions ,  but: 
contac t  with a l i q u i d  phase could promote hydrothermal r eac t ions .  The iresul ts  
of p a s t  s t u d i e s ,  as w e l l  as da t a  from a recent  i n v e s t i g a t i o n  of acce le ra t ed  
aging of simulated waste g l a s s ,  (BATES 1983) are b e n e f i c i a l  t o  understanding 
t h e  long-term a l t e r a t i o n  of g l a s s e s  under hydrothermal conditions.  

The hydra t ion  e f f e c t s  t h a t  may occur i n  liquid-phase experiments are p a r t  
of the o v e r a l l  d i s s o l u t i o n  mechanism and are usua l ly  not d i s t i ngu i shed  as 
such. Phenomenologically, p a r t i a l  hydra t ion  i n  the  g l a s s  l e a d s  t o  a moire 
open s t r u c t u r e ,  which permi ts  ions and water molecules t o  pene t r a t e  t he  par- 
t i a l l y  hydrated o r  g e l  l a y e r  with g r e a t e r  m o b i l i t i e s  than the i n t a c t  g l a s s  
network. Hydration sometimes involves  stress genera t ion  i n  the  hydrated 
l a y e r ,  causing swel l ing ,  con t r ac t ion ,  cracking, o r  peeling of the l a y e r  
(DAVIS 1982b). 

B.2.1.3 D e v i t r i f i c a t i o n  

D e v i t r i f i c a t i o n  i s  the  formation of c r y s t a l s  r e s u l t i n g  from atomic 
rearrangement i n  t h e  g l a s sy  matrix. Glasses r ep resen t  a thermodynamically 
uns t ab le  system t h a t  n a t u r a l l y  s t r i v e s  f o r  an ordered s t r u c t u r e  with a 
lower energy state (e.g., c r y s t a l  formation).  The amount and i d e n t i t y  (of 
t h e  c r y s t a l s  depend on the i n i t i a l  composition of the g l a s sy  matrix and 
on the annealing t i m e  schedule. Below the  g l a s s  t r a n s i t i o n  temperature,  
which ( i n  the  U.S. b o r o s i l i c a t e  g l a s s e s  of i n t e r e s t  here)  i s  near 5 O O 0 C ,  
t h e  v i s c o s i t y  of the g l a s sy  matr ix  i s  so high t h a t  c r y s t a l l i z a t i o n  is 
l i m i t e d  by d i f f u s i o n  t o  very low rates (MENDEL 1978), but eventua l  
d e v i t r i f i c a t i o n  can be expected because of t he  inherent  thermodynamic 
i n s t a b i l i t y  of t he  system. 

D e v i t r i f i c a t i o n  of a g l a s s  does not n e c e s s a r i l y  l ead  t o  d i s i n t e g r a t i o n .  
Changes i n  f r i a b i l i t y  as a r e s u l t  of d e v i t r i f i c a t i o n  a r e  s l i g h t  with 
proper ly  formulated waste g l a s s e s ,  but some microcracking can occur from 
volumetr ic  changes due t o  the  ingrowth of var ious  c r y s t a l l i n e  phases. The 
p r i n c i p a l  problem a r i s i n g  from d e v i t r i f i c a t i o n  is that the o v e r a l l  leach 
rate of g l a s s e s  i s  increased. The inc rease  i n  leaching of b o r o s i l i c a t e  
w a s t e  g l a s s  i s  usua l ly  no more than a f a c t o r  of 2 t o  5 ,  although a f a c t o r  
of 10 i n c r e a s e  has been observed i n  some ins t ances  f o r  m a x i m u m  d e v i t r i f i c a -  
t i o n  (MENDEL 1978). 

B.2.1.4 Radiat ion Enhancement of Leaching 

Alpha p a r t i c l e s ,  beta p a r t i c l e s ,  gamma rays ,  and neutrons [from (cr,n> and 
spontaneous f i s s i o n  r eac t ions ]  can cause r a d i a t i o n  damage i n  waste g l a s s  
and could a l s o  a f f e c t  the leach rate. 
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From the r e s u l t s  obtained i n  a number of s t u d i e s ,  Mendel (1978) concluded 
t h a t  leach  rates of waste g l a s s e s  conta in ing  f i s s i o n  products should not 
be s i g n i f i c a n t l y  d i f f e r e n t  from those obtained from nonradioact ive simu- 
l a t e d  g l a s s e s  of t he  same composition. The maximum f a c t o r  of 2 found i n  
h i s  work was judged to  be wi th in  the normal experimental dev ia t ion  of 
l each  test data .  
g l a s s .  

S i m i l a r  da t a  were obtained with 244Cm-spiked waste 

S imi la r  r e s u l t s  were a lso  repor ted  i n  a more recent  study by Walker (1981) 
and co-workers. In  tests with b o r o s i l i c a t e  g l a s s ,  he found t h a t  the l each  
rate was increased  up t o  a m a x i m u m  f a c t o r  of 2 by gamma i r r a d i a t i o n ,  
presumably because of a change i n  leachant  pB. No s i g n i f i c a n t  e f f e c t s  
were observed f o r  alpha o r  be ta  r ad ia t ion .  

After reviewing the  a v a i l a b l e  information, Davis and Schweitzer (DAVIS 
1982b) concluded t h a t  it w a s  d i f f i c u l t  t o  assess t h e  e f f e c t s  of r a d i a t i o n  
on the i n t e g r i t y  of g l a s s  over geologic  t i m e .  It was t h e i r  opinion t h a t  
t h e  r a d i o l y s i s  e f f e c t  was q u i t e  minor and any microf rac tur ing  t h a t  
r e s u l t e d  from stress-induced r a d i a t i o n  could be mit iga ted  by proper design 
of the waste form. S i m i l a r  conclusions were reached by Kircher (1983). 

In  a sepa ra t e  review, with emphasis on the work i n  the United Kingdom, the 
following conclusion was made by Burns (1981): 

The genera l  conclusion is that these  e f f e c t s  are not s u f f i c i e n t l y  
l a r g e  to  g ive  grounds f o r  s e r i o u s  concern under the r a d i a t i o n  
condi t ions  expected f o r  a waste repos i tory .  If  ex t rapola ted  
t o  the doses and dose rates which w i l l  be used i n  p r a c t i c e ,  
a l l  p e r t i n e n t  experimental da t a  obtained so f a r  po in t  t o  
s u r f a c e  leach  rates no more than a few times l a r g e r  than those 
of un i r r ad ia t ed  g lasses .  The water flow condi t ions  (near 
s tagnant  condi t ions)  i n  r e p o s i t o r i e s  should i n  any case be 
such t h a t  s a t u r a t i o n  s o l u b i l i t y  r a t h e r  than su r face  leach  
rate c o n t r o l s  t he  r a t e  a t  which glass is d isso lved  i n t o  
groundwater. The r a d i a t i o n  e f f e c t  on s o l u b i l i t y  has not 
been evaluated but i t  seems not u n l i k e l y  t o  cause a 
s i g n i f i c a n t  increase. 

B. 2.1.5 Materials I n t e r a c t i o n  Relating t o  Waste Glass 

Much research  has been d i r ec t ed  a t  the long-term i n t e r a c t i o n s  of boro- 
si l icate g l a s s  as a waste form i n  a geologic repos i tory .  The r e s u l t s  o f  
t he  research  concerning i n t e r a c t i o n s  of b o r o s i l i c a t e  g l a s s  as a waste form 
wi th  materials t h a t  w i l l  be i n  a r epos i to ry  are being reviewed and 
summarized by Bibler (1987). 

He relates the  material i n t e r a c t i o n s  t h a t  may occur between b o r o s i l i c a t e  
g l a s s ,  groundwater, and the components of a waste package to  waste reposi-  
t o r i e s  i n  tuff , salt ,  and b a s a l t  and g r a n i t e .  The e f f e c t s  were summarized 
as shown i n  Table B.2. 

In  an o v e r a l l  eva lua t ion ,  Bibler (1987) states t h a t :  "In many cases ,  the  
r e s u l t s  i n  the  above summary are incomplete and more tests need t o  be done. 



110 

Table B.2. Probable r e s u l t s  from material i n t e r a c t i o n s  between 
b o r o s i l i c a t e  g l a s s ,  groundwater, and components of waste 

package i n  a geologic  r epos i to ry  

Repository I n t e r a c t i o n  
media material I n t e r a c t i o n  r e s u l t s  

Tuff Repository rock 

S a l t  

S t a i n l e s s  steel 

Radiation 

Repository rock 

S t a i n l e s s  steel 

I ron  overpack 

Basalt and Repository rock 
Granite 

S t a i n l e s s  steel 

Iron overpack 

Rad,i a t i o n  

No e f f e c t  on g l a s s  d u r a b i l i t y ;  so rp t ion  
of c e r t a i n  radionucl ides  reduces t h e i r  
concentrat ion.  

No e f f e c t  i n  s a tu ra t ed  t u f f ;  poss ib l e  
e f f e c t  i n  unsaturated system due t o  
s e n s i t i z e d  steel . 
In sa tu ra t ed  system, bu f fe r s  pH change 
caused by leaching;  when moist a i r  
i r r a d i a t e d ,  "03 forms t h a t  lowers pH. 

No e f f e c t .  

No e f f e c t .  

Increases  leaching of g l a s s  when 02 
present ;  forms reducing atmosphere i n  
c losed system which decreases  
s o l u b i l i t y  of c e r t a i n  radionucl ides;  
forms corrosion products which sorb 
c e r t a i n  radionucl ides .  

Causes reducing condi t ions i n  closed 
system which lowers s o l u b i l i t y  of 
redox s e n s i t i v e  elements; some s o r p t i v e  
p rope r t i e s  ind ica ted ;  l i t t l e  e f f e c t  on 
d u r a b i l i t y  of g l a s s .  

No e f f e c t .  

Same i n t e r a c t i o n s  as i n  salt ;  da t a  
exist which suggest t h a t  i r o n  may not 
cause increased leaching i n  reducing 
environments. 

In  a closed system, r a d i o l y s i s  appea.rs 
no t  t o  increase  the oxidizing p o t e n t i a l  
of the  rock-groundwater system. 



111 

However, the  above r e s u l t s  do i n d i c a t e  the  s u b s t a n t i a l  da ta  base t h a t  has 
been generated over the  past  s eve ra l  years  t o  support  the  complicated and 
d i f f i c u l t  repos i tory  i n t e r a c t i o n  tests t h a t  a r e  now being performed i n  
many l a b o r a t o r i e s  throughout the  world. Based on our review, we conclude 
t h a t  techniques have now been developed so t h a t  these  tests can c lose ly  
s imula te  repos i tory  condi t ions including reducing condi t ions i n  
c r y s t a l l i n e  or  salt rock r e p o s i t o r i e s  and unsaturated condi t ions i n  tu f f  

. repos i tory .  To be of value f o r  t he  process leading t o  the  s a f e  geologic  
d i sposa l  of rad ioac t ive  waste, f u t u r e  tests should apply the  new tech- 
niques and, as much as poss ib le ,  concentrate  on the behavior of the  s p e c i f i c  
radionucl ides  themselves while s t i l l  eva lua t ing  the  performance of t he  
g l a s s .  Whenever poss ib le ,  appropr ia te  r ad ia t ion  l e v e l s  should be 
included i n  these i n t e r a c t i o n  tests, " 

B.2.2 Spent Fuel 

For spent f u e l  d i sposa l ,  it is proposed t h a t  the  spent f u e l  rods,  or pins 
(uranium oxide pellets clad i n  Zircaloy tubing) ,  be removed from the f u e l  
assemblies and consol idated i n  a close-packed a r r ay  within the  waste 
c a n i s t e r .  The Zircaloy cladding w i l l  prevent leaching of the  f u e l  as long 
as it is i n t a c t ;  however, it may become weakened or  damaged while i n  ser- 
v i c e  i n  a reactor .  Some physical  r e s t r u c t u r i n g  of t he  cladding w i l l  occur 
from rad ia t ion  damage, as w e l l  as from chemical a t t a c k  by some oi t h e  
f i s s i o n  products. Current ly ,  f u e l  p ins  have recorded less than one f a i l u r e  
pe r  10,000, o r  less than 0.01% (SMITH 1980). No evidence of f u e l  rod 
degradat ion o r  f a i l u r e  after s torage  i n  water basins  has been observed 
(JOHNSON 1977). 

During se rv ice ,  t he  f u e l  p e l l e t s  become heterogeneous, both phys ica l ly  and 
chemically,  due t o  the  s t eep  temperature gradient .  They may deform 
s l i g h t l y ,  becoming bunched toward the  center  and expanding a t  the  ends 
(SMITH 1980); s i g n i f i c a n t  cracking a l s o  occurs. 

B.2.2.1 Zircaloy Cladding Fa i lu re  

Zirconium a l loys  have outstanding corrosion r e s i s t ance  t o  pure water,  a l l  
forms of aqueous sal t  so lu t ions ,  and most ac ids  and bases a s  w e l l ;  however, 
they are subjec t  t o  hydrogen embrittlement and stress corrosion cracking 
i n  some environments. Zircaloy-clad f u e l  elements a r e  a l s o  sub jec t  t o  
s t ress -cor ros ion  cracking from the f u e l  s ide .  A recent publ ica t ion  (SHANN 
1983) discusses  the  e f f e c t s  of s e l ec t ed  f i s s i o n  products and metal iodides  
on such cracking. 

Hydrogen can be produced i n  a repos i tory  by corrosion of zirconium 
( p a r t i c u l a r l y  i n  the  absence of an oxid iz ing  agent)  and by r ad io lys i s .  
The s o l u b i l i t y  of hydrogen i n  zirconium a l loys  increases  with temperature; 
and i n  cases where the  zirconium is  near ly  sa tu ra t ed  with hydrogen a t  high 
temperatures,  an embr i t t l ed  hydride phase w i l l  form on cooling. 

I f  t he  exposure is a t  a temperature where the d i f fus ion  r a t e  i s  extremely 
slow (probably <lOO°C), embrit t lement becomes unl ike ly  f o r  many years  
(McCOY 1981). 
i n  low-temperature ch lor ide  so lu t ions  if i ts  p o t e n t i a l  exceeds the  f r e e  
cor ros ion  po ten t i a l .  Zirconium can be polar ized i n t o  the cracking poten- 
t i a l  range by using an appl ied cur ren t  from an ex te rna l  source or  by 

However, Zircaloy is subjec t  t o  s t ress-corrosion cracking 
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coupling t o  a more noble metal (McCOY 1981). 
t i o n a l  d i scuss ion  on Zircaloy corrosion.)  

(See Sect. B.1.2.9 f o r  addi- 

Zircaloy cladding has the p o t e n t i a l  t o  be a s i g n i f i c a n t  barrier t o  the 
leaching of spent f u e l  pellets; however, i n  t he  p a s t ,  performance assess- 
ments have gene ra l ly  ignored the  e f f e c t  of Zircaloy cladding. Some prelim- 
i n a r y  assessments f o r  a t u f f  r epos i to ry  using a nonoverpacked s t a i n l e s s  
steel c a n i s t e r  i n  the unsaturated zone of t he  Yucca Mountain t u f f  ind i -  
ca t ed  t h a t  the barrier e f f e c t  of t h e  Zircaloy cladding may need to  be 
included i n  order t o  meet release rate criteria f o r  radionuclides.  A 
t e s t i n g  program f o r  determining the e f f i c a c y  of Zi rc i loy  cladding i n  a 
t u f f  r epos i to ry  is i n  place a t  the  Lawrence Livermore National Laboratory 
(OVERSBY 1983), which is discussed a t  the end of the next s ec t ion .  

B.2.2.2 Degradation and Leaching 

I n  genera l ,  t he  rate of spent f u e l  d i s s o l u t i o n  o r  leaching w i l l  be 
inf luenced  by the chemical composition of the groundwater, its pH, and the 
ox id iz ing  o r  reducing capac i ty  of t h e  environment, p a r t i c u l a r l y  f o r  e le -  
ments such as uranium t h a t  can e x i s t  i n  e i t h e r  oxidized o r  reduced form. 

I n  an e a r l y  study on leach  tests on PWR f u e l  p e l l e t  fra6-znts using 
deionized water, bui ld ing  d i s t i l l e d  water,  and t y p i c a l  Hanford ground- 
water ,  Katayama (1976) found t h a t  t he  r e l a t i v e  l e a c h a b i l i t i e s  of the e le -  
ments decrease i n  the  following order:  Cs > Sb > Sr+Y > Pu > Cut. The 
d a t a  were f i t t e d  t o  an equat ion i n  t h e  form of 

F = B t n  , 
where 

F = f r a c t i o n  leached, 
t = t i m e  (d) ,  and 
B and n = f i t  cons tan ts .  

For Hanford groundwater and deionized water,  the lon  -term leach mechanisms 

t h e  exponent (n) did not vary s i g n i f i c a n t l y  with the rad ionucl ide ,  averaging 
0.07 f o r  t he  groundwater and 0.31 f o r  the deionized water. The exponent 
f o r  the bui ld ing  d i s t i l l e d  water,  however, var ied  from 0.06 t o  0.35, ind i -  
c a t i n g  d i f f e r e n t  leach mechanisms f o r  the ind iv idua l  radionuclides.  This 
wide range w a s  a t t r i b u t e d  to the  varying q u a l i t y  of t h e  bui ld ing  d i s t i l l e d  
water and the subsequent v a r i a t i o n  i n  the  i o n i c  concentration. Since an 
exponent of 0.5 would i n d i c a t e  a d i f f u s i o n  mechanism with a cons tan t  coef- 
f i c i e n t  of d i f fus ion ,  Katayama concluded t h a t  the 0.07 exponent r e f l e c t e d  
t h e  major r o l e  of d i sso lved  chemicals i n  suppressing leach rates and the 
0.31 exponent probably r e f l e c t e d  the  inverse  r e l a t i o n s h i p  of the d i f f u s i o n  
c o e f f i c i e n t  f o r  t he  rad io iso tope  with i ts  i o n i c  concentration i n  the  
l eachan t  . 

seemed near ly  i d e n t i c a l  f o r  239+240Pu, 90Sr  + f 4Cm, and 137Cs s ince  

I n  later s t u d i e s ,  Katayama (1979) found t h a t ,  based on the r e l e a s e  of 
137Cs, the  leach rate of spent LWR f u e l  was approximately f i v e  t i m e s  lower 
i n  sea b r ine  than i n  deionized water. H e  a l s o  concluded t h a t  the  burnup 
of the f u e l  does not have a measurable e f f e c t  on the leach r a t e s ,  based on 
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t h e  behavior of 137Cs, 239+240Pu, and uranium. 
t h e  leach r a t e s  of 244Cm, however; r e s u l t s  show t h a t  the higher the  burnup, 
t h e  lower the  leach r a t e  below 350 d. 

It does have an e f f e c t  on 

Wang and Katayama (WANG 1981) performed a number of experiments with UOg 
s i n g l e  c r y s t a l s  and spent f u e l  i n  an a t t e m p t  t o  develop a c l e a r e r  under- 
s tanding  of the  leaching mechanism. They concluded the  following: 

The oxida t ion  and d i s so lu t ion  mechanisms f o r  U02 and spent 
f u e l  will be q u i t e  similar based on t h i s  prel iminary work 
wi th  electruchemical  leaching of U02 and spent fue l .  In 
s o l u t i o n s  containing oxygen o r  o ther  oxidizing spec ies ,  the  
UOp su r face  w i l l  be rap id ly  oxidized and dissolved following 
t h e  t ransformation of uranium from U ( 1 V )  t o  U(V1). The 
hydro lys is  of dissolved uranyl ions forms s o l i d  UO3 hydrates  
o r  r e l a t e d  complex compounds deposited onto the  U02 su r face ,  
o r  o the r  sur faces ,  as t h i n  o r  t h i ck  coatings.  Depending on 
t h e  pH, temperature and t i m e ,  the  var ious kinds of poros i ty  
and t h e  mechanical proper t ies  of the  hydrate coa t ings  w i l l  
c o n t r o l  the  d i s so lu t ion  ra te .  The e f f e c t s  of r ad ia t ion  i n  
terms of generat ion of H202 will enhance the  d i s s o l u t i o n  
k i n e t i c s  . 

Mitchel l  (1981) s tudied  the  leaching of declad, i r r a d i a t e d  f u e l  samples i n  
a borate  so lu t ion .  The e f f e c t s  of temperature and f u e l  fragment s i z e  on 
t h e  leach rate and released f r a c t i o n  of s eve ra l  f i s s i o n  products were ex- 
amined. Some of the  conclusions reached, a f t e r  250 d of leaching,  were: 

1. The r e l a t i v e  order  of the  r a t e  of leaching is: Sb > I > 3H > 
C s  > Sr > Ru,Ce,Eu,U > Pu . 

2. Data f i t  t o  an equation of the  form F = B t "  gave values f o r  the 
exponent which var ied from 0.01 to 0.59, depending on the 
l eacha te  and the  leaching condi t ions . 

3. No s i g n i f i c a n t  d i f fe rences  i n  leach r a t e s  were found a t  100°C and 
85OC. 

4. The leach rates ( i n  u n i t s  of g fuel/cm2*d) were higher f o r  the l a r g e r  
p a r t i c l e  s i zes .  

5 .  The f r a c t i o n a l  re leases  (in u n i t s  of f r a c t i o n  of the substance in 
inventory)  were smaller f o r  t h e  l a r g e r  p a r t i c l e  sizes. 

Resul t s  of the  study gave f r a c t i o n a l  releases and r e l a t i v e  leaching r a t e s  
for the  var ious f i s s i o n  products which were i n  general  agreement with 
those  obtained by Katayama. 
u ted  t o  the  longer leaching t i m e  obtained i n  the  study by Mitchel l  (40 
weeks vs 20 weeks) and the  d i f fe rence  i n  leachants  (bora te  s o l u t i o n  vs 
d i s t i l l e d  water). 

Differences between the s tud ie s  may be a t t r i b -  

After analyzing the  published data of G. L. McVay, of the  P a c i f i c  Northwest 
Laboratory, on the comparison of the  leaching of spent f u e l  chunks (no 
cladding included)  from the H. B. Robinson reac tor  with deionized water,  
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sodium bicarbonate s o l u t i o n ,  and salt b r ine  B ( s e e  Appendix D, Sect.  1.3) 
a t  temperatures from 25 t o  250°C, Kircher  (1983) made the  following 
g ener a1 comments : 

1. A t  25OC, t he  cumulative r e l e a s e  of a c t i n i d e s  from spent f u e l  is 
approximately two orders  of magnitude g r e a t e r  than t h a t  from 
PNL 76-68 g las s .  

2. A t  250°C, t h e r e  is no s i g n i f i c a n t  d i f f e r e n c e  i n  the release from 
t h e  spent  f u e l  and t h a t  from t h e  g l a s s .  

3. Spent f u e l  is as good a waste form as PNL 76-68 g l a s s  f o r  r e t a i n i n g  
a c t i n i d e s  a t  temperatures >15OoC f o r  t he  l eachan t s  t e s t e d .  

In  leaching s t u d i e s  of spent  f u e l s  from CANDU r e a c t o r s ,  Vandergraaf (1980) 
s t a t e d  t h a t  -4% of t h e  cesium leached out i n  a few days using chlorinat.ed 
r i v e r  water. The a c t i n i d e s  and rare e a r t h s  leached more slowly. The 
mat r ix  i t s e l f  d i sso lved  at a conserva t ive ly  ca l cu la t ed  r a t e  of -2 x g 
UOp/cm2*d, and eventua l ly  l each  rates of t h e  var ious  nuc l ides  approached 
t h i s  value.  

In the program (OVERSBY 1983) t o  eva lua te  leach  rates from wastes in a 
t u f f  r epos i to ry ,  along with the  e f f i c a c y  of t he  Zi rca loy  cladding, tests 
are being made with PWR spent  f u e l  rods from the H. B. Robinson and Turkey 
Poin t  r e a c t o r s  using deionized water and 5-13 w e l l  water under hot-cell. 
ambient a i r  and temperature condi t ions  (WILSON 1985). Four specimen 
types ,  which represent  a range of f u e l  phys ica l  condi t ions  t h a t  may 
develop i n  a f a i l e d  waste c a n i s t e r  conta in ing  a l imi t ed  amount of water ,  
were used i n  the  tests. These were: (1) f u e l  rod sec t ions  s p l i t  open to  
expose bare  f u e l ,  ( 2 )  f u e l  rod s e c t i o n s  with a 2.5-cm-long by 150-vm-wi.de 
s l i t  through the cladding, (3) f u e l  rod sec t ions  with 200-pm Paser -dr i l led  
holes  through the  cladding, and ( 4 )  undefected f u e l  rod segments. The 
p r i n c i p a l  conclusions based on t he  i n i t i a l  r e s u l t s  were as follows: 

1. The a c t i n i d e s ,  U, Pu, Am, and Cm, and most l i k e l y  Np, appear t o  be 
r e l eased  congruently. 

2. Both Tc and Cs are p r e f e r e n t i a l l y  re leased  r e l a t i v e  to  the a c t i n i d e s .  

3.  Much g r e a t e r  t o t a l  releases were observed i n  both 5-13 and deionized 
water f o r  bare  f u e l  vs the  same quan t i ty  of f u e l  contained in defec ted  
cladding . 

4 .  Lower a c t i n i d e  releases were observed i n  the tests with 5-13 w e l l  
water than f o r  t he  tests with deionized water. 

On the  b a s i s  of these  r e s u l t s  and t h e  r e s u l t s  of o the r s  (FORYSTH 1984; 
JOHNSON 1983; OVERSBY 1984), a prel iminary model has been developed 
(OVERSBY 1985) t o  es t imate  the upper-bound r e l e a s e  rates of rad ionucl ides  
from spent  f u e l  under condi t ions  expected f o r  a r epos i to ry  s i t e d  a t  Yucca 
Mountain. Experiments and tests are i n  progress t o  improve the under- 
s tanding  of the processes involved and t o  provide add i t iona l  needed dat:a. 
The most important are: (1) the  dependence of uranium s o l u b i l i t y  on tem- 
pera tu re ,  (2 )  the r a t e  of f a i l u r e  of t he  containment b a r r i e r ,  (3) t he  r a t e  
of breach of cladding, and (4) t he  rate of ox ida t ion  of t he  f u e l  matrix. 

http://150-vm-wi.de
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Recently Bunker (1987) has reviewed the development i n  the release k i n e t i c s  
of nuclear waste g l a s s  leaching. He i d e n t i f i e d  the major d e f i c i e n c i e s  i n  
c u r r e n t  models and key areas requ i r ing  f u r t h e r  research  t o  enable more 
accu ra t e  nuc l ide  l each  p red ic t ions  t o  be made. He  concluded t h a t  a t  the 
c u r r e n t  l e v e l  of understanding, e s s e n t i a l l y  only q u a l i t a t i v e  p red ic t ions  
concerning the var ious  f a c t o r s  involved i n  leaching can be made, which 
permits only "order of magnitude" o r  "upper l i m i t "  p r ed ic t ion  of 
r ad ionuc l ide  release rates. 

8.3 PACKING FAILURE MODES 

The primary func t ion  o f  ou te r  packing around a waste conta iner  is t o  con t ro l  
groundwater i n t r u s i o n  to  the  o u t e r  su r f ace  by providing a low-permeability 
b a r r i e r .  Limiting the  ing res s  and eg res s  of groundwater se rves  t o  i n h i b i t  
cor ros ion  and the  migrat ion of rad ionucl ides  a f t e r  leaching begins. Other 
poss ib l e  func t ions  of t h e  packing inc lude :  
b a r r i e r  f o r  rad ionucl ides ;  (2)  chemically buf fer ing  or modifying the pH, 
redox condi t ions ,  o r  i o n i c  composition of t h e  in t rud ing  groundwater; and 
( 3 )  providing a mechanical stress b a r r i e r  aga ins t  e x t e r n a l  forces .  

( 1 )  ac t ing  as a s o r p t i v e  

Packing is included i n  only the r e fe rence  design f o r  a waste package f o r  
d i s p o s a l  i n  b a s a l t .  Curren t ly ,  i t  i s  assumed t o  be a compacted mixture 
conta in ing  25% bentoniLe and 75% crushed b a s a l t .  In an a l t e r n a t i v e  w a s t e  
package design f o r  a t u f f  r epos i to ry ,  packing i n  the  form of crushed and 
pressed tu f f  containing 5 t o  15% iron-bearing smectite c l ay  as a binder i s  
proposed i f  i t  is considered necessary (see Appendix A, Sect. 2.2). The 
crushed sal t  used i n  the annular space around a waste package i n  a salt  
r e p o s i t o r y  i s  not  intended t o  act as packing m a t e r i a l  i n  t he  prev ious ly  
descr ibed sense. Its primary func t ion  is t o  enhance heat t r a n s f e r ,  
p a r t i c u l a r l y  a f t e r  reconsol ida t ion .  

Degradation of t he  packing o r  b a r r i e r  is r e f l e c t e d  i n  a s h o r t e r  waste iso- 
l a t i o n  period and, on breach of t he  c a n i s t e r ,  an increased  t r anspor t  r a t e  
of rad ionucl ides  i n t o  the surrounding country rock. 

The degradat ion and f a i l u r e  modes f o r  t he  packing have been discussed as 
a prelude t o  the DOE acce le ra t ed  test program (DOE 1981). The d i scuss ion  
w a s  f u r t h e r  expanded and the  modes were thoroughly reviewed by Eastwood 
(1982) and Dayal (1982). 

F a i l u r e ,  or degradation, modes can be divided i n t o  two genera l  c l a s ses :  
chemical /physical  and mechanical. These are discussed i n  the following 
sec t ions .  

B.3.1 Chemical F a i l u r e ,  o r  Degradation, Modes 

Chemical f a i l u r e  modes can be defined as chemical o r  physicochemical pro- 
cesses t h a t  degrade the performance of the packing material e i t h e r  (1) by 
inc reas ing  the permeabili ty,  decreasing the s o r p t i v e  capac i ty ,  and making 
minera logica l  a l t e r a t i o n s  t h a t  con t r ibu te  t o  such performance reduct ions ,  
o r  (2)  by i n d i r e c t l y  con t r ibu t ing  to  mechanical f a i l u r e .  
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A number of t he  processes  involved i n  chemical degradat ion are not 
n e c e s s a r i l y  independent of each o the r  . This makes c l a s s i f i c a t i o n  of the  
f a i l u r e  modes somewhat sub jec t ive ;  however, a reasonable c l a s s i f i c a t i o n  
inc ludes  : (1) thermal s t a b i l i t y ,  ( 2 )  diagenet ic - l ike  changes, ( 3 )  cheoii- 
cal  poisoning or chemically induced mineralogic changes, (4) s e l e c t i v e  
d i s s o l u t i o n  or leaching of t he  packing material, and ( 5 )  r a d i a t i o n  e f f e c t s  . 
B.3.1.1 Thermal I n s t a b i l i t y  

The smectite c lay ,  sodium bentoni te ,  i n  t he  packing f o r  a b a s a l t  r epos i to ry  
i s  a rock cons l J t ing  pr imar i ly  of a montmoril lonite c l ay  mineral ,  which is 
a n  a luminos i l i ca t e  composed of a two-dimensional, expandable l aye r  l a t t i ce .  
The behavior of t he  i n t e r l a y e r  water and S t r u c t u r a l  water (hydroxyl groups) 
is important t o  the  p rope r t i e s  ( s w e l l a b i l i t y ,  permeabi l i ty ,  and some 
mineralogic  changes ) . 
The r eac t ion  k i n e t i c s  f o r  a l t e r a t i o n  processes are s luggish ,  and t h i s  
c h a r a c t e r i s t i c ,  along with o the r  d i f f e rences  i n  condi t ions ,  has apparent ly  
con t r ibu ted  t o  some con t rad ic t ions  wi th  regard t o  temperature e f f e c t s  and 
water loss. Wood (1981) suggests  that  the  montmoril lonite s t r u c t u r e  
should be thermally s t a b l e  up t o  3OOOC and presumably r e t a i n  i t s  proper- 
ties. This co:z?usion is based on experiments which ind ica ted  t h a t  
i n t e r l a y e r  water is l o s t  r e v e r s i b l y  up t o  3OOOC and t h a t  s t r u c t u r a l  water 
i s  not l o s t  u n t i l  temperatures >4OO0C are reached. This genera l  conclu- 
s i o n  seems t o  be confirmed by the  r e s u l t s  of Komarneni and Roy (KOMARNESNI 
1981a). Based on la ter  experimental  r e s u l t s ,  Allen and co-workers (ALLEN 
1983) concluded t h a t  sodium-bentonite would r e t a i n  i t s  swel l ing  p r o p e r t i e s  
on a d d i t i o n  of water after i n i t i a l  drying up t o  370OC. 

In  more recent  experiments with packed columns containing a mixture of 25% 
ben ton i t e  and 75X quar t z  o r  b a s a l t  sand, Couture (1985) found t h a t  expo- 
s u r e  t o  water vapor caused i r r e v e r s i b l e  increases  i n  the  permeabi l i ty  of 
ben ton i t e  by f a c t o r s  up t o  lo5 f o r  temperatures up t o  26O0C. According to 
Couture, t he  a v a i l a b l e  da ta  suggest t h a t  moisture i n  l imi t ed  amounts is 
more e f f e c t i v e  than excess groundwater or dry heat  i n  a l t e r i n g  the  proper- 
t i es  of bentoni te ,  and he concludes t h a t  even b r i e f  exposure of bentoni te-  
based packing material t o  water vapor a t  high temperatures i n  a waste 
r epos i to ry  could s e r i o u s l y  impair i t s  performance. Since the  inc reases  i n  
permeabi l i ty  were due t o  a l a r g e  decrease i n  the  a b i l i t y  of bentoni te  to 
s w e l l  i n  water, Couture (1985) suggests  t h a t  the problem will be less 
severe i f  t he  proport ion of bentoni te  is higher  and the  material is highly  
compacted. 

Temperatures i n  the  bentoni te  should not exceed 4OOOC (cur ren t  design 1 . i m i t  
f o r  b a s a l t  is 3OOOC); consequently,  i t  seems t h a t  t he  bentoni te  should 
reabsorb  water when resa tura t2on  of the  r epos i to ry  occurs,  providing t h a t  
no s i g n i f i c a n t  mineral  a l t e r a t i o n  has occurred. 

However, the  more recent r e s u l t s  by Couture (1985) creates some doubt as 
t o  t he  e f f i c a c y  of a packing with only a 25% content  of bentoni te  since 
some drying with subsequent exposure t o  water vapor can be expected p r i o r  
t o  r e s a t u r a t i o n  of a basa l t  repos i tory .  If a bentonite-crushed tu f f  mix- 
t u r e  were used f o r  t he  a l t e r n a t i v e  design of a waste package f o r  a reposi-  
t o r y  i n  t u f f ,  t he  p robab i l i t y  of exposure t o  water vapor f o r  a s ignif ic :ant  
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t i m e  would be even g r e a t e r  because of t he  lower pressure  and the  l ack  of a 
water continuum i n  the v i c i n i t y  of the waste package. 

These r e s u l t s  r a i s e  ques t ions  a s  t o  the e f f i c a c y  of ben ton i t e  as a packing 
material and seem t o  be a t  var iance  with earlier i n v e s t i g a t o r s .  Mostly, 
t hey  found t h a t  higher  temperatures ( i n  contac t  with l iquid-phase water )  
were requi red  t o  produce i r r e v e r s i b i l i t y  of swel l ing  on rehydra t ion ,  which 
was probably due t o  minera logica l  a l t e r a t i o n s .  Couture found l i t t l e  
minera logica l  change and pos tu la ted  t h a t  t he  reduced swel l ing  capac i ty  w a s  
t h e  r e s u l t  of e f f e c t s  on t h e  basal spacing of hydra t ion  l a y e r s  by a minor 
r e a l s t r i b u t i o n  of t he  changes i n  the  c l a y  s t r u c t u r e .  

B.3.1.2 Diagenetic-Like Changes 

Diagenet ic  and hydrothermal r eac t ions  are lumped toge the r  here under 
d i agene t i c - l i ke  changes s i n c e  these  c l a s s i f i c a t i o n s  can be somewhat 
a r b i t r a r y .  "Diagenesis" is a term t h a t  is usua l ly  appl ied  t o  mineralogi- 
cal a l t e r a t i o n s  below 200°C i n  sediments ; t he  term "hydrothermal" gener- 
a l l y  r e f e r s  t o  r eac t ions  with water t h a t  has been heated by contac t  with 
hot  rocks o r  r e l eased  from cool ing magma chambers. 

Ea r ly  d iagenes is  is t h e  most l i k e l y  process  f o r  producing hydrothermal 
i n s t a b i l i t y ;  f o r  example, it is known t h a t  ben ton i t e s  a r e  formed near  t he  
s u r f a c e  of t he  e a r t h  a t  r e l a t i v e l y  low temperatures  (50 t o  100°C). 
Bentoni tes  have l imi t ed  s t a b i l i t y  a t  e leva ted  temperatures ,  and t h e i r  
thermal s t a b i l i t i e s  are s t rong  func t ions  of imposed h y d r o s t a t i c  pressure ,  
chemical composition, and i o n i c  s t r e n g t h  of t he  groundwater. Weaver 
(1979) even contends t h a t  montmori l loni te  a l t e r a t i o n  can occur a t  tem- 
p e r a t u r e s  as low as 4OoC, based on observa t ions  of long-term d iagene t i c  
a l t e r a t i o n  of c l ays  i n  Gulf Coast sediments. 

High K+/Na+ r a t i o s  w i l l  a l s o  c o n t r i b u t e  t o  i n s t a b i l i t y  by promoting a l t e r a -  
t i o n  of montmori l loni te  t o  i l l i t e .  I l l i t e  would not  be a poor packing 
material, but its s w e l l a b i l i t y  and exchange capac i ty  a r e  lower than those 
f o r  montmoril lonite.  Reduction in s w e l l a b i l i t y  w i l l  r e s u l t  i n  g r e a t e r  per- 
meab i l i t y  of . t h e  b a c k f i l l .  Ch lo r i t e ,  which has  even less d e s i r a b l e  proper- 
t ies  than i l l i t e ,  may a lso  be formed as a by-product if magnesium or  i r o n  
( a s  would be present  f o r  t he  iron-bearing smec t i t e  c l ay  t h a t  has been pro- 
posed as a p o s s i b i l i t y  i n  a t u f f  r epos i to ry )  is r e a d i l y  a v a i l a b l e  when 
montmori l loni te  is a l t e r e d  t o  i l l i t e  . 
Apparently,  t h e  k i n e t i c s  of t he  var ious  poss ib l e  r eac t ions  are s e n s i t i v e  t o  
a number of condi t ions ,  and more c a r e f u l l y  con t ro l l ed  experiments a r e  
r equ i r ed  t o  f u l l y  eva lua te  the  behavior of sodium-bentonite f o r  r epos i to ry  
cond i t ions  . 
Aging is a d iagenet ic - l ike  process t h a t  can be defined as a series of reac- 
t i o n s  t h a t  t ake  p lace  i n  metastable  materials as they a r e  converted to  the 
lowest energy state (DOE 1981). Usually aging and mic ros t ruc tu ra l  changes 
involve  r e c r y s t a l l i z a t i o n  i n  amorphous phases such as  g l a s s e s ;  however, 
minera logic  aging of bentoni tes  may a l s o  occur. I n  view of the  slow reac- 
t i o n s  t h a t  a r e  f r equen t ly  involved i n  t h e  loss of hydrothermal s t a b i l i t y ,  
which leaves  minerals  i n  metastable  s t a t e s ,  t he  d i s t i n c t i o n  between the  two 
processes  can become b lur red  and somewhat a r b i t r a r y .  For ben ton i t e ,  aging 
mechanisms could inc lude  mineralogic  phase changes (e.g., c lay  d iagenes is  
hydra t ion  or  dehydrat ion,  l i t h i f i c a t i o n ,  and r e c r y s t a l l i z a t i o n ) .  
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Experiments have been conducted (WOOD 1983) in basalt/groundwater , bentonite/ 
groundwater, and basalt/bentonite/groundwater systems at 300°C and 300 bars. 
A reference Umtanum basalt, a Wyoming sodium bentonite, and a simulated 
Grande Ronde groundwater were used. No illite formation was observed, and 
Wood concluded that sodium bentonite would remain sufficiently stable at 
3OOOC under hydrothermal conditions in basalt to permit its use as a 
packing material. Based on the available information and the results of 
their work, Romarneni and White (KOMARNENI 1981b) and Sasaki (1982) also 
concluded that sodium bentonite would remain sufficiently stable up to 
3OOOC for use as a packing material. Further, more recent evidence for 
bentonite stability in hydrothermal experiments up to 3OOOC was reported 
by Couture (1984) and Peacor (1984). 

For the expected temperature and other conditions in a nuclear waste reposi- 
tory in basalt, it seems unlikely that mineralogic alterations could occur 
that would significantly degrade the packing performance; however, there is 
concern as to whether the available results are sufficient for long-term 
predictions with reasonable certitude. Concern has been expressed that 
insufficient experimental data are presently available to make reliable 
predictions about the kinetics of conversion of pure sodium montmoril- 
lonite t o  mixed layer clays, mainly because the experiments may have been 
too short to allow some of the possible alteration products to form in 
measurable quantities because of the sluggish kinetics. Eastwood (1983) 
is generally in agreement with this position and also points out that Wood 
(1983) apparently failed to recognize the possible importance of the 
nonswelling and nonsorption transformation products, such as albite and 
paragonite, that were detected in the experiments. Longer-term experi- 
ments seem necessary to resolve these concerns. 

B.3.1.3 Chemical Poisoning or Chemically Induced Mineralogic Changes 

Chemical poisoning of the packing would degrade radionuclide sorption capa- 
bility and, possibly, the chemical conditioning of the groundwater. 
Possible mechanisms for this chemical degradation mode include: ion- 
exchange saturation or overload, precipitation, oxidation or reduction of 
chemical species, and formation of complexes . Physical mechanisms, such as 
pore plugging by precipitation or by particulates or colloids and micro- 
structural changes with aging, can also decrease the sorption capability. 
If these reactions occur prior to the presence of radionuclides, the 
result is nearly always detrimental. However, when reactions involving 
radionuclides, such as precipitation, trapping, or fixation in the packing 
material matrix, permanently occur, these irreversible processes represent 
an enhancement of the sorption process. 

The chemical composition of and the concentration of chemical species in 
the leachant, pH, redox conditions, temperature, radiation dose rate and 
cumulative dose, pressure, and time obviously affect the possible reaction 
mechanisms- The redox conditions around the waste package are particularly 
important for a number of nuclides; different oxidation states of an ele- 
ment can result in significantly different distribution coefficients (e.g., 
Np3+ and Np5+; Tc4+ and Tc7+). 
i f  it occurs, could be similar to that caused by chemical poisoning. 

The effect of interbarrier interaction, 
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The p o t e n t i a l  for many chemical r eac t ions  between the groundwater and 
packing material is very high. 
t h e s e  r eac t ions  and the unknown s y n e r g i s t i c  e f f e c t s ,  long-term p red ic t ions  
r e q u i r e  a d d i t i o n a l  information. 

In view of the slow k i n e t i c s  of many of 

B.3.1.4 S e l e c t i v e  Disso lu t ion ,  o r  Leaching, of the Packing Mater ia l  

S e l e c t i v e  d i s s o l u t i o n ,  o r  leaching, may r e s u l t  i n  p a r t i a l  removal of spe- 
c i f i c  packing components and con t r ibu te  t o  degradat ion of t he  hydrologic 
and s o r p t i o n  func t ions  of the packing, as w e l l  as cause adverse chemical 
condi t ion ing  of t he  groundwater . 
The primary va r i ab le s  c o n t r o l l i n g  s e l e c t i v e  d i s s o l u t i o n ,  or leaching, of 
t h e  packing material include: temperature, leachant composition, flow 
rate, material p a r t i c l e  s i z e ,  pH, redox condi t ions ,  and t i m e .  

Leach rates are gene ra l ly  increased  by inc reas ing  the temperature and the 
leachant  flow ra t e .  Low flow-r.ate condi t ions  decrease the leach r a t e  by 
al lowing the concent ra t ion  of d i sso lved  spec ie s  t o  bui ld  up, thus hin- 
de r ing  f u r t h e r  d i s so lu t ion .  Decreasing the p a r t i c l e  s i z e  of the packing 
material inc reases  the  su r face  area t h a t  is exposed to  the  leachant and 
may inc rease  the leach  rate. 
reduce the permeabi l i ty  and thus decrease the leach r a t e .  The pH is a 
major f a c t o r  i n  the s t a b i l i t y  of the a luminos i l i ca t e  phases s ince  it 
s t r o n g l y  a f f e c t s  t he  s o l u b i l i t i e s  of both s i l i c o n  and aluminum. The s t a -  
b i l i t y  of bentoni tes  is adversely a f f e c t e d  by both very low and very high 
pH l e v e l s ;  the low l e v e l  favors  the formation of k a o l i n i t e ,  while the very 
high l e v e l ,  coupled with high concent ra t ions  of a l k a l i  o r  a l k a l i n e  e a r t h  
metals, favors  the formation of z e o l i t e s  or f e ldspa r s  - a l l  a t  the expense 
of montmorillonite (WHEELWRIGHT 1981). 

Conversely, the decreased p a r t i c l e  s i z e  may 

B.3.1.5 Radiat ion Ef fec t s  

The most i n t e n s e  r a d i a t i o n  f i e l d  i n  t h e  packing ma te r i a l  r e s u l t s  from gamma 
rays  produced by r e l a t i v e l y  shor t - l ived  f i s s i o n  products (p r imar i ly  7Cs) 
t h a t  w i l l  e s s e n t i a l l y  have decayed away i n  300 years.  Neutron r a d i a t i o n  is  
i n s i g n i f i c a n t ,  and a lpha  and beta rays w i l l  be absorbed within the c a n i s t e r  
p r i o r  t o  a breaching event. Once leaching of the waste form begins, the 
packing w i l l  a l s o  experience some alpha and beta r a d i a t i o n  from the 
rad ionucl ides  contained i n  the leachate.  

