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ABSTRACT

This document provides guidance to the DOE on the issues and information
necessary for the NRC to evaluate waste package performance after repository
closure. Minimal performance objectives of the waste package are required by
proposed 10 CFR 60. This preliminary DSTP describes the various options
available to the DOE for compliance and discusses advantages and disadvantages
ot various choices. Examples are discussed dealing with demonstrability,
predictability and reasonable assurance. The types of testing, modeling and
s tistical analyses that can be used to demonstrate performance are consid-
erva. The document summarizes presently identified high priority issues
necded to evaluate waste packape performance after repository closurc.




DSTP on Waste Package Performance After Repository Closure

EXECUTIVE SUMMARY

The primary objective of this Draft Staff Technical Position is to offer
guidance to the DOE on the major issues associated with developing a waste
package that can be demonstrated to comply, with reasonable assurance, with
the performance objectives given in the Code of Federal Regulations proposed
Part 60.111. This Position outlines the major issues and problems associated
with evaluating the performance of candidate components and package design
options. It is based on current knowledge and as such should be viewed as an
vvolving document.

[t is recognized, at this time, that the DOE has many alternatives for
developing a waste package that offers recasonable assurance of compliance with
the proposed performance objectives. A judgement that a package will in fact
provide containment and aid in a controlled release of radionuclides will
depend on the quality and quantity of data, test procedures and models
submitted during licensing and therefore on the materials and design(s)
chosen.

The first part of this Technical Position addresses the options available
as well as presently identified major problems associated with demonstrating
compliance. [t is concluded that a primary issue is to determine the environ-
ment experienced by the waste package and how the waste package will interact
and alter that cnvironment. This underlying problem affects all aspects of
package development from the use of accelerated tests to defining the perform-
ance ot components and packages to the models used to project the long term
performance.

The second half of this Technical Position outlines some of the high pri-
ority issues associated with evaluating the performance of candidate package
materials. This part of the Position is meant to illustrate the need for
early material and design choices and to illustrate some of the concerns
surrounding the demonstration of component and package behavior. Several
design options are discussed which could, in principle, narrow the scope of
work required to demonstrate the ability of a waste package to comply with the
pertormance objectives. These include the use of a discrete backfill, the use
of shielding and a low outer container temperature.



L. MAJOR AL nRNATIVES FOR LICENSING

l.1 Introduction

The proposed Code of Federal Regulations (10 CFR 60) on the Disposal of
High Level Radiocactive Waste in Geologic Repositories? requires the licensee
to provide the information needed to determine whether a waste package will
meet the requirements nutlined in Sections 60.111 (Performance Ob jectives),
h0.135 (Waste Packape Requirements), and 60.143 (Monitoring and Testing Waste
Packages). Section 60.143 is addressed in a separate Staff Technical Position
which outlines the type of program required to adequately monitor waste package
performance prior to closure. This Statf Technical Position outlines the ma jor
issues and problems associated with evaluating the ability of the waste pack-
ape to comply with the performance ob jectives and design requirements given in
proposed 10 CFR 60.

l.2 Major Alternatives

The proposed requirements on waste package performance after repository
closure can be addressed through several major alternatives which allow flexi-
bility in meeting repulatory criteria. The proposed regpulatory criteria of
L0O0=year containment and an annual release rate of less than one part in 10°
of the inventory present after 1000 years can be met by individual components
ot the waste package or by the total package.

Thousand-year containment is required of the waste package while the con-
trolled release rate criterion is on the engineered system. The waste package
as defined in 10 CFR 60! is "the airtight, watertight sealed container which
includes the waste form and any ancillary enclosures, including shielding, dis-
crete backfill and overpacks”. The engineered system includes the waste
packages and the underground facility.

In principle, either or both of the proposed performance objectives can be
met by individual component(s) or the whole package as an entity. The compo-
nents of the waste package can be categorized as: waste form(s), container
system, and discrete backfill. The waste form can be simple (e.g., borosili-
cate glass) or complex (borosilicate glass with a sacrifical layer of non~
radioactive glass). The container system is expected to consist of component(s)
which provide structural integrity and component(s) which provide corrosion
resistance. The corrosion resistance may be achieved by individual or multiple
barriers consisting of metallic and non-metallic materials. Similarly, the
discrete backfill, which is expected to remain in place, may consist of single
or multiple components.