These ion iz ing  r a d i a t i o n s  may degrade t h e  performance of the packing 
material by d i r e c t  damage of t he  c r y s t a l  s t r u c t u r e  and by r a d i o l y s i s  of 
t h e  water contained i n  the bentoni te  or o the r  packing mater ia l .  The pre- 
ponderance of t he  r a d i a t i o n  dose w i l l  come from the gamma rays p r i o r  t o  a 
breach event;  the a d d i t i o n a l  e f f e c t  of alpha and beta r a d i a t i o n  a f t e r  a 
breach can only be minor i n  comparison. Although s t r u c t u r a l  damage from 
gamma r a d i a t i o n  is usua l ly  minor i n  s i l icate  o r  a luminos i l i ca t e  minerals 
(WHEELWRIGHT 1981), high gamma-ray doses could cause damage t o  the c r y s t a l  
s t r u c t u r e ,  which could enhance the degradat ion processes. Since the 
h ighes t  gamma-ray f l u x  w i l l  coincide with the  highest  temperature, some of 
t h e  s t r u c t u r a l  damage w i l l  be annealed out. The c r y s t a l  s t r u c t u r e  damage 
could,  i n  theory,  a f f e c t  s o r p t i v e  capac i ty ,  permeabili ty,  p l a s t i c i t y ,  
swel l ing  pressure ,  and thermal conduct iv i ty  of the bentoni te .  
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Radiolysis  of the water produces H2 and 02, along with some o ther  poss ib le  
chemical spec ies  t h a t  change the pH and redox condi t ions.  Such changes 
could conceivably affect both the  s o r p t i v e  capac i ty  and the chemical 
s t a b i l i t y  of the  packing materials. 

I f  a i r  is f r e e  t o  d i f f u s e  o r  move through a repos i tory ,  a s i g n i f i c a n t  
amount of HNO3 may be generated. I r r a d i a t i o n  of a i r  produces oxides of 
ni t rogen.  Nitric ac id  is formed i n  the  presence of l i q u i d  water vapor, 
and n i t r a t e s  a r e  formed i n  t h e  presence of water vapor and bases (COUTURE 
1984). The poss ib le  production of n i t r ic  ac id  i n  a r epos i to ry  has been 
considered based on l i t e r a t u r e  da ta  (STEINDLER 1984), and t h i s  s tudy should 
be examined f o r  a d e t a i l e d  d iscuss ion  of the  r a d i o l y t i c  chemistry of ni.tro- 
gen. More recent  experiments a t  2OO0C appear t o  confirm the breakdown of 
montmoril lonite i n  ac id  so lu t ion ,  and it was concluded t h a t  the amount of 
a c i d  produced may be s u f f i c i e n t  t o  adversely a f f e c t  the s t a b i l i t y  of mcmt- 
m o r i l l o n i t e  i n  packing material (COUTURE 1984). 

Since r ad ia t ion  can a f f e c t  the chemical reac t ions  and mineralogy, i t  can 
be of importance i n  long-term predic t ions  of the  packing behavior. 
However, t he  cur ren t  concept f o r  a waste package u t i l i z i n g  r e l a t i v e l y  
t h i c k  steel overpacks i n  r e p o s i t o r i e s  i n  basa l t  and salt  w i l l  considerably 
m i t i g a t e  the  e f f e c t s  by reducing t h e  gamma dose rate by an order  of =pi- 
tude ( p r i o r  t o  l a rge  metal l o s s  by corrosion) .  
h igher  around the  nonoverpacked waste c a n i s t e r  i n  t u f f ,  but the  e f f e c t  of 
r a d i a t i o n  is not as important i n  t h i s  case. 

Radiation doses w i l l  be 

B.3.2 Physical  o r  Mechanical Fa i lu re ,  o r  Degradation, Modes 

Phys ica l  o r  mechanical f a i l u r e ,  o r  degradat ion,  modes include: (1) hydro- 
l o g i c  e ros ion ,  (2 )  cracking or  f i s s u r i n g ,  ( 3 )  de t r imenta l  changes t o  
mechanical p rope r t i e s ,  and (4)  inadequate swel l ing of bentoni te  o r  o the r  
packing mater ia l .  

B.3.2.1 Hydrologic Erosion 

Hydrologic, or hydraul ic ,  e ros ion  is a physical "washaway" of the packing 
material. In  order  f o r  t h i s  type of f a i l u r e  to  occur,  the flow r a t e s  
would have t o  be increased beyond t h a t  expected f o r  the  reg iona l  hydro- 
logy. Thus, hydraul ic  e ros ion  could r e s u l t  from a change i n  the reg iona l  
hydrology or  i n t rus ion  by man. 

B.3.2.2 Cracking or  F issur ing  

Cracking or  f i s s u r i n g  could occur by drying a f t e r  some degree of s a t u r a t i o n  
of the  bentoni te  or  o ther  packing mater ia l .  
occurs ,  cracking could happen when drying begins a f t e r  i n i t i a l  swel l ing 
from water absorpt ion,  with subsequent shrinkage of the bentoni te .  However, 
continued wet/dry cycl ing is not a c red ib l e  scenario.  
be v i sua l i zed ,  and it is discussed below, 

If continued wet/dry cycl ing 

Only one cycle  can 

A cracking scenar io  suggested by Siskind (1982) concerns the  emplacement 
of bentoni te  i n  a p a r t i a l l y  hydrated condition. I n i t i a l l y ,  heat  from the 
waste may reduce the water content and cause cracking. This poss ib le  rnode 
of f a i l u r e  should be of l imi ted  importance, however, s ince  the  presence of 
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groundwater would even tua l ly  cause rehydra t ion  and c losu re  of the  cracks 
by swel l ing  p r i o r  t o  a breach of t he  waste canister. 

B.3.2.3 Detr imental  Changes t o  Mechanical S t rength  of Packing 

Exceeding t h e  l i q u i d  l i m i t  of ben ton i t e  by absorp t ion  of groundwater could 
a f f e c t  t he  c a p a b i l i t y  of t he  packing f o r  mechanically suppor t ing  the  waste 
con ta ine r .  As t he  l i q u i d  l i m i t  is exceeded and the  shear  s t r e n g t h  
approaches zero ,  t h e  waste con ta ine r  could s i n k  t o  the  bottom of the  
emplacement hole ,  or segrega t ion  of t h e  basa l t -bentoni te  packing could 
occur  and compromise the  rad ionucl ide  containment func t €on . 
t h i s  s cena r io  t o  occur ,  it appears t h a t  s u f f i c i e n t  water f o r  "washout" 
should be ava i l ab le .  

I n  order  f o r  

B.3.2.4 

The primary func t ion  of t h e  packing is t o  i n h i b i t  water access  t o  the 
overpack. As bentoni te  absorbs water, swel l ing  occurs  and the  permeabil- 
i t y  and p o r o s i t y  are reduced. With an i n i t i a l l y  dense bentoni te -basa l t  
mixture ( o r  o the r  swel l ing  c l a y  and rock mixtures) ,  t h e  swel l ing  pressure  
t h a t  can develop w i l l  t h e o r e t i c a l l y  seal cracks i n  the  rock immediately 
surrounding the  waste package and reduce the  permeabi l i ty  and po ros i ty  of 
t h e  packing t o  very low values .  The previous concept f o r  d i sposa l  i n  
b a s a l t  t h a t  u t i l i z e d  a 25% bentonit+75% b a s a l t  mixture with an est imated 
50% voids after a pneumatic emplacement may not be adequate a t  the  
expected temperatures  s i n c e  the  ben ton i t e  would need t o  expand by a f a c t o r  
of 4 t o  reduce the  po ros i ty  and permeabi l i ty  t o  t h e  very low value t h a t  i s  
assumed f o r  d i f  fus ion-cont ro l led  t r a n s p o r t  through the  packing. It is not 
clear t h a t  a s i g n i f i c a n t  swel l ing  p res su re  can develop f o r  such an 
emplaced mixture based on t h e  ex tens ive  information developed by Pusch 
(1979 and 1980). More recent  experimental  work by Westsik (1983b), 
however, i n d i c a t e s  t h a t  s u f f i c i e n t  swel l ing  pressures  may develop f o r  such 
a design. Such concerns i n  regard t o  adequate swel l ing  and d i f f i c u l t y  of 
ensur ing  adequate pneumatic emplacement were apparent ly  ins t rumenta l  i n  
developing the  cu r ren t  concept t h a t  u t i l i z e s  preformed, compacted packing. 

Concern as t o  t h e  e f f i c a c y  'of bentoni te  packing has a l s o  been expressed i n  
reviews by So0 (1984) and Peacor (1984). Peacor po in t s  out t h a t  i n  order  
t o  have a very low poros i ty  packing it is necessary t o  have a high 
p ropor t ion  of c l ay  minerals  forming, when compacted, a continuous s t ruc-  
t u r a l  network. Consequently, Peacor concluded t h a t  i t  is e s s e n t i a l  f o r  
packing materials t h a t  inc lude  c lays  t o  have (1) a high propor t ion  0 5 0 % )  
of c lay ;  (2) a low propor t ion  of g ranu la r  material (e.g., b a s a l t  which 
should be as fine-grained as poss ib l e  s ince  l a r g e  nonclay g ra ins  i n t e r r u p t  
t h e  c l a y  network); and (3) a high degree of compaction. The conclusion by 
Peacor t h a t  75% c lay  may be requi red ,  along with the r e s u l t s  of Couture 
(1985) (see Sect. B.3.1.1 f o r  a d i scuss ion ) ,  c r e a t e s  doubt about the  e f f i -  
cacy of t he  preformed, compacted packing i n  the  cu r ren t  concept s ince  the 
use  of only 15% bentoni te  is an t i c ipa t ed .  
f o r  the  adequacy of the  packing, i f  considered necessary,  f o r  d i sposa l  i n  
t u f f  s i n c e  the  bentoni te  content  is proposed t o  be only 5 t o  15%. 

P o t e n t i a l  Design Inadequacies of t he  Packing 

A similar concern can be expressed 

I n  t h e  earlier BWIP des ign ,  t he  uncompacted dens i ty  of the  packing when 
s a t u r a t e d  with w a t e r  will be less than 1.75 t / m 3  - the  lower l i m i t  of t h e  
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s u i t e  of d e n s i t i e s  of compacted, water-saturated bentoni te  f o r  which 
(1980) determined swel l ing pressures .  He found t h a t  swel l ing pressurl 
very s e n s i t i v e  func t ion  of the bulk dens i ty ,  degree of s a t u r a t i o n ,  an! 
t i c u l a r  p rope r t i e s  of the  bentoni te .  In add i t ion ,  Pusch (1980) estim* 
t h a t  a temperature increase  t o  70'C reduces the  pressure t o  -50% of t 
value at  20'C. 

I n  es t imat ing  swel l ing pressures  f o r  s a tu ra t ed  bentoni te  with d e n s i t i  
<1.75 t / m 3 ,  Pusch (1980) r e i n t e r p r e t e d  (method undescribed) the da ta  
(presumably f o r  20 or  25OC) f o r  pure montmoril lonite g e l s  from 35 d i f  
l oca t ions  ( sa tu ra t ed  d e n s i t i e s  from ' 3 t o  1.65 t/m3) obtained by Low 
Pusch concluded t h a t  t he  f r e s h  water-saturated MX-80 bentoni te  ( t h e  t 
used i n  the  Pusch experiments),  expanded t o  give a dens i ty  of 1.3 t / m  
produces a swel l ing pressure of not less than 0.1 MPa a t  room tempera 
In  the  experiments conducted by Low (19801, t h e  water content at  equi  
was determined f o r  the clay-water mixture as a func t ion  of appl ied pr  
These da ta  were used t o  develop a genera l  empir ica l  equation i n  which 
swel l ing  pressure depends exponent ia l ly  on the  water content and a pa 
eter t h a t  w a s  an empir ical  l i n e a r  func t ion  of t he  s p e c i f i c  sur face  ar 
t h e  c a t i o n  exchange capaci ty  of the montmoril lonite.  Addi t iona l ly ,  t 
d a t a  were used t o  develop semiempirical  equat ions i n  which the  s w e l l i  
p ressure  depended exponent ia l ly  on the  d is tance  between the superimpo 
l a y e r s  of montmoril lonite,  which is a func t ion  of the  sur face  charge 
s i t y  of the  montmorillonite. I n  view of the  assumptions made i n  deve 
these  low-density equat ions,  t he  app l i ca t ion  t o  a repos i tory  may give 
t o  a l a r g e  uncer ta in ty  because of t he  d i f f i c u l t  mechanism involved i n  
s a t u r a t i o n  of the bentoni te  and development of the swel l ing pressure.  
add i t ion ,  swel l ing pressure has been shown t o  decrease s i g n i f i c a n t l y  
r i s i n g  temperatures and t o  be a r a t h e r  s e n s i t i v e  func t ion  of the p a r t  
kind of bentonite.  In  the  more recent  experiments by Westsik (1983b) 
swel l ing  pressures  of 5 t o  7 MPa developed f o r  pure sodium bentoni te  
an as-pressed dens i ty  of 1.7 t / m 3 .  It is d i f f i c u l t  t o  put a lower li 
t h e  packing dens i ty ,  but d e n s i t i e s  >2 t / m 3  seem t o  be des i rab le .  

I n  view of t he  cur ren t  information, experiments more r ep resen ta t ive  o 
r epos i to ry  condi t ions w i l l  be required before i t  can be assumed t h a t  
t o n i t e  w i l l  perform as genera l ly  an t i c ipa t ed .  

B.4 SUMMARY OF THE IDENTIFICATION AND PRIORITIZATION OF FAILURE MODE 

The purpose of t h i s  s ec t ion  is t o  summarize the  r e s u l t s  and eva lua t io  
discussed i n  the  preceding sec t ions .  To f a c i l i t a t e  t h i s  goal ,  four  s 
t a b l e s  (Tables B.3  through B.6) have been prepared t o  present  t he  f a i  
modes and aspec ts  of t h e i r  p r i o r i t i z a t i o n  in a condensed form. Each 
these  t a b l e s  has the  same general  format,  which is defined,  from l e f t  
r i g h t ,  as  follows: 

1. Fai lure/degradat ion mode - a shor t  phrase iden t i fy ing  each f a i l u r i  
mode considered. 

2. Descript ion - a shor t  desc r ip t ion  of the  e f fec t /process  involved 
i n  the subjec t  f a i l u r e  mode. 
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3. Limiting environmental condi t ions - the  minimum repos i tory  con- 
d i t i o n s  necessary f o r  the subjec t  f a i l u r e  mode t o  proceed; can be 
viewed as a threshold f o r  the f a i l u r e  mode. 

4. Contro l l ing  environmental condi t ions - the  repos i tory  condi t ions 
t h a t  con t ro l  the  rate, or  ex ten t ,  of the subjec t  f a i l u r e  mode. 

5 .  Major i n t e r a c t i o n s  - i d e n t i f i c a t i o n  of the  p o t e n t i a l  i n t e r a c t i o n s  
(synergisms) between f a i l u r e  modes t h a t  might s i g n i f i c a n t l y  reduce 
t h e  package l i f e t ime .  

6 .  P r i o r i t y  and r a t i o n a l e  - statement of the  assigned p r i o r i t y  and the  
r a t i o n a l e  f o r  the  assignment. The time frame considered is  
10,000 years.  The p r i o r i t y  scheme employed is as  follows: 

a. Dominant - a  f a i l u r e  mode t h a t  w i l l  c l e a r l y  be important and 
for which the re  are no major competing f a i l u r e  modes. 

b. Sign i f i can t  - a f a i l u r e  mode t h a t  w i l l  be important,  but a t  the  
same t i m e  there  are o ther  f a i l u r e  modes of similar importance. 

C. I n s i g n i f i c a n t  - a f a i l u r e  mode which cannot occur or  which 
has  a r e l a t i v e  p robab i l i t y  so low t h a t  i t  is not important 
compared t o  other  f a i l u r e  modes . 

d. Unknown - a f a i l u r e  mode i n  which the  answer to  a c r i t i c a l  
ques t ion  was required f o r  r e so lu t ion  and the answer could 
not  be determined; the  nature  of the  quest ion is i d e n t i f i e d  
below. 

7. Fa i lu re  mode models - i d e n t i f i c a t i o n  of e x i s t i n g  models which 
purport  t o  analyze waste packages with respect  t o  the sub jec t  
f a i l u r e  mode. 

8. Major unknowns - i d e n t i f i c a t i o n  of quest ions t h a t  should be 
resolved t o  f u l l y  address the  importance of the subjec t  f a i l u r e  
mode (always used i f  an unknown p r i o r i t y  w a s  assigned).  

It should be noted t h a t  the i d e n t i f i c a t i o n  of major i n t e r a c t i o n s  only 
inc ludes  the  synergism between the  e f f e c t s  of the f a i l u r e  modes (i.e., 
cor ros ion  weakening the package components s u f f i c i e n t l y  so  t h a t  they f a i l  
by d u c t i l e  rupture) .  It does not account f o r  second-order, but p o t e n t i a l l y  
important , e f f e c t s  such as  the  e f f e c t s  of corrosion products on corrosion 
rates o r  heat  t r ans fe r .  

As a f u r t h e r  summary a id ,  the  f a i l u r e  modes assigned dominant, s i g n i f i c a n t ,  
o r  unknown p r i o r i t i e s  are summarized i n  Table B.7 .  



'Tabla 11.3. Summary of characreriaation and prioritization of overpack and canister thermlluchanical failure m d e s  

Specif ic Failure m d e  Lilltting Controlling Hsjor interactions 
failure m d e  b j o r  priority and environmental environmental with other 

Failure m d e  DescriDtlon conditions conditione failure a d e s  rationale models unknouns 

Yielding Permanent deformation 
caused by stresses 
exceeding yield point 

1. Applied stress 
greater than 
yield stress 

I .  Temperature 
2. Pressure 
3. Rock plasticity 

I. Would be affected 
by prior weakening 
m d e s  
2. Hay affect over- 
pack and packing 
performance 

1. Would be affected 
by prior weakening 
modes 

overpack and pck- 
ing performance 

2. Would affect 

Insignif icaot ; 
other failure 
w d e s  !sill 
dominate. 
Yielding not a 
breach failure 

Significant likely 
after overpack 
has been suffi- 
ciently wakened 
by ocher mdea 

WAPPA None 
BARIER 

Ductile rupture Applied force suffl- 
clenc to ruptuKe or 
tear Detal uhile in 
a ductile state 

I. Applied shear 
atrese graarer 
then ultimate 
strength 

ductile-brittle 
transition 

2. Temperature above 

1. Temperature 
below ductile- 
brittle transition 
2. Tensile stress 
>35 ma 

1 a Temperature 
2. Differentisl 

pressure 
3. Rock plasticity 

None Potential 
identified existence 

of severe 
tectonic 
shearing 
stresses 

Brittle fracture Rapid propagation 
of a crack across a 
stressed Detallic 
component 

1. Temperature 
2. Pressure 
3. Rock planticity 

I. Would affect 
overpack and pack- 
ing performance 

Insignif icent ; 
proper choice of 
steel w i l l  ellmi- 
nate brittle frac- 
ture possibility 

UAPPA None 

Fatigue - high 
cycle, l o w  cycle, 
thermal. corrosion. 
and fretting 

Metal fractures or 1. Excessive number I .  Temperature 
2, Temperature changes 
3. Pressure 
4. Pressure changes 
5. Corrosive conditions 

I. Would be affected 
by prior weakening 
modes 

overpack and pack- 
Ing performance 

2. Would affect 

None 

Insignificant; s 
scenario involvini 

None 
identified 

None 
ruptures after repeated of cycles of 
cycling through P stresses OK serains 
stress range 2. Excessive stress 

sufficient cycles- 
through a sufficient 
stress range is not 
credlhle 

Insignif icsnt ; None None 
temperatures and identified 
stresses are insuf- 
ficient to produce 
tertiary creep by 

Creep (also scress 
rupture. an accel- 
erated creep test 
to rupture) 

Creep under scress 1. Temperature and 
through tertiary or stress > that is 
accelerating creep required to produce 

tertiary creep 

1. Temperature 
2. Pressure 
3. Rock planticity 



Table 8.3 (Continued) 

Failure mode DescriDt ion 

Limiting 
environmental 
conditions 

Controlling 
environ.enta1 
conditions 

Major interactions Pailure m d e  
priority and 

failure @des rat ionala 
with other 

Specif ic 

models 
failure mode Major 

u n k n o n, s 

Thermal relaxation Preload stress needed 
to carry  a load is 
relieved during 
operat ion 

I. Excessive stress 
and deformation 

Spalling Sudden chipping 
fragmentation. or 
flaking of aaterial 

I. Shock waves 

Buckling Failure occurs when 
the deflections of a 
member became too 
large for structural 
stability 

Creep buckling Failure occurs after 
creeping lncreasea 

I. Critical loading 
for buckling is 
exceeded 

1. Critical loading 
for bucklinn is 

deflections to paint of exceeded - 
structural instability 2. Temperature and 

stress greater than 
that required to 
produce tertiary 
creep 

1. Temperature None 
2. Pressure 
3. Pressure changes 
I .  Temperature changes 

1. Shock waves None 

1. Temperature None 
2. Stress distribution 

1. Temperature None 
2. Stress distribution 

Insignificant; the 
need for pre-load 
design requirements 
cannot be visualized 

lnaignificant; shock 
waves sufficient to 
cause letallic 
spelling of ductile 
material cannot be 
visualized 

Possibly significant after 
severe degradation. 
Buckling of the relatively 
short cylinders cannot 
occur until metal is thin 
and some glass (or SF) has 
been leached; wrinkling of 
TiCode-12 clad is possible 
if not properly installed 

Insignificant; large 
creep deformations for 
metala at expected temp- 
erature and stresses 
cannot be visualized 

None None 
identified 

None None 
identified 

None None 
identified 

None None 
identified 

aCarbon steel. 
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Reduce b e d  c ~ r r y I n %  
a b l l f t y  of overpack 
U y  lead to inter- 
granular scc 

Inel8nlfleanl; u n l l k e l y  b r a d  
on present use of d.c. and 
repoeltary drplh 
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' I , ~ I , I ~  1s.5. SumplarY of characterization and prioritization of waste form degradation modes 

Limiting Controlling Failure lode Specific Major interactions 
failure mode Hajor environwntal envifonwntal with other priority and 

Degradation mode Description conditions conditions failure modes models unknowns rationale 

Matrix dissolution 
(also called corro- 

1: sion and leaching) 

Matrix dissolution is 
the physical removal 
of material at exposed 
surf ace 

1. Local water 
unsaturated with 
respect to matrix 
material 

2. Water in contact 
with waste form 

1. Temperature 
2. Local water 
composition. pH. 
Eh, and ionic 
strength 
3. Local water 
flux 

1. Effect of 
leachate on 
corrosion of 
other materials 
2. Local water 
containing leachate 
can affect sorptive 
properties of 
backfill 

Hydrarion (not 
applicable to 
S . F . )  

Devitrification 
(not applicable 
to S.F.) 

Hadiat ion 
enhancemnt 
of leach rates 

Zircaloy cladding 
failure (not 
applicable to 
glass waste) 

Penetration of water 
molecules into glass 
structure creating 
gel layera that cause 
swelling and cracking 

Water in contact 
with waste form 

I .  Temperature 
2. Local water 
composition. pH. 
Eh, and ionic 
strength 

f l u x  
3. Repository water 

Affects m a t r i x  
dissolution and 
nuclide diffusion 
within the glass 

The formation of 
crystals from atomic 
rearrangement in the 
glass marrix 

Radiation damage to 
the glass matrix can 
increase leach rate 
or affect leachant pW. 
No significant effect 
on S.F. since it has 
been damage saturated 
in reactor 

Zircaloy cladding of 
fuel pellets suhjecr 
to frl lure from stress 
corrosion cracking and 
hydrogen embrittlement 

I .  Temperature 

I. Presence of' 

2. Water in contact 
radiation 

with waste form 

I .  Hydrogen present 
2. Coupling with a 
more noble mtal 
can polarize Zr  
into the cracking 
potential range 

I. Temperature; 
below 5OO0C the 
devitrification 
rate is very low 

1. Dose rate 
2. Curnulatiwe dose 

I. Hydrogen partial 

2. Temperature 
pressure 

Devit ri f icat ion 
causes an increase 
in matrix disso- 
lution 

Could increase 
matrix dissolution 

Cladding will 
increase the 
time before 
leaching begins 

Dodnan t ; 
eventually, all 
barriers must 
fail and allow 
leaching of 
waste form 

Insignificant; 
the effect is 
included in 
leach rate 
determinations 

Significant; 
data indicates 
increased leach 
rates by factors 
of 2 to 10 

Insignificant; 
consensus seems 
to be from a 
small effect to 
a maximum of s 
factor of 2 on 
the leach rate for 
borosilicate glass 

Unknown; Cladding 
could significantly 
increase time 
before leaching. 

The effect of 
cladding has been 
ignored in past 
performance assess- 
ments which is 
conservative. 

WAPPA None 
BAR1 ER 

None None 
identified 

None None 
identified 

None None 
identified 

None Long-term 
identified behavior 

of zircaloy 
cladding i n  
repository 



I . tb 'r  8 . 6 .  S u u r y  of c h a r a c t e r i r n t l o n  and p r l o r l t i r a t i o n  of pactfop rtari.1 d e g r r d a t l m  modead 

Limltlng Lontro l l lng  M J o r  In te rac tLma Pmilur. o d e  S e c l f l c  
e n v i r o n w s t a l  a n v l r o n m n t a l  with 0th.~ p r l o r i t y  n d  falfura o d e  Major 

unknowns - Degradation a d e  Drscript1an condi t ions  condi t ions  f a l l u r e  -des r a t i o n a l e  models 

Vlagenetlc-like Includes a l l  mineral None 
changes alterations a8 the 

r e s u l t  of ehenlcal 
and physical geo- 
chelnl ca I react Ions 

1. Temperature 
2. Pressure 
3. Uster 

c h a r a c t e r i s t i c s  

I .  Temperature 
2. Pressure 
3. Water 
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Table B.7. Summary of dominant, significant, and unknown waste package failure, or 
degradation modes, for materials used in rep.ositories in basalt, tuff, 
and salt 

Failure/degradation modes 
Package 
component Dominant Significant Unknown 

Overpack Ductile rupture (all) 
General corrosion (steel) Crevice corrosion (Ticode-12) 
Stress-corrosion cracking 

Pitting corrosion 

Hydrogen attack (steel) 
Hydrogen embrittlement 

(all) 

(steel and stainless steel) 

t ticode-12) 

Waste form Matrix dissolution Devitrification (glass) 

Packing Inadequate swelling Diagenetic-like changes 
Chemical degradation 
Selective dissolution 
Radiation effects 
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APPENDIX C 

IDENTIFICATION AND PRIORITIZATION OF SIGNIFICANT 
REP 0 S IT0  RY ENVIRONMENTAL PARAMETERS 

The cond i t ions  t h a t  exist in  a waste r e p o s i t o r y  can be c l a s s i f i e d  i n t o  
environmental  parameters t h a t  are necessary  i n p u t s  t o  the  performance 
assessment  of t he  repos i tory .  Environmental parameters have been pre- 
v i o u s l y  i d e n t i f i e d  and Estimated f o r  t y p i c a l  r e p o s i t o r i e s  i n  salt f o r  com- 
mercial and defense high-level wastes and spent  f u e l  (RRCIWG 1983 and 
SASTRE 1986) . These parameters inc lude  temperature  pressure ,  groundwater 
c h a r a c t e r i s t i c s ,  and r a d i a t i o n  f i e l d s .  They are shown i n  Tables  B.1 through 
B.4 i n  r e l a t i o n  to  t h e  va r ious  f a i l u r e  and degrada t ion  modes of a waste 
package. 

I n  ranking these  parameters i n  o rde r  of importance,  t h e  more c r i t i c a l  param- 
eter w a s  determined based on t h e  fol lowing cons ide ra t ions :  (1) e f f e c t s  on 
t h e  l i f e  of the  waste package, ( 2 )  e f f e c t s  on rad ionucl ide  release, ( 3 )  
e f f e c t s  of t he  degree of unce r t a in ty  of t h e  va lues  of t h e  parameters on 
t h e  performance assessment of t h e  waste package, and (4) design con t ro l l a -  
b i l i t y  of t he  va lues  of t he  parameters i n  t h e  engineered b a r r i e r  system. 
Even though the  environmental  parameters are not completely independent of 
one another ,  they are usua l ly  t r e a t e d  as decoupled - a q u i t e  reasonable  
approach i n  most cases. For example, t he  water q u a n t i t y  and flow rates 
can in f luence  the temperature;  the  temperature and r a d i a t i o n  f i e l d s  can 
a f f e c t  t he  water chemistry;  and t h e  temperature  determines water vapor 
p re s su re  and in f luences  thermal stress and waste package and rock defor- 
mations.  I n  tu rn ,  t he  pressures  and thermal stresses i n  the  rock can 
a f f e c t  water flow rates i n  t h e  v i c i n i t y  of t h e  waste package and i n  the  
packing. I n  a d d i t i o n  t o  these  i n t e r r e l a t i o n s h i p s ,  de te rmina t ion  of the  
importance of each parameter with r e spec t  t o  a s ses s ing  waste package per-  
formance involves  both s i t e  s e l e c t i o n  and r epos i to ry  des ign ,  which 
r e f l e c t s  t h e  degree of understanding of the  p o t e n t i a l  mechanisms leading  
t o  inadequate  performance and t h e i r  con t ro l  o r  mi t iga t ion .  For example, 
temperature  might be considered t h e  most c r i t i ca l  parameter because of i t s  
obvious s t rong  in f luence  on co r ros ion  rates (which determine c a n i s t e r  
l i fe t ime) ,  ma t r ix  d i s s o l u t i o n  l each  and rad ionucl ide  d i f f u s i o n  rates (which 
determine the  upper l i m i t  of rad ionucl ide  release r a t e s ) ,  and thermal 
stresses (which in f luence  permeabi l i ty  of t h e  country rock and water 
access) . However, design c o n t r o l  of temperature i s  s t r a igh t fo rward  s ince  
t h e  c a n i s t e r  and areal thermal loadings  can be ad jus ted  t o  l i m i t  tempera- 
t u r e s  t o  t h e  des i r ed  va lues  based on p red ic t ions  using va l ida t ed  heat-  
t r a n s f e r  models. I n  add i t ion ,  t hese  temperature p red ic t ions  f o r  t h e  near  
f i e l d  can be confirmed i n  a few years  a f t e r  waste emplacement and p r i o r  t o  
r e p o s i t o r y  sea l ing .  

Under a n t i c i p a t e d  condi t ions ,  t he  maximum pressure  exer ted  on t he  over- 
packed c a n i s t e r  i n  the  f i r s t  few thousand years  w i l l  probably be between 
h y d r o s t a t i c  and l i t h o s t a t i c  f o r  t h e  J3anford.s i te  and c l o s e  t o  atmospheric 
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f o r  the Yucca Mountain site. A salt r e p o s i t o r y  should a t t a i n  l i t h o s t a t i c  
p re s su re  i n  a few t ens  of years  a f t e r  an i n i t i a l  i n c r e a s e  around the  
c a n i s t e r  t h a t  could exceed l i t h o s t a t i c  because of thermal stress. These 
thermal stresses could a l s o  a i d  i n  promoting b r i n e  migra t ion  along g r a i n  
boundaries i n  a d i r e c t i o n  away from t h e  waste package (see Sect.  A . 3 . 4 . 4 ) .  
The p res su re  ranges t o  be expected should p re sen t  no s i g n i f i c a n t  design 
problems and should not exert a s t r o n g  i n f l u e n c e  on the  performance of a 
waste package designed t o  wi ths tand  the  p re s su re  developed. 

The major e f f e c t  of r a d i a t i o n  w i l l  be t h e  changes i n  water chemistry as 
t h e  r e s u l t  of r a d i o l y s i s  and, as such, could be considered a subse t  of t h e  
groundwater c h a r a c t e r i s t i c s .  The r a d i a t i o n  f i e l d  w i l l  be c o n t r o l l e d  by 
t h e  canister loading  and overpack des ign  and can be e a s i l y  and a c c u r a t e l y  
measured . 
The groundwater c h a r a c t e r i s t i c s  ( f low rate, composition, pH, and redox 
c o n d i t i o n s )  have a l a r g e  e f f e c t  on t h e  mechanisms and rates of co r ros ion  
and on the  waste leach  rates. In  view of t he  p o t e n t i a l  e f f e c t s  of reac- 
t i o n s  between the  groundwater and r e p o s i t o r y  conten ts  on t h e  groundwater 
c h a r a c t e r i s t i c s ,  the long-term p r e d i c t i o n  of t h e  co r ros ion  and l each  rates 
probably p re sen t s  the  g r e a t e s t  u n c e r t a i n t y  i n  p red ic t ing  the  performance 
of  t h e  waste package. 

A s  a consequence of t h e  previous d i scuss ion  and our d e f i n i t i o n  of c r i t i c a l  
parameter ,  we rank the  environmental  parameters i n  descending o rde r  of 
importance as follows: (1) groundwater c h a r a c t e r i s t i c s  ( inc lud ing  flow 
rate),  (2) temperature ,  ( 3 )  r a d i a t i o n  f i e l d ,  and ( 4 )  pressure .  

S a s t r e  and co-workers (SASTRE 1986) also recognize t h e  importance of t hese  
environmental  parameters ,  but they l i s t  temperature ahead of water charac- 
terist ics with no comment on t h e i r  r e l a t i v e  importance. As prev ious ly  
d i scussed ,  it is d i f f i c u l t  t o  rank them p rec i se ly ;  however, the  a c t u a l  
ranking  becomes immaterial s i n c e  one cannot be proper ly  considered without  
t h e  o ther .  

A more-detailed d i scuss ion  of these  i n d i v i d u a l  environmental  parameters  
and r a t i o n a l e  f o r  our ranking is 

C 1 GROUNDWATER 

Transpor t  of r ad ionuc l ides  t o  t h  

given i n  the  fol lowing sec t ions .  

biosphere by groundwater is gen r a l l y  
cons idered  t o  be an eventua l  c e r t a i n t y .  
containment f o r  300 t o  1000 years  and con t ro l l ed  release a f t e r  f a i l u r e  are 
designed t o  delay and m i  t i g a t e  t h e  consequences of rad ionucl ide  release 
from a repos i to ry .  The conceptual  des igns  of t he  waste package f o r  b a s a l t  
and sal t  r e p o s i t o r i e s  are s t r o n g l y  dependent on t h e  s t e e l  overpack as 21 

means of complying wi th  regula t ions .  I n  the  t u f f  r e p o s i t o r y ,  it is 
c u r r e n t l y  assumed t h a t  t h e  unoverpacked c a n i s t e r  is s u f f i c i e n t .  The most 
c r e d i b l e  f a i l u r e  mode of t he  waste package i n  the  f i r s t  few thousand years  
appears  t o  be a breach of t h e  overpack and waste c a n i s t e r  as the  resu l t :  of 
t h e  va r ious  poss ib le  cor ros ion  mechanisms involv ing  the  groundwater. I:n 
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add i t ion  , t ranspor t  of radionucl ides  by groundwater represents  the  only 
c red ib l e  t h r e a t  t o  the biosphere by a waste reposi tory.  Consequently, 
groundwater is the  greatest th rea t  t o  waste package i n t e g r i t y  and 
con t ro l l ed  release a f t e r  leaching of the waste form begins. 

The corrosion and leach r a t e s  w i l l  depend on the  flow rate ,  composition, 
pH, and redox condi t ion of the undisturbed groundwater as a l t e r e d  by in t e r -  
a c t i o n s  with the waste package components and r ad ia t ion  e f f e c t s ,  such as 
r a d i o l y s i s  of the  water and r ad ia t ion  damage t o  the  waste form. The 
cor ros ion  and leach and radionucl ide d i f fus ion  r a t e s  are a l s o  s t rongly  
inf luenced by temperature; however, as previously discussed,  temperature 
i s  a design-control lable  parameter. 

The c h a r a c t e r i s t i c s  of the  undisturbed groundwater is obviously not a 
con t ro l l ab le  environmental parameter, bu t  the  components are measurable 
(except perhaps the  redox condi t ion) .  The d i f f i c u l t y  arises in predic t ing  
the  long-term c h a r a c t e r i s t i c s  of the groundwater a f t e r  a l t e r a t i o n  due t o  
i n t e r a c t i o n  with the  waste package. Davis and Schweitzer (DAVIS 1983) 
have presented a de ta i l ed  discussion of these d i f f i c u l t i e s  and the  sub- 
sequent unce r t a in t i e s .  

C.2 TEMPERATURE 

There is no quest ion tha t  temperature is an all-pervading parameter t ha t  
s t rong ly  a f f e c t s  the most important performance c h a r a c t e r i s t i c s ,  namely, 
corrosion and leach and d i f fus ion  rates. However, as previously men- 
t ioned ,  it is a con t ro l l ab le  environmental parameter and the uncer ta in ty  
i n  the  pred ic t ions  w i l l  be r e l a t i v e l y  small and v e r i f i a b l e  during the 
opera t iona l  phase of a reposi tory.  The primary e f f e c t  i s  to  inc rease  the 
corrosion and leach d i f fus ion  r a t e s  since these  genera l ly  increase  with 
temperature and may c rea t e  l a r g e r  unce r t a in t i e s  i n  the  measured values.  

C.3 RADIATION FIELDS 

As previously mentioned, the r ad ia t ion  f i e l d  is a con t ro l l ab le  parameter 
t h a t  pr imari ly  a f f e c t s  the  water chemistry as the r e s u l t  of r a d i o l y s i s  
and, as such, could be considered a subset  of groundwater c h a r a c t e r i s t i c s .  
The steel c a n i s t e r  and overpack w i l l  i n i t i a l l y  reduce the gamma dose r a t e  
a t  the overpack-packing i n t e r f a c e  by about an order  of magnitude and thus 
reduce the r a d i o l y s i s  e f f e c t .  Radiation damage to the waste g l a s s  by 
alpha and beta particles can be expected; however, the e f f e c t  on the leach 
r a t e  is apparent ly  minimal ( see  Sect. 3.2.1.4). 

c.4 PRESSURE 

Pressures  on an overpacked waste c a n i s t e r  can be expected t o  vary from 
atmospheric t o  l i t h o s t a t i c .  After the  b a s a l t  repos i tory  has been sealed,  
w a t e r  w i l l  g radual ly  f i l l  the  void spaces and the pressure exerted will 
i nc rease  t o  hydros t a t i c  i n  tens  t o  hundreds of years. Hydrostat ic  pressures 
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w i l l  normally not  develop i n  tu f f  o r  salt  r e p o s i t o r i e s  s ince  a continuous 
water column cannot e x i s t .  Development of l i t h o s t a t i c  pressure due t o  
rock creep or  subsidence is un l ike ly  f o r  severa l  thousand years under 
an t i c ipa t ed  conditions f o r  e i t h e r  b a s a l t  o r  tu f f  but can develop i n  a few 
tens  of years i n  salt.  In the  very near f i e l d  adjacent t o  the  waste 
package, borehole c losure  i n  salt can r e s u l t  i n  l o c a l  thermal stresses 
t h a t  cause a rapid increase  i n  the  pressure  i n  a waste package. 
Conservative ca l cu la t ions  by Callahan (1975) f o r  an earlier conceptual 
design t h a t  included a steel s l eeve  i n  c lose  contac t  with the  rock s a l t  
ind ica ted  t h a t  these loca l i zed  stresses exceeding l i t h o s t a t i c  i n  the  form 
of r a d i a l  compressive stresses on the  waste package may develop i n  the 
f i r s t  year and then decrease as the  r e s u l t  of salt creep. Recently, 
Cunnane anu k d e r s o n  (CUNNANE 1986) reported on borehole c losure  rates f o r  
a configuration similar t o  the cur ren t  conceptual design. The p r inc ipa l  
r e s u l t s ,  shown i n  Fig. (3.1, i n d i c a t e  t h a t  c losure  of the  borehole can be 
expected within two years,  except near the top. 

In  the  case of t he  designs f o r  the  Hanford s i te ,  the  pressure around t h e  
c a n i s t e r  could also increase  as a r e s u l t  of t he  swelling pressure exerted 
by the  bentonite. This swelling pressure  wi l l  create a r a d i a l  compressive 
stress on the  overpack and tend t o  create a t e n s i l e  stress on the rock 
su r face ,  which could cause add i t iona l  cracking of the rock. Consequently, 
p ressures  s i g n i f i c a n t l y  above l i t h o s t a t i c ,  i n  the  near and f a r  f i e l d ,  
should nGc ?r-lst because of the  i n i t i a l l y  f r ac tu red  condition of the  rock 
and add i t iona l  thermal f r ac tu r ing  w i l l  tend t o  r e l i e v e  the rock s t r e s s e s .  
The swelling pressure from the bentoni te  is con t ro l l ab le  through design. 
The cur ren t  conceptual design f o r  t he  Hanford si te,  which i s  a 75% 
basalt-25% bentonite mixture, may not  produce s u f f i c i e n t  swelling pressures  
t o  produce an t ic ipa ted  low permeabi l i t i es  f o r  the repos i tory  conditions 
s ince  the bentonite may dehydrate i r r e v e r s i b l y  ( see  Sect, B.3.1). 

Consequently, the  maximum pressure exerted should be between hydros t a t i c  
and l i t h o s t a t i c  i n  the  long term f o r  the Hanford s i t e  and should not 
s i g n i f i c a n t l y  exceed l i t h o s t a t i c  as a r e s u l t  of l o c a l  s t r e s ses .  Durin,g 
the  i s o l a t i o n  period, the  pressure should not s i g n i f i c a n t l y  exceed 
hydros t a t i c  because of the  s t a b i l i t y  of the  backf i l led  repository.  These 
pressures  w i l l  not cont r ibu te  s i g n i f i c a n t l y  t o  the unce r t a in t i e s  i n  o the r  
parameters. 

Unexpected t ec ton ic  a c t i v i t y  could produce unequal forces  and pressures 
t h a t  could shear the waste package, but t h i s  is improbable because of s i t e  
s e l e c t i o n  criteria. 

C.5 REFERENCES FOR APPENDIX C 

C A L L A "  1975. G. D. Callahan and J. Le Ratigan, Thermo/Viscoelastic 
Analysis of the Waste-Container Sleeve: I. Time-Dependent S a l t  Loadi .5  
on the  Sleeve and Closure of the  Dr i l l ho le ,  ORNL/Sub-4269-4, 1975. 

CUNNANE 1986. J. Cunnane and L. Pederson, "Waste Package Environment ,I* 

presented .at the SRR/NRC Waste Package Meeting, Columbus, Ohio, Jan. 22-24, 
1986 . 



1 4  7 

ORNL DWG 86-385 

0 E P T H  = 730m SPENT FUEL 

0 T;NI~AL = 3OoC AREA LOAD -15 W/m2 
LITHOSTATC STRESS PACKAGE POWER =5500 W 

15.3 MPp 

20r 
~ ~~~~ 

CONTACT WITH CONTAINER SURFACE 

CANISTER MDHEIGHT 
CONTAI NER /CRUSHED SALT 

\TDP OF BOREHOLE 

3 I I I I 1 5 -101 
0 I 2 3 4 5 

TIME AFTER EMPLACEMENT (YEARS) 

Fig. C.1. Diametric borehole closure rates f o r  a typical design. 
Source: J .  Cunnane and L. Pederson, "Waste Package Environment, " presented 
a t  the SRJ?/NRC Waste Package Meeting, Columbus, Ohio, Jan. 22-24, 1986. 



148 

DAVIS 1983. M. S. Davis and D. G. Schweitzer, Draft Technical Pos i t ion  - - 
Subtask 1.1: Waste Package Performance After Repository Closure,  vol.  1, 
NUREG/CR-3219 (BNL-NIJREG-51658), 1983. 

RRCIWG 1983. Reference Repository Conditions I n t e r f a c e  Working Group, 
Resul t s  of Repository Conditions Study f o r  Commercial and Defense 
High-Level Nuclear Waste and Spent Fuel Repos i tor ies  i n  S a l t ,  ONWI-483, 
1983 . 
SASTRE 1986. C. Sas t r e ,  C. Pescatore ,  and T. Sul l ivan ,  Waste Package 
R e l i a b i l i t y ,  NUPRG/CR-4509 (BNL-NUREG-51953), 1986 e 



APPENDIX D 

RANGE OF ENVIRONMENTAL PARAMETERS 

In t h i s  appendix, the reasonably poss ib l e  o r  c r e d i b l e  ranges of environment a1 
parameters  (groundwater c h a r a c t e r i s t i c s ,  temperature,  r a d i a t i o n  f i e l d ,  and 
p r e s s u r e )  are es t imated  i n  some cases, and t h e  r a t i o n a l e  f o r  t he  s e l e c t e d  
va lues  f o r  basalt, t u f f ,  and sal t  r e p o s i t o r i e s  at  the  proposed s i tes  is 
b r i e f l y  discussed.  

The term "c red ib l e  range" is used i n  p lace  of "expected range" s i n c e  the  
expected range is usua l ly  thought of i n  terms of dev ia t ions  from t h e  norm, 
whereas c r e d i b l e  range is not  l i k e l y  t o  be confused with o t h e r  cosvent iona l  
terminology. Here we use c r e d i b l e  range as an imprec ise ly  def ined q u a n t i t y  
t h a t  is meant t o  inc lude  dev ia t ions  from the  norm, u n c e r t a i n t i e s ,  f u t u r e  
des ign  changes, and o t h e r  local pe r tu rba t ions  t h a t  could reasonably occur 
i n  a sealed r e p o s i t o r y ,  ba r r ing  unusual t e c t o n i c  a c t i v i t y  or o t h e r  catas- 
t r o p h i c  events.  Admittedly,  de f in ing  a c r e d i b l e  range is somewhat subjec- 
t i v e  and must be based on assumptions t h a t  are s u b j e c t  t o  change. However, 
i n  t he  au thors '  opinion,  t he  assigned c r e d i b l e  ranges represent a reason- 
a b l e  a t tempt  t o  l i m i t  t h e  poss ib l e  range of t he  environmental  parameters,  

The i n t e n t  is c e r t a i n l y  not t o  set abso lu te  limits, and i t  is  recognized 
t h a t  arguments can be made f o r  changing t h e s e  va lues  based on o t h e r  assump- 
t i o n s  or s u b j e c t i v e  viewpoints.  We believe, however, t h a t  they can serve  
as gu ide l ines  i n  t h r e e  important ways: (1) t o  l i m i t  t h e  range of environ- 
mental  parameters f o r  use i n  pre l iminary  waste package performance analy- 
ses, (2 )  t o  l i m i t  t h e  range of t hese  parameters i n  r e sea rch  and development 
work, and (3)  t o  provide a " fee l "  f o r  t h e  phys ica l  reali t ies involved i n  
t h e  performance of a waste package in a repos i to ry .  

D.l NUCLEAR WASTE REPOSITORY I N  BASALT 

D.1.1 Groundwater C h a r a c t e r i s t i c s  

The present  d i scuss ion  inc ludes  t h e  chemical p r o p e r t i e s  (d i s so lved  s o l i d s ,  
pH, and redox p r o p e r t i e s )  of t he  ambient r epos i to ry  groundwater along wi th  
some expected changes i n  these p r o p e r t i e s  brought about by temperature ,  
p re s su re ,  r a d i a t i o n ,  and i n t e r a c t i o n  of the  groundwater with the  b a c k f i l l  
material. The r e s u l t s  of chemical ana lyses  of samples of groundwater from 
beneath t h e  Hanf ord si te have i d e n t i f i e d  t h r e e  d i s t i n c t  groundwater compo- 
s i t i o n s :  calcium-magnesium-bicarbonate, sodium-carbonate-bicarbonate, and 
sodium-chloride. The la t te r  type is c h a r a c t e r i s t i c  of t he  Grande Ronde 
formation,  which i s  the  proposed l o c a t i o n  of a r epos i to ry  system. There 
are cons iderable  v a r i a t i o n s  (both  v e r t i c a l l y  and h o r i z o n t a l l y )  i n  the  chem- 
i s t r y  of water samples c o l l e c t e d  from t h e  horizons wi th in  the  Grande Ronde 
b a s a l t  (DOE 1982). The composition ranges f o r  major disso lved  s o l i d s  
observed i n  ambient geologic  samples from f i v e  boreholes  i n  the  Grande 
Ronde basalt are given i n  the  f i r s t  column of Table D.1. 
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Table D.1. Groundwater characteristics - chemical constituents 
of Grande Ronde groundwater and credible concentration 

ranges for these constituents in a repository 

Component 

Ambient , Maximum credible Synthetic 
Grande Ronde repository Grande Ronde 
groundwater concent rat ionb groundwater 

concentrationsa 
(mg/L) 

(mg/L) 
GR-3C GR-4- 

Na+ 

K+ 

Ca2+ 

Mg2+ 

Fe2+ 

B 3+ 

A l 3 +  

Total Si 

HCO3' 

16 1-350 

+16 

0 .&lo 

04.17 

0-0 -06 

0-1 05 

0-0 018 

30-170 

45-1 18 

4-55 

10-500 

&loo 
0-100 

0-50 

b o  .5 

0-5 

0-20 

l(t.2000 

40-200 

0-90 

358 

3.43 

2.78 

0 e032  

334 

13.8 

2 020 

35.5 

100 

45 e o  

Inorganic C 

c1- 

s o p  

I?- 

S2- 

98-29 7 

4-197 

1142 

Not de t ec t ed 

0-500 

*200 

0-50 

&loo 

10 a8 

312 

173 

33 -4 

18.1 

405 

4 e 0  

19.9 

acornpiled from data in DOE 1982. 
bRange of ambient groundwater and changes which result from groundwater 

CData taken from JONES 1982. 
dData taken from RHO 1984. 

basalt and/or packing interaction at elevated temperature and pressure. 
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Groundwater reaching t h e  waste canister i n  t h e  closed r e p o s i t o r y  w i l l  have 
t o  t r ansve r se  b a c k f i l l  material t h a t  surrounds the  waste c a n i s t e r  and OCCU- 

p i e s  t he  volume between t h e  canister and the  hos t  b a s a l t  rock. No publica- 
t i o n s  are a v a i l a b l e  on experiments conducted t o  determine the  chemical 
i n t e r a c t i o n  between the  proposed b a c k f i l l  mixture ,  75% basalt-Z5% ben ton i t e ,  
and t h e  Grande Ronde groundwater . However, hydrothermal experiments have 
been made with the  basal t /groundwater  and bentoni te /groundwater  systems at  
30 MPa and temperatures  up t o  3OOOC (WOOD 1982); experiments have a l s o  been 
performed wi th  spent  fuel /groundwater  , doped glass/groundwater  , and doped 
glass/groundwater/basalt systems (SCHRAMKE 1984). 

Analys is  of s o l u t i o n  d a t a  from the 300°C,  30-MPa experiments by Wood (1982) 
as a func t ion  of t i m e  i n d i c a t e d  t h a t  t h e  primary r e a c t i o n  was t he  slow 
a l t e r a t i o n  of t h e  b a s a l t  g l a s s  phase t o  i l l i t e  and/or smectite c l a y s  and 
quar tz .  It was concluded t h a t  a waste package b a c k f i l l  conta in ing  s i g n i f i -  
can t  amounts of crushed basalt w i l l  provide a geochemical environment which 
e s t a b l i s h e s  and main ta ins  a h ighly  reducing groundwater. The fol lowing 
t r e n d s  i n  s p e c i f i c  aqueous spec ie s  were noted: 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

The sodium content  remained cons t an t  during the  b a s a l t  experiments 
and showed only a s l i g h t  decrease  with bentoni te .  

Potassium demonstrated a net  increase i n  both systems t o  f i n a l  
va lues  between 3 and 25 %/Lo 

Aluminum increased  i n  both systems t o  a maximum value  of 17 mg/L i n  
t h e  basal t /groundwater  system and then s y s t e m a t i c a l l y  decreased with 
t i m e  t o  a f i n a l  va lue  of approximately 3 m g h .  

The p o t e n t i a l l y  co r ros ive  aqueous spec ie s  - f l u o r i d e ,  ch lo r ide ,  and 
s u l f a t e  - were dl observed t o  demonstrate i n s i g n i f i c a n t  increases 
f o r  the basal t /groundwater  system. With ben ton i t e ,  f l u o r i d e  showed 
a s teady  decrease  from 32 t o  3.4 mg/L, ch lo r ide  increased  from 290 
t o  375 mg/L, and s u l f a t e  decreased from 163 t o  115 mg/L. 

A s u l f i d e  odor was de tec t ed  i n  both basalidgroundwater and ben ton i t e /  
groundwater experiments. A s i n g l e  a n a l y s i s  f o r  the  basalt system 
i n d i c a t e d  a minimum of 5.0 mg/L of s u l f i d e  was present .  Experiments 
suggested t h a t  s u l f i d e  could r e s u l t  from reduct ion  of d i sso lved  s u l f a t e ,  
bu t  t h e  s u l f i d e  could have been from the  p y r i t e  i n  t h e  crushed rock. 

After an i n i t i a l  rap id  inc rease ,  t h e  si l ica concent ra t ion  l eve led  off  
and then decreased slowly i n  both systems. 

The pH va lue  was i n i t i a l l y  -9.7 bu t  decreased r a p i d l y  t o  a cons tan t  
va lue  of 6.0 f o r  basal t /groundwater  and 5.7 f o r  t he  bentoni te /water  
system. 

The packing material - a mixture of crushed b a s a l t  and sodium ben ton i t e  - 
i s  expected t o  have ample oppor tuni ty  t o  i n t e r a c t  with the  s t agnan t  o r  
slow-flowing groundwater; however, it is  c r e d i b l e  t h a t  some ambient Grande 
Ronde formation groundwater might reach  t h e  waste overpack unchanged through 
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imperfec t ion  (channels ,  voids  l e f t  dur ing  b a c k f i l l i n g ,  etc.) i n  t h e  back- 
f i l l .  The maximum c r e d i b l e  range f o r  t he  d isso lved  s o l i d s  is shown i n  the  
middle column of Table D.1. These va lues  inc lude  the  pro jec ted  maximum 
c r e d i b l e  ranges i n  the  concen t r a t ions  due t o  i n t e r a c t i o n  of t he  ambient 
groundwater with t h e  b a s a l t  rock and/or t h e  b a c k f i l l  at  t h e  expected tern- 
p e r a t u r e s  and pressure.  The c r e d i b l e  range should a l s o  inc lude  the  con- 
c e n t r a t i o n  i n  any groundwater reaching t h e  waste canister throughout t he  
d i f f e r e n t  major t i m e  pe r iods  of t h e  r e p o s i t o r y  - dur ing  ope ra t ion ,  thermal 
per iods ,  and a f t e r  the r e p o s i t o r y  r e t u r n s  t o  geo log ica l  control  . 
I n  t h e  experiments by Schramke and co-workers (SCHRAMKE 1984), a s y n t h e t i c  
groundwater t h a t  s imula tes  the expected compositions at  t h e  proposed s i t e  
was used. This p a r t i c u l a r  water, des igna ted  GR-3, has the  composition 
(JONES 1982) shown i n  t h e  f o u r t h  column of Table D.1. In  some earlier 
exper imenta l  m r k ,  d i f f e r e n t  compositions of s y n t h e t i c  groundwater had been 
used and des igna ted  GR-1 and GR-2. A more recent composition of t h e  
s y n t h e t i c  groundwater (GR-4) has been devised f o r  use i n  f u t u r e  experi-  
ments; t h e  a n a l y s i s  is shown i n  t h e  f i f t h  column of Table D.1. The c o w  
p o s i t i o n  of t he  GR-4 is based on the  a n a l y s i s  of a Cohasset t  f low bottom 
sample from borehole  REU-2 (RHO 1984). The experiments by Schramke e t  i i l .  

(SCHRAMKE 1984) were conducted a t  200°C and 3 MPa i n  Dickson-type autocl.aves. 
They included two runs with s imulated high-level waste g l a s s  and synthet:ic 
groundwater (one with b a s a l t  included and one without b a s a l t )  and one run 
w i t h  s y n t h e t i c  groundwater and spent  f u e l  (SF) from t h e  Turkey Point  Reactor.  
I n  t h e  experiments with g l a s s ,  t h e  concen t r a t ions  of d i sso lved  s i l i ca ,  
99Tc, 75Se, and 13'Cs were less when b a s a l t  w a s  included than when i t  wits 
absent .  The a c t i n i d e  concen t r a t ion  i n  t h e  water was much less than t h e  
c a l c u l a t e d  va lues  (based on the amount of waste form d i s s o l v e d ) ,  which 
i m p l i e s  t h a t  these  r ad ionuc l ides  were e i t h e r  absorbed or p r e c i p i t a t e d  i n  
secondary phases. S imi l a r  behavior w a s  observed i n  the  experiment with 
t h e  spent  fuel /groundwater  system (SCHRAMKE 1984). These experiments w e r e  
t e rmina ted  before  s t eady- s t a t e  concen t r a t ions  of most of the r ad ionuc l ides  
were achieved. It w a s  recommended t h a t  f u t u r e  experiments with these  
systems be of longer  du ra t ion  (SCHRAMKE 1984). 

Ambient-groundwater pH f o r  t h e  Grande Ronde formation is i n  t h e  range of 9.4 
t o  9.9 (SMITH 1980). These e l eva ted  pH values  are a t t r i b u t e d  t o  hydro lys i s  
of s i l icate  minerals  and/or si l icate g l a s s  (KRAUSKOPF 1967; SMITH 1980). 
I n  a d d i t i o n ,  t he  ambient groundwater is h ighly  buffered by d isso lved  s i l i c a  
and carbonate  spec ie s  (SMITH 1980). The temperature  dependence of pH has 
been cha rac t e r i zed  by experimental  measurements. The expected pH values' 
shown i n  Table D.2 are those  c a l c u l a t e d  based on t h e  expected s i l i c i c  
a c i d  d i s s o c i a t i o n ,  and the  c r e d i b l e  range is  t h e  maximum range of experimen- 
ta l  va lues  observed dur ing  hydrothermal experiments . 
Unlike pH, d i r e c t  measurements of t h e  redox p r o p e r t i e s  of n a t u r a l  waters 
of t e n  do not represent  r e v e r s i b l e  redox p o t e n t i a l s  even when reproducib le  
v a l u e s  are obtained. Another d i f f i c u l t y  i n  t h i s  type of measurement is 
t h e  p o s s i b i l i t y  t h a t  t he  measured "equi l ibr ium" p o t e n t i a l  may be a com- 
p o s i t e  of two o r  more redox processes.  These problems i n  o p e r a t i o n a l l y  
measuring redox p o t e n t i a l s  have been d iscussed  i n  d e t a i l  by Stumm and 
Morgan (STUMM 1981). Since meaningful f i e l d  measurements of the  redox p o -  
p e r t i e s  of the  groundwater have not been poss ib l e ,  the  va lues  of t he  oxygen 



Table D.2. Groundwater c h a r a c t e r i s t i c s  - summary of pH and redox p r o p e r t i e s  
of Grande Ronde groundwater i n  a r e p o s i t o r y  

~~~ - 

Redox p r o p e r t i e s  
PH 

Reposi tory Temp. Expected rangeC Credib le  ranged 
per iod  ("C) Expecteda Credib le  rangeb (VI (VI 

Thermal 100 8.7 8 - 4  t o  8.9 -0.49 t o  -0.53 
per iods  150 7 09 -0.48 t o  -0.53 

200 7 - 2  7 * 0  t o  7.8 -0.47 t o  -0.52 } +0.20 to -0.45 

300 6 02 5.6 t o  6.4 -0.45 t o  -0.51 
2 50 6 07 -0.47 to  -0.52 

(Max. c r e d i b l e  
temp.) 400 5 06 

Ambient 
geo log ica l  55 t o  
c o n t r o l  65 9 06 8.5 t o  10.0 -0.40 t o  -0.50 +0.3 t o  -0.5 

_ _ _  ~~~~ ~ ~~~ _ _ _ _ _  _ _  

a c a l c u l a t e d  by assuming t h a t  pH is  con t ro l l ed  by the  d i s s o c i a t i o n  of s i l i c i c  a c i d  

bMaximum range of measured pH. 
CThermodynamic c a l c u l a t i o n s  on assumed mineral  assemblages. 
dArb i t r a ry  maximum range based on u n c e r t a i n t i e s  i n  c a l c u l a t e d  values .  

(SMITH 1980) 
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f u g a c i t y  and the  redox p o t e n t i a l  have been i n f e r r e d  e i t h e r  from thermo- 
dynamic c a l c u l a t i o n s  or  from experimental  da t a  on appropr i a t e  mineral  
assemblages. The i n f e r r e d  va lues  are given i n  Table D.2 f o r  t he  redox 
p o t e n t i a l  f o r  a basalt hos t  rock environment (SMITH 1980). Considerable  
u n c e r t a i n t y  exists in  these  da ta ;  however, t h e r e  is l i t t l e  doubt t h a t  t h e  
redox condi t ions  are con t ro l l ed  by t h e  geology of the  s i te  and t h a t  t h e  
groundwater system of t h e  Grande Ronde is g e n e r a l l y  reducing i n  na ture .  

Data from t h e  high-temperature b a s a l t  rock/groundwater and ben ton i t e /  
groundwater interaction experiments i nd ica t ed  t h a t  t he  s t eady- s t a t e  solu- 
t i o n  i s  very reducing (WOOD 1982). The c r e d i b l e  ranges shown i n  t h e  last 
column of Table D.2 are intended t o  a r b i t r a r i l y  r e f l e c t  t h e  u n c e r t a i n t i e s  
i n  the c a l c u l a t e d  Eh and t h e i r  a p p l i c a b i l i t y  t o  the  s p e c i f i c  r e p o s i t o r y  si te.  

The previous d i scuss ion  has d e a l t  exc lus ive ly  with e s t ima t ions  of 
equ i l ib r ium redox potential r e s u l t i n g  from groundwater contac t  with t h e  
water c a n i s t e r .  More oxid iz ing  cond i t ions  are c e r t a i n  t o  r e s u l t  dur ing  
r e p o s i t o r y  excavat ion ope ra t ions  and subsequent b a c k f i l l i n g .  These 
cond i t ions  w i l l  be temporary, l a s t i n g  only un t i l  t h e  a i r  t rapped between 
p a r t i c l e s  of b a c k f i l l  is exhausted by r e a c t i o n  with t h e  rock. The exac t  
rate of oxygen consumption by basalt ( o r  b a c k f i l l )  w i l l  be d i r e c t l y  depend- 
e n t  on t h e  su r face  area of t h e  s o l i d  ar? the  temperature  p r e v a i l i n g  a t  the  
a i r - p a r t i c l e  i n t e r f a c e  . However, t h e  l a c k  of d e t a i l e d  knowledge of t h e  
s p e c i f i c  r e a c t i o n  k i n e t i c s  prevents  making conf ident  estimates of how long 
t h e  redox p o t e n t i a l  w i l l  be o u t s i d e  of geologic  con t ro l .  A crude guess  of 
t h e  t i m e  requi red  t o  br ing  r e p o s i t o r y  redox p o t e n t i a l  from air (0.54 V) t o  
geo log ic  equi l ibr ium (-0.20 t o  -0.50 V) is hundreds of years.  Resu l t s  from 
t h e  high-temperature b a s a l t  rock/water and bentoni te /water  i n t e r a c t i o n  
experiments  i n d i c a t e  t h a t  anoxic cond i t ions  are expected t o  p r e v a i l  by the  
t i m e  groundwater reaches the con ta ine r  at  least 100 years  af ter  r e p o s i t o r y  
decommissioning (LANE 1983). 

R a d i o l y t i c  processes  involv ing  t h e  d i s so lved  s o l i d s  i n  the  b a s a l t  ground- 
water are not expected t o  be important  because of t h e i r  low concen t r a t ions  
(GLASS 1981). The primary r a d i o l y t i c  process  i n  aqueous s o l u t i o n s  is t :he 
decomposition of water t o  form shor t - l i ved  r a d i c a l s ,  e- H, OH-, and 'HO', 
and t h e  long-lived molecular products ,  H2,  0 2 ,  and H 2 0 2 a ? ~ U ~ S  1981). I f  
t h e  r a d i o l y t i c  Hp i s  cont inuously removed from the  system i n  some manner, 
t h e  ox ida t ion  p o t e n t i a l  of the  s o l u t i o n  w i l l  be increased.  Conversely,  i n  
a c losed  system such as a sea led  r e p o s i t o r y  loca ted  i n  basalt, where t h e  
hydrogen f u g a c i t y  is expected t o  remain high (SMITH 19801, t he  r a d i o l y s i s  
r e a c t i o n  products w i l l  recombine and t h e  ox ida t ion  p o t e n t i a l  w i l l  remain 
e s s e n t i a l l y  unchanged. 

Groundwater w i th in  s e v e r a l  of t he  b a s a l t i c  l a y e r s  con ta in  methane a t  COII- 
c e n t r a t i o n s  up t o  700 mg/L. Gray (1984) found t h a t  gamma i r r a d i a t i o n  of 
s y n t h e t i c  basaltic groundwater ( s e e  Table D. 1 f o r  composition) conta in ing  
700 mg/L of d i sso lved  methane produced a milky l i q u i d  t h a t  was a suspension 
of f i n e  particles of organic  polymers similar t o  polyethylene.  Later, hydro- 
thermal  waste package i n t e r a c t i o n  tests w e r e  made by McGrail (1985) using a 
mixture  of crushed g l a s s ,  basalt, and steel i n  methane-containing s y n t h e t i c  
groundwater. H e  found t h a t  t h e  c o l l o i d a l  polymers d id  not form under con- 
d i t i o n s  similar t o  those used by Gray (1984). It was concluded t h a t  t he  
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presence of the  waste package cons t i t uen t s  apparent ly  inh ib i t ed  the forma- 
t i o n  of organic  polymers, but the mechanism t h a t  prevented t h e i r  formation 
w a s  not determined. 

D .1.2 Temperatures 

Table D.3 shows the design l i m i t  temperatures (ANDERSON 1982), the calcu- 
l a t e d  maximum or  expected maximum temperatures f o r  the 1982 reference con- 
cep tua l  design (WEC. 1982) of waste packages f o r  a repos i tory  i n  basalt, and 
our  estimate of the  c red ib l e  maximum temperatures . 
Complete thermal analyses  f o r  the  current  conceptual designs f o r  the waste 
are not ava i lab le .  However, the  temperatures l i s t e d  i n  Table D.3 f o r  the 
commercial high-level waste (CHLW) packages should be r ep resen ta t ive  of the  
cu r ren t  reference design since the thermal loading and dimensions of the 
overpacked c a n i s t e r  are unchanged. The changes due t o  hor izonta l  emplace- 
ment and i n s t a l l a t i o n  of preformed packaging (see Sect. A.1.2) should not 
be l a rge  f o r  the  post-closure period. Actual ly ,  the  temperatures should be 
s l i g h t l y  lower f o r  the  cur ren t  reference design (assuming tha t  la rge  gaps 

Table D.3. Waste package temperatures ("C) and limitsa f o r  the 1982 
conceptual designs of waste packages i n  a basalt repos i tory  

~ ~ ~~~~~~~~~ 

CHLW SF 

Maximum Maximum 
Waste package Design Design 

component l i m i t b  ExpectedC Credible l i m i t b  Expectedc Credible 

Waste form 500 328 550 380 30 3 400 

Canis te r  430 250d 37 5 430 210d 375 

Overpack 430 247e 370 430 20ae 370 

Packing 300 196e 370 300 20ae 370 

Basalt 450 218 250 450 190 220 

aThe geothermal temperature o r  the  unperturbed repos i tory  horizon tem-  

bData taken from ANDERSON 1982. 
CData taken from WEC 1982. 
dThe c a n i s t e r  temperature would equal the  maximum overpack temperature 

i f  estimated with no gap o r  contact  res i s tance .  
eThe apparent anomaly is the  r e s u l t  of not adding b a c k f i l l  u n t i l  50 years 

a f t e r  emplacement when the overpack temperature has decreased f rom the 
maximum. The effect is not as g rea t  with SF because of a smaller heat 
source and less rapid decay as compared with CHLW. 

pe ra tu re  was assumed t o  be 59°C. 
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w i l l  not be l e f t  between t h e  packing con ta ine r s  and the  w a l l  of t h e  d r i l l  
ho le)  because of t he  lower temperature  i n  t h e  Cohassett  (-51OC) as compared 
wi th  t h e  earlier design temperature  f o r  t h e  Umtanum (-59OC) and the  pre- 
sumably h igher  thermal conduc t iv i ty  of t he  preformed and compacted 
bentoni te -basa l t  packing as compared with t h e  pneumatical ly  emplaced 
packing of t he  earlier design. 

The temperatures  f o r  t h e  cu r ren t  des ign  f o r  t h e  waste package f o r  spent  
f u e l  would be h igher  i f  t he  same package spacing is used because of the  
i n c r e a s e  of t h e  thermal loading  from 1.65 t o  2.20 kW. However, t he  higher  
tempera tures  could be compensated f o r  by an i n c r e a s e  i n  t h e  package spacing 
i f  necessary.  A s  an example of the poss ib l e  temperature  inc rease ,  t h e  
expected temperature f o r  the earlier des ign  was 21OOC (Table D.3) f o r  t h e  
maximum c a n i s t e r  temperature,  o r  1 5 1 O C  rise; f o r  a 2.20-kW loading ,  t h e  tem-  
p e r a t u r e  rise ( a l l  cond i t ions  equal, with cons tan t  thermal p r o p e r t i e s )  would 
be  2 0 1 O C  and the  canis ter  temperature  would be 252OC f o r  t he  Cohasset ,with 
a geothermal temperature  of 5 1 O C .  The t a b l e  shows t h a t  t he  expected maxi- 
mum temperatures  are w e l l  wi th in  t h e  des ign  l i m i t s .  I n  a r ecen t  paper 
(WNG 1986) on t h e  cu r ren t  conceptual  des ign  for a waste package con ta in ing  
spen t  f u e l  with a hea t  load of 2.069 W f o r  t he  s h o r t  h o r i z o n t a l  borehole  
concept ( s e e  Sect.  A.1.1), maximum temperatures  of 255 and 163OC were 
r epor t ed  f o r  the  spent  f u e l  and o u t e r  su r f ace  of the  packing ( o r  i nne r  sur- 
f a c e  of t he  borehole) ,  r e spec t ive ly .  The maxituum temperatclLz of the  over- 
pack was 2OOOC at the  midplane and 17OOC at the  base. This  demonstrates  a 
need f o r  three-dimensional models f o r  accu ra t e  temperature p red ic t ions .  

As previous ly  d iscussed ,  t h e  des ign  l i m i t s  could be increased  o r  unexpected 
p e r t u r b a t i o n s  ( i f  they occur)  could cause the  expected temperatures  t o  be 
h igher .  I n  gene ra l ,  i t  seems u n l i k e l y  t h a t  des ign  temperatures  could be 
exceeded (except  in  the  case of a few odd c a n i s t e r s )  because of t h e  va l ida-  
t i o n  program t h a t  w i l l  be i n  fo rce  dur ing  the  r e t r i e v a l  per iod.  

The g l a s s  waste form limits seem adequate ly  high,  but we w i l l  a r b i t r a r i l y  
assume t h a t  550 and 40OoC may occur i n  t h e  g l a s s  and SF, r e spec t ive ly .  The 
43OOC l i m i t  f o r  t he  c a n i s t e r  w a s  determined on t h e  b a s i s  of i n t e r g r a n u l a r  
co r ros ion  and appears t o  be high on the  b a s i s  of the  s e n s i t i z a t i o n  of 304L 
s t a i n l e s s  steel t h a t  w i l l  occur a t  t h i s  temperature.  An earlier suggested 
l i m i t  (RUSSELL 1979) of 375'C seems more reasonable  with regard t o  s e n s i t i -  
z a t i o n  of t he  s t a i n l e s s  steel. A l i m i t  of 3OOOC on the  packing is pro;bably 
conse rva t ive  s i n c e  temperatures  up t o  4 O O O C  are g e n e r a l l y  not expected t o  
cause  s e r i o u s  degradat ion of t he  ben ton i t e  packing. Based on recent  
exper imenta l  r e s u l t s ,  Al len and co-workers (ALLEN 1983) concluded t h a t  
sodium-bentonite would r e t a i n  i t s  s w e l l  p r o p e r t i e s  on a d d i t i o n  of water 
a f t e r  i n i t i a l  dehydrat ion a t  temperatures  up t o  370°C. To a l low f o r  a 
p o s s i b l e  design l i m i t  i nc rease  and o t h e r  pe r tu rba t ions ,  37OOC w a s  s e l e c t e d  
as t h e  c r e d i b l e  maximum. The f i n d i n g s  of Couture (198S), however, t h a t  
exposure t o  water vapor can cause l a r g e  inc reases  i n  the  permeabi l i ty  of 
b e n t o n i t e  f o r  temperatures up t o  26OOC (see Sect.  B.3.1.1) create some 
doubt t h a t  3OOOC is conserva t ive .  On the  o t h e r  hand, i t  is not clear t h a t  
t h e  cond i t ions  of the experiments relate t o  the  a c t u a l  r e p o s i t o r y  con- 
d i t i o n s .  The l i m i t  of 450°C f o r  t h e  b a s a l t ,  which is based on decrepi ta -  
t i o n ,  i s  obviously much h igher  than what could occur because the  inne r  
package temperatures  w i l l  be much lower than 450°C. The va lues  of 250 and 
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22OoC, r e s p e c t i v e l y ,  f o r  maximum c r e d i b l e  basalt temperatures f o r  t h e  CHLW 
and SF cases represent  about a 20% increase i n  t h e  hea t  source term or the  
equ iva len t  i n  reduct ion  of t h e  e f f e c t i v e  thermal conduc t iv i ty  of the  
b a s a l t .  The overpack temperature limit is not a c o n t r o l l i n g  one, and the  
370°C s p e c i f i e d  f o r  the  c r e d i b l e  maximum i s  based on contac t  with the  
packing at  i t s  c r e d i b l e  maximum, which al lows for a small temperature  drop 
due t o  a gap o r  contac t  r e s i s t a n c e  a t  t h e  i n t e r f a c e  with the  c a n i s t e r .  It 
i s  obvious t h a t  t he  c r e d i b l e  maximum temperatures  f o r  a l l  components could 
not be a t t a i n e d ,  but they r ep resen t  p o s s i b i l i t i e s  t h a t  could occur i f  
des ign  changes were made. 

With the  passage of t i m e ,  t h e  temperature  d i s t r i b u t i o n  ac ross  the  waste 
w i l l  "f latten out  ,@' and a l l  temperatures  w i l l  approach t h e  geothermal tem- 
p e r a t u r e  of the  d i s p o s a l  horizon (i.e., 50 t o  60"C, depending on the  par- 
t i c u l a r  horizon se l ec t ed ) .  After -1000 years ,  t h e  waste temperatures w i l l  
d rop  to around 100 and 150°C f o r  t he  CHLW and SF, r e s p e c t i v e l y  (WEC 1982) .  

D.1.3 Radia t ion  F ie lds  

Publ ished information on t h e  gamma-ray, a lpha-par t ic le  , and be ta -pa r t i c l e  
r a d i a t i o n  f i e l d s  t o  be expected i n  t h e  emplaced r e fe rence  waste package i s  
very  z?ager ,  which is s u r p r i s i n g  s i n c e  such c a l c u l a t i o n s  are s t r a igh t fo rward  
wi th  documented and well-used computer codes such as ANISN (ENGEL 1967) and 
ORIGEN2 (CROFF 1980) 

The maximum dose rates at  t h e  s u r f a c e  of t he  overpack from 10-year-old 
waste were repor ted  by WEC (1982)  t o  be 7.1 x lo3 and 1.4 x lo3 rem/h f o r  
gamma emissions from CHLW and SF, r e s p e c t i v e l y ,  and correspondingly 7.1 and 
2.4 rem/h from neutrons f o r  t h e  earlier 1982 conceptual  design. 
t i c a l  purposes,  the  gamma-ray va lues  may be assumed to  be numerical ly  equal  
t o  the  dose rate i n  rads /h  f o r  gamma energy absorbed i n  the  packing; the  
neutron absorbed dose rate is n e g l i g i b l e  i n  comparison. The dose rates f o r  
t h e  cu r ren t  re ference  design f o r  t he  CHLW w i l l  not be s i g n i f i c a n t l y  dif- 
f e r e n t .  An estimate of t h e  maximum dose rates a t  emplacement (assuming 10- 
year-old waste) f o r  t he  cu r ren t  r e fe rence  design f o r  SF can be obtained by 
mul t ip ly ing  t h e  dose rates f o r  t he  earlier design by a r a t i o  of t h e  thermal 
loadings  f o r  t he  two des igns  (1.20/1.65). 
1.9 x lo3 and 3.2 rem/h f o r  gamma rays  and neutrons,  r e spec t ive ly .  

For prac- 

This  r e s u l t s  i n  dose rates of 

I n  v i e w  of the  spa r se  information,  we a r b i t r a r i l y  assumed t h a t  the  c r e d i b l e  
dose  rate range at  the  overpack-packing i n t e r f a c e  at  emplacement is about 
250% of the  repor ted  values  (i.e., 4 x lo3 t o  lo4  r ads /h  f o r  the  CHLW and 
lo2 t o  3 x lo3 r ads /h  f o r  SF). The dry  packing can be expected t o  reduce 
t h e s e  dose rates t o  the  basalt exponen t i a l ly  by about a f a c t o r  of 2. Based 
on previous c a l c u l a t i o n s  and t h e  Westinghouse values  f o r  t he  emplaced dose 
rates f o r  a salt r epos i to ry  using similar packages, we estimate t h a t  the  
cumulative absorbed dose a f t e r  10,000 years  w i l l  be 1.1 x lo9 and 4 . 3  x l o 8  
rads  f o r  CHLW and SF, r e spec t ive ly ,  w i th  the  cumulative dose being -10% 
less at 100 yea r s  a f t e r  emplacement . 
Published information on the  alpha- and be ta -pa r t i c l e  r a d i a t i o n  is  not 
a v a i l a b l e  f o r  t he  re ference  designs.  The primary e f f e c t  of a lpha par t ic les  
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i s  r a d i a t i o n  damage t o  the  g l a s s  by atomic displacements and i t s  impact on 
g l a s s  p rope r t i e s  . 
s m a l l  i n  comparison t o  the  a lpha-par t ic le  damage (SO0 1983). 
damage produced by d i f f e r e n t  r ad ioac t ive  sources  s a t u r a t e s  i n  a manner t h a t  
implies  that dose rates are not important;  however, d i r e c t  information is  
lacking. In sil icate g la s ses  doped with alpha emitters, s a t u r a t i o n  efEects  
are commonly observed due t o  the  i n t e r n a l  alpha decay. A t y p i c a l  satu:ra- 
t i o n  dose is -lo1' alpha d i s i n t e g r a t i o n s  per gram, which i s  roughly 10% of 
t h e  expected million-year dose t h a t  is an t i c ipa t ed  t o  the  g l a s s  waste Eorm 
(DAYAL 1982). 

Beta-par t ic le  and gamma-ray r a d i a t i o n  damage w i l l  be 
Radiation 

D.1.4 Pressure 

The pressure exer ted on an emplaced c a n i s t e r  w i l l  rise as water f loods  t h e  
r epos i to ry  u n t i l  t he  reg iona l  hydros t a t i c  pressure is reached. Basalt w i l l  
not e x h i b i t  s i g n i f i c a n t  creep a t  r epos i to ry  temperatures;  consequently,  
a t ta inment  of t h e  reg iona l  l i t h o s t a t i c  pressure should not occur f o r  many 
thousands of years ,  and it w i l l  probably develop r a t h e r  suddenly as t h e  
r e s u l t  of noncatastrophic  s h i f t s  i n  the  rock s t r u c t u r e .  

The r epos i to ry  horizon is assumed t o  be at  a depth of -975 m with a 
reg iona l  hydros t a t i c  pressure of 11 MPa; an e a r l y  estimate assumes a vix- 
t i ca l  rock stress of 23 MPa and a ho r i zon ta l  rock s t r e s s  i n  the  range of 
30 t o  58 MPa (DOE 1986a). In 1985, WE's peer review group recommended 
t h a t  the r epos i to ry  design be based on a v e r t i c a l  stress of 24.4 MPa and a 
m a x i m u m  and minimum hor izonta l  stress range of 50 t o  75 MPa and 30 t o  
40 MPa, r e spec t ive ly  (KIM 1986). 

Other pressure changes on t he  waste c a n i s t e r  could occur from the  swel.ling 
of t h e  bentoni te  and the  vapor pressure  of t he  water. As previously 
d iscussed ,  however, swel l ing pressures  can be cont ro l led  through design,  
and it i s  unl ike ly  t h a t  the  swel l ing pressure w i l l  g r e a t l y  exceed the 
des ign  value. The vapor pressure i n  the emplacement hole  i s  not expected 
t o  rise s i g n i f i c a n t l y  above the  ambient pressure a t  the r epos i to ry  horizon 
because the re ference  r epos i to ry  design has no provis ion f o r  hermetica:Lly 
s e a l i n g  the  emplacement holes. Even i f  provis ions were made f o r  her- 
me t i ca l ly  sea l ing  the emplacement hole ,  i t  is  un l ike ly  t h a t  the hole  would 
remain sealed because of the  j o i n t s  and f r a c t u r e s  present  i n  b a s a l t ,  

I n  view of the  previous d iscuss ion ,  a reasonable scenar io  f o r  t he  development 
of pressure on the overpacked c a n i s t e r  seems t o  be as follows: The pressure  
remains near atmospheric f o r  50 years  during the r e t r i e v a l  phase and rises 
l i n e a r l y  t o  hydros t a t i c  (11 MPa) i n  100 years  a f t e r  sea l ing .  The pressure  
exerted remains hydros t a t i c  u n t i l  a few thousand years a f t e r  emplacement, 
a t  which t i m e  the m a x i m u m  l i t h o s t a t i c  pressure obta ins .  

D.2 WASTE REPOSITORY I N  TUFF 

D . 2 . 1  Groundwater Charac t e r i s t i c s  

Analyses of groundwater sampled d i r e c t l y  from the proposed r epos i to ry  tiori- 
zon i n  the  tu f f  of Yucca Mountain are not ava i lab le .  However, a number: of 
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samples have been taken from var ious  producing wells i n  the  s tudy  area and 
analyzed f o r  the  var ious  chemical cons t i t uen t s .  These r e s u l t s  have been 
summarized by Guzowski, Daniels, and t h e i r  co-workers (GUZOWSKI 1983; 
DANIELS 1982). The groundwater i n  the  v i c i n i t y  of the  proposed r epos i to ry  
i s  c l a s s i f i e d  as the sodium-potassium-carbonate-facies type,  but t he  com- 
p o s i t i o n  of the  d isso lved  chemical c o n s t i t u e n t s  w i l l  vary depending on a 
number of f a c t o r s ,  inc luding  w e l l  usage. The water from Well 5-13, which 
i s  nea res t  t o  the  p o t e n t i a l  s i t e ,  was chosen as the  re ference  groundwater 
t o  be used i n  experiments and pre l iminary  performance assessments .  
chemical a n a l y s i s  of t he  r e fe rence  water t h a t  w a s  e s t a b l i s h e d  was based on 
m u l t i p l e  aaa lyses  of 5-13 w e i l  water by the  U.S. Geological Survey (DANIELS 
1982); t he  r e s u l t s  are shown i n  Table D.4. References t o  the  ana lyses  of 
t h e  ind iv idua l  samples and t h e  method of averaging f o r  determining the 
r e fe rence  composition are not  ava i l ab le .  As an example of the  v a r i a t i o n  i n  
composition with t i m e ,  t h e  range i n  t h e  ana lyses  f o r  var ious  chemical 
c o n s t i t u e n t s  are shown f o r  a number of samples taken over a per iod of 
s e v e r a l  years  from Well 5-13 (GUZOWSKI 1983). 

The 

I n  order  t o  d e f i n e  the changes i n  water chemistry t h a t  would r e s u l t  from 
temperature  changes caused by the  emplacement of high-level nuc lear  waste 
i n  a r e p o s i t o r y  i n  t u f f ,  Oversby (1984a, 1984b) performed a series of 

Table D.4. Chemical ana lyses  of water from Well 5-13: ranges f o r  some 
samples compared with re ference  composition 

Component 

Range i n  compositiona 
of  some samples 

(mg/L) 

Reference 
composi t ionb 

(mg/L) 

L i +  0 o004-0 0 16 0.05 
Na+ 44-5 2 51 -0 
K+ 4.7-6.8 4.9 
M g 2 +  1.7-205 2.1 
C a  12 02-14 14 .O 
S r 2 +  0 .04-0.09 0 e05 
Ba2+ 0.002-0.020 0.003 
Fe 2+ 0 000 1 4  e04 0 -04 
Al3+ 0.003-0.008 0.03 
si02 57-64 61 -0  
F- 1.7-2 e4 202 
c1- 5.4-7.7 7 05 

18-2 1 22 00 so4 

PO4 3- 0.12 

HCOq, + C032' 124-170 120 .o - 
NOg' 9 -0-9 09 5.6 

PH 6.4-7 03 7.1 
a 

bData taken from DANIELS 1982. 
Data taken  from GUZOWSKI 1983. 
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hydrothermal experiments using crushed tu f f  from the  Topopah Spring member 
and n a t u r a l  groundwater from Well 5-13 . These experiments were conducted 
f o r  four  water / rock r a t i o s  at  90, 120, and 150°C. The major conclusion 
drawn from t h e  work was t h a t  changes i n  water chemistry due t o  hea t ing  of 
t h e  tuff-groundwater system can be expected t o  be minor. There was  no 
s i g n i f i c a n t  source of anions from t h e  rock. The major changes i n  caticms 
were an i n c r e a s e  i n  s i l i ca  t o  approximately the  l e v e l  of c r i s t o b a l i t e  solu- 
b i l i t y ,  s u p e r s a t u r a t i o n  of aluminum followed by slow p r e c i p i t a t i o n ,  and 
f a i r l y  r ap id  p r e c i p i t a t i o n  of calcium and magnesium carbonates .  The pEl of 
t h e  s o l u t i o n s  increased.  This w a s  a t t r i b u t e d  t o  Cop uptake by the  Teflon 
r e a c t i o n  v e s s e l s  s i n c e  i t  d id  not  occur i n  o t h e r  experiments by Knauss et  a1 
(luAUSS 1984) using Dickson au toc laves  wt th  a gold cell. 

None of the  experiments reached steady-s tate concent ra t ions  i n  t h e  solu- 
t i o n .  Since it  is  expected t h a t  pe rco la t ion  of the  water through the  t:uff 
matrix would be slow enough t o  achieve s teady-s ta te  concent ra t ions  a t  t:he 
ambient temperatures ,  Oversby (1984b) es t imated  the  concent ra t ions  of t h e  
v a r i o u s  spec ie s  a t  s teady  s t a t e  based on the  r e s u l t s  of the hydrothermal 
experiments.  These es t imated  concen t r a t ions  are shown i n  Table D.5. 

The water t h a t  even tua l ly  con tac t s  the  waste c a n i s t e r  w i l l  probably be much 
more concent ra ted  than the  water from Well 5-13 (Tables D.4 and 0.51, f o r  
s-:-.ral reasas . It is expected t h a t  groundwater approaching the  packa.ge 
w i l l  b o i l  and depos i t  salts along the  flow paths  u n t i l  the  temperature  drops 
below 95OC ( b o i l i n g  poin t  a t  t he  proposed e l eva t ion ) .  After t h a t  t i m e ,  
d i s s o l u t i o n  of the  earlier p r e c i p i t a t e d  s a l t  w i l l  begin. No estimates of 
t h e  concen t r a t ion  inc reases  o r  t h e i r  e f f e c t s  are a v a i l a b l e  (SO0 1985a). 

Table  D . 5  . Estimated s t eady- s t a t e  concent ra t ions  (mg/L) f o r  t he  Topopah 
tu f  f-J-13 water system a t  var ious  temperaturesa 

Temperature ( " C )  

Component 90 120 150 

A l 3 +  
B 3' 
Fe2+ 
si2+ 
Ca2+ 
Mg 2+ 
K+ 
N a +  
E" 
c1- 
NOg- 
s o p  

0 04 
0.1 
0 

49 
8 
0.2 
9 

40 
2 
7 
9 

18 

1.2 
0.1 
0 

81 
3.5 
0.1 
9 

45 
2 
7 
9 

ia 

1 
0.1 
0 

122 
3 
0.1 
9 

40 
2 
7 
9 

18 

%ata taken from OVERSBY 1985b. 
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A t  p re sen t ,  t h e  Eh of groundwater i n  t h e  p o t e n t i a l  horizon f o r  a r e p o s i t o r y  
i s  unknown. The Eh measurements t h a t  have been made f o r  wells i n  the  v ic in-  
i t y  of Yucca Mountain are sub jec t  t o  doubt because of poss ib l e  sample con- 
tamina t ion  and water being poorly poised [i.e., t he  water lacks  a s u f f i -  
c i e n t l y  high concent ra t ion  of ox id i zab le  or  r educ ib l e  s p e c i e s  t o  permit 
a c c u r a t e  measurements (GUZOWSKI 1983)]. A s  pumped, water from Well 5-13 
c o n t a i n s  -5.5 ppm oxygen, which makes i t  s l i g h t l y  oxid iz ing .  It has been 
suggested t h a t  deep groundwaters i n  t h e  t u f f s  of the  NTS area might always 
c o n t a i n  d isso lved  oxygen (WINOGRAD 1982). 

A p o s s i b i l i t y  t h a t  is r a t h e r  unique t o  a t u f f  r epos i to ry  loca ted  above t h e  
water t a b l e  is the formation of gaseous r e a c t i o n  products  during an i n i t i a l  
per iod  when only steam and air are present .  The formation of n i t r ic  oxides  
i n  the  r e l a t i v e l y  s t rong  r a d i a t i o n  f i e l d s  around a nonoverpacked c a n i s t e r  
( o r  wi th  t h i n  overpacking) which would form ni t r ic  a c i d  i n  t h e  probable 
humid atmosphere o r  on contac t  with groundwater might be of p a r t i c u l a r  
importance. The presence of n i t r i c  a c i d  should not have a s i g n i f i c a n t l y  
d e l e t e r i o u s  e f f e c t  on t he  s t a i n l e s s  c a n i s t e r ,  but t h e  e f f e c t  could be 
s e r i o u s  f o r  low-carbon steel ( o r  copper) i f  used f o r  an overpack o r  hole  
l i n e r .  

D.2.2 Temperatures 

Thermal ana lyses  of a l a r g e  number of design concepts f o r  waste packages 
were made by S te in  and co-workers (STEIN 1984) i n  which they considered 
v a r i a t i o n s  i n  package dimensions,  thermal loading ,  package spacing , i n t e r -  
n a l  f i n  arrangements,  and overpack arrangements 'for SF and CHLW i n  v e r t i c a l  
and ho r i zon ta l  emplacement holes .  In gene ra l ,  peak temperatures  were 
reached i n  s e v e r a l  years  after emplacement around the  waste package and 
w i t h i n  50 yea r s  i n  t h e  t u f f  within s e v e r a l  meters of t h e  package. These 
c a l c u l a t i o n s  were a l s o  repor ted  and reviewed by O ' N e a l  et al. (O'NEAL, 1984), 
wi th  the  add i t ion  of two PWR cases t h a t  involved c a l c u l a t i o n s  using an 
unnamed 2D/3D code (21) i n f i n i t e  c y l i n d e r  i n s i d e  borehole,  3D ou t s ide  
borehole) .  A l l  t h e  o t h e r  c a l c u l a t i o n s  were made with the  f ini te-element  
code TAC02D (BURNS 1982). 

Current ly ,  design temperature l i m i t s  are only set f o r  the  waste form - 4 
f o r  t h e  g l a s s  waste and 35OOC f o r  SF (STEIN 1984; O'NEAL 1984). These 
l i m i t s  are lower than those usua l ly  taken f o r  design l i m i t s  (see Sect.  
D.1.2 f o r  l i m i t s  set f o r  BWIP) and seem t o  be conservat ive.  

3°C 

O f  t h e  var ious  cases considered,  only one (a CHLW case) by S t e i n  e t  a l .  
(STEIN 1984) and the  two a d d i t i o n a l  spent  f u e l  (PWR) cases with d i f f e r e n t  
areal thermal loadings as c a l c u l a t e d  by O ' N e a l  e t  a l .  (O'NEAL 1984) match 
t h e  cu r ren t  re ference  package des igns  d iscussed  i n  Sect .  A.2 .1 .  Table D.6 
shows t h e  maximum temperatures  a t t a i n e d  f o r  t he  CHLW case (which included a 
borehole  l i n e r )  and the SF case with higher  areal thermal loading of the 
two as ca lcu la t ed  by O ' N e a l  and co-workers (O'NEAL 1984). The cu r ren t  con- 
c e p t u a l  des ign  does not ca l l  f o r  a borehole l i n e r  f o r  t he  CHLW package 
un le s s  needed. The e f f e c t  of the  borehole l i n e r  is t o  act as a r a d i a t i o n  
s h i e l d  (a thermal r e s i s t a n c e )  and t o  s l i g h t l y  inc rease  the  temperatures  f o r  
t h e  components i n t e r n a l  t o  i t  . 
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Table D.6. Maximum temperatures  ("C) expected f o r  t he  r e fe rence  
conceptua l  design of a waste package i n  a t u f f  repos i torya  

Waste package CHLWb Spent f u e l  (PWR)C 

Waste form 
Can i s t e r  
Overpack 
Borehole l iner 
Tuff 

330 
275 
259 
228 
205 

322 
245 

233 

aThe geothermal temperature  o r  t h e  unperturbed r e p o s i t o r y  hor izon  

bAreal thermal  load ,  44.9 kW/acre; package thermal load,  2.21 kW. 

CAreal thermal load ,  48.4 kW/acre; package thermal load,  3.3 kW. 

tempera ture  was  assumed t o  be 29'C. 

Data taken from STEIN 1984. 

Data taken from O'NEAL (1984). 

These ca lcu la t ed  temperatures  are wi th in  the  waste form l i m i e s ,  and o t h e r  
component temperatures  seem s u f f i c i e n t l y  low t o  be acceptab le .  The 
r e s u l t s ,  however, are very t e n t a t i v e  s i n c e  the  r e p o s i t o r y  l ayou t  has not  
been set and the  waste package designs are s t i l l  sub jec t  t o  change. In  
a d d i t i o n ,  no cons ide ra t ion  w a s  given t o  the  e f f e c t  on temperatures  of back- 
f i l l i n g  the rooms s e v e r a l  years  after emplacement of the  waste packages. 
The des ign  s t a t u s  is  too  premature f o r  e s t ima t ing  maximum c r e d i b l e  t e m -  
p e r a t u r e s ,  but a guess of 25 t o  30% g r e a t e r  than  the  values  l i s t e d  i n  
Table  D.6 appears reasonable .  

D.2.3 Radia t ion  F i e l d s  

The comments on alpha- and b e t a - p a r t i c l e  r a d i a t i o n  included i n  Sect .  D.1.3 
a l s o  apply  f o r  a t u f f  r epos i to ry .  

Resu l t s  of c a l c u l a t i o n s  of the gamma dose rates at the  su r face  of the  waste 
c a n i s t e r  o r  overpack are not a v a i l a b l e  f o r  the  c u r r e n t  r e fe rence  des igns ;  
however, i t  is poss ib l e  t o  estimate dose rates based on previous des igns .  
I n  an earlier r e fe rence  design prepared by Westinghouse (WEC 1983a), f o r  the  
CHLW, the  only  s i g n i f i c a n t  d i f f e r e n c e  w a s  t he  th ickness  of the overpack - 2 cm 
f o r  t h e  Westinghouse des ign  vs  1 cm f o r  the  cu r ren t  design descr ibed  i n  
Sec t .  A.2.1. The es t imated  maximum dose rate (10-year-old waste) a t  t h e  s u r f a c e  
of the  overpack f o r  the Westinghouse design w a s  4.2 x lo4 rem/h. 
a d d i t i o n a l  1 cm of s t a i n l e s s  steel w i l l  reduce the  dose rate by a f a c t o r  of 
n e a r l y  2,  t he  est imated dose rate f o r  t he  cu r ren t  re ference  des ign  f o r  CHLW 
becomes 8 .4  x lo4 remlh and, assuming a 100% p o s s i b l e  inc rease  because of 
t h e  g r e a t e r  unce r t a in ty  than  i n  the  b a s a l t  case, the  maximum c r e d i b l e  dose 
rate is  1.7 x 10s rem/h. 
repor ted ;  however, s i n c e  the same r a d i o a c t i v e  materials and thermal 
loadings  are assumed f o r  the  b a s a l t  and tu f f  r e p o s i t o r i e s  , t h e  cumulative 

Since an 

Cumulative doses over t i m e  per iods were not 
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doses w i l l  be proport ional  t o  the  emplacement dose r a t e .  Therefore,  t h e  
cumulative absorbed dose f o r  10,000 years  a t  the  su r face  of t he  over ack 
f o r  CHLW is  est imated as 1 . 1  x lo9 (8 .4  x 104/7.1 x l o 3 )  = 1.3  x l0 lg  rads.  
In  the case of spent  f u e l  (PWR), t he  re ference  Westinghouse design (WEC 
1984) has an overpack* ( o r  c a n i s t e r ,  i n  t h i s  case)  diameter of 53.5 cm and 
a w a l l  th ickness  of 2.5 cm, which r e s u l t  i n  a dose rate a t  emplacement of 
350 rem/h a t  the overpack sur face .  
overpack* (o r  c a n i s t e r ,  i n  t h i s  case)  diameter of 70 c m  and a w a l l  th ickness  
of only 1 cm. The d i f f e rence  of 1.5 cm i n  w a l l  th ickness  w i l l  r e s u l t  i n  a 
dose-rate increase  of almost 3, but t h e  l a r g e r  diameter w i l l  cause a decrease 
i n  the  maximum dose rate i n  inverse  r a t i o  t o  the  diameters. Therefore,  t he  
est imated m a x i m u m  dose rate at  the  overpack su r face  f o r  the  cur ren t  design 
f o r  PWR f u e l  elements is  350 x 3 x (53.5/70)  = 800 rem/h. A s  i n  the case 
of CHLW, where an add i t iona l  co r rec t ion  was made f o r  the  thermal loading 
t h e  cumulative absorbed dose is  4.3 x lo8 (800/1900)(3.3/2.2) = 2.7 x 10 
rads.  The neutron doses w i l l  be i n s i g n i f i c a n t  i n  comparison. 

The cur ren t  re ference  design has an 

B 

D.2.4 Pressure  

Location of t h e  r epos i to ry  horizon above the  water t a b l e  w i l l  preclude 
development of hydros t a t i c  pressure.  One could pos tu la te  a seal developing 
around a r epos i to ry  because of evaporat ion and p r e c i p i t a t i o n  of salts  i n  
l oca t ions  where the  temperature exceeds 95OC; however, such a p o s s i b i l i t y  
seems very remote i n  view of the  po ros i ty  and f r a c t u r e  p a t t e r n  of the  t u f f .  
V i t r i f i e d  tu f f  is a reasonably competent rock, and the development of f u l l  
l i t h o s t a t i c  pressure can be expected t o  take hundreds t o  thousands of years ,  
bar r ing  unusual t e c t o n i c  a c t i v i t y .  A t  a r epos i to ry  depth of 350 t o  400 m, 
t h e  l i t h o s t a t i c  pressure would be 8 t o  9 MPa. 

Do3 WASTE REPOSITORY I N  THE SALT OF THE PAL0 DURO BASIN 

D.3.1 Brine Charac t e r i s t i c s  

Groundwater does not c i r c u l a t e  i n  sa l t  depos i t s ,  nor can the groundwaters 
l y ing  above the r epos i to ry  horizon be expected t o  reach the d isposa l  hori-  
zon i n  the  t i m e  frames of i n t e r e s t .  Any groundwater t h a t  reaches the  d isposa l  
horizon through f a i l u r e  of s h a f t  seals o r  o ther  events (ba r r ing  catastrophism) 
w i l l  d i s so lve  salt  and probably become sa tu ra t ed  p r i o r  t o  i n t e r a c t i n g  w i t h  a 
waste package. Water w i l l  be ava i l ab le ,  however, i n  the form of b r ine  inclu- 
s ions  t h a t  can migrate up the  thermal g rad ien t  toward a waste package and 
poss ib ly  o ther  water from dehydration of minerals i n  the  salt  and bedding 
i n t e r l a y e r s  t h a t  can c o l l e c t  i n  the  space between the waste and the host  rock 
(see Sect.  A.3.4 f o r  a d iscuss ion  of b r ine  migrat ion) .  In  add i t ion  t o  the 
b r ine  inc lus ions  and the poss ib le  b r ine  t h a t  would be formed by d i s so lu t ion  
of sa l t  by inflowing groundwater, Hubbard and co-workers (HUBBARD 1984) claim 
t h a t  t he re  are two o ther  p o s s i b i l i t i e s :  ( 1 )  a "des icca t ion  br ine" tha t  could 
r e s u l t  i f  magnesium-rich f l u i d  inc lus ion  br ines  should become l a rge ly  
des icca ted  by the  heat  from the  waste package; and ( 2 )  a br ine  

*Actually, t he  overpack is considered the  c a n i s t e r  o r  conta iner  s ince  
t h e  f u e l  elements a r e  stacked i n  a honeycomb box s t r u c t u r e  within the ' 

c a n i s t e r  (see Sect .  A.2.1 f o r  a desc r ip t ion ) .  
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t h a t  is present  i n  areas of impure, commonly c lay- r ich  salt. The chemical 
composition of the  lat ter b r ine  cannot be es t imated  from the  c u r r e n t l y  
a v a i l a b l e  da ta ;  however, Hubbard and co-workers (HUBBARD 1984) point  ou t  
t h a t  t h e r e  are good arguments t h a t  i t  l ies  between those  of f l u i d  inclu-  
s i o n s  and d i s s o l u t i o n  br ines .  Poss ib l e  compositions of the  o the r  threle 
types of b r i n e s  are shown i n  Table D.7. 

Hubbard et al. a l s o  poin t  ou t  t h a t  a l l  b r ines  are s a t u r a t e d  wi th  Cas04 and 
t h a t  t he  inve r t ed  s o l u b i l i t y  of t h i s  compound (its s o l u b i l i t y  decreases  
w i t h  inc reas ing  temperature)  could r e s u l t  i n  t he  depos i t i on  of a CaSO4 
scale on t h e  waste package t h a t  might i n h i b i t  corrosion.  The d i s so lu t i c iA  
b r i n e  composition shown i n  Table D.7 is  based on a series of b r i n e s  made by 
d i s s o l v i n g ,  i n  d i s t i l l e d  water, a blend of t e n  rock-sal t  cores  taken from 
t h e  lower San Andreas Unit  4 (MOLECKE 1983).  

Table D.7. Palo Duro b r i n e  compositions 