The proposed performance criteria may be met by several components, cach
of which complies with the criteria, a single component which alone satisfies
one or both of the criteria, or partial contributions from all of the compo-
nents in the waste package. The primary issue to be addressed in considering
these alternatives is the assignment of reliability in demonstrating, with
reasonable assurance, compliance to the criteria.



2. ACHIEVABILITY, REASONABLE ASSURANCE AND DEMONSTRABILITY

Licensing involves judgements based on definitions and requirements. In a
licensing decision, it is important to make definitions and requirements as
operational as possible so that subjective decisions are minimized and the
uncertainty associated with the decision making process is reduced. The re-
duction in uncertainty is directly related to the degree with which concepts
are made operational since confidence limits in statistics are totally opera-
tional. Through operational definitions, decisions can be made on the basis of
test results, that is, the reliability and confidence limits are determined
from the experimental data.

2.1 Achicvability

Achievability denotes the ability of the waste package to comply with
proposed regulatory criteria and is based on judgement. The quality of the
judpement depends on the level of understanding of the mechanisms involved in
the behavlior of the waste package, the validity of comparing the behavior to a
similar system which already exists, and the ability to predict behavior over
extended periods of time.

In assessing the ability of a waste package to comply with the criteria,
these approaches play an important role. The need to understand the processes
involved in failure or degradation of *he waste package is evident. Comparison
with the behavior of known systems is important in deciding what short teem
Ltests can put conservative limits on long term performance. These concepts are
considered when specific examples are discussed in the rationale for acceptance
of short term tests used to estimate long term performance.

2.2 Reasonable Assurance

Reasonable assurance is a concept that will be used to determine whether
the data, models, and rationale submitted Justify the performance claimed. It
Is expected that the most important use of the concept wiil be in evaluating
the validity of extrapolating short term tests to long term performance.
Because of the larre number of very different design options available for
comply ing, with the proposed criteria of 10 CFR 60, it is not useful to suggest
specilic statistical wethods or confidence limits for analyzing raw data. The
use of reasonable assurance in terms of reliability and confidence is discussed
in the section on statistics. It is evident that the larger the number of
samples measured, the better the statistics and the more the uncertainty in the
results can be minimized. The larger the test range in variables around the
expected values that are used in tests, the more likely it is that the
pertformance and degradation behavior will be understood. On the most elemental
level, reasonable assurance is a judgement, the validity of which depends on
the quaiity of the information submitted.



2.3 Dbemonstrabilicy

To demonstrate compliance with the performance criteria the quality and
uantity of evidence, the test methods used to obtain the evidence, the statis-
tical analysis of the data, the predictive models, and the rationale for the
conclusions must be judged acceptable.

When specific waste package designs become available or when choices of
materials and the conditions (temperature, water, eavironment, etc.) under
which they are to exist become known, guidance to the applicant can be provided
by listing the tests, test procedures, and ranges of acceptable and unaccept-
able results that should be used in preparing for license application.

Achicvability combines elements of demonstrability with methods of predic-
tion and extrapolation. Methods for prediction and extrapolation require an
understanding of the processes and mechanisms occurring under realistic and
accelerated conditions. Reasonable assurance is the depree of confidence one
has that a design will achieve a defined level of performance and that the evi-
dence submitted to support a claim is adequate. The ronfidence will depend on
statistical aspects of the supporting data and/or the level of understanding of
Lhe mechanisms lavolved.

3. LICENSING OPTIONS

3.1 Compliance from a Single Component: Compliance from Several Components
Pertorming Cooperatively

[n order to evaluate the performance of a waste package in which several
components work together to achieve containment or controlled release, it is
necessary to conduct tests and develop data bases on single component behav-
tor, bicomponent behavior and whole package behavior. ‘

If compliance with either criterion is to be demonstrated by the use of a
single component, the information required from the licensee is likely to be
minimal, well defined, and easier to evaluate. The information required on its
behavior, its reliability, and its failure modes may be better defined, more
restricted, and the statistical data base required for licensing may be sim-
pler. This alternative also implies that this component, in combiration with
other non-interacting components which also individually comply with the
criteria, clearly forms a demonstration of redundant compliance.

The second alternative, where compliance is achieved by several package
Components pertorming cooperatively, requires as a minimum an understanding of

the behavior of individual components as well as bicomponent behavior.