~~~ ~~ 

Recommended 
Dis so lu t ion  f l u i d  i n c l u s i o n  Desiccatic- 

Component br inea b r ineb  b r ineb  
(g/L) (g/L) (g/L) 

Ca2+ 1.56 
m 2+ 0.134 
Na+ 123 046 
IC+ 0 0039 
so42- 3.197 
c1- 191 038 

1.336 
50 00 
25 -29  
15 e69 

3.20 
200 00 

138.72 

406 . 26 

Data taken  from MOLECKE 1983. a 

bData taken  from HUBBARD 1984. 

Hubbard e t  61. (1984) ,  after examining the  e f f e c t s  of evaporat ing seawater 
and the  concomitant chemical r e a c t i o n s ,  developed a recommended composi- 
t i o n  f o r  b r i n e  inc lus ions  (see Table D . 7 )  i n  t he  region of t he  proposed s i t e .  

The '*des icca t ion  br ine" shown i n  the  f o u r t h  column of Table D.7 r e p r e s e n t s  
a n  extreme t h a t  could r e s u l t  from extens ive  des i cca t ion  of a high-magnesium 
b r ine .  The concent ra t ions  given i n  the  t a b l e  are f o r  a s a t u r a t e d  s o l u t i o n  
of MgC12. 
canister.  Loss of water from the  inf lowing br ine  i n c l u s i o n s ,  which are 
MgClz-rich and s a t u r a t e d  i n  N a C l ,  r e s u l t s  i n  the  p r e c i p i t a t i o n  of N a C l  and 
a n  increase i n  the concent ra t ion  of MgC12. 
water, t he  s o l u t i o n s  w i l l  become s a t u r a t e d  i n  MgClz and a s o l i d  hydra te  
w i l l  p r e c i p i t a t e .  
MgCl2*4H20, depending on the  temperature of the  system. These hydra tes  

Such a b r ine  could form i n  the  open spaces around an emplaced 

With the  continued l o s s  of 

This hydrate  could be e i t h e r  MgC12 *6H2O and/or 
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exert vapor p re s su res  of water and can be converted t o  lower hydra tes  a t  
s u i t a b l y  low pa r t i a l -p re s su res  of water vapor. The hydra tes  can a l s o  
undergo hydro lys is  t o  form s o l i d  magnesium hydroxy ch lo r ide  , MgOHCl , and 
HC1 gas. This  hydro lys is  r e a c t i o n  is l i k e l y  t o  be slow f o r  t he  tempera- 
t u r e s  t h a t  w i l l  exist around t h e  waste package. The MgC12-rich s o l u t i o n s  
can a l s o  undergo hydro lys is  t o  some e x t e n t ,  which w i l l  be accomplished by 
t h e  formation of so lub le  hydroxy complexes and hydrogen ions  (JENKS 1972). 

On examining the  phenomenon of b r i n e  migra t ion  i n t o  the  emplacement hole ,  
Hubbard and co-workers (HUBBARD 1984) concluded t h a t  t h e  a c t u a l  composition 
of b r ines  t h a t  f i r s t  con tac t  t h e  waste package w i l l  be somewhere between 
t h a t  of a d i s s o l u t i o n  b r ine ,  a f l u i d  i n c l u s i o n ,  and a des icca ted  b r i n e  
which is n e a r l y  a s a t u r a t e d  MgClp so lu t ion .  They also concluded t h a t  t h e  
a c t u a l  composition w i l l  depend on t h e  temperature f i e l d ,  t he  rate and tem- 
pe ra tu re  at  which f l u i d  inc lus ion  exits the  halite c r y s t a l s ,  and the  physi- 
cal d e t a i l s  of t h e  evaporation-condensation cells around the  waste package . 
I n  a d d i t i o n  t o  t h e  hydrothermal r e a c t i o n s  poss ib l e  i n  a sal t  r e p o s i t o r y ,  
s i g n i f i c a n t  amounts of gamma energy w i l l  be absorbed by the  crushed s a l t ,  
t h e  nearby rock, and t h e  b r ine  i n  t h e  spaces  of t he  emplacement hole.  
Rad io lys i s  of t h e  b r ines  and the  rock sal t  w i l l  produce changes i n  t h e  
b r i n e  chemistry and t h e  compositlan of t h e  surrounding rock salt .  An e a r l y  
review of r a d i o l y s i s  and hydro lys i s  i n  salt-mine b r ines  w a s  made by Jenks 
(1972). Later, comprehensive reviews t h a t  considered more a d d i t i o n a l  i n fo r -  
mation on r a d i a t i o n  e f f e c t s  were made by Panno and So0 (PANNO 1984; SO0 
1985b). . 

Gas evo lu t ion  occurs  on hea t ing  salt and from r a d i o l y s i s  of the  br ine .  
Gases re leased  on hea t ing  salt inc lude  HC1, Sop, C02,  H2S, and H20. Some 
of these  w i l l  d i s s o l v e  i n  t h e  b r ine  t o  g ive  a c i d i c  so lu t ions .  I n  a reposi-  
t o r y ,  t he  pH could inc rease  and poss ib ly  become a l k a l i n e  as a r e s u l t  of 
t h e  i n t e r a c t i o n  of migra t ing  b r ine  i n c l u s i o n s  with the  radiation-induced 
c o l l o i d a l  sodium (see below f o r  a d i scuss ion )  t h a t  is formed i n  the sal t  
c r y s t a l s  and subsequent ly  reacts with water t o  produce NaOH ( S O 0  1985a). 

Other gases  could a lso  undergo var ious  r e a c t i o n s  and/or be l i b e r a t e d  from 
rock salt and b r ines  as the  r e s u l t  of r a d i o l y s i s .  Gamma i r r a d i a t i o n  of 
rock  salt causes  damage i n  the  form of "F-centers" (Cl '  i o n  vacancies )  t h a t  
aggrega te  and form c o l l o i d a l  sodium i n  the  c r y s t a l s  with the  rate of for- 
mation depending on t h e  dose rate and t o t a l  dose i n  a complex manner. The 
gene ra t ion  of c o l l o i d a l  sodium is accompanied by the  product ion of C12 o r  
C12' aggrega tes  i n  t h e  c r y s t a l .  When a salt c r y s t a l  conta in ing  these  
s p e c i e s  comes i n t o  contac t  with water o r  b r ine ,  OH-, El', H O C l ,  etc., a r e  
genera ted  i n  s o l u t i o n  and Hp and C l p  might escape as gases.  I f  C12 cannot 
escape  and reacts with the  water, an i n c r e a s e  i n  pH due to  t h e  formation of 
O H  w i l l  be neu t r a l i zed  by HOCl and HC1 r e s u l t i n g  from C 1 2  r e a c t i o n s ,  and 
t h e  f i n a l  pH w i l l  be c lose  t o  neu t r a l .  With escaping C 1 2 ,  however, t he  
b r i n e  pH can inc rease  t o  >10 (SO0 1985b). Radio lys i s  of b r ines  w i l l  a l s o  
produce Hp and 02 from the  r a d i o l y t i c  decomposition of H 2 0  and poss ib ly  
C103' and BrO3'. 
0 2  a t  t h e  r e l a t i v e l y  high temperatures  around a waste c a n i s t e r ,  and 
Mg(BrO3)p ( i f  p re sen t )  may produce some B r p  (JENKS 1972). 

Most of t he  ClO3' and BrO3- w i l l  decompose t o  ha l ides  and 
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The formation of c o l l o i d a l  sodium and c h l o r i n e  i n  rock salt has been the  
sub jec t  of i n v e s t i g a t i o n  by Levy and co-workers (1983) f o r  s e v e r a l  years.  
I n  his r ecen t  work, Levy (1983) subjec ted  14 n a t u r a l  rock sa l t  samples from 
s e v e r a l  l o c a t i o n s  to  dose rates of 1.2 x lo8 r ads /h  and t o  t o t a l  doses of 2 
t o  4 x lo8 r ads  at 15OoC, which is the  temperature at which c o l l o i d  forma- 
t i o n  rates are near maximum. A t  h igher  temperatures ,  annea l ing  e f f e c t s  on 
t h e  damage apparent ly  become more pronounced wi th  r e spec t  t o  the  production 
ra te  of c o l l o i d s  , Important conclusions were t h a t  (1) c o l l o i d  formation 
w a s  r e l a t e d  t o  the  salt impuri ty  level; ( 2 )  on a unit-dose b a s i s ,  loweic 
dose rates produce more c o l l o i d s  than h igher  dose rates; and ( 3 )  c o l l o i d  
formation rates vary by f a c t o r  of >10 between samples from d l ' f f e ren t  
l o c a l i t i e s .  

Levy (1983) ex t r apo la t ed  his r e s u l t s  based on a simple power-law f i t  t o  t he  
d a t a  (i,e., f r a c t i o n  of salt converted t o  sodium as a func t ion  of time o r  
cumulat ive dose f o r  the  cons tan t  dose rate of the  experimental  p l o t s  t o  a 
s t r a i g h t  l i n e  on log-log paper) t o  t h e  cumulative doses i n  salt  t h a t  may be 
expected i n  a repos i tory .  
ver t  between 0.1 and lox,  while 2 x l o r o  r ads  w i l l  convert  between 1 and 
50% of the  salt t o  c o l l o i d a l  sodium. The r e s u l t s  of h i s  experiments f o r  
t h e  U.S. rock salts, when ex t r apo la t ed  t o  a dose of 1O1O r a d s ,  p red ic t ed  
between 0.8 and 1.5% cor-rsion t o  sodium, and between 2.9 and 4.7% coiiver- 
s i o n  f o r  a dose of 2 x l O l o  rads .  

He es t imated t h a t  a dose of 1O1O r a d s  w i l l  con- 

Levy (1983) claims t h a t  these  va lues  may be low because the  dose ra te  to  
t h e  salt i n  the experiments was -lo4 times l a r g e r  than t h a t  expected i n  a 
r e p o s i t o r y ,  which would produce fewer c o l l o i d s  on a unit-dose basis than  
t h e  lower r epos i to ry  rate. However, o t h e r  f a c t o r s  could make the  predic- 
t i o n s  conserva t ive ,  including:  (1 )  e x t r a p o l a t i o n  t o  doses 100 t i m e s  l a r g e r  
t han  the  experiment is a dubious procedure; (2 )  t he  150°C temperature  pro- 
duces peak damage rates; (3 )  back r eac t ions  with ch lo r ine  w i l l  occur as t h e  
sodium content  i nc reases  beyond t h e  small q u a n t i t i e s  t h a t  e x i s t e d  i n  the  
experiment;  and (4)  e x t r a p o l a t i o n  of a 2- t o  3-h experiment t o  s e v e r a l  
hundred years  i s  a very dubious procedure because the anneal ing k i n e t i c s  
( r e v e r s i n g  the  damage) may be more important i n  view of the much longer  
t i m e  involved and the much lower formation rates t h a t  w i l l  exis t  i n  a 
r e p o s i t o r y .  

P r e d i c t i o n  of the b r ine  c h a r a c t e r i s t i c s  t h a t  i n t e r a c t  with a waste package 
i s  very d i f f i c u l t  because c o l l o i d a l  sodium w i l l  a f f e c t  the b r i n e  charac- 
ter is t ics  and the  complexity of t he  poss ib l e  hydro ly t i c  and r a d i o l y t i c  
r eac t ions .  In  add i t ion ,  these  r e a c t i o n s  can be s e n s i t i v e  t o  some of t h e  
parameters  involved, Even the  concent ra t ion  of only minor components is of 
apparent  importance i n  the  r a d i o l y s i s  of b r ines  and rock sa l t .  For 
example, small changes i n  the  Br' concent ra t ion  ( a  scavenger f o r  the  OH 
r a d i c a l )  of the br ine  can cause l a r g e  changes i n  the  equi l ibr ium hydrogen 
and oxygen pressures .  I n  the  r a d i o l y s i s  of rock sa l t ,  t he  presence of 
i m p u r i t i e s  can s t a b i l i z e  radiation-induced d e f e c t s  and y i e l d  a wide range 
of sodium c o l l o i d  formation rates f o r  d i f f e r e n t  salts  (PEDERSON 1984). 
Therefore ,  i t  seems t h a t  c h a r a c t e r i z a t i o n  of a b r ine  i n  contac t  with rock 
s a l t  i n  a r a d i a t i o n  f i e l d  r e q u i r e s  s i t e - spec i f  i c  t e s t i n g  under r epos i to ry  
cond i t ions .  
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D.3.2 Temperature 

Parametr ic  thermal s t u d i e s  were made by Westinghouse (WEC 1983b), along 
wi th  thermal ana lyses  f o r  t he  o r i g i n a l  re ference  des igns  of t he  waste package 
and the  a l t e r n a t e  ones using an unnamed f in i te -e lement  computer code (WEC 
1983b). The u n i t - c e l l  concept was used t o  reduce the  c a l c u l a t i o n s  t o  2 D  
types.  The assumptions made were reasonable  and i n  accordance with the 
u s u a l  ones made i n  c a l c u l a t i o n s  of t hese  types;  however, f u t u r e  thermal 
ana lyses  f o r  more s p e c i f i c  r epos i to ry  designs should inc lude  some 3D calcu- 
l a t i o n s  and the use of documented computer codes. Later c a l c u l a t i o n s  using 
the  undocumented TEMPV5 code were made by McNulty and co-workers (McNULTY 
1984) and repor ted  i n  the  DEA f o r  Deaf Smith County (DOE 1984). The few 
r e s u l t s  from these  c a l c u l a t i o n s  t h a t  were a v a i l a b l e  are shown i n  Table 0.8. 

Table  D.8. Maximum temperatures  ("C) expected f o r  the  o r i g i n a l  
r e fe rence  conceptual  designs of waste packages 

i n  a salt r epos i to ry  

Spent f u e l  (r.n?) CHLW 
Waste Design 

package limits WEC 1984a DOE 1986b WEC 1984c DOE 1986d 

Was tee 500 

Overpack 37 5 

S a l t  250 

258 

146 130 

146 

47 6 

250 228 

250 

aAssumed geothermal temperature,  34°C; l o c a l  areal thermal loading ,  

bAssumed geothermal temperature,  31.8"C; l o c a l  areal thermal loading ,  

=Assumed geothermal temperature 34" C; l o c a l  areal thermal loading e 30 

dAssumed geothermal temperature ,  31 -8°C;  l o c a l  areal thermal  loading 

eThermal load f o r  SF(PWR), 5.5 kW; f o r  C H L W ,  9.5 kW. Design l i m i t  is 

18.75 W/m2. 

15 W/m2 . 
W/m2. 

30 W/m2 . 
375°C f o r  spent  fue l .  

The two sets of c a l c u l a t i o n s  do not  agree very w e l l .  The overpack tem- 
p e r a t u r e s  f o r  the  spent  f u e l  are based on d i f f e r e n t  areal thermal loads 
(a l though the  geometry is apparent ly  the  same), but c o r r e c t i n g  the  t e m -  
p e r a t u r e  rises by the  r a t i o  of the areal thermal loads  and account ing f o r  
t h e  2°C d i f f e r e n c e  i n  the  geothermal temperature s t i l l  leave  about an 1 1 ° C  
d i f f e r e n c e  i n  the  two ca l cu la t ions .  In  the  case of the  C K L W ,  the  areal 
thermal  loads are the  same, and c o r r e c t i n g  f o r  the  geothermal temperature 
l eaves  a 20°C d i f f e rence .  It is poss ib l e  that  the d i f f e r e n c e s  r e s u l t  from 
t h e  t reatment  of the  gap between the overpack and the sal t .  I n  the  
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c a l c u l a t i o n s  made by Westinghouse (WEC 1983b), it was assumed t h a t  the  gap 
between t h e  overpack and the  rock sa l t  would c l o s e  i n  a mat te r  of months; 
hence, no temperature  d i f f e r e n c e  w a s  taken be tween the  maximum overpack 
and sal t  temperatures.  The d e t a i l s  are not a v a i l a b l e  f o r  the  o the r  
c a l c u l a t i o n s  

Maximum temperatures  expected f o r  t h e  cu r ren t  conceptual  des igns  f o r  waste 
packages descr ibed .  i n  Sect.  A.3 have been repor ted  by Westinghouse Electric 
Corporat ion (WEC 1986). These are l i s t e d  i n  Table D.9. I n  t h e  ca lcu la-  
t i o n s ,  it w a s  assumed t h a t  t he  gap between t h e  rock sal t  and the  overpack 
d i d  not  exist .  A simple one-dnxutnsional c a l c u l a t i o n  was used t o  o b t a i n  the  
CHLW r e s u l t s .  For t he  spent  f u e l  c a l c u l a t i o n s ,  t he  WECAN code (STILLMAN 
1984), a biaxial plane of axisynunetric f ini te-element  model with two- 
dimensional  conduction c a p a b i l i t y ,  was used. The e f f e c t s  of waste from 
c a n i s t e r  d i v i d e r s  were included. An e f f e c t i v e  thermal conduc t iv i ty  f o r  t he  
rod bundle, which included r a d i a t i o n  heat t r a n s f e r  e f f e c t s ,  was determined 
as a func t ion  of temperature 

Table  D.9. Maximum temperatures  ("C) expected f o r  the  cu r ren t  
r e fe rence  designs of r-r-?e packages on a salt r epos i to rya  

Waste 
package 

Design l i m i t  Spent f u e l  
SF . CHLW (PwR)b CHL Wc 

~~ 

Waste form 375 

Overpack 375 

S a l t  250 

Waste a t  103 years  d 

500 

375 

250 

100 

~ ~~ 

348 

175 

175 

99 

aAssumed geothermal temperature ,  34°C. 
bPackage hea t  loading ,  6.6 kW; l o c a l  areal hea t  loading ,  14.9 W/m2. 
CPackage hea t  loading,  9.5 kW; l o c a l  areal heat  loading,  15 W/m2. 
dTo be determined. 

Adding 25 t o  50°C because of u n c e r t a i n t i e s  would put the  salt i n  the  
g e n e r a l l y  unacceptable temperature  range because of poss ib l e  sa l t  decrepi-  
t a t i o n ,  as w e l l  as causing the  design l i m i t  f o r  CHLW t o  be exceeded. Bstter- 
documented c a l c u l a t i o n s  on a more-detailed conceptual  design would be 
r equ i r ed  t o  eva lua te  the temperature ranges and l i m i t a t i o n s  of the  design.  

D.3.3 Radia t ion  F ie lds  

The comments on alpha- and be ta -pa r t i c l e  r a d i a t i o n  included i n  Sect .  D. 1.3 
a l s o  apply t o  a salt r epos i to ry .  
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The r a d i a t i o n  dose-rate c a l c u l a t i o n s  were made with some unspec i f ied  type 
of hand c a l c u l a t i o n s  (WEC 1986). The dose rates at the  overpack su r face  at 
emplacement ( 10-year-old waste) f o r  t h e  cu r ren t  re ference  conceptual  designs 
(see Sect.  A . 3 . 1 )  were 1600 rem/h from gamma r a d i a t i o n  and 7.7 rem/h from 
neut rons  f o r  CHLW. The corresponding va lues  for spent  f u e l  (PWR) were 180 
and 2.7 rem/h. 

The cumulative dose f o r  the  i s o l a t i o n  per iod has not been publ ished f o r  t he  
r e f e r e n c e  designs;  however, i t  can be es t imated  using t h e  same technique 
desc r ibed  i n  Sect. D.2.3, which is based on the  Westinghouse design (WEC 
1982) f o r  t h e  basalt repos i tory .  Therefore ,  t he  cumulative absorbed dose 
i n  10,000 years  at  the  su r face  of t he  overpack f o r  CHLW is: 

1 . 1  x LO9 (1600/7100) = 2.5 x lo8 rads ;  

t h e  corresponding absorbed dose f o r  SF is 

4 . 3  x lo8 (180/1900) 

D.3.4 Pressu res  

By na ture  of the  sal t  depos i t s ,  a wast 

= 4.1 

pack 

x IO7  rads.  

ge w i l l  not  be ac i b l e  to  
groundwaters i n  the  times of i n t e r e s t  un less  an unusual and c a t a s t r o p h i c  
event  o r  i n t r u s i o n  occurs.  Consequently, h y d r o s t a t i c  pressure  cannot 
develop. The salt w i l l  c reep  and g radua l ly  exert more and more pressure  on 
a waste package, which could exceed l i t h o s t a t i c  f o r  a few years  because of 
thermal  expansion of the  salt. As the  thermal stresses are re laxed ,  the  
p re s su re  w i l l  a t t a i n  the  l i t h o s t a t i c  va lue  a f t e r  a few a d d i t i o n a l  years .  
The maximum thermal stress obtained and the  l eng th  of t i m e  requi red  f o r  
t h e s e  processes  w i l l  depend on t h e  r epos i to ry  design,  the reg ion  geology, 
and the  c o n s t i t u t i v e  p r o p e r t i e s  of t he  sa l t .  A reasonable  expec ta t ion  
would be t e n s  of years. F u l l  l i t h o s t a t i c  pressure  f o r  t he  proposed horizon 
f o r  t h e  r epos i to ry  w i l l  be -17 MPa. 

D.4 REFERENCES FOR APPENDIX D 

ALLEN 1983. C. C. Al len,  D. L. Lane, R. A. Pa lmer ,  and R. G. Johnston,  
"Experimental S tudies  of B a c k f i l l  S t a b i l i t y , "  S c i e n t i f i c  Basis f o r  
Nuclear Waste Management, vol. 26, G. L. McVay, ed., E l sev ie r  Science 
Publ i sh ing  CO., New York, 1983. 

ANDERSON 1982, W. J. Anderson, Conceptual Design Requirements f o r  Spent 
Fuel ,  High-Level Waste, and Transuranic  Waste Packages, RHO-BW-ST-25P, 
1982 

BURNS 1982. P. J. Burns, TAC02D, A F i n i t e  Element Heat Transfer  Code, . 
UCID-17980, Rev. 2 ,  1982. 



170 

BURNS 1981. W. G. Burns and W. R. Marsh, "Radiat ion Chemistry of High- 
Temperature (300 t o  410°C) Water," J. Chem. SOC. Faraday Trans. - 77(1) ,  
197-215 (1981). 

COUTURE 1985. R. A. Couture, "Rapid Increases  i n  Permeabi l i ty  and Poros i ty  
of Bentonite-Sand Mixtures due t o  A l t e r a t i o n  by Water Vapor ," S c i e n t i f  jic 
Basis f o r  Nuclear Waste Management, V I I ,  C. J. Jantzen ,  J. A. Stone, arz 
R. C. Ewing, eds., Materials Research Society,  P i t t sbu rgh ,  Pa., 1985. 

CROFF 1980. A. G. &of f ,  O R I G E N ~  - A Revised and Updated Version of the  
Oak Ridge I so tope  Generation and Deplet ion Code, ORNL-5621, 1980. 

DANIELS 1982. W. R. Daniels  et al., Summary Report OR the  Geochemistry - of 
Yucca Mountain and Environs, LA-9328-MS, 1982 . 
DAYAL 1982. 
t h e  Development of Nuclear Waste Form Criteria f o r  the  NRC, vo l .  1, 
NUREG/CR-2333 (BNL-NUREG-51458), 1982. 

R. Dayal e t  al., Nuclear Waste Management Technical  Support - i n  

DOE 1982. U.S. Department of Energy, S i t e  Charac t e r i za t ion  Report f o r  - t he  
Basalt Waste I s o l a t i o n  P r o j e c t ,  vol.  2, DOE/RL 82-3, 1982. 

DOE 1986a. 
Reposi tory Location, Hanford S i t e ,  Washington, DOE/RW-0070 1986. 

U.S. Department of Energy, Environmental Assessment - Reference - 
DOE 1986b. U.S. Department of Energy, Environmental Assessment - Deaf 
Smith County S i t e ,  Texas, DOE/RW-0069, 1986 . 
ENGEL 1967. W. W. Engel, Jr., A User's Manual f o r  ANISN - A One-Dimenoional 
Discrete Ordinates  Transport  Code with Anis t ropic  S c a t t e r i n g ,  UCND-K-1693, 
1967 

GLASS 1981. R. S. Glass, E f f e c t s  of Radiat ion on the  Chemical Environment 
Surrounding Waste Can i s t e r s  i n  Proposed Repository S i t e s  and Poss ib l e  E:f f e c t s  
on the  Corrosion Process ,  SAND 81-1677, 1981. 

GRAY 1984. W. J. Gray, "Gamma Radio lys i s  E f fec t s  on Grande Ronde Basalt 
Groundwater," S c i e n t i f i c  Basis f o r  Nuclear Waste Management, vol.  26,  
G. L. McVay, ed., Elsevier Science Publ ishing Co., New York, 1984. 

- 

GUZOWSKI 1983. R. V. Guzowski. F. B. Ninick. M. D. S i ene l ,  and N. C. F in lev .  - -  
Repos i tory  S i t e  Data Report f o r  Tuff: 
(SAND 82-2105), 1983. 

Yucca- Mountain, Nevada, NUREG/CR-293? 

HUBBARD 1984. N. Hubbard, D. Livingston,  and L. Fukui, "The Composition and 
S t r a t i g r a p h i c  D i s t r i b u t i o n  of Materials i n  the  Lower San Andres S a l t  Unit  4 , "  
S c i e n t i f i c  Basis f o r  Nuclear Waste Management, vol.  26, G. L. McVay, ed., 
E l s e v i e r  Science Publ ishing Co., New York, 1984. 

JENKS 1972. G. H. Jenks,  Rad io lys i s  and Hydrolysis i n  S a l t  Mine Brines ,  
ORNL/TM-'37 17, 1972. 



171 

JONES 1982. T. E. Jones,  Reference Material Chemistry, Synthe t ic  
Groundwater Formation, RHO-BW-ST-37P, 1982. 

K I M  1986. K. K i m ,  Geoengineering Design Parameters,  SD-BWI-TI-299, 1986. 

KNAUSS 1984. K. G. Knauss, V. M. Oversby, and T. S. Wolery, "Post Emplace- 
ment Environment of Waste Packages," S c i e n t i f i c  Basis f o r  Nuclear Waste 
Management, vol. 26, G. L. McVay, ed., Elsevier Science Publ ishing Co.,  
New York, 1984. 

KRAUSKOPF 1967. K. B. Krauskopf, In t roduc t ion  t o  Geochemistry, McGraw-Bil l ,  
New York, 1967, p. 721. 

LANE 1983. I). L. Lane, T. E. Jones, and M. H. West, Prel iminary Assessment 
of Oxygen Consumption i n  a Nuclear Waste Reposi tory i n  Basalt, RHO-BW-SA-283, 
1983. 

LEVY 1983. P. W. Levy, "Radiation Damage Studies  on Natural  Rock S a l t  from 
Various Geological Localities of Interest t o  t h e  Radioact ive Waste Disposal  
Program," Nucl. Technol. - 60, 231 (1983). 

McGRAIL 1985. B. P. McGrail, "Hydrothermal Waste Package I n t e r a c t i o n s  
wi th  Methane-Containing Groundwater," S c i e n t i f i c  Basis f o r  Nuclear Waste 
Management, VIII, vol .  44, C. M. Jan tzen ,  J. A. Stone, and R. C. Ewing, 
eds., Materials Research Socie ty ,  P i t t sbu rgh ,  Pa., 1985. 

Mc"LTY 1984. E. G. McNulty, V. S. McCauley, G. E. Raines, and K. Vafa i ,  
Expected Nuclear Waste Repository Near-Field Performance a t  P o t e n t i a l  S a l t  
-' S i t e s  P a r t s  1-3, ONWI r e p o r t  t o  be publ ished,  1984. 

MOLECKE 1983. M. A. Molecke, A Comparison of Brines  Relevant t o  Nuclear 
Waste Experimentation, SAND83-0516, 1983. 

O'NEAL 1984. W. C. O ' N e a l ,  D. W. Gregg, J. N. Hockman, E. W. Russe l l ,  and 
W. S t e i n ,  Prec losure  Analysis  of Conceptual Waste Package Designs f o r  a 
Nuclear Waste Reposi tory i n  Tuff ,  UCRL-53595, 1984. 

OVERSBY 1984a. V. M. Oversby, Reaction of t h e  Topopah Spring Tuff with 
5-13 Well Water a t  90°C and 15OoC, UCRL-53552, 1985. 

OVERSBY 1984b. V. M. Oversby, React ion of t he  Topopah Spring Tuff with 
5-13 W e l l  Water a t  120°C, UCRL-53574, 1985. 

PANNO 1984. S. V. Panno and P. Soo, "An Evaluat ion of Chemical Conditions 
Caused by Gamma I r r a d i a t i o n  of Natural  Rock S a l t , "  P. Soo, ed., Appendix A 
i n  Review of Waste Package V e r i f i c a t i o n  Tests - Semiannual Report- Covering 
the  Period Apr i l  198Hep tember  1983, vol .  3, NtJREG,'CR-3091 (BNL-NUREG-51630), 
1984 . 
PEDERSON 1984. L. R. Pederson, D. E. Clark,  F. N. Hodges, F. L. McVay, and 
D. R a i ,  "The Expected Environment f o r  Waste Packages i n  a S a l t  Repository," 
S c i e n t i f i c  Basis f o r  Nuclear Waste Management, vol.  26, G. L. McVay, ed., 
E l sev ie r  Science Publ ishing Co . , New York, 1984. 



172 

RHO 1984. Rockwell Hanford Operat ions,  Barrier Materials T e s t  Plan,  
SD-BWI-TP-022 (Workshop D r a f t ) ,  1984. 

RUSSELL 1979. 
Nuclear Waste Repos i tor ies  i n  S a l t ,  Y/OWI/TM-37, 1979 . J. E. Russe l l ,  Areal Thermal Loading Recommendations f o r  - 

SCHRAMKE 1984. J. A. Schramke, S. A. Simonson, and D. G. Coles,  -- A Replort 
on t h e  S t a t u s  of Hydrothermal Tes t ing  of Fully-Radioactive Waste Forms and 
Basalt Reposi tory Waste Package Components, SD-BWI-TI-253, 1984 . 
SMITH 1980. M. J. Smith et al., Engineering Barrier Development f o r  a 
Nuclear Waste Repository Located i n  Basalt, RHO-BWI-ST-7, 1980. 

SO0 1983. P. Soo, ed., Review of Waste Package V e r i f i c a t i o n  Tests, vol.  2,  
NUREG/CR-3091 (BNL-NUREG-51630), 1983. 

SO0 1985a. P. Soo, ed., Review of DOE Waste Package Program, v o l e  7 ,  
NUREG/CR-2482 (BNL-NUREG-51494), 1985. 

SO0 1985b. P. Soo, ed., Review of Waste Package V e r i f i c a t i o n  Tests - Semi- 
annual  Report Covering the  Period Apr i l  1 9 8 H e p t e m b e r  1985, v o l e  7 ,  
NUREG/CR-3091 (BNL-NUREG-51630), 1985. 

STEIN 1984. W. S t e in ,  J. N. Hockman, and W. C. O ' N e a l ,  Thermal Analysis  of 
NNWSI Conceptual Waste Package Designs, UCID-20091, 1984. 

STILLMAN 1984. W. E. S t i l lman (ed.) ,  WECAN User's Manual, Advanced Systems 
Technology Divis ion,  Westinghouse Electr ic  Corporation, P i t t s b u r g h ,  Pa. ,  

STUMM 1981. W. Stumm and J. J ,  Morgan, Aquatic Chemistry, 2nd ed., 
Wiley and Sons, New York, 1981, p. 49+93. 

WEC 1982. Westinghouse Electric Corporation, Waste Package Conceptual 
Designs for  a Nuclear Repository i n  Basalt, RHO-BW-CR-136P/AESD-TME-3142, 
1982 

WEC 1983a. 
Designs f o r  a Disposal of Nuclear Waste i n  Tuff ,  ONWI-439, 1983. 

Westinghouse Electric Corporation, Conceptual Waste Package - 

WEC 1983b. Westinghouse Electric Corporat ion,  Engineered Waste Package 
Conceptual Design: Defense High-Level Waste (Form 1) , Commercial HighILevel 
Waste (Form l ) ,  and Spent Fuel (Form 2) d i sposa l  i n  S a l t ,  ONWI-438, 1983. 

WEC 1986 . Westinghouse Electric Corporation, Waste Package Reference 
Conceptual Designs f o r  a Repository i n  S a l t ,  BMI/ONWI-517, 1986. 

WINOGRAD 1982. I. J. Winograd and F. N. Robertson, ','Deep Oxygenated Ground 
Water: Anomaly o r  Common Occurrence?" Science 216, 1227 (1982) e - 
WOOD 1982. M. I. Wood, G. D. Aden, and D. L. Lane, Evalua t ion  of Sodium - 
Bentoni te  and Crushed Basalt as Waste Package Backf i l l  Materials, 
RHO-BW-ST-2 1 P , 1982 . 



173 

YUNG 1986. S. C. Yung, R. T. Toyooka, and T. B. McCall, "Thermal. Analysis 
of Waste Package - Preliminary Reliability Assessment," presented at Waste 
Management '86, Tucson, Ariz., Mar. 2-6, 1986. , 





APPENDIX E 

COMMENTS ON THE DOE REPOSITORY ENV RONMENTAL PA 
MODELS/METHODOLOGIES AND APPROACHES 

4METER 

The environmental  parameter models/methodologies f o r  use i n  the  performance 
assessment of a waste package are st i l l  i n  t h e  developmental s t age  f o r  waste 
d i s p o s a l  i n  b a s a l t ,  t u f f ,  and salt. The assessment f o r  BWIP is  t h e  most 
d e t a i l e d ,  and t u f f  t h e  least d e t a i l e d ,  on the  basis of the  a v a i l a h l s  in for -  
mation. A BWIP performance assessment plan (SONNICHSEN 1984) has been 
publ ished t h a t  d e f i n e s  t h e  approach t o  t h e  ana lyses  and t h e  use of perfor-  
mance assessment a c t i v i t i e s  f o r  a l l  phases of t he  p ro jec t .  The plan is 
being rev ised  t o  reflect changes i n  des ign  and the  management and t e c h n i c a l  
needs of t he  p ro jec t .  Only a b r i e f  and o v e r a l l  system performance plan has  
been publ ished f o r  t h e  Yucca Mountain s i te  (TYLER 1984). A pre l iminary  
performance assessment plan t h a t  inc ludes  a n t i c i p a t e d  methods f o r  t h e  S a l t  
Reposi tory P r o j e c t  (SRP) has been publ ished;  a more-detailed plan is being 
prepared f o r  pub l i ca t ion  i n  the  near  f u t u r e  (OW1 1984). 

E o 1  BWIP PERFORMANCE ASSESSMENT PLANS 

Details of t he  p lan  f o r  t h e  waste package performance assessment have not 
y e t  been formulated; the only publ ished program plan states (SONNICHSEN 
1984) t h a t  t h e  BWIP modeling methodology is based on t h e  use of a s u i t e  of 
d e t e r m i n i s t i c  numerical  models desc r ib ing  the  coupled processes  of rock 
s t r e s s / s t r a i n ,  heat t r a n s f e r ,  groundwater flow, and nuc l ide  t r a n s p o r t ,  It 
is  recognized t h a t  t he  p r e d i c t i o n  of r epos i to ry  system performance over 
l a r g e  space and t i m e  scales s t rong ly  i n d i c a t e s  the  need f o r  using mathemat- 
i ca l  models based on the  underlying phys ica l  and chemical p r i n c i p l e s  to  
e x t r a p o l a t e  measured system behavior. 