3«2 Concurrent and Sequential Behavior

Degradation processes and/or failure modes which occur simultaneously are
defined as concurrent while those failure modes which occur at different times,



and which depend upon a sequence of events in which components are breached one
atter another, are defined as scquential.

Two methods for utiliziong waste package components are by concurrent
single component behavior and/or sequential component behavior. As an example
of current single component behavior, assume a controlled release from a given
discrete backfill is below 10'5/yr only when the source term (waste form) has
a release of (10‘3/yr. The level of performance assignable to the backfill
is then a function of the choice of waste form and that of the waste form
depends on the choice of backfill.

An example of performance based on sequential behavior occurs in a design
using a series of corrosion resistant overpacks. An assessment of the ability
of these overpacks to meet 1000-year containment depends on the time to breach,
in sequence, cach of the overpacks. If, for example, the outermost overpack
fails in 200 years, then a series of four identical non-interacting overpacks
may perform adequately for 800 years if one assumes simple sequential behavior.

In the above example, there is an advantage to components made of a single
material whose behavior depends upon sequential events. For example, consider
4 corrosion barrier comprised of four concentric containers constructed from
Lthe same material, cach container having an average "time to breach” of 200
years. Since the barrier is made of a single material the data base needed to
assess the performance and to qualify the lifetime is more restricted and
requires shorter test verification times than would be required for the same
barrier constructed from different materials or for a barrier in which two or
more components may fail simultaneously.

Compliance with the performpance objectives by several components may be
achieved by a combination of sequential and concurrent behavior. For example,
the release rate from the backfill depends not only on the source term (waste
form) but also on its volume and the radionuclide inventory. 1t may take a
long time to load the backfill to a level where the relecase rate reaches its
maximum allowed value.

3.3 Preferred Approach

At this time, NRC's preferred approaches for assuring compliance of a
waste package with the NRC criteria are, in decreasing order of acceptability:

l. Combinations of independent high integrity components which, by their
own behavior, each satisfy the NRC criteria (i.e., redundant
compliance).

2. A single component which, by itself, can satisfy the NRC criteria, in
combination with other barriers that may not individually meet these
criteria (single compliance).

6



J. Combinations of components that cooperatively comply but individually
do not completely satisfy the proposed NRC criteria. These components
acting together can be assigned, with some level of assurance, credit
for complying with the performance objectives (composite compliance).
The package constructed from these components should satisfy 1000~-year
containmenc.

Achieving compliance through behavior based on sequential rather than con-
current events has a distinct advantage. Multicomponent barriers constructed
from similar materials such as a container system of identical canisters may
also be more advantageous than ones constructed from dissimilar materials. In
this instance the data, model etc. required for licensing may be more
restricted.

While redundant compliance is a preferred approach to insure the conform-
ance of the waste package with the performance objectives in proposed 10 CFR 60
(60.111), the rule is structured to give the licensee maximum flexibility in
demonstrating compliance. It is the licensee's responsibility to submit for
evaluation a convincing data base, analyses and rationale to support the
particular performance claimed.

4. MAJOR [SSUES ASSOCIATED WITH DEMONSTRATING COMPLIANCE: MINIMIZATION OF
UNCERTAINTIES

Since the proposed regulation 10 CFR 60 requires performance objectives on
the overall waste package and on the engineered system, there are many means by
which long term containment and controlled release can be attempted. There
are, nevertheless, major issues independent of material choices, design choices
and repository site properties that address the problem of reducing uncertain-
ties in the waste package performance after closure. These are noted here and
are discussed in detail in following sections.

l. Repository/Groundwater Characterization

Any uncertainties in the repository water properties (composition,
temperature, pH, Eh, etc.) will be magnified as uncertainties in
corrosion rates, leach rates and backfill properties. Corrosion
rates, leach rates and backfill retardation, each depend in complex
manners on water composition, temperature, pH and Eh. It is obvious
that the better these parameters are known the less will be the
uncertainties in understanding the other phenomena.

2. Temperature

In pgeneral, t!~ spread and uncertainties in chemical kinetic reactions
increases with i1 "reasing temperature. [rom this point of view keep=-
ing the surface temperature of the package below 100°C will tend to
minimize uncertainties in all other reactions (corrosion, leaching,
ifon-exchange) involving package pertormance.



3. Accelerated Testing - Predictability

As discussed later, existing theory would favor isothermal accelera-
tion techniques when possible, although the potential for using
elevated temperatures for accelerating kinetic reactions is recog-
nized. The problems associated with this means of attempting
predictability are discussed in Section 5.