S e n s i t i v i t y  and unce r t a in ty  ana lyses  w i l l  be used t o  d e f i n e  p r o b a b i l i t i e s  
t o  assist i n  t h e  es tab l i shment  of l e v e l s  of confidence or  bounds, and sta- 
t i s t i ca l  sampling techniques (such as t h e  Monte Carlo technique)  w i l l  be 
a p p l i e d  where appropr i a t e  (see SUTCLIFFE 1981 and STEPHENS 1986 f o r  some 
a p p l i c a t i o n s ) .  The techniques being developed by BWIP seem t o  be i n  
g e n e r a l  agreement with the  methodologies t h a t  are recommended (STEPHENS 
1986) f o r  acceptance by the  NRC f o r  a s ses s ing  long-term performance of 
high-level  r a d i o a c t i v e  w a s t e  packages. 

E.1.1 Overview of the  BWIP Very-Near-Field Performance Assessment 
Methodology and Computer Codes 

The r e l a t i o n s h i p  between the  package environmental  models/computer codes 
and the  models/computer codes d iscussed  i n  t h e  published program plan 
(SONNICHSEN 1984) f o r  use i n  t h e  very near - f ie ld  region (waste package and 
nearby rock) of the  system performance model is shown i n  Fig. E,1. The 
c h a r a c t e r i s t i c s  of these  computer codes and o t h e r  poss ib l e  ones t h a t  a r e  
mentioned and may be used t o  r ep lace  o r  augment the  ind ica t ed  system are 
summarized i n  Table E.1. 
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1. TEMPERATURE. Eh, pH. OTHERS 
2. 
3. FRACTURE PERMEABILITY 
4. RESATURATION TIME 
5. WATER FLOW RATES 
6. GROUNOWATER FLOW FIELDS 
7, 

CONTAINMENT TIME AND SOURCE TERM 

FLOWPATHS AND WATER TRAVEL TIMES 
- L  

Fig. E.1. Rela t ionship  of waste package ( r e p o s i t o r y )  environmental  
parameter codes t o  the waste package performance assessment system model 
Source: J. C. Sonnichsen, Basalt Waste I s o l a t i o n  P ro jec t  Performance 
Assessment Plan, SD-BWI-PAP-001, 1984. 



Table E.l. Summary of characteristics of codes for performance 
assessment involving the very near fielda 

Ground- 
Stress/ water Radionuclide Computational 

Approach strain flow Heat transport method 

code CO DC LI NL IS NI A3 DS S MC DE FE FD AL DI 
Computer - 

ADINA 
ADINAT 
BETA ' 

DAMSWEL 
ANSYS 
HEATING5 
MAGNUM 
CHAINT 
WAPPA 

X 
X 
X 
X 
x x  
X 
x x  
x x  
X 

x x  
x x  

X x x  
x x  x x  
x x  x x  

X 
x x  

X 

X 
X 
X 
X 
X 

x x  
X 
X 

X 
X 
X 
X 
X 

X 
X x x  

X 

X 

aTaken from Sonnichsen (1984) .  Legend for characteristics of codes: 
AD = advection DI = dimensionality LI = linear properties 
AL = analytical DS = diffusion MC = multicomponent 
CO = continuum FD = finite difference NI = nonisothermal 
DC = discontinuum FE = finite element NJd = nonlinear properties 
DE = decay chains IS = isothermal S = single component 
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Cur ren t ly ,  t he  REPREL computer code is used t o  perform the  c a l c u l a t i o n s  
w i t h  a modified CHAINT-MC (BACA 1984a, 1984b; KLINE 1986) code and the  
undocumented PCM. STAT code used as subrout ines  e 

The la t te r  code performs Monte Carlo s imula t ions  on the cor ros ion  model 
(FISH 1983), which c o n s i s t s  of a set of empi r i ca l  equat ions  t h a t  g ive  the 
cor ros ion  pene t r a t ion  as a func t ion  of t i m e  under air-team and under 
aqueous condi t ions  at  var ious  temperatures  (see Sect. E.1.7). The va lues  
of the c o e f f i c i e n t s  i n  the co r ros ion  equat ions  f o r  each s imula t ion  are 
obta ined  by random sampling from specif ied parameter p r o b a b i l i t y  d i s t r i b u -  
t i o n s .  The p r o b a b i l i t y  d i s t r i b u t i o n  of f a i l u r e  t i m e  of a t y p i c a l  con ta ine r  
i s  cons t ruc ted  from the ind iv idua l  r e s u l t s  of a s imula t ion  (i.e., t i m e  a t  
which t h e  spec i f i ed  cor ros ion  allowance i s  deple ted) .  
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A cr i t ical  review of t he  publ ished computer programs t h a t  could be used t o  
analyze t h e  p o t e n t i a l  performance of a high-level  r a d i o a c t i v e  waste reposi-  
t o r y  has been completed (COFFMAN 1984). The computer programs i d e n t i f i e d  
i n  the  r epor t  address  t h e  performance of a waste package, inc luding  the  
areas of thermal a n a l y s i s  (ADINAT, ANSYS, HEATING6, SINDA, STEALTH), st:ruc- 
t u r a l  a n a l y s i s  (ADINA, ANSYS, NONSAP, SAP, STEALTH), and special-purpose 
codes (BARRIER, WAPPA, BUCKLE, COVE-1, HYDRA-1, IMPAC2, KENO, and BOSOEL5). 
Other codes could be used, and new ones could be developed, f o r  s p e c i f i c  
a p p l i c a t i o n s  in  a f i n a l  r e p o s i t o r y  design. 

The publis!:--l program plan is being rev ised  t o  r e f l e c t  changes i n  t h e  
des ign  and t e c h n i c a l  needs of t he  p ro jec t .  The WAPPA code ( s e e  Sect.  L 3 . 4  
for a d e s c r i p t i o n )  included i n  t h e  methodology of Fig. E.1 is no longer  
under cons ide ra t ion  f o r  use at  BWIP. A probab i l i s t i c - type  code, REPREI, 
(ESLINGER 1985), has e s s e n t i a l l y  rep laced  it. The methodology f o r  esti- 
mating t h e  f r a c t i o n a l  release rate of each s i g n i f i c a n t  rad ionucl ide  at  the  
boundary of t h e  waste package subsystem c u r r e n t l y  involves  the  fol lowing 
f o u r  s t e p s  (DOE 1986a): 

1. The p r o b a b i l i t y  of a t y p i c a l  waste con ta ine r  f a i l i n g  i n  any s p e c i f i e d  
t i m e  interval and t h e  r e s u l t i n g  d i s t r i b u t i o n  func t ion  are determined. 

2.  The random f a i l u r e  of con ta ine r s  is represented  by a nonhomogeneous 
Poisson process ,  with the inpu t  parameters being es t imated  from the  
p r o b a b i l i t y  d i s t r i b u t i o n .  obtained i n  s t e p  1. 

3 .  Samples of t he  f r a c t i o n a l  release rate versus  t i m e  are obtained f o r  a 
s i n g l e  con ta ine r  f a i l i n g  a t  t i m e  zero using random sampling of t he  
d i s t r i b u t i o n  func t ions  f o r  r ad ionuc l ide  s o l u b i l i t y  and adso rp t ion  
c o e f f i c i e n t s .  

4. The f r a c t i o n a l  releases from the l a r g e  set of con ta ine r s  i n  the  reposi-  
t o r y  are est imated by combining t h e  releases of s tep 3 with t h e  random 
f a i l u r e  sequence of s t e p  2 i n  t h e  form of a convolut ion i n t e g r a l  from 
which the  means and s tandard  dev ia t ions  of releases can a l s o  be es t i -  
mated as func t ions  of t i m e .  

A f low diagram i l l u s t r a t i n g  t h e  procedure i s  shown i n  Fig. E.2. Sagar 
( 1984) provides  a d e t a i l e d  d e s c r i p t i o n  of t he  methodology and a p p l i c a t i o n  
t o  a r epos i to ry  (SAGAR 1984). 
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Fig. E.2. Stochastic approach for parameters applied to subsystem 
performance assessment. Source: U. S. Department of Energy, Environmental 
Assessment - Reference Repository Location, Hanford Site, Washington, 
DOE/RW-0070, 1986. 
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The modified CHAINT-MC code, a nuc l ide  t r a n s p o r t  code, is used t o  estimate 
t h e  f r a c t i o n a l  release rates from a s i n g l e  con ta ine r  t h a t  f a i l s  a t  a spe- 
c i f i e d  time. The code can so lve  the d i f f u s i o n  o r  convect ion-dispers ion 
equat ion  of mass t r a n s p o r t  i n  one, two, and quasi- three dimensions using 
t h e  f in i te -e lement  method (BACA 1984b) . This code inco rpora t e s  var ious  
processes  t h a t  are important  t o  r ad ionuc l ide  migra t ion  (e.g., chain decay, 
s o r p t i o n ,  molecular d i f f u s i o n ,  and hydrodynamic d i s p e r s i o n ) ,  and i t  can 
also be used t o  model cond i t ions  of l a y e r i n g  o r  a r b i t r a r y  he te rogenei ty  
and anisotropy.  It is designed t o  perform Monte Carlo s imula t ions  by 
r e p e a t e d l y  so lv ing  the  mass t r a n s p o r t  equat ion  us ing  va lues  of t he  parame- 
ters t h a t  have bel-- randomly sampled from s p e c i f i e d  p r o b a b i l i t y  d i s t r i b u -  
t i o n s  . 
In gene ra l ,  it appears  t h a t  t h e  o v e r a l l  BWIP plan r e l a t e d  t o  waste package 
performance assessment is i n  l ine  wi th  t h e  s p e c i f i c a t i o n s  presented  h e r e i n ,  
namely, that the  assessment should be of t he  p r o b a b i l i s t i c - d e t e r m i n i s t i c  
type  employing s t a t i s t i c a l l y  sampled d a t a  as inpu t  t o  an i n t e r r e l a t e d  set 
of d e t e r m i n i s t i c  models. 

The p o t e n t i a l  uses of the  models l i s t e d  i n  Table E . l  and o t h e r  poss ib l e  
models f o r  determining t h e  environmental  parameters necessary f o r  t he  waste 
package assessment c a l c u l a t i o n s  are b r i e f l y  d iscussed  i n  t h e  fol lowing sec- 
t i o n s .  As previous ly  pointed o u t ,  t he  methodology f o r  a s ses s ing  the  per- 
formance of a waste package is s t i l l  i n  t h e  developmental s t age ;  t h e r e f o r e ,  
t h e  fol lowing d i scuss ion  is intended only t o  provide examples and p o s s i b l e  
g u i d e l i n e s  f o r  t he  development of t h e  a s soc ia t ed  environmental  models. 

E.1.2 Groundwater Characteristic Models/Methodoloeies 

The chemical p r o p e r t i e s  of t he  groundwater a t  t h e  s p e c i f i c  s i te  and rock 
ho r i zon  f o r  t h e  r epos i to ry  i n  the  Grande Rmde b a s a l t  are not y e t  ava i l -  
ab l e .  General ly ,  t h e  chemical p r o p e r t i e s  of Grande Ronde b a s a l t  possess  
cons ide rab le  v a r i a t i o n  (both  v e r t i c a l l y  and h o r i z o n t a l l y )  and the  pro- 
posed s i t e  p r o p e r t i e s  can only be i n f e r r e d  from t h e  ana lyses  of va r ious  
samples taken from d i f f e r e n t  l o c a t i o n s  (see the  d i scuss ion  i n  Sect. D.1, 
Appendix D). 
a t  the e l eva ted  temperatures  of t h e  r e p o s i t o r y  and then with the bentoij i te-  
b a s a l t  packing, which w i l l  alter t h e  chemical c h a r a c t e r i s t i c s  of t he  in t rud-  
i n g  groundwater t h a t  con tac t s  t he  overpack. General ly  speaking, such 
informat ion  is determined e i t h e r  by employing geochemical model ca lcu la-  
t i o n s  o r  by using experimental  r e s u l t s .  

The ambient groundwater w i l l  react i n i t i a l l y  with the  b a s a l t  

E . 1.2 . 1 Geochemical Models 

Models t o  desc r ibe  t h e  i n t e r a c t i o n s  and r e s u l t i n g  composition, pH, and 
redox condi t ions  of t h e  groundwater involved i n  the  co r ros ion  of t h e  over- 
pack and canister (and u l t i m a t e l y  the waste g l a s s  o r  spent  f u e l )  have not  
y e t  been developed. However, numerous computerized models have been devel- 
oped f o r  equi l ibr ium c a l c u l a t i o n s  i n  aqueous systems (NORDSTROM 1979). 
Three of these  - EQ3/6, WATEQF, and PHREEQE - appear t o  be the  most com- 
monly used f o r  c a l c u l a t i o n s  i n  complex geologic  and hydrologic  systems,, 
They have been c r i t i c a l l y  reviewed by Thomas (1982). Each of t hese  models 
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w a s  developed f o r  a somewhat d i f f e r e n t  purpose s ince  the re  are no general-  
purpose models which can be used f o r  a l l  of the  hydrochemical condi t ions 
t h a t  might e x i s t  i n  a repos i tory  located i n  the  Grande Ronde basa l t .  I n  
add i t ion ,  a l l  of these models are based on equi l ibr ium thermodynamic 
c a l c u l a t i o n s  and are not capable of handling the k i n e t i c s  of the  aqueous 
r eac t ions ,  which can be important. 

The EQ3/EQ6 code, which seems t o  have the  g r e a t e s t  p o t e n t i a l  f o r  applica- 
t i o n  t o  waste r e p o s i t o r i e s ,  is being used i n  the  tu f f  experimental  program 
(KNAUSS 1984). This code is being extended t o  include some k i n e t i c  e f f e c t s  
(OVERSBY 1983) f o r  poss ib le  use i n  the  performance assessment program, a 
development t h a t  has a p p l i c a b i l i t y  t o  the  BWIP. 

The EQ3/6 code (WOLERY 1979) was developed t o  compute equi l ibr ium models 
of aqueous geochemical systems . The package contains  two p r inc ipa l  
programs, EQ3 and EQ6. EQ3 computes the  d i s t r i b u t i o n  of chemical spec ies  
such as ions,  n e u t r a l  spec ies ,  ion p a i r s ,  and complexes i n  the  aqueous 
so lu t ion .  This ca l cu la t ion  produces a model of the f l u i d ,  which s p e c i f i e s  
t he  concentrat ion and thermodynamic a c t i v i t y  of each chemical spec ies  t h a t  
occurs  i n  t h e  chemical system and is included i n  the  data base. The 
program then c a l c u l a t e s  the s a t u r a t i o n  s t a t e  of the f l u i d  with respect  t o  
a l l  re levant  mineral  phases i n  the  da t a  base. 

EQ6 can be used t o  compute seve ra l  mass-transfer models, I f  the i n i t i a l  
f l u i d  composition is supersa tura ted  with respect  t o  any mineral phases, 
t h e  program first "equi l ibra tes"  i t  by ca l cu la t ing  a modified f l u i d  com- 
pos i t i on  plus  p rec ip i t a t e s .  EQ6 then computes the progress of composi- 
t i o n a l  evolu t ion  and mass t r a n s f e r  i n  a closed o r  open system containing 
t h i s  aqueous so lu t ion  . 
Reaction progress ca lcu la ted  i n  EQ6 may descr ibe changes i n  temperature 
and pressure,  i r r e v e r s i b l e  r eac t ion  of the f l u i d  with r eac t an t s  such as  
minerals  or  gases, or both of these simultaneously. The ca l cu la t ion  pre- 
d i c t s  changes i n  f l u i d  composition; t h e  i d e n t i t y ,  appearance, and disap- 
pearance of secondary minerals;  and the  values of reac t ion  progress at  
which the  f l u i d  s a t u r a t e s  with r e a c t a n t s  and/or products. Such com- 
pu ta t ions  pe rmi t  modeling of the e f f e c t s  of heating and cooling aqueous 
s o l u t i o n s  and of i r r e v e r s i b l e  reac t ions  i n  rock-water systems . 
The BWIP has an ambitious experimental program i n  place to  develop the 
necessary geochemical da t a  base (MYERS 1983) The study areas include: 
redox buf fer ing ,  reac t ion  mechanisms, a l t e r a t i o n  and cha rac t e r i za t ion  of 
mineral  assemblages, e f f e c t s  of va r i ab le  flow r a t e s ,  and n a t u r a l  
analogues, 

Included i n  t h e  water c h a r a c t e r i s t i c s ,  but d i s t i n c t  from the  geochemical 
a spec t s ,  is the  flow rate of the  a l t e r e d  groundwater around the  overpack. 
Figure E . l  shows the  MAGNUM2-D (BACA 1981) as a p o s s i b i l i t y  f o r  use i n  
c a l c u l a t i n g  flow i n t o  the  waste package. MAGNUM is a two-dimensional, 
f ini te-element  code designed t o  s imulate  t r ans i en t  groundwater flow and 
hea t  t r anspor t  i n  fractured-porous rock systems. The t h e o r e t i c a l  
framework of the code is based on concepts f o r  a porous continuum and f o r  
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d i s c r e t e  conduits. I n  p a r t i c u l a r ,  a dual-porosity approach is used to  
represent  the continuous rock mass, where flow-through planar  condui ts  are 
descr ibed by P o i s e u i l l e ' s  equation. 

E . 1.2 .2 

It is poss ib le  t h a t  an e n t i r e l y  experimental  approach t o  determining the 
chemical condi t ions i n s i d e  and around the  waste package could be employed 
by the BWIP. This approach would involve conducting a l a rge  number of 
hydrothermal experiments t o  determine the  c red ib l e  range of a l t e r e d  ground- 
water compositions and c h a r a c t e r i s t i c s  at var ious s p a t i a l  po in ts  i n  the  
very near f i e l d .  The bounding groundwater compositions and c h a r a c t e r i s t i c s  
obtained from these experiments would then be used i n  subsequent comporient 
material and integral  t e s t i n g  to  eva lua te  waste package performance . 

Experimental Approach 

E.1.3 Temperature Models/Methodologies 

As previously mentioned, the  HEATING5 (TURNER 1977) and ADINAT (BATHE 1.977) 
computer codes are being reviewed f o r  temperature ca l cu la t ions  by the  13WIP . 
Presumably, e i t h e r  of these codes may be used t o  model the thermal environ- 
ment surrounding the waste t o  produce i n t e r f a c e  temperatures fo r  the waste 
package temperature ca lcu la t ions .  

The HEATING5 program is a f in i t e -d i f f e rence  type t h a t  is designed tc, x l v e  
s teady-s ta te  and/or t r a n s i e n t  heat conduction problems i n  me-, two-, or 
three-dimensional Cartesian or c y l i n d r i c a l  coordinates  or one-dimensional 
s p h e r i c a l  coordinates.  The thermal conduct ivi ty ,  dens i ty ,  and s p e c i f i c  
hea t  may be both s p a t i a l l y  and temperature dependent. The thermal conduc- 
t i v i t y  may be an iso t ropic .  The thermal conduct ivi ty ,  dens i ty ,  and heat: 
capac i ty  may a lso  be t i m e  dependent i f  they are defined i n  user-supplied 
subrout ines .  Materials may undergo phase changes. Heat-generation rates 
may be dependent on t i m e ,  temperature, and pos i t ion ;  and boundary tempera- 
t u r e s  may be t i m e  dependent. The boundary condi t ions ,  which may be sur face  
t o  boundary or surface t o  sur face ,  may be f ixed temperatures or any corn- 
b ina t ion  of prescr ibed heat  f l ux ,  forced convection, na tu ra l  convection, 
and rad ia t ion .  The boundary-condition parameters may be time and/or tern- 
pe ra tu re  dependent. A modified vers ion  of the code is now ava i l ab le  as  
HEATING6 (ELROD 1981). 

ADINAT was designed f o r  the  automatic,  dynamic incremental  nonl inear  de te r -  
mination of temperatures using finite-element analysis .  It is a heat- 
t r a n s f e r  program t h a t  is compatible with the s t r e s s  ana lys i s  program ADINA 
(BATHE 1975) and can be used t o  input  the  temperature d i s t r i b u t i o n s  to  t h a t  
program. ADINAT can address hea t - t ransfer  and f i e l d  problems i n  essen- 
t i a l l y  any geometry o r  combinations of geometries. The o r tho t rop ic  ther-  
m a l  conduct ivi ty  may be a func t ion  of pos i t ion  or  temperature. The heat  
capac i ty  may be a funct ion of pos i t ion .  The source terms may be a fun(:- 
t i o n  of pos i t ion  or  t i m e .  The boundary condi t ions include prescr ibed tern- 
pera tu re ,  forced and n a t u r a l  convection, r ad ia t ion ,  and prescr ibed heat: 
f lux .  

Both the  HEATING5 and the ADINAT codes are well-documented and have been 
widely used. HEATING5, i n  p a r t i c u l a r ,  has been used more ex tens ive ly  in  
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t h e  a p p l i c a t i o n  t o  waste r epos i to r i e s .  Altenhofen (1981) used HEATING5 i n  
e a r l y  s t u d i e s  f o r  t h e  BWIP. I n  la ter  c a l c u l a t i o n s  f o r  t h e  cu r ren t  concep- 
t u a l  design of a nuc lear  waste repos i to ry  i n  b a s a l t ,  WEC (1982) used an 
unspec i f i ed  three-dimensional,  f ini te-element  model. 

E.1.4 Pressure  Models/Methodologies 

The pressure  exer ted  on the  waste package is not  expected t o  exceed hydro- 
s t a t i c  pressure  i n  the  f i r s t  few thousand years.  
d a t a  from a v a i l a b l e  borehole data i n  t h e  v i c i n i t y  of t h e  p o t e n t i a l  basalt 
s i t e  have been f i t t e d  t o  a l i n e a r  r eg res s ion  l i n e .  The approximate pro- 
j e c t e d  h y d r o s t a t i c  pressures  f o r  t h e  middle Sen t ine l  Bluff s sequence 
(Cohasse t t  flow) and t h e  Umtanum flows are 9.3 and 11 MPa, r e spec t ive ly  
(RHO 1982). The t i m e  requi red  t o  reach equi l ibr ium pressures  depends on 
t h e  assumed r e s a t u r a t i o n  rates f o r  t h e  r epos i to ry  and surrounding rock. 

The h y d r o s t a t i c  head 

An a l t e r n a t i v e  approach would be t o  assume rapid a t ta inment  of l i t h o s t a t i c  
p re s su re ,  which would be -23 and -58 MPa f o r  the  v e r t i c a l  and ho r i zon ta l  
components, respec t ive ly .  

E.1.5 Radia t ion  F ie ld  Models/Methodologies 

The models t o  be used f o r  c a l c u l a t i n g  gamma-ray, a lpha-par t ic le ,  and beta- 
p a r t i c l e  r a d i a t i o n  f i e l d s  have not been s p e c i f i e d ,  although the widely 
accepted codes ANISN (ENGEL 1967) f o r  gamma-ray a t t e n u a t i o n  and ORIGENZ 
f o r  a lpha-par t ic le  and gamma-ray source terms have been used i n  unspeci- 
f i e d  ways by the  BWIP (WEC 1982) . 
An i n t eg ra t ed  model might involve using the  ORIGEN2 code with i ts  asso- 
c i a t e d  l i b r a r y  of nuc lear  p r o p e r t i e s  of t he  var ious  nuc l ides  t o  c a l c u l a t e  
t h e  a lpha-par t ic le  and gamma-ray source terms i n  t h e  waste and DOT ( a  two- 
dimensional ANISN; RHOADS 1973) f o r  t h e  gamma-ray a t t e n u a t i o n  ca l cu la t ion .  
Since a lpha  and beta p a r t i c l e s  are e s s e n t i a l l y  absorbed at  the  poin t  of 
emission, the  volumetr ic  energy source term and depos i t i on  r a t e  w i l l  be t he  
same wi th in  the  waste c a n i s t e r .  After breaching of the c a n i s t e r  occurs ,  
t h e  alpha a c t i v i t y  w i l l  cause some r a d i o l y s i s  ( b e t a  e f f e c t s  w i l l  be re la -  
t i v e l y  s m a l l ) .  The gamma-ray emission r a t e  ca l cu la t ed  by ORIGEN2 can be 
expressed i n  a convenient energy group s t r u c t u r e  t h a t  can be used i n  
gamma-ray a t t enua t ion  and energy depos i t i on  c a l c u l a t i o n s  i n  the  DOT code. 
The a v a i l a b l e  l i b r a r i e s  of nuclear  c ros s  sec t ions  such as ENDF/B (KINSEY 
1979) can be fed i n t o  a code such as AMPX (GREENE 1978) t o  produce the  
necessary group c ross  s e c t i o n s ,  such as FSXEC (FORD 1980) fo r  t he  DOT 
c a l c u l a t i o n s .  It should be noted t h a t  only one-dimensional c a l c u l a t i o n s  
may be needed s ince  they would genera te  the  equiva len t  of dose r a t e s  along 
a r ad ius  a t  the  midplane, which is conservat ive.  

The approximate Reactor Shielding Manual Method (a kernel technique using 
i n f i n i t e  media bui ldup f a c t o r s 1  as appl ied  i n  t h e  WAPPA code (see Sect. 
E.2.2), could be used as an a l t e r n a t i v e  t o  the  DOT code. However, t h i s  
method has many l i m i t a t i o n s ,  p a r t i c u l a r l y  i n  the  case of f i n i t e  and multi-  
l ayered  geometry with volumetr ica l ly  d i s t r i b u t e d  source t e r m s  [ see  any 
s h i e l d i n g  treatise, such as t h a t  descr ibed by Schaef f e r  (1973) I 
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E . 1 . 6  Sampling Techniques 

A st raightforward random or  Monte Carlo sampling procedure from a proba- 
b i l i t y  dens i ty  funct ion (PDF) is  r e l a t i v e l y  simple and genera l ly  most 
s a t i s fy ing .  Unfortunately,  many practical problems requi re  an unmanage- 
a b l e  number of t r ia l s  t o  produce worthwhile r e s u l t s  (i.e., an acceptably 
low estimated var iance of the mean, which is commonly known as "good 
s t a t i s t i c s " ) .  Consequently, soph i s t i ca t ed  sampling techniques are fre- 
quent ly  used t o  reduce the  computation t i m e .  

The na ture  of the  performance assessment of a geologic r epos i to ry  is  
apparent ly  a problem t h a t  w i l l  requi re  more soph i s t i ca t ed  sampling proce- 
dures  than the  s t ra ight forward  Monte Carlo technique i n  order  t o  produce 
s ta t is t ics  with a reasonable number of trials. The Lat in  Hypercube 
Sampling technique (INMAN 1980) has been most widely used i n  the  nuclear  
waste area, i n  p a r t i c u l a r  at  Sandia National Laborator ies  (PEPPING 1983). 
T h i s  technique has seve ra l  advantages over o ther  sampling procedures. 
S p e c i f i c a l l y ,  i t  guarantees t h a t  the range of each input  va r i ab le  is 
covered. It can a lso  be shown t o  y i e ld  a smaller var iance than o the r  
methods when the  output va r i ab le  i s  a monotonic funct ion of each input  
v a r i a b l e  (HARPER 1983b), 

E. 1.7 Corrosion Models 

Apparently the only corrosion model t h a t  is considered f o r  use is the  one 
developed by Fish and Anantatmula (FISH 1983) f o r  low-carbon steels. The 
model c o n s i s t s  of three empir ical  equations as  described below. 

The form of the equation f o r  es t imat ing the  thickness  corroded as a func- 
t i o n  of t i m e  i n  the  air-steam environment t h a t  e x i s t s  during the opera- 
t i o n a l  period and ea r ly  pa r t  of the  postclosure period is  

where 

d = corroded thickness ,  ma; 

t = t i m e ,  years;  

T = sur face  temperature, K; and 

a ,  b, and c are empir ical  f i t  constants  o r  parameters. 

The equat ion f o r  corrosion under the  aqueous condi t ions that  develop i n  
l a te r  times is 

d = A e t ,  ( E . 2 )  



where 

A = a f i t  cons tan t ,  and 

e = an i r r a d i a t i o n  enhancement f a c t o r  t h a t  depends on the  r a d i a t i o n  
l eve l  a s soc ia t ed  wi th  e l eva ted  su r face  temperatures t h a t  are 
determined by the  fol lowing equation: 

e = 1.75 - 0.0025 ts , 

where 

ts = t he  t i m e ,  i n  yea r s ,  after the  con ta ine r  emplacement a t  which 
s a t u r a t i o n  occurs. 

The va lue  of e is  >1 f o r  t (300 years  and i s  set at  u n i t y  f o r  t ,300 years.  

For the  purpose of prel iminary .analyses ,  t he  ranges of dl the  f i t  
cons t an t s  were g e n e r a l l y  chosen t o  be approximately 23 s tandard  devia- 
t i o n s ,  where the  s tandard dev ia t ion  was taken t o  be -10% of t h e  mean. For 
t h e  p r o b a b i l i s t i c  ana lyses ,  the  cons t an t s  or  c o e f f i c i e n t s  of Eqs. (E. 1) 
through (E.3) are assumed t o  be random v a r i a b l e s ,  and sampling f o r  each 
Monte Car lo  s imula t ion  was from a d i s t r i b u t i o n  func t ion  of assumed shape 
(uniform or normal) with the  k3 s tandard  dev ia t ions  from the  mean. 

The gene ra l  technique is  a reasonable  one, but t he  cor ros ion  equat ion  does 
no t  seem d e f e n s i b l e  s ince  i t  is based only on uniform co r ros ion  r e s u l t s  
and d a t a  from short-term experiments (on the order  of weeks). In  addi- 
t i o n ,  no e x p l i c i t  Causal r e l a t i o n s h i p  between the  corrosion-causing corre-  
l a t i o n s  and the  cor ros ion  rate was es t ab l i shed .  The l i m i t a t i o n s  of the 
c u r r e n t  cor ros ion  model are recognized, and i ts  parameters are expected t o  
change in t h e  f u t u r e  as b e t t e r  understanding of the  cor ros ion  process  i s  
obta ined  (SAGAR 1984). 

E.1.8 S t o c h a s t i c  Modeling S tudies  

Most s t o c h a s t i c  modeling s t u d i e s  performed by the  BWIP used the  s t r a i g h t -  
forward Nonte Carlo sampling technique of t he  input  v a r i a b l e  in  conjunc- 
t i o n  with numerical  models i n  l imi t ed  performance assessment s t u d i e s  (BACA 
1983; CLIFTON 1984; SAGAR 1984). A prel iminary s t o c h a s t i c  a n a l y s i s  w a s  
made t o  determine the  t i m e s  t o  f a i l u r e  f o r  t he  cu r ren t  conceptual  design 
of a waste package f o r  spent  f u e l  (DOE 1986a). F u l l  d e t a i l s  of t he  calcu- 
l a t i o n a l  method are given by Sagar (1984); a b r i e f  d e s c r i p t i o n  is included 
i n  Sect. E.1.1. Container f a i l u r e  was considered t o  occur when the corro- 
s i o n  allowance (7.5 cm) w a s  removed by uniform cor ros ion  only. Actual ly ,  
more s teel  ( a s  w e l l  as the Zi rca loy  cladding)  would s t i l l  be presen t ,  and 
t h e  waste c a n i s t e r  would not be breached. For these  reasons,  t he  r e s u l t s  
were considered conserva t ive  (DOE 1986a). Whether these  r e s u l t s  are con- 
s e r v a t i v e  is immaterial at  t h i s  po in t  s i n c e  the  c a l c u l a t i o n  served t o  tes t  
t h e  cor ros ion  model and t o  y i e l d  a prel iminary estimate of t he  containment 
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per iod.  Obviously, o t h e r  co r ros ion  and waste package degrada t ion  mechis- 
nisms w i l l  r e q u i r e  cons ide ra t ion  before  the  performance a n a l y s i s  can be 
judged acceptable .  The r e s u l t s  obtained by Monte Carlo s imula t ion  of :the 
co r ros ion  equat ions  are shown i n  Fig. E.3  i n  t h e  form of a cumulative ~prob- 
a b i l i t y  d i s t r i b u t i o n  curve t h a t  shows the  p r o b a b i l i t y  of con ta ine r  fai:Lure 
( o r  f r a c t i o n  f a i l e d )  in a s p e c i f i e d  number of yea r s  and a PDF t h a t  g ives  
t h e  f r a c t i o n a l  f a i l u r e  rate i n  any given year.  I n  gene ra t ing  these  cuicves, 
i t  was assumed t h a t  t h e  c o e f f i c i e n t s  of t he  co r ros ion  equa t ions  had 
Gaussian d i s t r i b u t i o n s  t h a t  were t runca ted  on e i t h e r  t a i l  by t h e  s p e c i f i e d  
range . 
StoLhas t ic  a n a l y s i s  provides  a means of u p l i c i t l y  r e l a t i n g  u n c e r t a i n t y  i n  
model p r e d i c t i o n s  to  u n c e r t a i n t i e s  i n  t h e  inpu t  data .  Consequently, on an 
overall  b a s i s ,  a scheme f o r  p r e d i c t i n g  f a i l u r e  p r o b a b i l i t i e s  such as Monte 
Carlo s imula t ion  seems d e s i r a b l e ,  and it could be p r a c t i c a l  and accep tab le  
(SASTRE 1986). Other p r o b a b i l i s t i c  schemes might a l s o  b e  accep tab le ;  
however, at  t h i s  s t a g e ,  a pre fe r r ed  scheme cannot be i d e n t i f i e d  because of 
t h e  f l u i d  state of r e p o s i t o r y  des ign  (SASTRE 1986). 

E02 PERFORMANCE ASSESSMENT PLANS FOR THE YUCCA MOUNTAIN SITE (TUFF) 

Perf-rmance assessment plans f o r  a waste y x k a g e  i n  t h e  t u f f  a t  t h e  Yucca 
Mountain s i te  are v i r t u a l l y  nonex i s t en t  in  a v a i l a b l e  pub l i ca t ions .  Methods 
f o r  performing a p r o b a b i l i s t i c - d e t e r m i n i s t i c  a n a l y s i s  f o r  a waste package 
are under cons ide ra t ion ,  as evidenced by t h e  p r o b a b i l i s t i c  model proposed 
by S u t c l i f f e  (1984) and the  cons ide ra t ions  d iscussed  by Tyler  (1984) 

E.2.1 Overall Performance Asisessment Plans  

The o v e r a l l  performance assessment cons ide ra t ions  were examined by Tyler  
(1984)  i n  a very gene ra l  way. He  d iv ided  t h e  program i n t o  f i v e  t a s k s  {:hat 
inc lude :  ( 1 )  t o t a l  system d e f i n i t i o n ,  ( 2 )  geologic  system a n a l y s i s ,  ( 3 )  
engineered  system a n a l y s i s  ( i n c l u d e s  waste package),  ( 4 )  computer code 
models, and ( 5 )  t o t a l  system ana lys i s .  The o b j e c t i v e s  of engineered 
system a n a l y s i s  are t o  assess t h e  performance of waste package des igns  and 
underground f a c i l i t i e s  i n  o rde r  t o  determine compliance with r egu la to ry  
s p e c i f i c a t i o n s  and t o  develop s i m p l i f i e d  models t h a t  w i l l  provide the  
r ad ionuc l ide  source term f o r  t h e  t o t a l  system performance assessment The 
t o t a l  system a n a l y s i s  t a s k  involves  t h e  development of a special-purpose 
code inco rpora t ing  s impl i f i ed  models of t h e  geologic  and engineered 
systems,  as w e l l  as the  coupl ing between the  subsystems. This  code is t o  
u s e  s ta t i s t ica l  techniques f o r  q u a l i t a t i v e l y  address ing  u n c e r t a i n t i e s  about 
t h e  performance a t  t h e  Yucca Mountain s i te  and the  engineered r e p o s i t o r y  
system. It is t o  p r e d i c t  o v e r a l l  performance i n  t h e  form of p r o b a b i l i t y  
d i s t r i b u t i o n s  of release rates and concen t r a t ions  t o  t h e  a c c e s s i b l e  
environment . 
E.2.2 Computer Codes Under Considerat ion 

The e x i s t i n g  computer codes being considered f o r  t he  performance assessment 
of t h e  waste package inc lude :  f o r  temperature  d i s t r i b u t i o n s  - ADINAT, 
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SAGUARO COYOTE, and ARRAYF; f o r  waste containment t i m e  and rad ionucl ide  
release rates -WAPPA and ORIGEN; and f o r  groundwater-rock i n t e r a c t i o n s  - 
EQ3/Q6 and PHR81 . 
E.2 .3  Some Resul t s  of Prel iminary Performance Assessments 

Pre l iminary  subsystem and t o t a l  system ana lyses  have been made (DOE 1986b) 
f o r  t he  r e fe rence  design at the Yucca Mountain s i te  using simple deter-  
m i n i s t i c  models implemented by a computer code, which have been descr ibed 
by Sinnock (1984) . The ' r e s u l t s  of t he  c a l c u l a t i o n s  ind ica t ed  t h a t  com- 
p l i ance  with r e g u l a t i o n s  was at t a inab le .  Without d i scuss ing  the  d e t a i l s  
of the  assumptions and the  d a t a  base,  these  r e s u l t s  can be quest ioned 
because only uniform cor ros ion  was considered. It was pointed ou t ,  
however, t h a t  t he  r e s u l t s  were pre l iminary  and the  i n t e n t  was not t o  show 
d e f i n i t i v e l y  t h a t  the  subsystems and system w i l l  meet the a p p l i c a b l e  regu- 
l a t i o n s ,  but  only t o  d e t e c t  areas t h a t  r equ i r e  increased  s tudy  or emphasis 
and t o  develop l e v e l s  of confidence i n  the  des igns  as they proceed. It 
w a s  concluded t h a t  t he  prel iminary ana lyses  i n d i c a t e  t h a t  t he  s i t e  charac- 
t e r i z a t i o n  a c t i v i t i e s  and s t u d i e s  could prof i t a b l y  focus on the  fo l lowing  
key u n c e r t a i n t i e s  (DOE 1986b): 

1. conceptual  hydrologic  models of f low i n  the unsa tura ted  zone a t  
Yucca Mountain, 

2. t h e  expected phys ica l  and chemical environment i n  the  r e p o s i t o r y  
a f t e r  c losu re ,  and 

3. t h e  cond i t iona l  waste-package l i f e t i m e  d i s t r i b u t i o n s  i n  the  
p o s t c l o s u r e  r epos i to ry  environment. 

I n  a d d i t i o n ,  the prel iminary ana lyses  suggest  t h a t  ref inements  i n  the  
theory  of flow and rad ionucl ide  t r a n s p o r t  i n  f r a c t u r e d ,  porous under- 
s a t u r a t e d  rock are needed. I n  p a r t i c u l a r ,  methods f o r  t r e a t i n g  the  
s t o c h a s t i c  aspec ts  of flow and t r a n s p o r t  i n  the  country rock need t o  be 
developed i n  order  t o  estimate the  e f f e c t s  of hydrodynamic d i spe r s ion  and 
r e t a r d a t i o n  on rad ionucl ide  releases to the  a c c e s s i b l e  environment (DOE 
1986a, 1986b, 1986c) . 
E.2.4 Adequacy of the  Performance Assessment Plans f o r  the  Waste Package 

Although t h e  problems involved i n  a s ses s ing  the  performance of t he  wast:e 
package have been recognized, the  conceptual  design has not been f i r m l y  
e s t a b l i s h e d  and the plans have not evolved s u f f i c i e n t l y  to  judge the  
adequacy . 
A s t o c h a s t i c  model f o r  the  containment and i s o l a t i o n  de te rmina t ions  w i l l  
b e  requi red  f o r  demonstrating compliance with r e g u l a t i o n s  i f  the  recommen- 
d a t i o n s  of Sastre (1986) and t h i s  r epor t  become a necessary ad junc t  t o  the  
l i c e n s i n g  process.  This  need is recognized by DOE, as evidenced by i t e m  3 
i n  Sect.  E.2.3 and the  work of S u t c l i f f e  (1984) and Tyler  (1984). 
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E03 PERFORMANCE ASSESSMENT PLANS FOR THE DEAF SMITH COUNTY SITE 
(BEDDED SALT) 

A r epor t  w a s  i s sued  (OW1 1984) on the pre l iminary  plan and a n t i c i p a t e d  
methods t o  be used i n  t h e  SRP f o r  a s ses s ing  the  pos tc losure  and prec losure  
performance of a nuc lear  waste r e p o s i t o r y  i n  salt. It is intended t h a t  
t h e  plan be r ev i sed  on about an annual  b a s i s ;  consequent ly ,  an updated 
v e r s i o n  is expected t o  be i ssued  i n  t h e  near  fu tu re .  
p re l iminary  r epor t  is on the  method of conceptua l ly  d iv id ing  the  system 
i n t o  th ree  subsystems: the very-near f i e l d ,  t h e  near  f i e l d ,  and t h e  f a r  
f i e l d .  The r e p o r t  (OW1 1984), which is g e n e r i c  i n  na tu re ,  does not 
address  t h e  proposed si te per se. Presumably, t h i s  w i l l  be covered 111 
f u t u r e  rev is ions .  
i s  the primary cons ide ra t ion  here  since t h i s  r e p o r t  d e a l s  s p e c i f i c a l l y  
wi th  t h e  waste package environmental  parameters.  

The emphasis i n  t h e  

The very-near f i e l d  (waste package and immediate envi rons)  

E.3.1 Overa l l  Performance Assessment Plans 

According t o  the ONWI (1984) r e p o r t ,  t he  pos t c losu re  performance assessment 
f o r  t h e  SEZP can be viewed as occur r ing  on two l e v e l s .  The f i r s t  l e v e l  
addresses  t h e  t o t a l  system and i ts  u n c e r t a i n t i e s  and lends assurance t h a t  
t h e  subsystem i n t e r a c t i o n s  are w e l l  understood. The second l e v e l  dea l s  
w i th  Lie var ious  subsystems, of which t h e  waste package is one. It LJ 

assumed t h a t  s e p a r a t e  subsystem assessments  are necessary (which is  a 
reasonable  assumption) because of t h e  complexity of the  geologic  d i sposa l  
system and t h e  need f o r  d e t a i l e d  r e s u l t s ,  p r imar i ly  f o r  design purposes. 

It is pointed out  t h a t  some type of system a n a l y s i s  is requi red  t o  demon- 
s t ra te  compliance with a l l  t h e  r e g u l a t i o n s ,  bu t  t he  form t h a t  t h e  a n a l y s i s  
should t ake  wi th  regard t o  a s i n g l e  system computer code, o r  a series of 
i n d i v i d u a l  process  codes, is not clear. Curren t ly ,  t he  p r o j e c t  i s  using a 
series of i n d i v i d u a l  codes t o  perform pre l iminary  s a f e t y  assessments ,  and 
t h e  merging of t hese  i n t o  a s i n g l e  system code is being considered;  however, 
t h e  consensus is t h a t  t h e  need f o r  a systems-level code has not ye t  been 
e s t a b l i s h e d  (ONWI 1984). 

It w a s  recognized t h a t  a great number of models are needed j u s t  t o  perform 
t h e  assessment on t h e  waste package a lone  (very-near-f i e l d  a n a l y s i s )  and 
t h a t  very important f a c t o r s  were the  a b i l i t y  of t he  waste package t o  with- 
s t and  l i t h o s t a t i c  pressure  and t o  tolerate  the  e f f e c t s  of t he  b r ine  t h a t  
migra tes  i n  toward the  waste package ( see  Appendix F f o r  a d i scuss ion  of 
b r i n e  migra t ion) .  

Parameters and processes  t h a t  are t o  be descr ibed  by the  models f o r  t he  
waste package performance assessment include:  temperatures ,  stresses, 
l o c a l  f l u i d  flow ( b r i n e  migra t ion) ,  geochemistry,  c a n i s t e r  and overpack 
co r ros ion ,  and l o c a l  rad ionucl ide  t r anspor t .  

The pre l iminary  r e p o r t  ( O W  1984) provides  a good d e s c r i p t i o n  of t he  
mechanisms of t hese  processes ,  coupl ing e f f e c t s  of t he  ind iv idua l  models, 
t h e  gene ra l  approach t o  t h e  problem of modeling each process ,  and poss ib le  
computer codes t h a t  could be used. However, t h e  d i scuss ion  is  gene ra l ,  and 
a s p e c i f i c  approach with i n t e r f a c e  cons ide ra t ions  i s  s t i l l  needed; t h i s  w i l l  
appa ren t ly  be addressed i n  t h e  soon-to-be i ssued  r e v i s i o n  of the  repor t .  
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The SRP is cons ider ing  two major approaches t o  s e n s i t i v i t y  and uncertaiinty 
ana lyses :  a s ta t i s t ica l  des ign  approach and a d e t e r m i n i s t i c  f i r s t - o r d e r  
approach. The p r o j e c t  p o s i t i o n  (a very reasonable  one) i s  t h a t  t he  choice 
between d e t e r m i n i s t i c  o r  s t o c h a s t i c  models i s  o f t e n  a ques t ion  of f eas i -  
b i l i t y .  The complexity of s t o c h a s t i c  models i nc reases  exponent ia l ly  ais 
more d e t a i l  is added t o  the  model. A simple d e t e r m i n i s t i c  model could 
reasonably be converted t o  a s t o c h a s t i c  form, but a more complex one might 
be t r e a t e d  more e f f i c i e n t l y  wi th  d i f f e r e n t  u n c e r t a i n t y  and s e n s i t i v i t y  
techniques.  Most of t he  models t h a t  have been used i n  pre l iminary  perfor-  
mance assessment by t h e  p r o j e c t  were d e t e r m i n i s t i c .  

The plan i s  t o  u t i l i z e  t h e  approach t h a t  is best s u i t e u  to  a par t icu1a.r  
model; i n  some cases, more than  one technique w i l l  be requi red .  For 
example, advantage can be taken of t h e  comprehensive screening  c a p a b i l i t i e s  
of t h e  a d j o i n t  s e n s i t i v i t y  method t o  he lp  de f ine  and cons t ruc t  a s i m p l i f i e d  
model t h a t  can be handled more e f f i c i e n t l y  by one of t h e  sampling tech.- 
n iques ,  such as Lat in  Hypercube Sampling (INMAN 1980). 