4. Radiation Effects

Padiation can alter waste package performance in two general ways.
Radiation effects can change the structure and chemical reactivity of
the waste forms and backfill, and it can by radiclysis change the
composition, pH and Eh of the groundwater. In shielded packages the
reduction of radiation effects should make major contributions to
reducing the uncertainties in manv of the above areas.

5. Total Package Testing

The uncertainties associated with specific component performance can-
not, in general, be used to predict uncertainties in total package
performance. The more extensive and recalistic are the test programs
for total packages, the more the uncertainties in performance are
reduced.

6. Statistics

The general means or quantifying uncertainties and evaluating them, is
through the use of statistics. Although statistical analyses are ex-
pected to play an important role in demonstrating compliance, the
specific types of statistics used will depend on what part or parts of
the waste package are used to achieve containment and controlled
release. Some e. ‘mples are considered in the section on statistics.

7. Modeling

Modeling will be an important portion of the information submitted to
demonstrate compliance. Appropriate modeling can deal with quantita-
tive attempts at predictability and the uncertainties in predictabil-
ity and should be in the forn of theoretically and empirically based
equations dealing with a realistic range of site and package param-
eters. Minimization in the uncertainties associated with modeling can
be attained by the methods recommended in Section 9.

5. ACCELERATED TESTING AND PREDICTABILITY

One of the major issues to be resolved is the use of short term (accel-
erated) tests tor predicting the long term behavior of man made barrier
naterials.




Theoretical justification for predicting the long=term performance of a
material fron shorter term experiments requires that the mechani sms by which
the material is depraded remain constant over the time required for the pre-
diction. Furthermore, the mechanism must be experimentally validated by the
determination of an explicit, isothermal rate expression which accounts for the
correct functional dependence on al' the parameters involved.

For example, to have complete assurance that a corrosion barrier will last
1000 years the mechanisms of corrosion lecading to failure of the barrier should
be determined and validated by explicit rate expressions. The tollowing
section illustrates the problem by considering the question of predicting
corrosion behavior over extended periods of time.

9.1 Isothermal Predictions

Corrosion is a kinetic, non-equilibrium process. The rate and mechanisms
of corrosion are dependent upon, among other parameters, the reactants and
products of the various corrosion processes. The initial problem then is to
determine what the reactions are, the stoichiometries, and if there is more
than one, whether the reactions are simultaneous, sequential, catalytic, or
inhibiting. One of the maijor obstacles in determining corrosion mechanisms
results from observations that rates of corrosion can be seriously altered by
the corrosion products and how they are distributed or removed from the cor-
roding surfaces.

in general, there are more requirements for heterogeneous systems than for
homogeneous systems on the use of isothermal rates to predict for times much
longer than the time over which the rates were measured. llomogeneous kinetic
systems tend toward equilibrium states that are usually well defined. If the
isothermal rate expression is rigorously correct and truly represents the
mechanisms of the reaction, it will include all the chemical, physical and
peometric factors that are known to alter tho ratc. For homogencous systems
Lthis can be Lested by using the known equilibrium values and showing that the
rate goes to zero.

This test is pgenerally not feasible for complicated heterogeneous reac-
tions such as solids corroding in liquids. Here too, it is mandatory in de-
termining the mechanism to show that the isothermal rate expression includes
the correct functional dependence of the corrosion rate on all the chemical and
physical variables known to affect the rate of corrosion. For heterogeneous
reactions, however, it is also necessary to prove that neither the metal nor
the metal-solution interface undergoes any structural, physical, or chemical
change that can alter the corrosion rate over the total time for which the
prediction is intended.

For metals such changes might include:
0 1isothermal annealing

O lormation and subsequent breakaway of a surface film

9



0 stressces developed or removed by formation or cracking of a corrosion
product or film

0 diffusion of corrosion products into or out of the metal surface
0 diffusion of bulk components into surface depleted zones

0 initial selective attack at a site that eventually is depleted
0 grain boundary precipitation, etc.

Any or all of these might lead to a change in the corrosion rate with time. In
reneral, the overall corrosion rate of most metals represents contributions
trom several different mechanisms with different temperature dependencies.
These can interact with each other sequentially. For example, consider a cor-
rosion process where an oxide layer is formed by one component in an alloy,
eventually builds up, spalls, and continues to form depleting the zone beneath
the surtace. Over periods of time long compared to the time necessary to form
the tilm, the component will diffuse from the bulk to the surface depleted
zone. It this component is in equilibrium with its own carbide for example,
depletion ot the bulk concentration by formation of a surface oxide will cven-
tually cause the carbide to decompose increasing the carbon activity of the
alloy. This, in turn, could lead to formation of a new carbide with a differ-
ent component of the alloy so that short term corrosion rates will not repre-
sent the corrosion rates that would occur over longer times. Even in the case
ol uniform corrosion, it is often not safe to extrapolate a reported rate to
times of exposure far exceeding the test period.

Altering concentrations of reactants and products to test if a single rate
cxpression accounts for the observed corrosion behavior may be more significant
for uniform corrosion than for pitting corrosion. Nevertheless, it is, even
for wniform corrosion, a necessary but not sufficient condition for Justifying
time predictions.

In the cases of pitting corrosion, the basic properties of the pitting
phenomena indicate that several mechanisms operate simultaneously. For a sin-
ple mechanism, pits should occur uniformly in space, proceed with the same
depth dependence on time, and develop the same shapes.

In real systems, pitting rpenerally occurs at structural irregularities or
chemical inhomogeneities that vary from sample to sample. Measurements within
the pits, of solution compositions and corrosion product concentrations, show
that each pit can be a different chemical system with different mechanisms
operating at different times. This is also supported by the wide variability
in induction periods, the variability in rates of penetration, and the
variabilities in shape development and pit morphology.

5.2 Temperature Acceleration

The use ot clevated temperatures to increase corrosion rates for the
purpose ol predicting long term corrosion behavior at the lower temperature can

10



be theoretically unjustified and technically unsound. The cffects of changing
temperatures in chemical kinetics are covered by the Arrhenius concept which is
valid only if it is assumed that the same mechanism occurs over the temperature
range studied. If this assumption happens to hold, the ratio of the rates at
different temperatures can be used to obtain the numerical value of the activa=-
tion enerpy. This numerical value can then be used to speculate on what pro-
cesses are involved in delaying the reactants from forming the thermodynamic-
ally more stable products instantaneously. If several rate measurements are
made at scveral temperatures and if they are precise cnough to demonstrate a
single numerical value for the activation energy, this type of result can be
used to claim that the data are cunsistent with the assumption that the
mechanism did not chinge over the temperature range.

Riporously, however, these measurements do not prove the existence of a
single mechanism. Thermal barriers (activation energies) for different mecha-
nisms can have similar values. An additional necessary test to verify a con-
stant mechanism is to demonstrate that the individual rate constants at all
Lemperatures are identical in functional form with respect to all the vari-
ables involved in the corrosion process. This requirement implies that temp-
erature acceleration is subject to all the problems and uncertainties of
isothermal prediction techniques in addition to many complications that can be
introduced by the temperature variation itself. It should be clear that a
temperature change that causes a phase change in any reactant (i.e., water
fpoing to steam) has the potential to drastically alter the corrosion process.
[f the overall corrosion rate is the result of several mechanisms with dif-
lereat activation energies, changing the temperature, in principle, will change
the mechanism and will invalidate any use of the high temperature rate in
predicting long term behavior of the low temperature corrosion process.

This discussion also can be extended to the long-term behavior of, for
example, borosilicate glass. The glass waste is a dynamic, nonequilibrium
chemical system. Fission product decay results in a thermal and a radiation
Llux which may cause changes in valence states of species present in glass,
alteration of glass properties by the buildup of decay products with different
ionic radii, different valence states, and different chemical properties.
Since the decay is a function of time, the glass at any one point in time is a
unique chemical system in which the mechanism(s) of leaching may be different
from that at any other point in time.

Furthermore, from data presently available on the leaching of glass, it is
increasingly apparent that the ability to determine a rigorous mechanism and
rate expression ror the leaching process is severely limited by the observa-
tion that leaching is a sensitive function of:

0 the chemical properties of the matrix and the incorporated waste

0 the environment, including temperature, pH, Eh, ionic composition, and
tlow rate of the leaching medium

0 the physical characteristics of the waste form (e.g., exposed surface
drea, phase separation, and degree of devitrification).
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There is no rigorous equation which accurately predicts the leaching of glass
under all pertinent conditions at any single temperature. The proposal to
increase temperature to accelerate the leaching process and subsequently
predict the long term leach rate at lower Lemperatures is subject to all the

problems associated with the use of temperature acceleration to study corrosion
phenomena.