The s ta t is t ical  des ign  approach may be der ived  using s ta t i s t ica l  experi-  
mental des ign  theory or Monte Carlo methods. These methods t y p i c a l l y  
treat  t h e  model as a black box and randomly gene ra t e  a set of i npu t  va lues  
based on p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  use i n  a computer model run. To 
reduce computation t i m e ,  L a t i n  Hypercube Sampling w i l l  be used s i n c e  i t  
seems bes t  s u i t e d  f o r  t h e  performance assessment model ( O W 1  1984). The 
p r o j e c t  plans s p e c i f i c a l l y  used such techniques t o  analyze system models e 

The d e t e r m i n i s t i c  f i r s t - o r d e r  approach i s  t y p i f i e d  by the  a d j o i n t  meth.od 
(INTERA 1983; HARPER 1983b). This approach does not  t reat  t h e  model ais a 
b l ack  box but  t ransforms the model equat ions  i n t o  a r e l a t e d  system of 
a d j o i n t  equat ions  using t h e  mathematics of t h e  ca l cu lus  of v a r i a t i o n s  and 
t h e  theory of per turba t ion .  The cons iderable  e f f o r t  t h a t  has been expended 
i n  developing the  a d j o i n t  method should be advantageous i n  reducing t h e  
c a l c u l a t i o n a l  e f f o r t  i n  ana lyz ing  s e n s i t i v i t y  and unce r t a in ty .  

E.3.2 Val ida t ion  of Models and Data Base 

The p r o j e c t  plan d e t a i l s  t he  present  and f u t u r e  a c t i v i t i e s  involved i n  
enhancing t h e  c r e d i b i l i t y  of performance assessments  t o  be made. These 
a c t i v i t i e s  are t o  be accompanied by appropr i a t e  t e c h n i c a l  and peer reviews 
and are designed t o  meet NRC requirements.  Documentation of a l l  computer 
codes,  which inc ludes  both v e r i f i c a t i o n  and v a l i d a t i o n  of t he  models, is 
t o  fo l low t h e  requirements given by the  NRC i n  NUREG-0856 (SILLING 1983). 
V e r i f i c a t i o n  is t o  provide assurance t h a t  a computer code c o r r e c t l y  per- 
forms the  ope ra t ions  s p e c i f i e d  i n  a numerical  model, whereas v a l i d a t i o n  is 
t o  provide assurance t h a t  t he  model as embodied i n  a computer code is  a 
c o r r e c t  r e p r e s e n t a t i o n  of t h e  process  o r  system f o r  which i t  is intended.  

The requirements f o r  code v e r i f i c a t i o n  are s t r a igh t fo rward ,  involv ing  
checking with a n a l y t i c a l  s o l u t i o n s  and benchmark problems and comparing t h e  
r e s u l t s  with those from similar codes. Val ida t ion  p resen t s  a more d i f f i c u l t  
problem s i n c e  i t  involves  comparisons with experiments ,  with the  added 
complicat ion of long t i m e  frames. 



1 9 1  

It is planned t h a t  s i t e - s p e c i f i c  va l ida t ion  w i l l  be used t o  provide com- 
par i sons  of model pred ic t ions  with physical  measurements whenever possible.  
It is  recognized tha t  complete va l ida t ion  of many models t h a t  s imulate  very 
long-term processes w i l l  not be possible.  Val idat ion i n  these cases w i l l  
r e l y  heavi ly  on the peer review process. In addi t ion ,  scale-model experi- 
ments may o f f e r  add i t iona l  evidence of the s u i t a b i l i t y  of some models. 
Natural  analogue comparisons o f f e r  another p o s s i b i l i t y ,  but they are not 
s p e c i f i c a l l y  included i n  the p ro jec t  plan. 

E.3.3 Computer Codes 

The computer-codes t h a t  have been i d m t i f i e d  f o r  p o t e n t i a l  use i n  
assess ing  the  performance of a waste package i n  the  S a l t  Repository 
P ro jec t  (SRP) are l i s t e d  i n  Table E.2 ,  with an X i nd ica t ing  the  processes 
that they model. The br ine  migration process is not l i s t e d  i n  the  ONWI 
(1984) r epor t  under waste package processes,  but under a repos i tory  
response t o  waste package heat .  In the  context of t h i s  r epor t ,  b r ine  
migrat ion produces the  hydrologic environment fo r  the  waste package. 

Each code l i s t e d  i n  Table E.2 (and o thers  t o  be used i n  the o v e r a l l  per- 
formance assessment) are discussed i n  the  pro jec t  plan (ONWI 1984), with 
emphasis on (1) descr ip t ions  of the purpose, c a p a b i l i t i e s ,  and l i m i t a t i o n s  
of each code: (2) s t a t u s  of the  e l e m e n t s  of documentation and review 
e s s e n t i a l  f o r  code v e r i f i c a t i o n  and va l ida t ion ;  and (3)  proposed applica- 
t i o n s  of the  model t o  performance assessment. Areas covered in each code 
summary include : 

1. Code Description. A general  descr ip t ion  of the purpose and approach 
of the  model is given along with the  assumptions, method of s e l e c t i o n ,  
and l imi t a t ions .  

2 .  Development Stage. This r e f e r s  t o  d i s t i n c t i o n s  between r ecen t ly  
coded models and well-established models i n  l a t e r  vers ions.  

3 . Documentation. Comparison of the ava i l ab le  code documentation is  
made with the  guide l ines  i n  NUREG-0856 (SILLING 19831, and the 
d i f f e rences  are noted. 

4 . Performance Spec i f ica t ion  Review. This includes examination of the 
conceptual design of the  model, scoping ana lys i s ,  adequacy of the 
mathematical model and de r iva t ions ,  range of model a p p l i c a b i l i t y ,  
and input /output  requirements. 

5 .  Code Design Review. This includes an examination of the equations 
of the numerical model, numerical so lu t ion  technique, computational 
e r r o r  and so lu t ion  s t a b i l i t y ,  system i n t e r f a c e s ,  and input /output  
s t r u c t u r e s .  

6 .  Ver i f i ca t ion .  This includes tests and eva lua t ions  conducted t o  ensure 
t h a t  a computer code co r rec t ly  performs the operat ions spec i f i ed  i n  a 
mathematical model. 



Table E.2. Processes  i n s i d e  and around a waste package, and e x i s t i n g  
computer codes t h a t  can model the  processesa 

Waste package processes  
Heat and 

r a d i a t i o n  The rmo- 

i s o t o p i c  w i t h i n  response and nuc l ide  migra t ion  
genera t ion ;  Heat flow mechanical Radio- Brine 

Computer composition waste r a d i a t i o n  Corrosion release t o  waste 
code of waste package e f f e c t s  rates rates packageb 

ORIGEN2 X 

HEATING 6/5 X 

SPECTROM- 3 2 X 

WAPPA X 

ANISNW 

SWENT 

TEMPC 

BRINEMIG 

X 

X 

X 

X 

X 

SPECTROM-58 X 

aFrom ONWI (1984). 
bThis is considered s e p a r a t e l y  as a r epos i to ry  response t o  waste hea t  i n  ONWI 

( 1 9 8 4 ) ,  but i t  is included here  i n  the  waste package processes  because the  
b r i n e  migrat ion t o  the  waste package w i l l  i n f luence  the  cor ros ion  rate and 
rad ionucl ide  r e l ease  rates. 
ioiw I I ~ S  been replaced by 'iEi.iF "5 f o r  u s e  i n  r e p o s i t o r y  temperature ca icu ia-  
t ions.  

Crn,,..n I . .  . 
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Val ida t ion .  This  inc ludes  tests and eva lua t ions  conducted t o  ensure 
t h a t  a model, as embodied i n  a computer code, is a correct represen- 
t a t i o n  of the  process  o r  system f o r  which it is intended.  

Proposed Applicat ion.  The types of performance assessment (waste 
package, r epos i to ry ,  and si te) f o r  which a p p l i c a t i o n  is planned, 
as well as the p a r t i c u l a r  problems s p e c i f i c a l l y  addressed by the  
code, are i d e n t i f i e d  . 
Rela t ionship  of Model t o  Other Codes. Links to  o t h e r  codes i n  terms 
of output  of t h e  s u b j e c t  code are indica ted .  Cons t r a in t s  on inpu t  
and output  d a t a  r e s u l t i n g  from such l inkage  are noted. 

Appl ica t ion  of Code t o  Other Problems. Documented a p p l i c a t i o n s  of 
t h e  code t o  o t h e r  (nonsa l t  o r  nonrepos i tory)  s i t u a t i o n s  are iden- 
t i f i e d ,  and t h e  re levance  of these  a p p l i c a t i o n s  is noted. 

S u i t a b i l i t y  of t h e  Model f o r  SRP Applicat ion.  L imi t a t ions  of t he  
model t h a t  may make it  unsu i t ab le  f o r  a p p l i c a t i o n  i n  performance 
assessment f o r  va r ious  a spec t s  are given. 

Peer  Review. Documented independent peer  reviews of model code 
s ? o c i f i c a t i o n s ,  des ign ,  or  performance by recognized expe r t s  and 
peer  groups are c i t ed .  

References. References c i t e d  i n  t h e  code summary are l i s t e d .  

The reader  is r e f e r r e d  t o  t h e  r e p o r t  published i n  1984 by ONWI (ONWI 1984) 
f o r  d e t a i l e d  d e s c r i p t i o n s  and/or eva lua t ions  of t he  above i t e m s  f o r  each 
computer code l i s t e d  i n  Table E.2 and f o r  a l l  o t h e r s  under cons idera t ion .  
Sec t ion  E. 1 provides a b r i e f  d e s c r i p t i o n  and d i scusses  t h e  p o t e n t i a l  
a p p l i c a t i o n  t o  a r e p o s i t o r y  of t h e  computer codes ORIGEN2, HEATING6/5, 
ANISNW (which is not s i g n i f i c a n t l y  d i f f e r e n t  from ANISN) A r a t h e r  
d e t a i l e d  d i scuss ion  of WAPPA is provided i n  t h e  fol lowing s e c t i o n  (E.3.4) 
because of i t s  importance i n  t h e  c u r r e n t  planning. The b r ine  migrat ion 
codes BRINEMIG and SPECTROM-58 are d iscussed  i n  Appendix F. 

TEMP is a 3-D code t h a t  c a l c u l a t e s  temperature d i s t r i b u t i o n  generated by 
f i n i t e - l e n g t h  l ine  sources  of hea t  embedded i n  a geologic  medium using t h e  
supe rpos i t i on  method t o  sum c o n t r i b u t i o n s  from each l ine  source.  TEMP V5 
(DOE 1986c) is an improved ve r s ion  of TEMP t h a t  accounts f o r  t h e  dependence 
of  thermal conduc t iv i ty  on temperature ,  but it does not account f o r  t h e  
temperature  dependence of d i f f u s i v i t y .  However, the  l a t t e r  thermal prop- 
e r t y  seems t o  have a s m a l l  e f f e c t  f o r  t h e  condi t ions  i n  a salt r epos i to ry .  

The i n t e r f a c i n g  of t h e  WAPPA code wi th  BRINEMIG and TEMP V5 i s  shown sche- 
m a t i c a l l y  i n  Fig. E.4 according t o  the cu r ren t  SRP performance assessment 
p lans  . 
The SWENT code uses a f i n i t e - d i f f e r e n c e  technique t o  s imula te  s teady-s ta te  
and t r a n s i e n t ,  3-D t r a n s p o r t  processes  t h a t  inc lude  f l u i d  flow, hea t  flow, 
chemical ly  i n e r t  contaminant t r a n s p o r t ,  and rad ionucl ide  t r a n s p o r t  i n  a 
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Fig. E.4. Flow diagram for the performance assessment of a waste 
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Deaf Smith County Site, Texas, DOE/RW-0069, 1986. 
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heterogeneous geologic  medium. 
c i t  f i n i t e - d i f f e r e n c e  codes t h a t  solve time-dependent, nonl inear  problems 
i n  continuum mechanics and i n  f l u i d  flow. The STEALTH-2D hydrologica l  
model w i l l  be used f o r  p red ic t ing  flow through f r a c t u r e d  rock t h a t  had low 
pe rmeab i l i t y  p r i o r  t o  f r a c t u r i n g .  

The STEALTH program is a package of expl i -  

The GRESS code (OBLOW 1983a, 1983b) has been developed f o r  a p p l i c a t i o n  of 
t h e  a d j o i n t  method i n  s e n s i t i v i t y  s t u d i e s  using f i r s t - o r d e r  d e t e r m i n i s t i c  
techniques.  This code is not  s p e c i f i c a l l y  designed f o r  performance assess- 
ment; it is a tool  t o  f a c i l i t a t e  s e n s i t i v i t y  s tud ie s .  GRESS is a FORTRAN 
compiler  language program t h a t  enhances convent ional  FORTRAN programs wi th  
a n a l y t i c a l  d i f f e r e n t i a t i o n  of arithmetic s ta tements  so t h a t  any s tandard  
FORTRAN code can be upgraded t o  o b t a i n  t h e  d e r i v a t i v e s  requi red ,  whether 
t hey  are used f o r  i n t e r n a l  c a l c u l a t i o n s  (e.g., f o r  i t e r a t i o n )  or f o r  
external ones (e.g., s e n s i t i v i t y  s t u d i e s ) .  Although GRESS cannot be used 
f o r  unce r t a in ty  s t u d i e s  t o  produce a d i s t r i b u t i o n  of r e s u l t s  based on 
s t o c h a s t i c  i n p u t ,  i t  can be incorpora ted  i n t o  a package f o r  unce r t a in ty  
c a l c u l a t i o n s  that w i l l  produce a d i s t r i b u t i o n  of r e s u l t s  (e.g., waste 
package f a i l u r e  rates as a func t ion  of t i m e ) .  

Most of these  computer codes seem t o  be v e r i f i e d  t o  a degree t h a t  may be 
acceptab le ;  however, v a l i d a t i o n  f o r  them is l ack ing ,  with the  poss ib l e  
except ion  of SWENT. A c l a r i f i c a t i o n  of what c o n s t i t u t e s  adequate v e r i f i c a -  
t i o n  and v a l i d a t i o n  i s  needed; a t  p re sen t ,  t h i s  seems t o  r ep resen t  a 
judgment call which only t h e  NRC can ad judica te .  Plans f o r  v a l i d a t i o n  of 
t h e s e  codes are scheduled t o  be publ ished i n  t h e  next r e v i s i o n  of the  
p r o j e c t  p lan .  

E .3.4 WAPPA Code 

A requirement of t h e  o v e r a l l  waste package performance assessment model 
(see Sect.  2.2.2) i s  a submodel t h a t  p r e d i c t s  t he  degrada t ion  and sub- 
sequent  f a i l u r e  of t he  waste package ( s e e  Appendix B f o r  a d i scuss ion  of 
t h e  va r ious  f a i l u r e  modes), t he  mean t i m e  t o  f a i l u r e ,  and the  r e l e a s e  of 
r ad ionuc l ides  a f te r  a breach of t he  waste c a n i s t e r .  Two waste package pe r -  
formance assessment models have been developed and implemented by the  com- 
p u t e r  codes BARIER (STULA 1981) and WAPPA (IEC 1983). The WAPPA code, 
which r ep resen t s  a second-generation model, is being considered f o r  use i n  
a s s e s s i n g  the performance of a waste package even though i t  needs some 
mod i f i ca t ions ,  p a r t i c u l a r l y  the  va r ious  submodels. 

Even though WAPPA is p r imar i ly  a waste package d e g r a d a t i o n / f a i l u r e  model, 
i t  (o r  similar codes) could i m p l i c i t l y  r ep resen t  p a r t  of t he  r e p o s i t o r y  
environmental  parameter model/methodology as w e l l  as a reasonable  technique 
f o r  a s ses s ing  t h e  performance of a waste package; t h e r e f o r e ,  it is t h e  sub- 
ject  of t h e  fol lowing discussion,.  It should be emphasized t h a t  t he  WAPPA 
code is of fe red  only as an example of a methodology t h a t  could be used t o  
s a t i s f y  t h e  requirements of waste containment and i s o l a t i o n  and as a means 
of i n t e r f a c i n g  the  environmental  parameters and models wi th  the assessment 
c a l c u l a t i o n s .  A s  t h e  code now exists, some of t he  submodels ( p a r t i c u l a r l y  
the co r ros ion  submodel) are obviously inadequate  . 
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E . 3.4.1 WAPPA Overview 

WAPPA is a ba r r i e r - in t eg ra t ed  and process-sequent ia l  degrada t ion  code t h a t  
i nc ludes  f i v e  d i s t i n c t ,  coupled degrada t ion  process  models : rad ia t ion .  , 
thermal ,  mechanical, cor ros ion ,  and leaching  - a l l  of which are driven, 
i n t e r n a l l y  by decay hea t  and e x t e r n a l l y  by r e p o s i t o r y  stresses and f l u i d s .  
The p e n e t r a t i o n  of groundwater i n t o  t h e  waste package i s  t racked rad ia . l ly  
inward. The important  ou tputs  are t h e  t ime-to-fai lure  va lues  of t h e  waste 
c a n i s t e r  and the  subsequent r ad ionuc l ide  f l u x e s  t o  the  r epos i to ry .  A 
system model,, which is t h e  execut ive  d r i v e r ,  coo rd ina te s  t h e  inpu t  d a t a  
f i l e s ,  t h e  use of the  process  models, and a l l  t h e  1/0 requirements  ( s e e  
Fig.  E.5 f o r  a block diagram i l l u s t r a t i n g  t h e  s t r u c t u r e  of the  WAPPA code). 
Each of t h e  WAPPA submodels, as shown i n  t h e  blocks on t h e  r i g h t  of 
Fig.  E.5, is b r i e f l y  d iscussed  below. These submodels r ece ive  t h e  g r e a t e s t  
criticism when t h e  WAPPA code is examined c r i t i c a l l y  (e.g., STEPHENS 
1986). It is poss ib l e ,  of course,  t o  r ep lace  these  submodels and t o  
r e t a i n  t h e  main f e a t u r e s  of t h e  code, which is being done by t h e  sa l t  
r e p o s i t o r y  p ro jec t .  The modi f ica t ions  t o  t h e  WAPPA code are ind ica t ed  i n  
Fig.  E060 

E.3.4.2 Radia t ion  Process Model 

I n  t h e  c a l c u l a t i o n a l  procedure f o r  each t i m e  s t e p ,  t h e  r a d i a t i o n  p r o c e x  
model is executed f i r s t .  This model has a (1) source-term submodel based 
on a "look-up" t a b l e  of time-dependent nuc l ide  i n v e n t o r i e s  and decay 
c h a r a c t e r i s t i c s  f o r  providing t h e  thermal power inpu t  and waste nuc l ides  
as a func t ion  of t i m e ,  (2 )  a gamma-ray a t t e n u a t i o n  submodel using the  
s imple ray-t racing technique wi th  bui ldup f a c t o r s  (ROCKWELL 19561, and (3) 
s imple  empi r i ca l  r a d i a t i o n  damage and r a d i o l y s i s  submodels f o r  e s t ima t ing  
degrada t ion  of some waste form phys ica l  p r o p e r t i e s ,  l each  and co r ros ion  
rates,  and r a d i a t i o n  enhancement f a c t o r s ,  which will undoubtedly have t o  
be  determined from empi r i ca l  data .  Curren t ly ,  t he  SRP is using the  
ANISNW code with a cross-sect ion l i b r a r y  of 18 gama-energy groups; t h e  
source  terms are ca l cu la t ed  by ORIGEN2 (DOE 1 9 8 6 ~ ) .  

E.3.4.3 Thermal Process  Model 

The thermal process  model is c a l l e d  next  s ince  a l l  subsequent process  
models are dependent on temperature.  The cu r ren t  WAPPA model is a quasi-  
s t eady- s t a t e ,  one-dimensional, a n a l y t i c a l  s o l u t i o n  f o r  t he  temperature 
drops  and hea t  flows ac ross  concen t r i c  c y l i n d r i c a l  annu l i  based on t h e  
power inpu t  at  the  p a r t i c u l a r  time; conduct ive,  convect ive,  and r a d i a t i v e  
hea t - t ransf  er modes are included. The a c t u a l  temperatures  f o r  each t i m e  
s t e p  are determined by combining t h e  temperature drops with the temperature  
a t  t h e  midplane of t h e  waste package, which is provided by a "look-up" 
t a b l e  o r  a sepa ra t e  c a l c u l a t i o n  t h a t  must i n t e r f a c e  with the  temperature  
drop  ca l cu la t ions .  ONWI is  cons ider ing  t h e  TEMP V5 o r  HEATING5/6 codes f o r  
c a l c u l a t i n g  t h i s  i n t e r f a c e  temperature  as a func t ion  of t i m e .  

E.3.4.4 Mechanical Process  Model 

The next-cal led,  mechanical process  model inc ludes  t h r e e  coupled submodels 
f o r  stress a n a l y s i s  - overpack, c a n i s t e r  f r a c t u r e ,  and waste-form f r a c t u r e .  
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Fig. E.5. Overview block diagram for the WAPPA code, including system 
structure (SMODEL) and process models. Source: Intera Environmental 
Consultants, WAPPA: A Waste Package Performance Assessment Code, ONWI-452, 
1983. 
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1.00 WAPPA A - As received from lntera - in ONWI-452 

2.00 WAPPA B - Modified to compute corrosion for EA'S 
and to provide inputs for release calc for EA'S  

2.01 WAPPA B - Changed to correct minor errors found 
in verification of 2.00 WAPPA B 

3-00 WAPPA C - Modified release model to be used for 
sensitivity studies for SCP planning 

4.00 WAPPA D - Modified stress model 

5.00 WAPPA E - Site specific corrosion and release models 

Fig.  E.6. Stages in waste package code development by ONWI. -- Source: 
J. Kircher ,  G. Raines,  V. McCanley, and G. Jansen, "Performance Assessment 
of Waste Packages," presented  a t  the  SW/NRC Waste Package Meeting, 
Columbus, Ohio, Jan. 22-24, 1986. 
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This  model a l lows f o r  p l a s t i c  y i e l d i n g  of each metallic barrier, but t he  
on ly  source of loss of i n t e g r i t y  is a breach, which may be mechanical ly  
induced o r  may r e s u l t  from s t r e s s -co r ros ion  cracking. The t i m e  at  breach 
of  t he  c a n i s t e r  is f lagged ,  and t h e  l each  model becomes opera t ive .  For 
t h e  waste form, f r a c t u r i n g  causes  an i n c r e a s e  i n  su r face  area, which 
enhances leaching.  S t r e s s e s  are determined due t o  displacement incom- 
p a t i b i l i t i e s ,  appl ied  v e r t i c a l  and h o r i z o n t a l  r e p o s i t o r y  p re s su res ,  and 
thermal  g rad ien t s .  

The c u r r e n t  mechanical model is an axisymmetric, plane s t r a i n  formulat ion 
t h a t  is c o n s i s t e n t  wi th  the  o t h e r  process  models i n  the system. For t h e  
i d e a l i z e d  system, a n a l y t i c a l  expres s ions  f o r  the stresses are used f o r  both 
elastic and e l a s t i c / p l a s t i c  responses.  
model, but the d e t a i l s  are not a v a i l a b l e .  

OW1 is developing a n e w  stress 

E.3.4.5 Corrosion Process  Model 

The co r ros ion  process  model couples  t h e  r e s u l t s  of the  previous t h r e e  
models and accounts f o r  d ry .  ox ida t ion  and w e t  co r ros ion  f o r  both gene ra l  
and l o c a l i z e d  modes. F ive  d i s t i n c t  co r ros ion  submodels are considered:  
gene ra l i zed  cor ros ion ,  l o c a l i z e d  p i t t i n g  and c rev ice  cor ros ion ,  stress 
cor ros ion ,  ga lvan ic  cor ros ion ,  and dry  ox ida t ion  (by t h r e e  poss ib l e  
mechanisms). The models are simple and empi r i ca l  i n  na tu re  and, at  t h i s  
p o i n t ,  r ep resen t  only an example of a methodology t h a t  could be used if 
s u f f i c i e n t  d a t a  are ava i l ab le .  A new model is being developed by ONWI, 
bu t  t h e  d e t a i l s  are not ava i l ab le .  

E .3.4.6 Leach Process  Model 

The leach  process  model, which is c a l l e d  a f t e r  a canister breach, calcu- 
lates t h e  mass removed by leaching  from t h e  waste form f o r  both the  mat r ix  
and specific nuc l ides ,  accounts f o r  t r a n s p o r t  of rad ionucl ides  i n  t h e  
waste package ( inc luding  d i f f u s i o n ,  r e t a r d a t i o n ,  and advec t ion  i n  t h e  
packing) ,  and outputs  the r a d i a l  concent ra t ion  p r o f i l e  and mass f luxes  
i n t o  the  r e p o s i t o r y  rock (source  term f o r  r e p o s i t o r y  and pathway t r a n s p o r t  
c a l c u l a t i o n s ) .  The model is based on t h e  s o l u t i o n  of a system of r a d i a l  
equa t ions  i n  one dimension f o r  mass transfer and d i f f u s i o n  through 
breached b a r r i e r s ,  coupled wi th  a t r a n s i e n t  mixing-cell  equa t ion  f o r  t he  
packing. The mass-transfer equat ion ,  o r  leaching  mechanism, is based on 
phys ica l  p r i n c i p l e s  but relies on experimental  d a t a  c h a r a c t e r i z i n g  leach  
enhancement due t o  r a d i a t i o n  and temperature ,  s o l u t i o n  chemistry e f f e c t s ,  
and nuc l ide  s o l u b i l i t i e s .  As i n  t h e  co r ros ion  model, a l l  of the environ- 
mental  parameters and the r e s u l t s  of previous model c a l c u l a t i o n s  ( t h e  
co r ros ion  model supp l i e s  an areal degrada t ion  f a c t o r )  e n t e r  i n t o  the  leach  
model ca l cu la t ion .  

The i n t e n t  of O W 1  with regard t o  t h e  use of a leach  model is not  clear. 
The emphasis now seems t o  be on t h e  use  of t h e  s o l u b i l i t y - l i m i t e d  model 
(see Sect. E.5) i n  i t s  place.  

E.3.4.7 Comments on WAPPA 

The WAPPA approach t o  t h e  performance assessment of a waste package is a 
r a t i o n a l  a t t e m p t  t o  model the  gradual  loss  of i n t e g r i t y  of a waste package. 



200 

The va r ious  processes  are modeled i n d i v i d u a l l y ,  and t h e i r  coupling e f f e c t s  
can be accounted f o r  w i th in  each t i m e  s tep .  Each process  is allowed t o  
modify the  state of t h e  e n t i r e  waste package i n  each t i m e  s t e p  and, i n  
p r i n c i p l e ,  inc ludes  feedback effects. The modular cons t ruc t ion  with t h e  
s e p a r a t e  d a t a  f i l e s  f o r  each submodel, or module, a l lows f o r  f l e x i b i l i t y  
i n  changing the  submodels and d a t a  f i les  as more d a t a  and b e t t e r  under- 
s t and ing  of t he  var ious  mechanisms become a v a i l a b l e .  Some of t h e  cu r ren t  
submodels are obviously inadequate ,  and more appropr i a t e  ones need to ,  and 
are being, developed. 

The WAPPA model i s  l i m i t e d  t o  a one-dimensional c a l c u l a t i o n ,  which, f o r  
r e l a t i v e l y  long cy l inde r s ,  is t h e  equ iva len t  midplane r e s u l t  f o r  a t w o -  
dimensional  model. The one-dimensional r e s u l t s  w i l l  obviously be on t h e  
h igh  s i d e  for the waste package temperatures  and r a d i a t i o n  f i e l d s .  

E.3.5 Resu l t s  of Prel iminary Performance Assessments 

Func t iona l ly ,  t h e  waste d i s p o s a l  system is considered by the  p r o j e c t  t o  be 
made up of t h r e e  major subsystems: t h e  waste package; t h e  mined repos i -  
t o r y ,  inc luding  a d d i t i o n a l  engineered b a r r i e r s  ( i f  any) ; and t h e  geo log ic  
s e t t i n g ,  inc luding  geohydrologic and geochemical condi t ions.  In a p r e l i -  
minary performance assessment (DOE 1 9 8 6 ~ )  f o r  t h e  proposed r e p o s i t o r y  :Ln 
Deaf Smitn County, it w a s  assumed that  no engineer ing  b a r r i e r s  e x i s t e d  i n  
a d d i t i o n  t o  the  waste package, s i n c e  none are planned a t  t h i s  t i m e .  The 
boundary of the  engineered subsystem was taken as the  ou t s ide  s u r f a c e  of 
each overpack of each waste package. Nuclide releases from t h e  engineered 
b a r r i e r  subsystem, or t h e  waste package in t h i s  case ,  were assumed t o  begin 
a t  the  t i m e  of overpack f a i l u r e  and t o  be l i m i t e d  only by the  q u a n t i t y  of 
each  nuc l ide  t h a t  would d i s s o l v e  i n t o  t h e  q u a n t i t y  of b r ine  a v a i l a b l e .  
Because of the l i m i t a t i o n s  on t h e  d a t a  base and a n a l y t i c a l  methods, i t  w a s  
emphasized t h a t  t he  pre l iminary  performance assessment was not  intended t o  
demonstrate  s a t i s f a c t i o n  of t he  pos t c losu re  system gu ide l ines ;  i t s  objec- 
t i v e  w a s  simply t o  supplement t he  evidence t h a t  w i l l  be used to  e s t a b l i s h  
whether t h e  s i te  is s u i t a b l e  f o r  s i t e  c h a r a c t e r i z a t i o n  (DOE 1 9 8 6 ~ ) .  

The pre l iminary  assessment (DOE 1986c and JANSEN 1984) of the  waste package 
des igns  w a s  made with t h e  WAPPA code. 
stress, b r i n e  composition, r a d i a t i o n  level,  and b r ine  flow rate  (see Sect .  
A.3.1 f o r  r e s u l t s  of b r i n e  migra t ion  c a l c u l a t i o n s  and Sect.  F.4.5.1 f o r  the  
c a l c u l a t i o n a l  method using the  BRINEMIG computer code) were used as boundary 
cond i t ions  t o  c a l c u l a t e  t he  co r ros ion  of t h e  thick-walled overpack of low- 
carbon steel. Package f a i l u r e  was assumed t o  occur when the  co r ros ion  
allowance was exceeded, a l lowing t h e  b r ine  t o  contac t  the  waste form; t h e  
mechanical submodel i n  t h e  WAPPA code was not  used. 

Expected va lues  f o r  temperature ,  

The r e s u l t s  of the  performance assessment showed t h a t  the  waste package 
can be expected t o  las t  f o r  more than lo4 yea r s ,  assuming uniform corro- 
s i o n  rates and using the  c a l c u l a t e d  b r i n e  inf low rates. With the  excep- 
t i o n  of the first 100 years after burial  of t h e  high-level waste package, 
t h e  c a l c u l a t i o n s  ind ica t ed  t h a t  a l l  t he  b r ine  reaching the waste package 
i s  used up by chemical r e a c t i o n  wi th  the  i r o n  overpack. However, i f  
un l imi ted  b r i n e  accumulation (i.e., t he  waste package is completely 
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immersed i n  an i n f i n i t e  f i e l d  of br ine)  is assumed, f a i l u r e  of the over- 
packs is ca lcu la ted  t o  occur a t  372 and 232 years  fo r  HLW and spent f u e l ,  
r e spec t ive ly ,  f o r  t he  high-magnesium-content br ines  tha t  may ex is t  at  the 
s i te .  

I f  t he  package should f a i l  p r i o r  t o  lo4 years ,  i t  was pointed out t h a t  the  
s o l u b i l i t i e s  of the radionucl ides  i n  t h e  expected t o t a l  volume of b r ine  
t h a t  migrates t o  the  waste package would l i m i t  the  releases t o  EPA l i m i t s ,  
except f o r  13’Cs and 14C. 
es t imated 1500 t o  2200 years  required f o r  t r a v e l  t o  the access ib l e  
environments would produce acceptable  values  f o r  release t o  t h e  acceptable  
environment . 

However, decay of these nucl ides  during the  

Obviously, these  r e s u l t s  are subjec t  t o  quest ion simply on the  bases of 
t h e  ex t rapola t ion  of the  corrosion da ta  and the  lack  of s u f f i c i e n t  solubi- 
l i t y  data.  As previously pointed ou t ,  DOE does not consider t he  analyses  
d e f i n i t i v e .  The main conclusion by DOE ( 1 9 8 6 ~ )  is t h a t  t he re  is no evi-  
dence from t h e  preliminary performance assessments t ha t  a repos i tory  at 
t h e  Deaf Smith County s i te  w i l l  not comply with the system cr i ter ia ,  or  
t h a t  engineered subsystems would not be ab le  t o  perform as required.  

E.3.6 Adequacy of Performance Assessment Plans f o r  the Waste Package 

The o v e r a l l  program plan f o r  the  performance assessment of a waste package 
i s  not presented i n  s u f f i c i e n t  d e t a i l  t o  permit adequate evaluat ion.  
However, it w i l l  probably provide a good bas i s  f o r  the de t a i l ed  plans t h a t  
can be expected i n  subsequent rev is ions .  The provis ions f o r  documenting 
t h e  computer codes are exce l len t ;  however, the a c t u a l  v a l i d a t i o n  plans 
are, f o r  the  most par t ,  l e f t  f o r  f u t u r e  rev is ions ,  

A t  t h i s  s tage ,  it appears t h a t  a f a i r l y  heavy dependence will be placed on 
t h e  method t h a t  was developed f o r  s e n s i t i v i t y  s tud ies .  However, adoption 
of t h i s  ad jo in t  method t o  include u n c e r t a i n t i e s ,  with subsequent generat ion 
of r e s u l t s  i n  the form of occurrence p r o b a b i l i t i e s  based on using d i s t r ibu -  
t i o n  funct ions f o r  the  input  values ,  w i l l  r equi re  add i t iona l  development. 

E.4 EVALUATION OF WASTE PACKAGES By THE WASTE ISOLATION SYSTEMS 
PANEL OF THE NATIONAL RESEARCH COUNCIL 

A study (PIGFORD 1983) was conducted f o r  the U.S. Department of Energy by 
a Waste I s o l a t i o n  Systems Panel (WISP) of the Board on Radioactive Waste 
Management, under the  National Research Council’s Commission on Physical  
Sciences,  Mathematics, and Resources. The panel was charged to  review the  
a l t e r n a t i v e  technologies ava i l ab le  f o r  the  i s o l a t i o n  of rad ioac t ive  waste 
i n  mined geologic  r e p o s i t o r i e s ,  eva lua te  the  need fo r  and poss ib le  perfor- 
mance bene f i t s  from these technologies as p o t e n t i a l  elements of the i so l a -  
t i o n  system, and i d e n t i f y  appropr ia te  technica l  criteria f o r  choosing among 
them t o  achieve s a t i s f a c t o r y  ove ra l l  performance of a geologic  repos i tory .  

The panel examined and evaluated the plans,  information, and the s t a t e -  
of-the-art technology t h a t  were ava i l ab le  through the year 1982 f o r  



202 

r e s p o s i t o r i e s  i n  basalt, t u f f ,  salt ,  and g ran i t e .  The mater ia l  f o r  t h e  
s tudy w a s  acquired through examination of a l a r g e  body of technica l  
l i t e r a t u r e ,  b r i e f i n g s  by r ep resen ta t ives  of governmental agencies and 
t h e i r  i n d u s t r i a l  and un ive r s i ty  con t r ac to r s ,  in-depth d iscuss ions  with 
ind iv idua l  exper t s  i n  the  f i e l d ,  s i t e  visits, and ca l cu la t ions  by panel 
members and s t a f f .  Del ibera t ions  extended over a period of approximately 
two years. The panel ' s  p r i n c i p a l  conclusions with regard t o  the waste 
packages a r e  quoted below (PIGFORD 1983): 

0 The rates of release of radionucl ides  from candidate  waste 
forms can be a f f ec t ed  by the  rate of t ransformation and dissolu-  
t i o n  of the waste-form matr ix ,  by the  rate of d i f f u s i o n  wi th in  
t h e  waste form, by the s o l u b i l i t i e s  of s t a b l e  compounds of low- 
s o l u b i l i t y  radioelements,  and by the  rates of d i f fus ion  and con- 
vec t ion  i n t o  the  groundwater surrounding the  exposed waste form. 
Laboratory da ta  f o r  the  release of radionucl ides  from waste forms 
have not been shown t o  be appl icable  t o  pred ic t ing  performance of 
waste packages i n  geologic  r e p o s i t o r i e s ,  and s u i t a b l e  labora tory  
and f i e l d  experiments f o r  determining releases from waste pack- 
ages  have not been ca r r i ed  out.  

e The theory f o r  so lub i l i t y - l imi t ed  d i s s o l u t i o n  of waste 
forms used in t h i s  study app l i e s  t o  the  ex ten t  t h a t  e f f e c t s  of 
t h e  formation and t r anspor t  of co l lo ids  and unspecif ied complexes 
can be neglected.  
b i l i t i e s  quoted i n  t h i s  r epor t ,  the  theory p red ic t s  very low 
release rates f o r  low-solubi l i ty  radionucl ides  from the  waste 
package. The concentrat ions of radionucl ides  later released t o  
su r face  water are ca lcu la ted  t o  be low enough t h a t  the  pred ic ted  
doses from sur face  water w i l l  be seve ra l  orders  of magnitude 
below the  individual-dose c r i t e r i o n  adopted f o r  t h i s  study. 

mance, including u n c e r t a i n t i e s  i n  s o l u b i l i t i e s  and unknown 
e f f e c t s  of co l lo ids  and complex formation, are important. 
Therefore,  add i t iona l  study needs t o  be undertaken to  determine 
whether or  i n  which cases the  r e s u l t i n g  rates of r e l ease  t o  
groundwater are s o l u b i l i t y  l imi ted .  

e If the f r a c t i o n a l  release rate of a candidate waste 
matr ix  is less than the  so lub i l i t y - l imi t ed  release rate of a con- 
t a ined  radionucl ide,  the rate of release of t h a t  radionucl ide t o  
groundwater w i l l  be determined by the  rate of d i s so lu t ion  or  
physical/chemical t ransformation of the  waste matrix, by the  r a t e  
of d i f fus ion  of t h a t  radionucl ide within the waste s o l i d ,  or by 
both processes. It is t h e o r e t i c a l l y  predicted t h a t  r e l ease  r a t e s  
governed by d i f fus ion  within the  s o l i d  could be as  low as those 
governed by s o l u b i l i t y .  

Uncer ta in t ies  about t he  physical  i n t e g r i t y  of boros i l i -  
cate g l a s s  exposed to  leaching so lu t ions  a t  high temperatures and 
u n c e r t a i n t i e s  as t o  t he  e f f e c t  of physical  i n t e g r i t y  on 
rad ionucl ide  d i s so lu t ion  may r equ i r e  t h a t  glass high-level waste 
be protected from groundwater by a cor ros ion- res i s tan t  overpack 
when the  repos i tory  rock is at  temperatures g r e a t e r  than about 
100°C. There are candidate overpack metals, such as t i t an ium 

Based on t h e  experimental and estimated solu- 

0 The e f f e c t s  of u n c e r t a i n t i e s  in  waste-package perf or- 
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a l l o y s ,  t h a t  may pro tec t  t he  waste c a n i s t e r  from groundwater; but 
t hese  candidate metals r equ i r e  f u r t h e r  t e s t i n g  i n  an assembled 
package under the  mechanical, chemical, and thermal stresses t h a t  
are expected i n  a geologic repos i tory .  

0 Reposi tor ies  are l i k e l y  t o  be loaded i n i t i a l l y  with 
wastes derived from accumulated and aged discharged r eac to r  fue l .  
With such loadings,  maximum rock temperatures i n  cur ren t  reposi-  
t o r y  designs are predicted t o  be low enough, i n  the  neighborhood 
of 100°C, t o  warrant confidence i n  the  s u i t a b i l i t y  of 
boros i l ica te -g lass  waste f o r  these  i n i t i a l  emplacements. 

mance under repos i tory  condi t ions of 10-year-old high-level waste 
i n  b o r o s i l i d a t e  g l a s s ,  f o r  which r e p o s i t o r i e s  are cu r ren t ly  
designed. Experiments are needed t o  v e r i f y  the predicted disso- 
l u t i o n  rate of radionucl ides ,  t o  determine t h e  ex ten t  of release 
by o the r  mechanisms, and t o  determine the  e f f e c t  of long-term 
phys ica l  i n t e g r i t y  on the  rate of d i s s o l u t i o n  of radionucl ides .  

b e t t e r  a l t e r n a t i v e  waste forms . 
uran ic  wastes. Uncer ta in t ies  are s imi l a r  t o  those f o r  high-level 
waste, except t h a t  t ransuranic  waste w i l l  be a t  ambient temperature. 

u ran ic  waste is t o  equal t h a t  of such g l a s s  containing high-level 
waste, it may be necessary t o  reduce the chemical contaminants 
normally associated with t ransuranic  waste. 

ve r t ed  t o  a concentrated inso luble  form, i s  predicted t o  d i s so lve  
a t  a rate low enough t h a t  appreciable  i s o l a t i o n  of t h i s  
rad ionucl ide  could be achieved. 

iodine-129 and carbon-14, such as sea d i sposa l ,  but they have not 
been evaluated by the  panel. 

0 Once the f u e l  cladding, c a n i s t e r ,  and overpack of a waste 
package containing unreprocessed spent fue l  are breached by water 
i n t r u s i o n ,  the rates of r e l ease  of many cr i t ical  radionucl ides  
are l i k e l y  t o  be g r e a t e r  than those f o r  waste from f u e l  repro- 
cessing.  The r e s u l t i n g  r a d i a t i o n  doses from radionucl ides  
t ranspor ted  t o  the  environment a re  l i k e l y  t o  be g r e a t e r  f o r  
unreprocessed spent fue l .  

mance of a s o l i d  b a c k f i l l  surrounding the  high-level waste 
c a n i s t e r  and overpack. A dense b a c k f i l l ,  such as compressed ben- 
t o n i t e  c lay ,  may delay and reduce the  discharge of radionucl ides  
from the  waste t o  the groundwater but a t  the  expense of increas ing  
waste temperatures. Mare information is needed on the chemical, 
phys ica l ,  and r ad ia t ion  s t a b i l i t y  of candidate b a c k f i l l  materials 
under repos i tory  condi t ions and on the  e f f e c t i v e  d i f fus ion  proper- 
ties of b a c k f i l l  mater ia l s  before  b a c k f i l l  can be r e l i e d  on t o  
r e t a r d  and reduce s i g n i f i c a n t l y  the r e l ease  of long-lived 
rad ionucl ides  t o  the  surrounding groundwater. 

0 There is need f o r  add i t iona l  information on the  perfor- 

0 There is need f o r  a continuing program t o  develop new and 

0 Boros i l i ca t e  g l a s s  may be a s u i t a b l e  waste form f o r  t rans-  

0 I f  the performance of b o r o s i l i c a t e  g l a s s  containing trans- 

Carbon-14 recovered when spent f u e l  is reprocessed, i f  con- 

0 There are a l t e r n a t i v e s  t o  geologic  d isposa l  of separated 

0 More information is needed concerning the expected perfor- 
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0 A b a c k f i l l  material may a f f e c t  the leach rate of the waste 
form. Further s tud ie s  are required to  eva lua te  the s y n e r g i s t i c  
and possibly an tagon i s t i c  i n t e r a c t i o n s  among waste form, waste 
package, and b a c k f i l l  mater ia l s .  

E05 COMMENTS ON CONTAINMENT AND THE RELEASE RATES FOR WASTE PACKAGES 

The NRC regula t ions  (10 CFR 60) r equ i r e  tha t  a waste package o f f e r  
s u b s t a n t i a l l y  complete containment f o r  300 t o  1000 years after permanent 
c losure ;  and a f t e r  1000 years,  during the  i s o l a t i o n  period. the  f r a c t i o n a l  
release rate of any ind iv idua l  radionuclide s h a l l  not exceed 10'5/year of 
i ts  1000-year inventory (as a c t i v i t y )  or  10'8/year of the t o t a l  1000-year 
a c t i v i t y ,  whichever is smaller. 

Design of a waste package to meet the  containment c r i t e r i o n  with a very 
low p robab i l i t y  of f a i l u r e  should not present any l a rge  technica l  problems . 
It would s e e m  that  a waste package of s u f f i c i e n t  s t r eng th  with a conser- 
v a t i v e  corrosion allowance Can be designed t o  preclude most r a t i o n a l  con- 
cerns  i n  regard to  meeting the  containment c r i t e r i o n .  However, i n  a 
p r a c t i c a l  design, which includes c o s t  considerations,  the w a l l  thickness 
of an overpack needs to be l imi ted  and t o t a l  repos i tory  cos t  considera- 
t i o n s  favor l a rge r  package and areal thermal loadings and the use of t:he 
more commonplace materials such as mild carbon steels. A l l  of the  f a c t o r s  
t h a t  tend to  reduce the conservativeness of a design w i l l  increase  coeicern 
as to  its adequacy; for  example, i n  the current conceptual waste package 
designs with reasonable w a l l  thicknesses of low-carbon steel ,  i t s  adequacy 
can be questioned s ince  the corrosion allowance is based on ext rapola t ing  
1000 years of corrosion da ta  t h a t  were obtained from experiments l a s t i n g  
on the order of one year or  less. 

It seems genera l ly  accepted t h a t  " subs t an t i a l ly  complete containment" 
means t h a t  only s m a l l  percentages of the waste packages would f a i l  ( i . e . ,  
develop random Peaks i n  the  f i r s t  1000 years). It seems reasonable t o  
assume t h a t  the acceptable f a i l u r e  r a t e  is i n  the 0.1 to  1% range f o r  
design and performance assessment purposes u n t i l  the acceptable f a i l u r e  
rate is es tab l i shed  by the NRC. 

The release rate c r i t e r i o n  seems more l i k e l y  to  c rea t e  l icens ing  problems 
because of the .g rea t  unce r t a in t i e s  t h a t  could r e s u l t  from using labora- 
t o r y  da ta  and ex t rapola t ing  short-term, in  s i t u  experiments over thousands 
of years. It has been argued tha t  the numerical c r i t e r i a  f o r  containment 
and release rate were made without a technica l ly  v a l i d  bas i s  using inva l id  
assumptions of ex i s t ing  technology, t h a t  these cri teria are of questionable 
importance to  long-term sa fe ty ,  and t h a t  compliance probably could not be 
v e r i f i e d  (PIGFORD 1983). 
rates from the waste packages could occur and s t i l l  not exceed acceptable 
releases to  the access ib le  environment f o r  well-sited r epos i to r i e s  . 
Regardless, DOE must demonstrate compliance f o r  a l l  parts of the  ru le .  