5.3 Conclusions

The only rigorous means of predicting long term behavior is through a
validated isothermal rate expression, one obtained for all pertinent environ-
mental and material parameters and at each temperature expected during the time
required for the prediction. It is recognized that the probability of acquir-
Lng such data is small and may be an unreasonable requirement. However, the
use of temperature to accelerate a degradation process and determine average
time to failure should be viewed with caution. It is expected that the appli-
cant will have demonstrated, at least empirically, the average behavior of
component(s) under a range of conditions (e.p. reactants) and over the tempera-
ture range expected. This data in the form of a range of average corrosion
rates or average leach rates should be accompanied by a description of the test
conditions (c.pp. range of temperatures, time of observation, range of reac-
tants, c¢te.) and statistical spread in the data, a rationale for the way in
which the tests were conducted and the data analyzed and a model predicting the
long term performance. It is understood that the amount of data, the quality
ol the data, the analysis accompanying the data, the rationale and the models
used will be dependent on the design, materials choice, degradation/failure
modes and on the level of performance assumed to be assignable to the
component.

6. TOTAL WASTE PACKAGE TESTING

In principle, a waste package will be designed for containment for about
the first 1000 years after emplacement. It will be a multicomponent system
designed to provide reasonable assurance of compliance with this criterion. If
Lt has been properly designed, then there are two generic tests which can be
required for demonstrating compliance, null tests and tests which realistically
simulate a breached package.

6.1 Null Tests

A null test would require a reproducible demonstration of ron-detectable
release of radionuclides under repository conditions expected during the con=-
tainment period. These test conditions should include a range in variables
such as Lemperature, radiation levels, pressure, groundwater chemistry, etc.
Null tests would also include a range of expected events and processes such as
partial and full saturation and wet and dry cycling.




.2 Depradation/FPailure

[t is usetul to dis ‘nguish between degradation and failure. Degradation
ls an impairment of a prt srty by chemical or physical processes. It does not
necessarily denote failure formation degrades a corrosion barrier, but
failure of that barrier do - € occur until the pit completely penetrates the
container exposing the next barrier to the environment. Hydrogen embrittle-
ment way degrade the barrier and result in failure by enhancing another de-
gradation mode, e.p., crack propagation. (The metal may be extremely brittle,
but as long as the embrittled and depraded container does not expose the next
barrier, it has not failed.)

6.3 Simulated Failed Packapes

full tests demonstrate the lack of radionuclide release under expected
repository conditions and therefore demonstrate the potential for a waste
packape to meet 1000-year contafinment. Since the consequences of expected
laillure modes bear directly on the dejree of achievability and reasonable as-
surance associated with a waste package design, these can be addressed by re-
producibly demonstrating the behavior of a failed waste package. A failed
packajpe should be studied under the same conditions required for a null test.
Horcover, the simulated failure should realistically reproduce the most
probable failure modes of the specific design.

Fallure of a waste package is defined with respect to the NRC criteria.
For 1000-year containment, a failed package occurs when the first radionuclides
are released from the last engineered boundary (e.g., discrete backfill) and
are detectable by state-of-the-art techniques. Failure of a package component
vccurs when, through some process or mechanism, the designed function of that
component is compromised. For example, a failed container system may be one in
which the barrier has been completely breached by pitting and the next compo-
nent is then exposed to the repository water. A failed component does not
fecessarlly imply a failed package. If the next component were another corro-
sion resistant container, then the waste form would not be exposed to the
leaching medium and radionuclides would not migrate to the outermost boundary.
kLven if the next component were the waste form, failure of the container and
subsequent leaching of the waste form does not constitute failure of the
package until some level of radionuclides is detectable at the outermost
boundary of the waste package.

b4 Realistic Failed Packape Tests

Realistic failed package tests would fall into two categories: (1) tests
on packages where single barrier(s) have failed, and (2) tests where the pack=
age itself has failed. The aim of the first type of test is to confirm package
behavior under conditions where one or more of the barriers have failed. For
example, if a package contains a single corrosion resistant barrier whose only
fallure mode is through pitiing, then the first type of test would artificially
breach the container with "average” pits. The outermost boundary would then be
studied to determine if and when release is observed under typical repository
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conditions including wet and dry cycles. The aim is to determine when and if a
tailed component leads to a failed package.  These types of studics by their
very complexity should be done with specifric package designs in which the com=
ponents have been selected after extensive work to define their behavior and
interactions with other candidate components. The objective of such tests
would be to define which barrier failures or combination of barrier failures
constitute a failed package, the consequences of specific barrier failure on
the package performance and to obtain information in support of models that may
be used to predict waste package performance.

The next stage in "realistic” package tests would be to look at the ef-
fects of a failed package in terms of release to the engineered system. This
type of test would follow logically from barricer fafilure tests and help detcer-
mine the ability of the waste package to contribute to the controlled release
tuie criterion and aid in modeling the migration of radionuciides.

These types of failed package tests involve such complex interplay be-
Lween the various components of the waste package and the interaction (or
additivity) of component behavior that the information obtained wiil be pri-
marily qualitative in rature. It is highly unlikely that rigorous equations
deseribing the behavior of a failed component In a failed or degraded package
can be written to predict the behavior over long periods of time. The informa-
tion obtained from these tests will demonstrate how a failed package releases
radionuclides or how failed components affect the behavior of the total
package.

6.5 Conclusions
i S L

It is expected that whole package tests will be primarily cualitative in
nature and design specific. The choice of components and design should be
based on data on single component and as a minimum bicomponent behavior. The
package submitted for licensing must have strong supporting data to qualify its
behavior with respect to compliance with the performance objectives. The types
of data, tests, models, etc. that should be submitted will depend on the
alternative(s) chosen by the licensee to demonstrate compliance with the
criteria.

7. REPOSITORY CONDITIONS

One of the issues pertinent to all aspects of demonstrating compliance
with the NRC performance objectives is a definition of the environment experi-
enced by the waste package as well as the effects of the waste package on its
environment.

The waste package must function to contain radionuclides for about the
first 1000 years in the dynamic environment of the repository. It is antici-
pated that at some time after the first 1000 years, when the waste form will be
exposed to the environment, the release of radionuclides from the waste package
Lo the environment will be controlled by transport in the ground or repository
water. In order to qualify waste package components or the waste package for
complying with one or both of the performance objectives, the behavior of the
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components/package Lo the range of expected repository conditions should be
Kknown.

7.1 Pre-Emplacement/Pre-Closure Conditions

Prior to licensing a waste package and a repository, the applicant will
have conducted extensive site characterization studies. These studies may
include information on:

o the "average” water chemistry at the location expected for the reposi-
tory

o the "average” water flow rates, or a model used tn estimate water flow
rates from site specific information

< amblcuc Lemperature
o mechanical properties of the host rock.

The mechanical properties of the host rock are important in determining
it, for example, the waste package will experience excessive forces that will
damage or destroy the package. The temperature profile, flow characteristics,
and composition of the grouandwater is important information needed to determine
the behavior of the waste package under conditions which lead to failure by
corrosion or leaching.

7.2 Post=Closure

The primary problem in determining the ability of the waste package/or
package components to meet the 1000-year containment criterion and to con~-
tribute to a controlled release of radionuclides from the engineered system, is
demonstrating the behavior of components alone and in combination (as a pack-
dape) under 4 range of repository conditions spanning thousands of years. While
models exist which, based on a given waste loading, repository design, thermal
conductivity, etc., allow one to calculate the thermal history of packages and
the rvpositury,z no such model exists for predicting the complex chemical
feactions which will occur when a thermally hot, radioactive waste package
comprised of many different materials is exposed to “typical” ground or
repository water. It is movement of the water to and from the waste package
that will result in breach of containment and the release of radionuclides.

The pround/repository water is another example of a dynamic chemical system.
For example, one way to visualize potential changes is to follow the pathway of
typical groundwater trom the outermost boundary of the waste packape to the
source term (waste torm) and then out to the outermost boundary. The pround-
water will reach the outermost boundary of the waste package with a chemical
(ionic, pH, Eh, etc.) composition that is determined to a ma jor extent by the
host media, and the temperature. Typical groundwater chemistries have been
determined for salt, basalt, shale, and tuffs, but their composition as a
function of the possible thermal history have not been extensively evaluated.
[ncrcases in temperature may:
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0 alter solubilities of many species including dissolved gpases

0 result in reactions of species within the groundwater as well as with
host rock or other materials in the host rock

0 result in changes not only in ionic composition, but in pH and Eh as
well.