It is c e r t a i n l y  t r u e  t h a t  much g r e a t e r  release 

The use of sorptive-type packing around a waste container has been 
inves t iga t ed  f o r  many years as a method of increasing the container 
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l i f e t i m e  and decreas ing  the  release rates of rad ionucl ides .  The 
c u r r e n t  conceptual  design of a waste package i n  b a s a l t  inc ludes  s o r p t i v e  
packing i n  the  form of a 75% basalt-Z5% ben ton i t e  mixture (Sec t .  A.1.2). 
In the t u f f  r epos i to ry ,  packing w i l l  be used only i f  f u t u r e  performance 
assessments i n d i c a t e  a need (Sect.  A.2.2) Curren t ly ,  t he  salt reposi-  
t o r y  p r o j e c t  assumes the  use of e s s e n t i a l l y  nonsorpt ive crushed salt i n  
the narrow annulus around t h e  waste con ta ine r  (Sect .  A.3.2). 

After a waste c a n i s t e r  is breached, t h e  leached r ad ionuc l ides  w i l l  have 
t o  traverse t h e  packing and/or gap, which may be l i q u i d  f i l l e d ,  i n t o  the  
surrounding country rock. Eventua l ly  t h e  release rate from t h e  boundary 
of t he  waste form w i l l  approach e q u a l i t y  with the  flux i n t o  the country 
rock; that is, s teady  state will o b t a i n  and s o r p t i o n  wi l l  no longer  have 
a significant effect on t h e  release rate from t h e  waste package. The 
t i m e  requi red  t o  approach s teady  state depends on the p r o p e r t i e s  of t h e  
waste package, each rad ionucl ide ,  and the  country rock. Breakout of t he  
r ad ionuc l ides  w i l l  occur p r i o r  t o  s teady-s ta te  cond i t ions ,  and the  
release rate of r ad ionuc l ides  from the waste package could exceed the  
s t eady- s t a t e  va lue  f o r  t y p i c a l  r e p o s i t o r y  condi t ions  dur ing  t h i s  i n t e r im  
period (CHAMBRl? 1984b). 

The s o r p t i v e  holdup i n  any packing w i l l  be of small s i g n i f i c a n c e  in t h e  
t o t a l  releases f o r  long-lived r ad ionuc l ides ,  such as plutonium, over the  
t i m e  frame of concern. For example, i f  breakthrough requi red  lo4  yea r s ,  
on ly  2% of the  plutonium inventory  would have decayed. The so rp t ion  i n  
t h e  packing could serve  t o  hold up I3’Cs and 90Sr u n t i l  these  nuc l ides  
decayed t o  innocuous l e v e l s  i n  t h e  case of premature breaching of t he  
waste con ta ine r s  (e.g., <300 years ) .  Sorp t ive  holdup i n  t h e  t r a n s i e n t  
phase w i l l  a lso s teepen  t h e  concen t r a t ion  g r a d i e n t s  and inc rease  the  
d i f f u s i o n  rates from t h e  waste form (PIGFORD 1985b). 

Many poss ib l e  func t ions  have been a t t r i b u t e d  t o  packing materials without 
regard  t o  p o t e n t i a l  de t r imen ta l  e f f e c t s ,  such as temperature inc reases  i n  
t h e  waste form and waste con ta ine r  (CLAIBORNE 1982). The primary func- 
t i o n  of packing should be t o  i n h i b i t  hydrologic  i n t r u s i o n  t o  the  waste 
package with concomitant l i m i t a t i o n  of t he  t r anspor t  of rad ionucl ides  
through the  packing t o  a d i f f u s i o n a l  process.  The use of packing suf- 
f i c i e n t l y  t h i c k  t o  promote holdup by so rp t ion  processes  should be weighed 
a g a i n s t  any de t r imen ta l  e f f e c t s  t h a t  accrue from the  increased  tempera- 
t u r e s  i n  the waste form and conta iner .  S imi la r  conclusions were reached 
by t h e  WISP (PIGFORD 1983). 

I n  add i t ion  to  the  p o t e n t i a l  problems caused by increased  temperatures,  
P igford  (1980) showed t h a t  a th ick ,  sorbing packing could make i t  d i f -  
f i c u l t  t o  meet t h e  release rate c r i t e r i o n  f o r  226Ra because holdup w i l l  
cause an increase i n  t h e  concen t r a t ions  of t he  230Th and 226Ra decay 
daughters ,  thereby inc reas ing  t h e  later release rates t o  t h e  country 
rock. 

According t o  10 CFR 60.135(a), t he  s y n e r g i s t i c  i n t e r a c t i o n s  between 
t h e  va r ious  f a c t o r s  t h a t  could compromise the  waste package func t ion  
must be considered.  It seems that p ro tec t ing  the  waste package with 



t h i c k  packing could be i n t e r p r e t e d  as c r e a t i n g  a s y n e r g i s t i c  e f f e c t  
s i n c e  the  waste con ta ine r  temperatures  could be increased  s u b s t a n t i a l l y ,  
t h e  use of materials such as ben ton i t e  i n  salt r e p o s i t o r i e s  (and 
poss ib ly  t u f f )  could add more water around a waste package than would 
migrate t h e r e  (CLAIBOEUE 1982), and the  release rates of t he  decay 
daughters  of radium and thorium could be increased  i n  l a te r  years.  

Over t h e  p a s t  three decades,  much d a t a  have been accumulated f o r  t h e  
l each ing  of b o r o s i l i c a t e  glass, spent  f u e l ,  and o t h e r  candida te  waste 
forms, The use fu lness  and a p p l i c a b i l i t y  of t hese  d a t a  and the  va r ious  
empi r i ca l  correlations have been a s u b j e c t  of cont inuing  controversy.  
Various proposals  have been made (MENDEL 1984) f o r  e x t r a p o l a t i n g  labora- 
t o r y  leach- ra te  d a t a  f o r  long-term rad ionuc l ide  release c a l c u l a t i o n s  at 
r e p o s i t o r y  condi t ions  by using l a b o r a t o r y  d a t a  obtained a t  t h e  same 
surface-to-volume r a t i o  of a leached specimen as t h a t  which i s  presumed 
t o  exist i n  a r epos i to ry ,  However, i t  has been pointed out  t h a t  there: i s  
no meaning t o  an equiva len t  volume of groundwater i n  con tac t  with t h e  
s u r f a c e  area of each waste package (PIGFORD 1983). 

According t o  t h e  WISP (PIGFORD 19831, it is poss ib l e  t h a t  e x t r a p o l a t i o n s  
based on l abora to ry  leach d a t a  r ep resen t  a conserva t ive  upper l i m i t  t o  
release rates ( p a r t i c u l a r l y  when ear ly- t ime l each  d a t a  are used) ; 
however, t h e  l abora to ry  d a t a  cover such a s h o r t  exposure t i m e  t h a t  t he  
e x t r a p o l a t i o n s  are of unce r t a in  v a l i d i t y ,  even as upper-l imit  estimates, 
since t h e r e  is l i t t l e  b a s i s  f o r  e x t r a p o l a t i n g  t o  the  thousands of yea r s  
important  t o  the  performance assessment of waste r e p o s i t o r i e s .  Such 
e x t r a p o l a t i o n s  should have a sound b a s i s  i n  theory  t h a t  can be v e r i f i e d  
wi th  reasonable  assurance so as t o  g ive  more c r e d i b i l i t y  to  long-term 
p red ic t ions .  

The Performance Assessment Nat ional  Review Group (LIEBERMAN 1985) has 
a l s o  exh ib i t ed  concern over e x t r a p o l a t i n g  empir ica l  d a t a  g r e a t l y  beyond 
t h e  t i m e  frame of t h e  experiments.  I n  view of t h e  l a c k  of d a t a  on spent  
f u e l  and the d i f f i c u l t y  of e x t r a p o l a t i n g  leaching  da ta  f o r  long t i m e  
pe r iods ,  they concluded t h a t  t h e r e  was a ". . , need f o r  developing 
d e f e n s i b l e  bases  f o r  the e x t r a p o l a t i o n  of r e s u l t s  from short-term 
experiments  and tests t o  the  long t i m e  per iods requi red  f o r  pos t c losu re  
performance assessment. For example, one a l t e r n a t i v e  is t o  use a ver i -  
f i a b l e  theory f o r  p r e d i c t i n g  long-term behavior t h a t  does not r e q u i r e  
e x t r a p o l a t i o n ,  such as mass t r a n s f e r  a n a l y s i s  . . . ." 
T. H. Pigford,  P. L. Chambr;, and a s s o c i a t e s  a t  t he  Un ive r s i ty  of 
C a l i f o r n i a  have published a number of papers (CHAMBd 1982, 1984a, 1984b, 
1985; K I M  1986; PIGFORD 1985a, 1985b; ZAVOSHY 1985) r e l a t e d  t o  developing 
methods t h a t  have a sound b a s i s  i n  t h e  theory of mass t r a n s f e r  f o r  pre- 
d i c t i n g  t r a n s p o r t  rates from the  waste t o  the  country rock. This  work 
has  l e d  t o  the  development of a technique f o r  p red ic t ing  t h e  rate of 
t r a n s p o r t  of d i sso lved  spec ie s  (CHAMBd 1984a) from the  waste package 
s u r f a c e  by molecular d i f f u s i o n  and convection. The model assumes t h a t  
t h e  concent ra t ion  of each elemental  spec ie s  is a t  t h e  maximum value  
determined by i t s  s o l u b i l i t y  a t  the  su r face  of the  waste form. Any 
l each ing  o r  d i s s o l u t i o n  of t he  waste form producing g r e a t e r  than 
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s o l u b i l i t y - l i m i t e d  concent ra t ions  would r e s u l t  i n  p r e c i p i t a t i o n  of t h a t  
p a r t i c u l a r  spec ies ,  The release t o  the surrounding rock (wi th  or 
without  packing) would then  depend on molecular d i f f u s i o n  and convect ive 
t r a n s p o r t  ( i f  any) ,  which i s  a func t ion  of the  p r o p e r t i e s  of the  packing 
and t h e  country rock. No leaching  d a t a  are requ i r ed ,  and assumptions 
and u n c e r t a i n t i e s  i n  t h e  e x t r a p o l a t i o n  of t he  leaching  d a t a  are avoided. 
The theory r equ i r e s  no a r b i t r a r y  or a d j u s t a b l e  parameters t o  p r e d i c t  t h e  
d i s s o l u t i o n  rate. 

The d i s s o l u t i o n  rates of some s p e c i e s  may not be l i m i t e d  by t h e i r  so lub i l -  
i t ies  o r  by +he waste matrix. For example, t h e  po r t ion  of the  f i s s i o n  
products  such as cesium and iod ine  in  spent  f u e l  t h a t  exists i n  any gap 
between the  cladding and t h e  f u e l  and i n  o t h e r  voids  and g r a i n  boundaries 
i s  a v a i l a b l e  f o r  rap id  d i s so lu t ion .  Even though d i s s o l u t i o n  may be rap id  
and not  limited by s o l u b i l i t y ,  t h e  release rates of t hese  so lub le  spec ie s  
w i l l  be l i m i t e d  by t h e i r  mass- t ransfer  rates through the  surrounding 
porous media. The s o l u b i l i t y - l i m i t e d  concept with mass t r a n s f e r  w a s  
extended t o  the  time-dependent release rate of spec ie s  t h a t  can d i s s o l v e  
r a p i d l y  from t h e  "gap" a c t i v i t y  and more s lowly from the  waste mat r ix ,  as 
l i m i t e d  by molecular d i f f u s i o n ,  i n t o  the  surrounding porous rock (KIM 
1986) 

I n  a r ecen t  work, Pigford (1985b) reviews the  theory and a p p l i c a t i o n s  t o  
waste packages and poss ib l e  ex tens ions  of t h e  methodology, as w e l l  as 
f u r t h e r  examining t h e  problems involved i n  the  a p p l i c a t i o n  of leaching  
da ta .  He also po in t s  ou t  t h a t  some supposedly conserva t ive  estimates f o r  
t r a n s p o r t  of rad ionucl ides  from a waste package may not be a bounding 
r e s u l t  f o r  low f low s i t u a t i o n s .  For example, i n  t he  environmental  
assessment f o r  t he  Yucca Mountain s i t e  (DOE 1986b), i t  was assumed t h a t  
an  upper l i m i t  t o  t he  release rate could be obtained by mul t ip ly ing  the  
s a t u r a t i o n  concent ra t ion  by the  c a l c u l a t e d  volumetr ic  rate of ground- 
water flow through rock equal i n  c ros s  s e c t i o n  t o  the  c ross -sec t iona l  
area of t h e  waste c a n i s t e r .  Applying the  equat ion developed f o r  d i f -  
f u s i o n  from t h e  waste form i n t o  the  moist  surrounding t u f f ,  Pigford 
es t imated  t h a t  t h e  l i m i t i n g  low-velocity f r a c t i o n a l  release rates were 
one-fourth of those ca l cu la t ed  f o r  a pore v e l o c i t y  of 1 m/year, which 
i l l u s t r a t e d  t h e  nonconservatism i n  neg lec t ing  d i f f u s i o n a l  t r a n s p o r t  a t  
pore  v e l o c i t i e s  of (1 mm/year as i n  t h e  Yucca Mountain case. It can be 
argued t h a t  t he  Pigford-Chambr; methodology is not app l i cab le  t o  the  
Yucca Mountain s i te  because of t h e  unsa tura ted  medium with the  a t t endan t  
d i s c o n t i n u i t i e s  i n  the  d i f f u s i o n a l  paths .  However, it is not clear 
whether water flow-paths are continuous o r  discont inuous (KERRISK 1984) 
o r  t h a t  a continuous f low path w i l l  not develop by the  end of 1000 years  
o r  so i n  the  v i c i n i t y  of t he  waste package. It is not too d i f f i c u l t  t o  
envisage circumstances which lead  t o  f i l l i n g  any void space between t h e  
waste con ta ine r  and the  country rock with cor ros ion  products ,  rock par- 
t ic les ,  and accumulated water af ter  t h e  temperature drops below the  
b o i l i n g  poin t  of 95°C. In a d d i t i o n ,  i t  does not  seem unreasonable t o  
p o s t u l a t e  t he  ex i s t ence  of an envelope of s a t u r a t e d  rock around a waste 
package because of a p a r t i a l  seal t h a t  could develop from p r e c i p i t a t e d  
sal t  as t h e  r e s u l t  of 1000 yea r s  or so of evaporat ion of t he  a v a i l a b l e  
groundwater . 
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Kerr i sk  (1984) appl ied a diffusion-l imited d i s s o l u t i o n  model (i.e., e le-  
ment s a tu ra t ion  is assumed at  the  waste/water i n t e r f a c e ,  and d i s so lu t ion  
i s  l imi ted  by d i f fus ion  i n t o  the  water flowing pas t  t he  waste) and a 
sa tura t ion- l imi ted  model ( i * e . ,  water flowing through the  repos i tory  is 
assumed to  be sa tu ra t ed  with each element) to  determine r e l ease  r a t e s  fo r  
nominal values  of t he  parameters f o r  the Yucca Mountain s i t e .  The pr i -  
mary purpose of the  work w a s  t o  es t imate  the  e f f e c t  of element so lub i l i -  
t ies i n  l i m i t i n g  d i s s o l u t i o n  rates. It was recognized t h a t  the  
q u a n t i t a t i v e  r e s u l t s  are s t rong  func t ions  of the many assumptions tha t  
were made and s i g n i f i c a n t  changes could occur when b e t t e r  s i te -spec i f  i c  
d a t a  become ava i l ab le  It was concluded, however, t h a t  s o l u b i l i t y -  
l i m i t e d  d i s s o l u t i o n  models may u l t ima te ly  provide a powerful t oo l  f o r  
es t imat ing  source terms f o r  performance assessments of a repos i tory .  

As a r e s u l t  of t he  previously mentioned review, Pigford (1985b) reiter- 
a t e d  earlier conclusions more f i rmly ,  namely, tha t :  

P red ic t ing  rates t h a t  rad ionucl ides  a r e  re leased from 
waste packages cannot r e s t  upon empir ical  long-term extrapo- 
l a t i o n s  of labora tory  leach data.  Rel iab le  pred ic t ions  can 
be based upon s impl i f i ed  assumptions, such as so lub i l i t y -  
l i m i t e d  bulk-flow, i f  the  assumed parameters are r e l i a b l y  
known or  defens ib ly  conservat ive,  but assuming volumetric 
flow r a t e s  through a waste-package c ross  sec t ion  is a r b i t r a r y  
and can be nonconservative. 

beyond simple bounding ca l cu la t ions  to  obta in  more r e a l i s t i c  - and usua l ly  more favorable  - es t imates  of expected perfor- 
mance. Desire f o r  g r e a t e r  realism must be balanced aga ins t  
i nc reas ing  unce r t a in t i e s  i n  pred ic t ion  and loss of r e l i -  
a b i l i t y .  Theore t ica l  p red ic t ions  of r e l ease  rate based on 
mass-transfer ana lys i s  are bounding, and the wel l -es tabl ished 
theory  is  w e l l  adapted t o  v e r i f i c a t i o n .  The r e s u l t s  from the 
exact a n a l y t i c a l  so lu t ions  can be used to  test pred ic t ions  
from numerical techniques and from less mechanistic 
analogues. . . . 
a repos i tory ,  u t i l i z i n g  empir ical  co r re l a t ions  of labora tory  
leach- ra te  da ta ,  have invoked pos tu l a t e s  of repos i tory  
analogues to  simulate the  labora tory  leach experiments. The 
pos tu la ted  analogues a re  u n r e a l i s t i c ;  they introduce f i c t i t i o u s  
r epos i to ry  parameters, such as volume and volumetric flow r a t e  
of groundwater assoc ia ted  with each waste package and ground- 
water residence t i m e ,  which are assigned a r b i t r a r y  values  f o r  
making predict ions.  They invoke func t iona l  dependence on 
parameters i ncons i s t en t  with well-established mass-transfer 
theory ,  and they inco r rec t ly  assume that the  d i s s o l u t i o n  
mechanisms t h a t  con t ro l  release rates observed i n  labora tory  
experiments are con t ro l l i ng  o r  important i n  the  reposi tory.  

Wherever poss ib le ,  performance ana lys i s  should proceed 

Several  e f f o r t s  t o  pred ic t  waste-package release r a t e s  in 

Both the  WISP and the Performance Assessment National Review Group 
endorse the  'PigforShambre'  approach for long-term predic t ions  of 
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releases from the  waste packages. W e  also agree t h a t  i t  seems to  be a 
reasonable  and more de fens ib l e  method f o r  use i n  the  l i c e n s i n g  process.  
It is recognized by a l l  concerned, however, that  even though using 
s a t u r a t i o n  concent ra t ions  at  the  c a n i s t e r  w a l l  r ep resen t s  a bounding 
cond i t ion  f o r  d i sso lved  spec ie s ,  the  ques t ion  of c o l l o i d  formation has 
t o  be addressed s ince ,  i n  theory,  t h i s  could cause g r e a t l y  increased 
concent ra t ions .  Plutonium, i n  p a r t i c u l a r ,  is very prone to  forming 
c o l l o i d a l  suspensions . Such suspensions could be t r e a t e d  as d i f f u s i n g  
s p e c i e s ,  provided t h a t  the e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  w a s  known. 
The most important parameter is t h e  s o l u b i l i t y  of each rad ionucl ide  of 
importance. Determination of reasonably accura te  s o l u b i l i t i e s  (o r  
perhaps,  more accu ra t e ly ,  s a t u r a t i o n  concent ra t ions)  f o r  some of t he  
low-solubi l i ty  rad ionucl ides  is not a simple t a s k  and is sub jec t  t o  
large v a r i a t i o n s ,  depending on the  exact cond i t ions ,  p a r t i c u l a r l y  i n  the  
case of t h e  mul t iva l en t  a c t i n i d e s .  
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APPENDIX F 

BRINE MIGRATION I N  SALT 

The phenomenon of b r ine  migrat ion appears t o  be the  most l i k e l y  mechanism 
t h a t  can d e l i v e r  water t o  the  waste package during the  containment per iod,  
and poss ib ly  through the  i s o l a t i o n  per iod,  depending on the e f f i c a c y  of 
t h e  s h a f t  and borehole seals. Consequently, f o r  t he  expected small br ine  
migrat ion rates, the  rate of inf low of br ine  t o  the  waste package could 
con t ro l  the corrosion rate, and the t o t a l  b r ine  accumulation can determine 
t h e  e f f e c t i v e  l i f e t i m e  of t h e  waste package. This poss ib le  con t ro l  of 
cor ros ion  by the  b r ine  i n f l u x  is t he  r e s u l t  of t h e  chemical r eac t ions  
involved i n  the  corrosion of steel ( see  Sect. B.1.2). After some i n i t i a l  
per iod,  the entrapped oxygen would be consumed, and i n  a sealed r epos i to ry  
t h e  only oxygen a v a i l a b l e  f o r  convert ing metallic i r o n  t o  the  oxide is the  
oxygen i n  the  b r ine  t h a t  would accumulate around the  waste package. However, 
t h i s  is a supposi t ion t h a t  must be demonstrated. The b r ine  flow rate could 
be s i g n i f i c a n t l y  higher  than expected such as occurred i n  the  tests a t  t he  
WIPP s i te  (NOWAK 1986). The phenomenon of b r ine  migration is discussed i n  
d e t a i l  i n  the  following sec t ions  along with the var ious models t h a t  have 
been developed t o  quant i fy  b r ine  migrat ion,  the experiments, and the  i n  s i t u  
tests t h a t  have been performed t o  develop the necessary d a t a  base. 

F.1 MIGRATION OF ALL-LIQUID BRINE INCLUSIONS I N  CRYSTALS 

All-l iquid br ine  inc lus ions  within a c r y s t a l  of NaCl  ( o r  o the r  a l k a l i  
ha l ides )  migrate up a thermal grad ien t  i n  the  c r y s t a l  by a mechanism i n  
which salt d i s so lves  a t  the warmer brine-solid i n t e r f a c e  and c r y s t a l l i z e s  
out  a t  the  cooler  i n t e r f a c e ,  a f t e r  d i f f u s i n g  through the  inc lus ion  by 
molecular and thermal mechanisms. Based on labora tory  work with KC1,  
Anthony (1971), who used a thermodynamic approach, w a s  the  f i r s t  t o  publ ish 
a co r rec t  de r iva t ion  of the  equation descr ib ing  t h e  mechanism t h a t  t a c i t l y  
assumes l i n e a r  i n t e r f a c i a l  k i n e t i c s  ( i-e. ,  the  salt  f l u x  a t  an i n t e r f a c e  is 
d i r e c t l y  propor t iona l  t o  the supe r sa tu ra t ion  o r  undersa tura t ion) .  Geguzin 
(1975) later der ived e s s e n t i a l l y  the  same equation by using a more s t r a i g h t -  
forward mass balance approach that  a l s o  assumed l i n e a r  k i n e t i c s  a t  the  
sa l t -b r ine  in t e r f ace .  
Gnirk (1981), Shefelbine (1982), Olander (1980, 19841, Yagnik (1983), 
and Jenks (1981). The review by Jenks i s  the  most de t a i l ed  with regard t o  
comparing the  var ious de r iva t ions ,  as w e l l  as demonstrating t h e i r  equiva- 
lency when put on the  same basis .  Olander a l s o  d iscusses  the i n t e r f a c i a l  
i n t e r a c t i o n s  from a c r y s t a l  theory viewpoint. 

The more recent  reviews of t h i s  phenomenon a r e  by 

Olander and co-workers (1980, 1984) have suggested that l i n e a r  k i n e t i c s  
may not hold f o r  the s m a l l  departures  from equi l ibr ium t h a t  w i l l  genera l ly  
exist  i n  moving br ine  inclusions.  Consequently, they suggested t h a t  a 
power l a w  be used f o r  the  sur face  k i n e t i c s  (i.e., salt  f l u x  is dependent on 
t h e  degree of supersa tura t ion  o r  undersa tura t ion  ra i sed  t o  some power). 
Based on the Burton-Cabrerra-Frank (BCF) theory of c r y s t a l l i z a t i o n  k i n e t i c s  
(BENNEMA 19731, a value of 2 w a s  assumed f o r  the  exponent of t h e  power l a w ,  
which is approached f o r  low supe r sa tu ra t ion  according t o  theory. The 
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der ived  equat ion  f o r  t he  migrat ion v e l o c i t y  shows a dependence on the  
square  of t h e  temperature ,  i n  c o n t r a s t  t o  t h e  l i n e a r  dependence of t he  
l i n e a r  k i n e t i c s  model. For the  case of d i f f u s i o n  c o n t r o l  ( i .e . ,  mass 
t r a n s f e r  c o e f f i c i e n t  at the  i n t e r f a c e  is very h igh) ,  the  Olander equat ion 
reduces t o  t h e  equat ion  der ived by Anthony (1971) and o the r s .  The expceri- 
mental  d a t a  of Olander were i n  good agreement with his nonl inear  k i n e t i c s  
model f o r  t he  r e l a t i v e l y  small i n c l u s i o n s  and test cond i t ions  f o r  KC1 
c r y s t a l s ,  but t h e  N a C l  d a t a  gave inconclus ive  r e s u l t s ;  e i t h e r  model seemed 
t o  apply wi th in  t h e  l i m i t s  of experimental  error. According t o  Olande-r, 
wi th  the  r e l a t i v e l y  large dimensions ( t y p i c a l l y  1 w) of the  inc lus ions  i n  
n a t u r a l l y  depos i ted  halite, d i f f u s i o n  c o n t r o l  ( e s s e n t i a l l y  l i n e a r  k ine-  
t ics)  can be expected because t h e  number of c r y s t a l  d i s l o c a t i o n s  t h a t  
would i n t e r s e c t  is s u f f i c i e n t  t o  reduce t h e  k i n e t i c  r e s i s t a n c e  t o  salt  
d i s s o l u t i o n  to n e g l i g i b l e  va lues  . 
F.2  MIGRATION OF TWO-PHASE BRINE INCLUSIONS 

Brine i n c l u s i o n s  t h a t  conta in  two phases ( b r i n e  and gas/vapor)  can move 
down t h e  thermal g rad ien t .  A q u a l i t a t i v e  d e s c r i p t i o n  of t he  mechanism 
(ANTHONY 1972; OLANDER 1984) i s  as fol lows:  Water evapora tes  from the  
h o t t e r  s i d e  of the  gas/vapor  bubble and condenses a t  t he  coo le r  s i d e ,  The 
condensed water d i s s o l v e s  sa l t  on the cooler  s i d e ,  which is recycled by 
backflow of the br ine  t o  t h e  h o t t e r  s i d e  where sa l t  c r y s t a l l i z e s  out  
because of t h e  water evapora t ion  t h a t  occurs  there .  Modeling such a 
mechanism is more d i f f i c u l t  than i n  t h e  case of the  a l l - l i q u i d  i n c l u s i o n s  
because of the  a d d i t i o n a l  parameters  t h a t  involve the  gas phase. 

Olander (1980, 1984) developed an approximate a n a l y t i c a l  model t o  determine 
t h e  v e l o c i t y  of migra t ion  of two-phase inc lus ions  i n  the  presence of a 
thermal  g rad ien t .  The p red ic t ions  of t he  model were i n  reasonable  agree- 
ment with t h e i r  experimental  r e s u l t s  f o r  N a C l ,  but the  r e s u l t s  f o r  K C 1  
were i n  poorer agreement. A less s o p h i s t i c a t e d ,  but b a s i c a l l y  s imilar ,  
t h e o r e t i c a l  r e l a t i o n s h i p  w a s  der ived  by Anthony (1972). 

Th i s  motion away from the  heat  source  by two-phase inc lus ions  is of concern 
t o  waste d i s p o s a l  because of t h e  po ten t ia l  f o r  t r a n s p o r t i n g  r ad ionuc l ides  
o u t  of t h e  r epos i to ry .  It has been pos tu l a t ed  t h a t  t h i s  could occur when 
a n  a l l - l i q u i d  inc lus ion  con tac t s  t h e  waste c a n i s t e r  a f t e r  i t  has been 
breached, some water evapora tes ,  and then t h e  inc lus ions  reseal with some 
of the i n s o l u b l e  gas  ( r a d i o l y t i c  o r  otherwise)  trapped in s ide .  S imi l a r  
i n c l u s i o n s  could poss ib ly  be formed by r e s e a l i n g  of cracks i n  the  s a l t  
n e a r  the  waste c a n i s t e r .  

It is d i f f i c u l t ,  however, to  v i s u a l i z e  the  phenomenon occurr ing  t o  an 
e x t e n t  t h a t  w i l l  create a s i g n i f i c a n t  hazard,  p a r t i c u l a r l y  when one con- 
s i d e r s  t h a t  t h e  thermal g rad ien t  decreases  as t h e  d i s t a n c e  from t h e  repos- 
i t o r y  increases .  I n  add i t ion ,  Jenks (1981) po in t s  out  t h a t  the down- 
g r a d i e n t  migra t ion  might depend on t h e  composition wi th in  t h e  inc lus ions .  
For example, the water vapor p re s su re  over a b r ine  conta in ing  a high 
concen t r a t ion  of MgC12 w i l l  be s i g n i f i c a n t l y  less than t h a t  over a pure 
N a C l  b r ine  a t  the  same temperature.  Also ,  the  t r a n s f e r  of water by 
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backflow of b r i n e  might be reduced by t h e  presence of MgC12. 
s i d e r a t i o n s  have caused Jenks (1981) t o  conclude t h a t  t he  formation,  o r  
occurrence,  of two-phase inc lus ions  in  a s a l t  r e p o s i t o r y  w i l l  not adverse ly  
a f f e c t  e i t h e r  t h e  amount of b r i n e  reaching  a waste package o r  the  satis- 
f a c t o r y  i s o l a t i o n  of r a d i o a c t i v i t y .  

These con- 

F.3  THRESHOLD THERMAL GRADIENT FOR BRINE MIGRATION 

The existence of a threshold  temperature  g rad ien t  f o r  t he  thermally induced 
migra t ion  of b r ine  inc lus ions  is supported by the  t h e o r e t i c a l  equat ions  of 
Anthony (1971) f o r  t h e  rate of migra t ion  of these  i n c l u s i o n s  wi th in  a l k a l i  
h a l i d e s  and by the  experimental  f i n d i n g s  of Cl ine (1972b). I n  order  f o r  an 
i n c l u s i o n  t o  move, t he  theory r e q u i r e s  t h a t  a minimum chemical p o t e n t i a l  be 
exceeded by the d r iv ing  fo rce  c rea t ed  by t h e  temperature  d i f f e r e n c e  ac ross  
t h e  inc lus ion .  That is, t h e  temperature d i f f e r e n c e  must be s u f f i c i e n t  t o  
meet t h e  requirement of cr i t ical  unde r sa tu ra t ion  f o r  d i s s o l u t i o n  at  the  
h o t t e r  i n t e r f a c e  and c r i t i ca l  s u p e r s a t u r a t i o n  a t  t h e  cooler i n t e r f a c e .  

The occurrence of a threshold  thermal  g rad ien t  can a lso  be i n f e r r e d  from 
t h e  presence and d i s t r i b u t i o n  of b r i n e  i n c l u s i o n s  i n  bedded sal t ,  which 
could be considered as the  geologic  analogue f o r  t he  t h e o r e t i c a l  and 
l a b o r a t o r y  s tud ie s .  

Based on the  theory  developed by Anthony (1971) and Geguzin (1975) and on 
t h e  assumption t h a t  t h e r e  is no su r face  t ens ion  a t  the  g r a i n  boundaries,  
P igford  (1982) es t imated  t h a t  t he  b r i n e  inc lus ions  i n  t h e  halite l a y e r  i n  
t h e  Delaware Basin would migrate  downward roughly 100 m under t h e  inf luence  
of t h e  e x i s t i n g  geothermal g rad ien t  i n  t h e  >200 mi l l i on  years  of the  salt 
depos i t  i f  no threshold  temperature ( o r  d i sso lu t ion-nuclea t ion  th re sho ld )  
g r a d i e n t  ex i s t ed .  H e  po in t s  ou t  t h a t  no 100-m-thick h a l i t e  beds e x i s t  and 
t h a t  t h e  h a l i t e  l a y e r s  are separa ted  by in t e rbeds  of less so lub le  material 
such as anhydr i te ,  c l ay ,  salt ,  o r  po lyha l i t e .  Consequently, even lesser 
b r i n e  migrat ion rates would have removed a l l  t h e  b r ine  i n c l u s i o n s  and 
caused an accumulation of b r i n e  a t  t h e  i n t e r f a c e s  of these  l aye r s .  I f  
reasonable  va lues  f o r  su r face  t ens ion  are assumed t o  exist at  g r a i n  boun- 
d a r i e s ,  Pigf ord states t h a t  e s s e n t i a l l y  all of the  inc lus ions  should have 
been trapped there .  The l ack  of evidence f o r  s i g n i f i c a n t  b r i n e  accumula- 
t i o n  at  t h e  in t e rbeds  or  t h e  g r a i n  boundaries led him to propose the 
e x i s t e n c e  of a f i n i t e  d i sso lu t ion-nuclea t ion  threshold  (chemical p o t e n t i a l  
t h r e s h o l d ) ,  which requi red  a temperature  g rad ien t  g r e a t e r  than some minimum 
va lue  t o  overcome r e s i s t a n c e  t o  the  motion of the  b r ine  inc lus ions .  

Assuming a temperature of 2SoC, Pigford est imated threshold  thermal grad- 
i e n t s  of 0.109 and 0,39'C/crn f o r  i n c l u s i o n  s i z e s  of 2 and 0.1 mm, respec- 
t i v e l y .  Ca lcu la t ions  made by Jenks and Claiborne (1981) i n d i c a t e  a 
th re sho ld  g rad ien t  of -5OC/cm f o r  1-mm i nc lus ions  at  150°C. Lambert 's 
(1979) pos t - t e s t  eva lua t ion  of t he  Salt Block I1 experiment a t  Sandia 
Nat iona l  Labora tor ies  i nd ica t ed  t h a t  b r i n e  inc lus ions  d id  not move i n  loca- 
t i o n s  where t h e  thermal g rad ien t  w a s  <3.25"C/cm f o r  t h e  case of a mined 
n a t u r a l  salt block with an average inc lus ion  s i z e  of -0.1 nun a t  25OC. 
Review of l abora to ry  r e s u l t s  f o r  determining temperature threshold  
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g r a d i e n t s  i n  n a t u r a l  rock salt from t h e  Palo Duro Basin ind ica t ed  t h a t  
t h re sho ld  g r a d i e n t s  may be much g r e a t e r  than previous ly  hypothesized 
(RATIGAN 1985a). For example, t h e s e  s t u d i e s  i n d i c a t e d  t h a t  a 0.1-mm 
inc lus ion  at 25OC would only move when t h e  temperature  g r a d i e n t  exceeded 
4 o r  S0C/cm. This l e d  Ratigan t o  conclude t h a t  s u b s t a n t i a t i o n  of t h e  i resu l t s  
by f u r t h e r  t e s t i n g  may very w e l l  prove t h a t  migra t ion  of b r i n e  inc lus ions  i s  
a nonissue i n  rock salts  wi th  r e l a t i v e l y  s m a l l  i n c l u s i o n s  on t h e  b a s i s  of 
t h e  developed theory and t h e  a v a i l a b l e  d a t a  f o r  b r i n e  migra t ion  i n  
crystals. This may be t h e  case, but  n a t u r a l  salt is not  homogeneous arid 
o t h e r  f a c t o r s  such as dehydra t ion  of minera ls  i n  s t r i n g e r s  and i n t e r b e d s  
and l i q u i d  and vapor t r a n s p o r t  a long  g r a i n  boundaries and cracks  could 
predominate,  which appa ren t ly  occurred i n  licsts at  t h e  WIPP s i t e  (NOWAIC 1986). 

I n  s p i t e  of t h e  evidence f o r  t h e  e x i s t e n c e  of a th re sho ld  g r a d i e n t ,  t h e  
acceptance  of t h e  concept is not  un ive r sa l .  Roedder (1982) commented t h a t  t he  
exper imenta l  d a t a  used t o  suppor t  the concept of a th re sho ld  g r a d i e n t  may not  
be a p p l i c a b l e ,  and some o t h e r  d a t a  suggest  t h a t  a threshold  g r a d i e n t  may no t  
exist. Chou (1983) a lso  d i sag rees  wi th  the th re sho ld  concept,  based 011 con- 
s i d e r a t i o n s  of t h e  magnitude of i n t e r f a c i a l  kinetics and g r a i n  boundary e f f e c t s .  

F.4 BRINE MIGRATION I N  NATURAL SALT DEPOSITS 

Na tu ra l ly  depos i ted  formations rC salt are composed of t i g h t l y  bound aggre- 
g a t e s  of c r y s t a l s  of N a C l  i n  halite form wi th  va r ious  amounts of c l a y  
minerals i n t e r s p e r s e d  throughout t h e  formation as s t r i n g e r s  and in t e rbeds .  
The halite con ta ins  anhydr i t e  fmpuri ty  and s m a l l  amounts of o t h e r  minexals ,  
i nc lud ing  c l a y s  and b r ines .  The c r y s t a l s  are anhedral  i n  shape, w i th  
characteristic dimensions i n  t h e  range of 3 t o  30 mm. The anhydr i t e  antd 
t h e  c l a y s  are usua l ly  concent ra ted  along the  c r y s t a l  o r  g r a i n  boundaries ,  
bu t  small amounts of t hese  i m p u r i t i e s  are a l s o  found wi th in  t h e  ha l i t e  
c r y s t a l s .  Water is present  i n  the form of small s a t u r a t e d  b r i n e  inc lu-  
s i o n s  wi th in  the  ha l i te  c r y s t a l s ,  the i n t e r l a y e r  water i n  c l a y  i m p u r i t i e s ,  
and o t h e r  minera ls  that  may con ta in  waters of c r y s t a l l i z a t i o n .  

F i e l d  tests involv ing  b r i n e  migra t ion  i n  salt  d e p o s i t s  are d iscussed  below. 
These inc lude  P ro jec t  S a l t  Vault, t h e  Avery I s land  h e a t e r  tests,  the  experi-  
menta i n  t h e  Asse 11 sa l t  mine in  the Federal  Republic of Germany, and tests 
a t  the  d i s p o s a l  horizon of t h e  Waste I s o l a t i o n  P i l o t  Plant (WIPP) i n  New Mexico. 

F.4.1 P r o j e c t  S a l t  Vault  

The f i r s t  s i g n i f i c a n t  experience wi th  thermal ly  induced b r ine  migra t ion  i n  
g e o l o g i c a l l y  deposi ted bedded salt occurred i n  P ro jec t  S a l t  Vault  (BRADSHAW 
1971). The experiment w a s  c a r r i e d  out  i n  t h e  Lyons, Kansas, mine of t h e  
Carey S a l t  Company us ing  14 i r r a d i a t e d  Engineering Test Reactor (ETR) f u e l  
assembl ies  contained i n  seven cans f o r  a hea t  loading  of -1.6 kW/can a t  
emplacement. These cans were placed in  a c i r c u l a r  a r r a y  of ho le s  (-10 in. 
i n  diameter  and 12 f t  deep) i n  t h e  f l o o r  wi th  one can i n  t h e  c e n t e r  and 
t h e  o t h e r  s i x  cans loca ted  p e r i p h e r a l l y  on 5-ft cen te r s .  An i d e n t i c a l  
a r r a y  using electric heaters on ly  w a s  operated as a c o n t r o l  t o  determine 
t h e  combined e f f e c t  of r a d i a t i o n  and hea t  on t h e  salt  c h a r a c t e r i s t i c s .  
Over the  course of t h e  experiments ,  dur ing  which t h e  temperatures  i n  thfe 
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salt i n  the  immediate v i c i n i t y  of t h e  emplacement holes  reached upwards of 
200°C, t h e  discovery w a s  made t h a t  s m a l l  inc lus ions  of b r ine  i n  the salt  
were migrating toward the heat  sources.  As a consequence, s eve ra l  experiments 
were conducted t o  determine the  rate of moisture inflow i n t o  the  emplacement 
holes  a f t e r  i n s t a l l a t i o n  of an off-gas condensate c o l l e c t i o n  system. 

Based on the  condensate co l l ec t ed  over a per iod of -19 months, i t  was 
est imated t h a t  p r i o r  t o  shutdown the  average b r ine  inflow r a t e  ranged from 
0.2 t o  3.0 mL/d. 
of l i q u i d  inc lus ions  i n  ice and the  r e s u l t s  of some experiments on salt  
specimens from the  Carey S a l t  Company, Bradshaw and McClain (BRADSHAW 
1971) estimated the  t r a n s i e n t  rate of b r ine  migrat ion i n t o  emplacement 
holes  f o r  a conceptual r epos i to ry  s i t u a t i o n  f o r  salt  having a water con- 
t e n t  of 0.5 vol  %. For a waste age of 3.33 years ,  an i n i t i a l  heat genera- 
t i o n  rate of 1.63 kW, and a waste canister spacing of 2.9 m (corresponding 
t o  a thermal loading dens i ty  of -19.4 W/rn2) ,  the  t r a n s i e n t  temperature 
f i e l d  i n  the salt  around a c a n i s t e r  w a s  ca lcu la ted  on the  bas i s  of an 
i n f i n i t e  a r r ay  of l i n e  sources.  The ca l cu la t ions  ind ica t ed  t h a t  a maximum 
water inf low of -3.6 mL/d could be an t i c ipa t ed  a t  approximately one year 
a f t e r  waste emplacement. This value is i n  genera l  agreement with the 
upper-l imit  estimate f o r  the  emplacement a r r ays  i n  P ro jec t  S a l t  Vault. 
The est imated rate decreased with t i m e ,  approaching zero a t  -20 t o  30 
years  after bu r i a l .  Very roughly, t he  f i r s t  f i v e  years  would produce a 
t o t a l  inflow of -6 L/hole; t he  next f i v e  years, -5 L/hole; 10 t o  15 years, 
-3 L/hole; and 15 t o  20 yea r s ,  -1 Llhofe,  with a t o t a l  inflow of -15 L/hole .  
It was s t a t e d  t h a t  the  ca l cu la t ions  were conservat ive,  so they may be too 
high by a t  least a f a c t o r  of 2, but probably not by an order  of magnitude. 
One might then expect a t o t a l  inflow per hole  of something l i k e  2 t o  10 L ,  
taking p lace  over a period of 20 t o  30 years .  

By u t i l i z i n g  a modif icat ion of the  theory of migrat ion 

F.4.2 Avery Is land Experiments 

Brine migrat ion experiments (KRAUSE 1979; 1983) were made using e l e c t r i c  
hea te r s  emplaced i n  the f l o o r  of t he  upper l e v e l  (depth,  169 m) of the  Avery 
I s land  S a l t  Mine i n  a sa l t  dome near New I b e r i a ,  Louisiana,  which is operated 
by the  I n t e r n a t i o n a l  S a l t  Company. Three experimental  conf igura t ions  were 
used, and each had Calrod hea te r s  de l ive r ing  1 kW f o r  the  heat  source t h a t  
produced heat  f luxes  i n t o  the  salt which a r e  s i g n i f i c a n t l y  l a r g e r  than 
typical’ r epos i to ry  design values.  The th ree  conf igura t ions  included: 

1. T e s t  AB. Natural  b r ine  movement under ambient-temperature condi t ions:  
T h i s  w a s  a “cont ro l”  experiment t h a t  was included io  e v a l u a t e  t h e  
movement of any na tu ra l -  b r ine  as a consequence of stress per turba t ions  
due t o  d r i l l i n g .  

2. Test SB. Synthe t ic  b r ine  movement under elevated-temperature con- 
d i t i ons :  
borehole within a pa t t e rn  of t h r e e  smaller-diameter boreholes con- 
t a i n i n g  syn the t i c  b r ine  t h a t  was tagged with deuterium. These holes  
were f i l l e d  with g l a s s  beads and pressurized (690 kPa). 

This experiment cons is ted  of a c e n t r a l l y  iocated and heated 

3. T e s t  NB. Natural  b r ine  movement under elevated-temperature condi t ions:  
This experiment was  designed t o  eva lua te  the  movement of n a t u r a l  br ine 
i n  dome salt a t  e levated temperatures. 
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During t h e  i n i t i a l  315 d of hea t ing ,  t h e  experiments exh ib i t ed  s t eady- s t a t e  
mois ture  c o l l e c t i o n  rates ranging from 0,026 t o  0.044 g/d. Apparent ly ,  t h e  
hea t ing  at  S i t e s  NB and SB caused the c o l l e c t i o n  rate t o  be about t w i c e  
t h a t  f o r  t h e  unheated cond i t ion  a t  S i t e  AB. S i t e  AB can be considered t o  
y i e l d  a background l e v e l  of mois ture  c o l l e c t i o n  for t h e  o t h e r  si tes,  
implying the moisture  c o l l e c t e d  a t  S i t e  AB can be sub t r ac t ed  ( f o r  equal  
t i m e  per iods)  from t h a t  c o l l e c t e d  a t  S i t e s  NB and SB t o  c a l c u l a t e  t he  
mois ture  i n c r e a s e  r e l a t e d  t o  hea t ing .  The moisture  c o l l e c t i o n  d a t a  at a l l  
sites showed a s i g n i f i c a n t  i n i t i a l  c o l l e c t i o n  rate, which can be a t t r i b -  
u t ed  t o  removal of the  r e s i d u a l  mois ture  i n  t h e  air included i n  the  h e a t e r  
boreholes  and on the  h e a t e r  borehole  w a l l s  and t h e  h e a t e r  s l e e v e s  ( a t  !Sites 
SB and NB). A d e t a i l e d  examination of t h e  d a t a  showed t h a t  t h e  f i n a l  
precooldown moisture  c o l l e c t i o n  rate at S i t e  SB was 0.037 g/d,  while t h e  
c o l l e c t i o n  rate a t  S i t e  NB w a s  0,044 g/d. 

The moisture  c o l l e c t i o n  dur ing  S i t e  SB cooldown showed s i g n i f i c a n t  g a i n s  
t h a t  corresponded with permeabi l i ty  changes measured dur ing  the  cooldown 
period.  The moisture  c o l l e c t i o n  rate a t  S i t e  SB was -0.04 g/d p r i o r  t o  
cooldown, which was s i g n i f i c a n t l y  less than t h e  cooldown values .  The 
inc reased  c o l l e c t i o n  rates were pos tu l a t ed  t o  be a t t r i b u t e d  t o  micro- 
c rack ing  and opening of the  g r a i n  boundaries i n  t h e  v i c i n i t y  of t he  h e a t e r  
borehole  w a l l .  T h i s  explana t ion  impl i e s  t h a t  t h e  l a r g e  amount of b r i n e  
(moi s tu re )  r e l eased  during cool ing of the  sal t  was caused by the  change i n  
t a n g e n t i a l  stresses c rea t ed  by thermal response of the  salt during power 
reduct ion .  These stresses were r e l i e v e d  during cool ing ,  allowing t h e  
t rapped  water i n  t h e  salt t o  break free and e n t e r  t he  hea te r  borehole.  

Genera l ly ,  t he  r e s u l t s  of these  experiments are i n  l i n e  with o t h e r s ,  but  a 
q u a n t i t a t i v e  a p p l i c a t i o n  of t he  b r i n e  migra t ion  r e s u l t s  would be a dubious 
procedure.  Whether t he  experimental  room is r e p r e s e n t a t i v e  of the  sa l t :  a t  
Avery I s l and  can be quest ioned because of i ts  pas t  h i s t o r y  ( i . e . ,  f looding;  
b r i n e  puddles; and damp crushed sa l t ,  which was scraped away i n  some 
p laces ) .  I n  the  l i m i t e d  area where the  h e a t e r  ho les  were emplaced, the  
f l o o r  was apparent ly  d r y  and had not  been covered with crushed salt .  

F.4.3 Asse I1 S a l t  Mine i n  t h e  Federal  Republic of Germany 

E labora t e  i n  s i t u  experiments were performed i n  t h e  Asse 11 salt mine i.n 
t h e  Federal  Republic of Germany. The tests w e r e  made a t  t h e  900-m l e v e l  
i n  areas s p e c i a l l y  mined i n  t h e  Main Halite, which is considered t y p i c a l  
of t he  p o t e n t i a l  r e p o s i t o r y  salt types.  

Four tests were designed t o  be performed a t  a maximum sal t  temperature  of 
21OOC with a 3OC/cm thermal g r a d i e n t  a t  the  borehole w a l l .  Each test con- 
f i g u r a t i o n  c o n s i s t s  of a c e n t r a l  borehole 43.5 cm (17 in . )  i n  diameter  
con ta in ing  s leeve-protected h e a t e r s  and o t h e r  i n t e r n a l s  and, i n  two of t he  
test  holes ,  6oCo sources.  The void between the  heated s l eeves  and the  
borehole  w a l l ,  which is 5 cm th i ck ,  is f i l l e d  with alumina beads. I n  t h e  
b r i n e  test holes  (sites 2 and 4 ;  t h e  Patter contained 6oCo, but the  former 
d i d  n o t ) ,  the  b r ine  vapors migra te  t o  the  alumina beads and are t r anspor t ed  
t o  the c o l l e c t i o n  po in t s  by c i r c u l a t i n g  ni t rogen.  Eight guard h e a t e r s  are 
p e r i p h e r a l l y  loca t ed  around the  borehole t o  s imula te  an a r r a y  of waste 
packages. A c ross  s e c t i o n  of the  b r ine  test assembly is shown i n  Fig. F.l. 
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C o r r e l a t i o n  of t h e  r e s u l t s  of t h e  tests i n  comparison wi th  a p r e t e s t  esti- 
mate made using t h e  Jenks equat ion  (Sec t .  F.5.1) i s  shown i n  Fig. F.2. 
The e f f e c t  of r a d i o a c t i v i t y  on b r i n e  migra t ion  w a s  small, I n  t h i s  par- 
t i c u l a r  a p p l i c a t i o n ,  t h e  Jenks equat ion  produced ve ry  conserva t ive  results. 

F.4.4 Waste I s o l a t i o n  P i l o t  P l an t  (WIPP) 

Experiments t o  quan t i fy  b r i n e  migra t ion  i n  f u l l - s c a l e  tests s imula t ing  
r e p o s i t o r y  environments are under way i n  t h e  Waste I s o l a t i o n  P i l o t  P lan t  
(WIPP) near  Carlsbad,  New Mexico. Two v e r t i c a l  boreholes  i n  t h e  f l o o r  
(655 m below t h e  s u r f a c e )  equipped wi th  1500-kW electrical h e a t e r s  and a 
mois ture  c o l l e c t i n g  system w e r e  used t o  s imula t e  high-level  defense wastes 
=or o v e r t e s t  cond i t ions  (NOWAK 1986). 

After 265 d of ope ra t ion ,  17.6 kg of water had c o l l e c t e d  i n  one borehole  
and 16.1 kg i n  t h e  o the r .  Water c o l l e c t i o n  was  cha rac t e r i zed  by a small, 
n e a r l y  cons tan t  rate before  t h e  h e a t e r s  were turned on, which increased  
r a p i d l y  a f t e r  heat was appl ied .  During the f i r s t  4.2 d before  the heaters 
w e r e  turned on, 22.4 g of water c o l l e c t e d  i n  one borehole  and 19.3 i n  t h e  
o t h e r ,  f o r  an average rate of 5.4 g/d. After ope ra t ion  f o r  160 d wi th  t h e  
heat on, water c o l l e c t i o n  rates remained r e l a t i v e l y  cons tan t  a t  -75 g/d i n  
one borehole  and 65 g/d i n  t h e  o the r .  These q u a n t i t i e s  of water were much 
l a r g e r  than predic ted  by t h e  Jenks equat ion  and cons iderably  more than t h a t  
c o l l e c t e d  at the  Asse 11 test. In an at tempt  t o  r e c o n c i l e  t he  d i f f e r e n c e  
between the  Asse I1 and the  WIPP test  r e s u l t s ,  t h e  d a t a  from the  Asse I1 
tests were sca l ed  t o  t h a t  of t h e  WIPP (i.e., by c o r r e c t i n g  f o r  t he  d i f f e r -  
ences  i n  t h e  moisture  conten t  of t h e  sa l t  and t h e  borehole  w a l l  areas i n  
t h e  h e a t e r  zone). Appl ica t ion  of the s c a l i n g  f a c t o r s  i nd ica t ed  t h a t  3 kg 
of water would have been c o l l e c t e d  from Asse I1 s i t e  2 i n  10 months and 
2 kg from s i te  4 i n  3.5 months. These va lues  are s i g n i f i c a n t l y  smaller 
than  t h e  16 t o  18 kg c o l l e c t e d  from t h e  two tes t  holes  ( i n  room B of t h e  
t e s t  f a c i l i t y )  where the  thermal cond i t ions  are most n e a r l y  equ iva len t  t o  
t hose  f o r  t he  Asse I1 experiment. 

Another s i g n i f i c a n t  d i f f e r e n o e  between t h e  WIPP and Asse I1 te s t  r e s u l t s  i s  
t h e  unmeasurably s m a l l  water c o l l e c t i o n  rate before  the  heat was turned on 
a t  the Asse I1 s i te  compared t o  t h e  4- t o  lS-g/d c o l l e c t i o n  rates a t  the  
WIPP s i te .  

It w a s  concluded t h a t  t h e  unexplained d i f f e r e n c e s  between the  Asse 11 and 
WIPP test r e s u l t s  may be due t o  d i f f e r e n c e s  i n  the  t r a n s p o r t  mechanisms 
f o r  t h e  b r i n e  a t  the  two sites. The sa l t  d i a p i r  of the Asse I1 s i t e  is 
l i k e l y  t o  be cha rac t e r i zed  by t i g h t e r  g r a i n  boundaries ,  more uniform g r a i n  
s i z e ,  and th inne r ,  more g e n e r a l l y  d iscont inuous  i n t e r b e d s  of c l a y  and oi:her 
minera ls .  Consequently, t he  p re fe r r ed  f low pa ths  f o r  b r i n e  o r  water m a ~ r  be 
d i f f e r e n t  and may present  g r e a t e r  f low r e s i s t a n c e  than t h a t  encountered a t  
the WIPP s i t e  (NOVAK 1986). I n  a d d i t i o n ,  t h e  numerous t h i n  c l a y  i n t e r b e d s  
a t  t h e  WIPP s i t e  could be a c t i n g  as an a d d i t i o n a l  water source i n  comparison 
wi th  t h e  pure salt a t  t h e  Asse I1 site.  

F.4.5 Trapping of Brine Along C r y s t a l  Boundaries 

O n  a r r i v i n g  a t  a c r y s t a l  o r  g r a i n  boundary, b r i n e  may become trapped t h e r e ,  
depending on a number of v a r i a b l e s .  
experimental  evidence of such a phenomenon does e x i s t .  

Trapping is p red ic t ed  by theory ,  arid 
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"Waste Package Environment ," presented at  the  SRP/NRC Waste Package Meeting, 
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An important  r e s u l t  of t he  P r o j e c t  S a l t  Vault experiment was t h a t  -90% of 
the b r ine  inf low t o  the  emplacement hole  occurred when the  electric h e a t e r s  
were turned off  and the  salt walls were allowed t o  cool ,  The explana t ion  
o f f e r e d  f o r  t h i s  g r e a t l y  increased  b r i n e  release during t h e  cool ing of t he  
s a l t  was t h a t  t he  t a n g e n t i a l  stresses c rea t ed  by thermal expansion of the  
sa l t  dur ing  hea t ing  were re l i eved  dur ing  hea t ing ,  thereby al lowing the 
t rapped water i n  the  salt t o  break f r e e  and e n t e r  t he  space between t h e  
heated canister and t h e  sal t  formation. A f u r t h e r  explana t ion  might hie 
t h a t  t h e  b r i n e  was  trapped on g r a i n  boundaries after migra t ing  t h e r e  during 
hea t ing  and t h a t  r e l i e v i n g  the  t a n g e n t i a l  stresses allowed the  g r a i n  bound- 
aries t o  open s u f f i c i e n t l y  f o r  the  b r i n e  t o  flow i n t o  t h e  emplacement hole  
(JENks 1979). Another p o s s i b i l i t y  f o r  b r i n e  t r app ing  along t h e  g r a i n  bound- 
aries based on the  e f f e c t s  of t h e  temperature  g r a d i e n t  on thermal stresses 
and t h e  d i f f e r e n c e s  i n  t h e  c o e f f i c i e n t s  of expansion of b r ine  and salt  has 
been suggested by Pigford and Chambr; (1985); t h i s  is d iscussed  la te r  i n  
t h i s  section. 

The r e s u l t s  of P r o j e c t  S a l t ,  as w e l l  as similar r e s u l t s  from t h e  S a l t  Block 
I and S a l t  Block XI experiments (HOHLFELDER 1980) where t h e  hea t  was turned 
o f f ,  are good evidence t h a t  br fne  i n c l u s i o n s  are trapped a t  g r a i n  o r  c r y s t a l  
boundaries  when n a t u r a l l y  depos i ted  sal t  is exposed t o  a hea t  source 
These r e s u l t s  do not prove t h a t  a l l  i nc lus ions  are trapped or t h a t  some 
t rans ; - r t ,  as b r i n e  o r  vapor, doe& not occur along the  g r a i n  boundaries.  
However, because of t h e  poorly so lub le  materials on the  g r a i n  boundaries ,  
i t  seems evident  t h a t  t he  mechanism of i n t e r c r y s t a l l i n e  t r a n s p o r t  would 
d i f f e r  from the  i n t r a c r y s t a l l i n e  t r a n s p o r t  t h a t  has been d iscussed  pre- 
v ious ly .  The la t ter  type of t r a n s p o r t  is discussed  i n  Sect.  F. l .  

C l ine  (1972a) pointed out  t h a t  b r ine  d r o p l e t s  on c r y s t a l  boundaries in KC1 
and o t h e r  a l k a l i  ha l ides  are i n  p o s i t i o n s  of minimum energy; t h e r e f o r e ,  t he  
f o r c e  produced by the  thermal g r a d i e n t  t h a t  is necessary t o  d r i v e  a d r o p l e t  
a c r o s s  a boundary can exceed t h e  f o r c e  requi red  f o r  motion through the  body 
of the  c r y s t a l .  A t h e o r e t i c a l  express ion  developed f o r  t he  r e t a r d i n g  
e f f e c t s  of t he  g r a i n  boundary s u r f a c e  t ens ion  w a s  used by Jenks (1981) t o  
make estimates on t h e  g rad ien t  requi red  to  d r i v e  a b r ine  i n c l u s i o n  through 
a boundary. H i s  c a l c u l a t i o n s  ind ica t ed  t h a t  a g rad ien t  s u f f i c i e n t  t o  cause 
movement wi th in  a c r y s t a l  of a >0.2-cm-wide i n c l u s i o n  may d r i v e  the  same 
i n c l u s i o n  through a boundary. However, t h i s  t r a n s f e r  to  ad jacen t  c r y s t a l s  
has  only been observed i n  experiments f o r  a r t i f i c i a l l y  produced c l ean  con- 
tacts. This  does not n e c e s s a r i l y  mean t h a t  a b r ine  inc lus ion  would be 
d r i v e n  i n t o  the  ad jacent  c r y s t a l  because the  in so lub le  impur i t i e s  cont s ined  
between the  c r y s t a l  su r f aces  could act as a r e t a r d a n t  t o  f u r t h e r  migra t ion  
through a c r y s t a l  boundary o r  a long the  pa ths  between ad jacent  c r y s t a l s .  

P igf  ord  and Chambrg (1985) have developed another  theory  t h a t  p r e d i c t s  
t h a t  t he  flow of br ine  along g r a i n  boundaries could be d i r e c t e d  away from 
t h e  waste package and subsequent ly  ha l t ed  under the  in f luence  of the  tern- 
p e r a t u r e  g r a d i e n t  and thermal stress. This theory (as descr ibed  below) i s  
based on the  f a c t  t h a t  b r ine ,  i n  reg ions  of higher  temperatures ,  will be 
a t  a h igher  pressure  t h a n - t h a t  p re sen t  i n  coo le r  regions because of t he  
g r e a t e r  thermal stresses and because the  l i q u i d  b r i n e  has a higher  coef- 
f i c i e n t  of thermal expansion than t h e  surrounding salt. Consequently, i f  
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t h e r e  is an annular  space ( e i t h e r  void o r  f i l l e d  with crushed sal t )  t h a t  
i s  below t h e  pressure  in t he  salt near  t he  i n t e r f a c e ,  some of the  inter-  
g r a n u l a r  b r ine  can be expected t o  f low i n t o  the  annular  space and some will 
f low outward i n t o  t h e  cooler  salt. Figure F.3 i l l u s t r a t e s  the  p re s su re  
p r o f i l e  t h a t  could r e s u l t  with no i n t e r g r a n u l a r  flow and t h e  p r o f i l e s  that  
could r e s u l t  af ter  pressure-induced flow. After a few years ,  the  void 
space  o r  crushed sal t  w i l l  conso l ida t e  i n t o  a monol i th ic  s t r u c t u r e  (RATIGAN 
1985a),  but t he  l ack  of a low-pressure c a v i t y  need not a f f e c t  t he  b r ine  
inf low.  I n  t h e  case of pressure-dr iven t r a n s p o r t  of t he  i n t e r g r a n u l a r  
b r i n e ,  the d i r e c t i o n  of flow w i l l  depend on t h e  boundary cond i t ions  at  t h e  
i n t e r f a c e .  I f  t he  salt i s  heated more r a p i d l y  than the  thermal stress can 
be r e l i e v e d  by creep ,  t he  salt ad jacen t  t o  the  waste package w i l l  be under 
a d d i t i o n a l  compression because of t h e  thermal expansion of t h e  salt.  Since 
b r i n e  has a h igher  c o e f f i c i e n t  of thermal expansion than s o l i d  s a l t ,  t he  
hea t ing  can gene ra t e  a pressure  wi th in  t h e  confined b r i n e  t h a t  exceeds 
l i t h o s t a t i c  pressure.  The ne t  r e s u l t  is an outf low of b r ine  u n t i l  a zero- 
p r e s s u r e  g rad ien t  is a t t a i n e d .  Surface t ens ion  can r e s u l t  i n  a b r ine  f i l m  
between t h e  salt and waste package, and the  l o c a l  f l u i d  pressure  of t h i s  
f i l m  can temporar i ly  exceed the  loca l  compressive stress on the  salt u n t i l  
outward flow of b r ine  relaxes the f l u i d  p re s su re  t o  l i t h o s t a t i c .  After 
t h a t ,  no mechanism f o r  b r i n e  inf low t o  t h e  waste package w i l l  exist  o t h e r  
t han  t h a t  r e s u l t i n g  from consumption of br ine  components by chemical reac- 
t i o n  and r a d i o l y s i s .  

In summary, t he  evidence i n d i c a t e s  t h a t  b r i n e  could remain entrapped a t  
c r y s t a l  boundaries f o r  an i n d e f i n i t e  per iod o r  could be dr iven  toward the  
c o o l e r  region according t o  t h e  Pigf ord-Chambrg theory s i n c e ,  un l ike  the  
h e a t e r  experiments,  t h e  nuc lear  hea t  source cannot be turned of f  . However, 
openings along boundaries or cracking due t o  thermal stresses could provide 
a path f o r  t r a n s p o r t  by advec t ive  flow f o r  l i q u i d s  and vapor. It may a l s o  
be  poss ib l e  f o r  vapor t o  d i f f u s e  along unopened c r y s t a l  boundaries.  These 
p o s s i b i l i t i e s  have l e d  t o  t h e  development of models t h a t  inc lude  such phe- 
nomena. They are discussed i n  t h e  fol lowing s e c t i o n s ,  along with the  
a p p l i c a t i o n  of t h e  s o l u t i o n - p r e c i p i t a t i o n  model, which assumes t h a t  the  
rock salt is a homogeneous mass (i.e., no c r y s t a l  boundaries;  b r ine  migra- 
t i o n  is i n t r a c r y s t a l l i n e ) .  

F.5 BRINE MIGRATION WDELS 

A number of models have been developed f o r  c a l c u l a t i n g  b r i n e  migrat ion 
ra tes  i n  rock salt. The modeling e f f e c t s  can be ca tegor ized  by e i t h e r  
of t h ree  d i f f e r e n t  major assumptions,  as fol lows:  

1. All migra t ion  is governed by the  i n t r a c r y s t a l l i n e  
(i.e., g r a i n  boundaries are neglec ted) .  

2. All migrat ion occurs  on t h e  c r y s t a l  faces and i s  
drop t r a n s p o r t  . 

3 .  The mechanisms of i t e m s  1 and 2 are coupled. 

t r a n s p o r t  mechanisms 

Dverned by pressure- 
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Fig. F.3. P r o f i l e s  of p re s su re  on i n t e r g r a n u l a r  b r ine ,  neg lec t ing  
salt creep (steady-temperature/profile assumed for illustration). 
T. He Pigford and P. L. Chambre, Mass Transfer in a Salt Repository, 

Source: 

LBL-19918, 1985 
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F.5.1 I n t r a c r y s t a l l i n e  Migration Models 

The bas ic  assumption i n  applying the i n t r a c r y s t a l l i n e  migrat ion model t o  
a repos i tory  is tha t  the  salt is homogeneous and no c r y s t a l  boundaries 
exist. It has been argued t h a t  app l i ca t ion  of the  i n t r a c r y s t a l l i n e  migra- 
t i o n  equation ( e i t h e r  the  t h e o r e t i c a l  one or  the  empir ical  Jenks equation 
discussed below) may be conservat ive i n  t h a t  t rapping on c r y s t a l  boundaries 
i s  neglected. However, the  p o s s i b i l i t y  of cracking and vapor t ranspor t  
along g r a i n  boundaries c rea t e s  doubt as t o  whether the  homogeneous 
c r y s t a l l i n e  t ranspor t  model is conservative.  

The t h e o r e t i c a l  equation derived by Anthony and Cline (ANTHONY 1971), and 
t h e  equivalent  of those derived by o thers  when put on the same bas is  (JENKS 
1981), is 

where 

v = migration ve loc i ty ,  a d s ;  

D = d i f f u s i v i t y  of sa l t  i n  br ine ,  cm 

1 

C R  = concentrat ion of salt i n  br ine  d rop le t ,  mol/L; 

C, = concentrat ion of sa l t  i n  s o l i d  sa l t ,  mol/L; 

CE = equi l ibr ium concentrat ion of salt in  br ine,  mol/L; 

T = absolute  temperature, K; 

3 = Soret coe f f i c i en t  of salt i n  br ine,  O C - l ; *  

VTQ = temperature grad ien t  i n  the  br ine d rop le t ,  "C/cm; 

K = k i n e t i c  p o t e n t i a l ,  Q + Kp, ergs/mol; 

Kd = change i n  chemical p o t e n t i a l  a t  the d i s so lu t ion  i n t e r f a c e  
generated by i r r e v e r s i b l e  processes assoc ia ted  with the 
t r a n s f e r  of salt between the  s o l i d  and l i q u i d  phases, 
e rgs/mol ; 

*The Soret coe f f i c i en t  , rs, is conventionally negative when thermal 
d i f f u s i o n  causes t ranspor t  of s o l u t e  from the hot region t o  the  cold 
region of a so lu t ion .  
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Kp = change i n  chemical p o t e n t i a l  a t  the  s o l i d i f y i n g  i n t e r f a c e  
genera ted  by i r r e v e r s i b l e  processes  a s soc ia t ed  wi th  the t r a n s f e r  
of salt between the  s o l i d  and l i q u i d  phases,  ergs/mol;  

R = gas cons t an t s ,  e rgs  mol'l O r 1 ;  and 

L = dimension of d r o p l e t  p a r a l l e l  t o  thermal g r a d i e n t ,  cm. 

The k i n e t i c  p o t e n t i a l  term involv ing  the  i n t e r f a c i a l  k i n e t i c s ,  which i s  
probably t h e  most d i f f i c u l t  term t o  quan t i fy ,  governs the  th re sho ld  grad- 
i e n t .  For motion t o  occur ,  t he  f i r s t  term must exceed the  second, o r  
k i n e t i c  p o t e n t i a l ,  term, 

I n  developing his empir ica l  equat ion ,  Jenks (1979) evaluated t h e  a v a i l a b l e  
t h e o r e t i c a l  and experimental  information. 
s t r e s s i n g ,  high p res su re ,  and energy s to rage  by r a d i a t i o n  damage would have 
l i t t l e  e f f e c t  on b r ine  migra t ion  i n  h a l i t e  c r y s t a l s  and t h a t  t he  k i n e t i c  
p o t e n t i a l  was l a r g e l y  r e spons ib l e  f o r  most of the  scatter in experimental  
r e s u l t s .  H e  a lso  concluded t h a t  the  k ine t ic  p o t e n t i a l  was of l i t t l e  impor- 
t ance  (and the conserva t ive  t reatment  would be t o  neg lec t  i t )  i n  the  many 
exper imenta l  r e s u l t s  of Bradshaw (1968) f o r  n a t u r a l  s a l t  c r y s t a l s .  H e  then 
drew a curve t h a t  conse rva t ive ly  represented  the  migrat ion v e l o c i t y  p e r  
u n i t  temperature g rad ien t  as a func t ion  of temperature.  About 80% of the  
observed po in t s  were on, o r  below, the curve; t h e  remainder were above. 
Consequently,  i t  can be argued t h a t  some condi t ions  could produce higher  
mig ra t ion  v e l o c i t i e s  than those represented by the  Jenks  curve ,  which w a s  
f i t t e d  by the  fol lowing equat ion:  

He concluded t h a t  c r y s t a l  

where 

V/G = v e l o c i t y  per u n i t  temperature g r a d i e n t ,  cm2/year, O C ;  and 

T = temperature  of salt ,  O C .  

Equation ( 2 ) ,  commonly r e f e r r e d  t o  as the  Jenks equat ion,  w a s  used i n  the  
c a l c u l a t i o n s  f o r  salt r e p o s i t o r i e s  made by Claiborne (1980) and Jenks 
(1981) v i a  t h e  MIGRAIN computer code and the  c a l c u l a t i o n s  made by McCauley 
(1984) v i a  the  BRINEMIG computer code (McNULTY 1984). The BRINEMIG code is  
a f in i te -e lement  br ine  migrat ion model t h a t  assumes the salt  t o  be a homo- 
geneous and i s o t r o p i c  continuum and i s  based on t h e  use of t h e  c o n t i n u i t y  
equat ion  t o  p r e d i c t  the  br ine  inc lus ion  d e n s i t y  i n  salt.  The MIGRAIN 'code 
i s  similar,  except t h a t  the s o l u t i o n  i s  by f i n i t e  d i f f e rences .  

The BRINEMIG code w a s  shown t o  g ive  b r ine  accumulations t h a t  agreed with 
those  from the  S a l t  Block I1 experiments (HOHLFELDER 1980) a t  low tempera- 
t u r e s  and ove rp red ic t s  b r ine  accumulations at  higher  temperatures .  The 
McCauley (1984) c a l c u l a t i o n s  f o r  the  cu r ren t  re ference  des ign ,  as repor ted  
by DOE (1984),  gave 0.85 and 0 -41 m3 f o r  CHLW and PWR spent  f u e l ,  respec- 
t i v e l y ,  when assuming a threshold  temperature g rad ien t  for  b r ine  migra t ion  
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and 0.95 and 0.75 m3 without a threshold gradient.  
that the concentration of the  br ine  inc lus ions  was 5 vol W ,  a f a c t o r  of 2.8 
g r e a t e r  than the estimated t o t a l  water content of 1.8 vol X .  
br ine  flow is  known t o  decrease with t i m e ;  however, the highest  rate w a s  
only 0.06 m3 /year . 

It was  a l s o  assumed 

The rate of 

The MIGRAIN code was  developed f o r  both Cartesian and two-dimensional 
c y l i n d r i c a l  coordinates. The required input of temperatures and tempera- 
t u r e  grad ien ts  as a function of time and space is supplied by separa te  heat- 
t r a n s f e r  ca lcu la t ions .  Claiborne (1980), using MIGRAIN,  ca lcu la ted  the 
b r ine  inflow f o r  a number of conditions. For example, assuming 0.5 vol % 
br ine  inc lus ions  and no threshold g rad ien t ,  the br ine  accumulation f o r  an 
HLW repos i tory  with a 37-W/m2 (lSO-kW/acre) thermal loading and 2.16 
kW/canister w a s  -12 L. 
(60 kW/acre) and 0.55 kW/canister, the  br ine  accumulation w a s  -6 L. 

For spent f u e l  with a thermal loading of 14.8 W/m2 

Jenks (1981) made upper-bound estimates of water i n  migration by using a 
method t h a t  involved estimating the  volume of rock salt around the  waste 
canister, based on threshold temperature gradient considerations,  from 
which a l l  contained br ine  inc lus ions  were assumed t o  eventually reach 
the  waste emplacement hole. To f a c i l i t a t e  the ca l cu la t ions ,  concentric 
s h e l l s  were assumed t o  exist around a waste package with the  following 
shape: a cy l ind r i ca l  sur face  surrounding the waste package with a 
height equal t o  the length  of the package with hemispherical sur faces  
a t tached  t o  the bottom and top of the cy l inder .  Previously ca lcu la ted  
salt temperatures as a function of t i m e  a t  the midplane were used i n  
obtaining values f o r  threshold temperature grad ien ts  [from Eq. ( l ) ] .  In  
determining the salt volume t h a t  could cont r ibu te  br ine  to  the  waste 
package, the t o t a l  area w a s  found f o r  a s h e l l  sur face  which w a s  required 
f o r  uniform and instantaneous flow of heat at  a p a r t i c u l a r  d i s tance  from 
the  waste package f o r  a ca lcu la ted  value of a threshold temperature gra- 
d i en t  i n  the  salt located at  the s h e l l  surface.  The volumes of water con- 
ta ined  from the l a r g e s t  computed volume of salt  with the procedure 
discussed above were 240 and 60 L f o r  the C H L W  container (2.16-kW) and SF 
container (0.55-kW), respec t ive ly ,  f o r  an assumed 1 vol % water i n  bedded 
salt.  These values are f a c t o r s  of -13 and -8 g rea t e r  than the  r e s u l t s  of 
MIGRAIN ca l cu la t ions  f o r  the same conditions.  

Such ca l cu la t ions  should be usefu l  i n  e s t ab l i sh ing  an upper-bound estimate 
f o r  br ine  migration t o  a waste package, provided t h a t  the uncer ta in ty  i n  
the  threshold gradien t  can be reasonably es tab l i shed  and t h e  Jenks equation 
is  representa t ive  of the p a r t i c u l a r  salt formation, which may not be the 
case as was apparently demonstrated by t h e  WIPP experiments (NOVAK 1986). 

F.5.2 Vapor and Stress-Gradient Transport Models 

Inves t iga t ions  of brine migration i n  blocks of h a l i t e  a t  Sandia National 
Laboratories have led  t o  a proposed model of vapor t ranspor t  along gra in  
boundaries or cracks, with no consideration being given to  migration of the 
i n t r a c r y s t a l l i n e  inclusions.  The observed behavior of increased flow a f t e r  
t he  heat source was turned off is accounted f o r  by including stress relaxa- 
t i o n  e f f e c t s  i n  the model. The f i r s t  model w a s  developed on the assumption 
of Darcy flow of vapor through a porous medium; t h i s  w a s  applied t o  the  
1-kg block experiment (HOBLFELDER 1979) and later t o  the  S a l t  Block I1 
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experiments  (HOHLFELDER 1980) at Sandia Nat iona l  Labora tor ies .  A second 
model (HADLEY 1981), which produced a more accu ra t e  c o r r e l a t i o n  of t h e  
experimental  d a t a ,  assumed t h a t  t h e  vapor f low was e n t i r e l y  i n  the  Knudsen 
regime ( t h e  man-f ree  path of t he  vapor molecules is on t he  order  of the 
pore diameter  or  equ iva len t  spacing)  when appl ied  t o  these  experiments.  

Both models u t i l i z e  the  concept of a receding evapora t ion  f r o n t  i n  a flow 
channel ,  and both at tempt  to  p r e d i c t  the e f f e c t  of varying o r  tu rn ing  off  
t h e  hea t  source by inc luding  t h e  e f f e c t  of stress changes on the  c racks  i n  
t h e  salt. Both use f i t  parameters in c o r r e l a t i n g  the da ta .  The experi-  
mental  data were c o r r e l a t e d  by so lv ing  f i v e  simultaneous d i f  f e r e n r r a l  
equa t ions :  t h e  s teady-s ta te  c o n t i n u i t y ,  t h e  i d e a l  gas ,  t h e  Darcy's o r  the  
Knudsen flow, the  evaporat ion f r o n t  v e l o c i t y ,  and the  time-dependent hea t  
conduct ion equat ions.  

Aside from t h e  assumption t h a t  Knudsen flow is t h e  most important  t r a n s p o r t  
mechanism, t h e  r e f ined  model d i v i d e s  the  t o t a l  po ros i ty  i n t o  two p a r t s  : 
(1) a small connected po ros i ty  t h a t  r e f l e c t s  t h e  "flow channel" dimensions 
l i m i t i n g  the  vapor flow rate, and (2 )  a l a r g e r  " inc lus ion"  p o r o s i t y  t h a t  
r e f l e c t s  the  t o t a l  water conten t  i n f luenc ing  t h e  rate of r eces s ion  of the 
evapora t ion  f r o n t .  Since r e s i d u a l  s t r a i n s  might cause a cons iderable  
change i n  flow channel p r o p e r t i e s ,  the  connected pore r a d i i  were considered 
t o  vary as a l i n e a r  func t ion  or' t h e  r e s i d u a l  s t r a i n  i n  the  t a n g e n t i a l  
d i r e c t i o n .  The i n i t i a l  va lues  f o r  t h e  equ iva len t  pore r ad ius  and the  con- 
nec ted  po ros i ty  were t r e a t e d  as f i t t i n g  cons t an t s  t h a t  provided the  bes t  
match with the  experimental  data.  

A simple s t r e s s -g rad ien t  t r a n s p o r t  model w a s  developed by Shefe lb ine  (1982),  
who assumed t h a t  t h e  p re s su re  of b r i n e  i n  connected po ros i ty  is determined 
by the  stresses (bulk  p re s su re )  i n  the  salt i t s e l f .  This seems j u s t i f i a b l e  
since t h e  d i f f e r e n c e  between t h e  p re s su re  in  a brine-pore and the  s t r e s s  i n  
t h e  ad jacent  salt would cause t h e  salt t o  c reep  u n t i l  the  p re s su res  a r e  
equa l i zed .  On t h i s  b a s i s ,  t h e  changes i n  rock stress produced by a heat  
sou rce  i n  rock salt can be expected t o  provide a d r iv ing  fo rce  f o r  b r i n e  
migra t ion .  

As an argument aga ins t  the  vapor-phase mechanism and a poss ib l e  support  
f o r  a s t r e s s -g rad ien t  model, Shefe lb ine  poin ts  out t h a t  t he  rock stresses 
nea r  t he  heater hole i n  t h e  S a l t  Block I1 experiment are much greater 
than  the vapor pressure  of t he  b r i n e  and, t h e r e f o r e ,  any channel f i l l e d  
w i t h  water vapor w i l l  tend t o  be closed by salt  creep. However, on t h e  
o t h e r  hand, he po in t s  out that t h e  s t r e s s -g rad ien t  mechanism cannot exp la in  
t h e  release of water from samples heated i n  an oven since no stress grad- 
i e n t s  w i l l  exist a f t e r  equi l ibr ium temperature  is reached. 

I n  making c a l c u l a t i o n s  f o r  a r e p o s i t o r y ,  Shefe lb ine  used the  Darcy flolw 
equa t ion  i n  combination with a secondary creep model f o r  salt (TRUCANO 
1981). Figure F.4 shows a comparison of She fe lb ine ' s  r e s u l t s  f o r  the  
s t r e s s - g r a d i e n t  model, t he  f l u i d  i n c l u s i o n  model ( t h e  Jenks equat ion  with a 
homogeneous mass), and the Knudsen f l o w  model f o r  vapor-phase t r a n s p o r t  
when app l i ed  t o  a r epos i to ry  f o r  CHLW with thermal loadings  of 2.16 kW,/ 
c a n i s t e r  and 37 W/m2 (150 kW/acre) and with salt conta in ing  0.5 vol  % 
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Fig. F . 4 .  Water accumulation vs t i m e  f o r  repos i tory  conditions. - 
Source: H. C. Shef e lb ine ,  Brine Migration: A Summary Report, SAND82-0152, 
1982 
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(0.23 w t  %) water. The r e s u l t s  show t h a t  t h e  t h r e e  very d i f f e r e n t  models 
p r e d i c t  about t h e  same t o t a l  water accumulation i n  1000 years ,  12 t o  15 L. 
These r e s u l t s  and o the r  observa t ions  caused Shef e l b i n e  t o  conclude t h a t  an 
accumulation of 20 L at t h e  emplacement hole i n  1000 yea r s  w a s  a conser- 
va t ive  value f o r  the  above r e p o s i t o r y  cond i t ions  . 
F.5.3 Combined I n t r a c r y s t a l l i n e  Transport  and Crys t a l  Boundary-Flow 

Models 

Bloom (1979) developed a pre l iminary  model t h a t  combined t h e  temperature- 
dependent,  d i sso lu t ion-depos i t ion ,  Ai f fus ion  model with the  Darcy vapor- 
flow model proposed by Sandia Nat iona l  Labora tor ies .  This was appl ied  both 
t o  t h e  S a l t  Block I1 experiments (HOHLFELDER 1980) and t h e  ORNL experi!ments 
(SHOR 1978), which involved dry ing  a salt co re  by passing dry  air over the  
upper s u r f a c e  held at 190°C and t h e  lower s u r f a c e  at 105°C. 

The primary assumptions used f o r  t he  combined model were t h a t  the  two 
mechanisms act independent ly  ( t h e  two f lows are a d d i t i v e )  and t h a t  a 
d i s t i n c t  and moving vapor- l iquid i n t e r f a c e  e x i s t s  w i th in  a uniformly porous 
medium. The b a s i c  equat ion  expresses  a mass balance between the  vapor loss  
from t h e  vapor- l iquid i n t e r f a c e  and t h e  b r i n e  l o s s  t h a t  produces the  motion 
of the  i n t e r f a c e  . 
The r e s u l t s  of the  a n a l y s i s  were t h r e e  equat ions  descr ib ing  f low rates f o r  
the experiments at ORML and Sandia Nat iona l  Labora to r i e s  ( i . e . ,  t he  hot and 
c o l d  f aces  of the  former and t h e  c e n t r a l l y  heated hole  of t he  l a t t e r ) .  
P r o p e r t i e s  of t he  salt and b r i n e  and the  vapor- l iquid i n t e r f a c e  p o s i t i o n s  
were "lumped toge ther"  i n t o  convenient groups,  which were t r e a t e d  as 
a r b i t r a r y  f i t t i n g  cons t an t s  i n  c o r r e l a t i n g  t h e  t h e o r e t i c a l  equat ions  and 
exper imenta l  data .  The t h e o r e t i c a l  equat ion  f o r  t h e  cold face  of t he  ORNL 
experiments  contained t h r e e  f i t t i n g  cons tan ts ;  t h e  equat ions  f o r  t h e  hot 
f a c e  and t h e  S a l t  Block I1 experiments contained four  f i t t i n g  cons t an t s .  A 
good f i t  was obta ined ,  p a r t i c u l a r l y  f o r  the  Sandia da ta ;  however, t h i s  does 
n o t  n e c e s s a r i l y  v a l i d a t e  t h e  model s ince  one would expect a good f i t  using 
f o u r  a r b i t r a r y  cons tan ts  . 
Bloom (1979) recommended reexamination of the  e x i s t i n g  d a t a  on b r i n e  mj-gra- 
t i o n  i n  o rde r  t o  test the  proposed model and t o  develop new d a t a  t h a t  could 
l e a d  t o  an improved model. However, f u r t h e r  development of t h i s  model has 
appa ren t ly  been discont inued.  

A recent, more s o p h i s t i c a t e d  model f o r  the combined e f f e c t s  of i n t r a c r y s t a l -  
l i n e  and g r a i n  boundary flow has been developed by Ratigan (1985b) and 
inco rpora t ed  i n t o  t h e  computer code SPECTROM-58 (RATIGAN 1984a), a f i n i t e -  
element code f o r  b r ine  t r a n s p o r t  i n  rock salt f o r  two-dimensional and axi-  
symmetric geometries.  In  t h i s  model, t h e  fol lowing s i g n i f i c a n t  assumptions 
were made: 

1. All br ine  inc lus ions  reaching the c r y s t a l  boundary w i l l  exi t  crysta.1; 
t h a t  is, no kinematic  d e t e r r e n t  e x i s t s .  

2.  A l l  b r ine  inc lus ions  t h a t  e x i t  a c r y s t a l  w i l l  never r e e n t e r  t he  same, 
o r  any o t h e r ,  c r y s t a l .  
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3.  The escape of brine inclusions from the crystal is independent of the 
pressure, temperature, and inclusion density at the surface. 

Transport within individual salt crystals is assumed to be driven by the 
differential solubility of salt resulting from thermal gradients establish d 
by thermal calculations, The governing equation for the flow mechanism is 
a modification of the usual continuity equation, and the code allows for a 
choice of functions (e.g., the Jenks equation) for the calculation of brine 
inclusion velocities. Transport of brine within the interconnected pore 
space is the result of brine pressure gradients; the governing field , 

equation for this flow mechanism is the diffusion equation for pressure- 
induced flow in a saturated porous medium. 

Using this model, Ratigan (1984b), in concert with the Plackett-Burman 
method of experimental design, determined that the most significant param- 
eter ranges contributing to the total range in brine inflow are: (1) ratio 
of interconnected porosity to total porosity, (2) initial brine inclusion 
density, and ( 3 )  threshold temperature gradient, In calculations made with 
SPECTROM-58 utilizing the intracrystalline flow mechanism only, the results 
were essentially the same as those produced by BRINEMIG (McCAULEY 1984) 
with and without a threshold gradient of 0.125"C/cm for the 100 years 
modeled. However, calculations with SPECTROM-58, using the coupled field 
equations for brine flow, showed a factor of -3 increase in the maximum 
brine flow rate to the emplacement hole when a gradient of 0.125"C/cm was 
assumed as opposed to the relatively small effect found by the BRINEMIG 
calculations. Consequently, Ratigan concluded that the crystal interface 
system is a very important flow path that is fundamental to modeling brine 
migration and should be investigated further. 

F.6  COMPARISON OF BRINE MIGRATION MODELS 

Neither the vapor-transport model nor the inclusion-migration model com- 
pletely represents the phenomenon of brine transport up the thermal gradient. 
The former assumes transport only along cracks or openings in the grain 
boundaries, while the latter assumes only intracrystalline transport. 
Obviously, both of these transport phenomena and (probably others) could 
exist simultaneously with one or the other being dominant, depending on the 
existing conditions. 

The a priori application of either model is not possible because values of 
some of the basic parameters cannot be determined without resorting to 
empiricism, which produces some of the parameters on a best-fit basis. The 
various predictions with the inclusion migration model use the Jenks equation, 
which is empirical and apparently conservative for the temperature gradients 
expected in a salt repository provided that brine inclusions are the only 
significant source of brine and no significant transport occurs along cracks 
or grain boundaries. The WIPP results indicate that such assumptions are not 
valid. Other empirical equations relating the migration velocity to the 
temperature and temperature gradient could be used in the computer codes. 

The exhaustive discussions of theoretical and experimental information 
on inclusion migration in salt crystals by Jenks (1981) showed that the 
various treatments of theory can be made consistent and demonstrated the 
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compa t ib i l i t y  of t he  Jenks equation with such theory,  The behavior of 
b r i n e  movement along the g ra in  boundaries is not as w e l l  understood and 
does not seem t o  be as amenable t o  t h e o r e t i c a l  ana lys i s  as i n t r a c r y s t a l l i n e  
t r anspor t  

The vapor-transport  model has conceptual d i f f i c u l t i e s  with the  receding 
liquid-vapor i n t e r f a c e  and with the  assumption of exc lus ive ly  vapor 
t r anspor t .  Probably the  i n t e r f a c e  is  not  sharp ly  defined but extends over 
a region,  and two-phase t r anspor t  l i k e l y  occurs. 

The improved vapor-transport  model with Knudsen flow gave r e s u l t s  that: 
agreed with the  experiment more c l o s e l y  than did the  o r i g i n a l  Darcy flow 
model, which is not su rp r i s ing  since two add i t iona l  f i t  paramete,.; were 
used t o  correlate the  experimental  da ta .  The inc lus ion  migrat ion model 
using the  Jenks equation a l s o  gave a very good f i t  t o  the  hea t ing  phase of 
the S a l t  Block 11 experiment when the thermal conduct ivi ty  of sa l t  was, 
t r e a t e d  as a f i t  parameter. 

A considerable  e f f o r t  has been made t o  include the stress r e l a t i o n s h i p  i n  
developing the  vapor-transport  model i n  order  t o  p red ic t  the  sudden 
increase i n  flow t h a t  occurs when the  heat  source is turned o f f .  This will 
he lp  s u b s t a n t i a t e  the  pos tu l a t e  t h a t  stress re l axa t ion  causes  t h i s  flow 
phenomenon, although t h i s  information is  purely academic s ince  nuclear 
hea t ing  cannot be terminated abrupt ly .  

Development of a combined i n t r a c r y s t a l l i n e  and g ra in  boundary flow model 
would be preferab le  i f  the  model could be demonstrated t o  p red ic t  b r ine  
f low r a t e s  i n  r e p o s i t o r i e s  with a reasonable degree of uncer ta in ty .  Of 
t h e  two models previously discussed,  the  one represented by SPECTROM-58 i s  
more soph i s t i ca t ed  and useful .  The g r e a t e r  e f f e c t  of the  threshold thermal, 
g rad ien t  t h a t  occurred when the  grain-boundary t r anspor t  w a s  included in 
t he  ca l cu la t ions  s t r e s sed  the  poss ib le  importance of e s t a b l i s h i n g  more 
f i rmly  the  concept and the q u a n t i t a t i v e  values  f o r  the  threshold g rad ien t .  

F.7 CONCLUSIONS 

On the b a s i s  of t he  ava i l ab le  information p r i o r  t o  the  WIPP experiments,  it 
seemed t h a t  any model, could probably be used provided t h a t  i t  is  based on, 
o r  normalized t o ,  e m p i r i c a l  data .  In  any event ,  the inflows of b r ine  t h a t  
had been predicted f o r  repos i tory  condi t ions were r e l a t i v e l y  s m a l l  (even i n  
the  case of the  Asse 11 experiments) and did not seem t o  c r e a t e  se r ious  
problems. It is  quiSe poss ib le  t h a t  g ra in  boundary t rapping and/or reverse  
f low (Pigford-Chambre theory) is  respons ib le  f o r  the  low inf low ra t e s ,bu t  
a d d i t i o n a l  work is  needed t o  corroborate  these mechanisms. However, t h e  
much g r e a t e r  than predicted br ine  inflow rates t o  the  waste c a n i s t e r  i n  the  
WIPP experiments cast doubt on the general  a p p l i c a b i l i t y  of the  Jenks 
equat ion and the  a b i l i t y  t o  p red ic t ,  o r  even bound, the  b r ine  migrat ion 
rates i n  al l  types of sa l t  formations. It is  not clear as  t o  why the  M P P  
r e s u l t s  were su rp r i s ing ly  high. It has been postulated by Novak (1986) 
t h a t  t he  prefer red  flow paths  f o r  b r ine  o r  water may be d i f f e r e n t  a t  the  
WIPP s i t e  and present less flow r e s i s t a n c e  than o ther  salts. In  add i t ion ,  
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t h e  numerous c l a y  in t e rbeds  and s t r i n g e r s  could be providing an a d d i t i o n a l  
water source.  A model t h a t  f i t s  t h e  WIPP r e s u l t s  needs t o  be developed, 
which r e q u i r e s  a g r e a t e r  understanding of t he  t r a n s p o r t  processes  involved.  
However, i f  i t  is considered necessary  t o  have accu ra t e  va lues  f o r  b r ine  
migra t ion  i n  a r e p o s i t o r y ,  only i n  s i t u  t e s t i n g  at the  d i s p o s a l  horizon can 
produce va lues  wi th  r e l a t i v e l y  s m a l l  u n c e r t a i n t i e s .  
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