Therefore, without adding any possible effects from radiation that may be
present if a packapge contains no shielding or enough discrete backfill to act
as shielding, the thermal effect alone may alter the character of the ground-
water at the outermost boundary of the waste package as a function of time.
When this time/temperature dependent agroundwater reaches the waste package, two
peneric cases are possible: a shielded package with or without discrete
backfill, and an unshielded package with or without discrete backfill.

7.2.1 Shielded Package: No Discrete Backfill

In this instance the groundwater will directly contact a metallic con-
tainer/overpack. The effects of radiation on the groundwater chemistry and the
corrosion processes may depend on the residual dose rate and the total dose,
the rate at which the water is removed and replenished, and the depth of corro=-
sion (e.g., hot spots) etc. The chemistry of the water will be in a state of
flux as the temperature changes, the outer containers corrode and corrosion
products build up in the water or react with species in the water as the depth
Ol penctration increases. When the container is finally breached and the waste
form is exposed to the "leaching medium,” the problems increase. The time at
which the waste form is leached will determine whether fission products are
predominantly released, actinides are predominantly released or a combination
of fission products and actinides are predominantly released. The chemistry,
flow rate, and temperature of the leaching medium will affect the release of
radicnuclides. The composition of the matrix and waste as well as its physical
properties will also determine what is "dissolved” in the groundwater. If
transport is slow to the outermost boundary of the package, the composition may
again be altered by passage through residual metallic materials, changes in
temperature, and exposure to radiation.

7.2.2 Shielded Package: With Discrete Backfill
The addition of a discrete backfill to the waste package will affect:
0 the time to breach the integrity of the metallic overpack
o temperature profile with time
0 the character of the groundwater at the outermost boundary of the waste
package compared with that at the interface of the discrete backfill

and the next package component

o the tlow rate of the water.
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The effect of the backfill on the temperature of the groundwater would be to
alter {n time the physical and the chemical (e.g., reaction, pH, Eh) properties
of the groundwater. In other words, if these could be determined for a shield-
ed package with no backfill, they may no longer be applicable *o a shielded
package containing a backfill with different thermal characteristics and the
ability to interact with the groundwater. Those species and products present
at the metallic boundary in shielded packages with no backfill need not be the
same products present at the interface of the backfill and host rock or the
backfill and the next package component.

The backfill will presumably serve Iin some capacity to limit both the flow
of the incoming water as well as filter or condition the water prior to its
contact with the container system. The composition of the groundwater contact-
ing the hackfill may change because of thermal perturbations of the waste
package .

Once the groundwater has passed through the backfill, all the complica-
tlons cited above (Section 7.2.1) apply to determining the character of the
water Interacting with the metallic components and ultimately leaching the
waste form.

7.2.3 Unshielded Package: With and Without Discrete Backfill

It is obvious that waste packages containing no shielding add yet another
level of complication to specifying repository/groundwater conditions as a
function of time. Radiation will result in radiolysis of the groundwater. The
thermal effects may enhance recombination of radiolysis products, foster forma-
tion of new species by reaction of radiolysis products with chemicals present
in the groundwater, at the host rock, or backflll surfaces. Radiation has the
potential to alter the character of the backfill or host rock (e.g. accumula-
tion of nascent sodium in salt)2 and in so doing alter the character of the
proundwater and its subsequent effects on corrosion and leaching.

7.3 Conclusions

While some existing models explain, for exampie, the thermal history of
the reposltory, no model exists to predict the changes in groundwater with time
under the influence of a waste package and the per*turbations it will cause, or
the effects of changes in the groundwater on the integrity of the waste package
components and release of radionuclides. Furthermore, it should be apparent
that L these changes could be determined they would he sensitive functions of
reposltory desipn, package material choices and package design.

While it is highly Improbable, that a reliable model will be developed to
predict the complex conditions that will occur in a repository over long
periods of time, there are alternatives available for gaining an understand-
Ing of how the repository affects a waste packages over a period of time.

[t is assumed that the applicant will have characterized the pround or

repository water during the site characterization. Using this "average
rroundwater composition” the effects of temperature and radiatlion on the
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firoundwater could be elucidated. Species detrimental to the pertormance of

the container system, could be identified and included in testing programs to
qualify the performance of waste package materials. The design of the waste
package will to some extent also determine the range of conditions which should
be tested rfor demonstrating the behavior of the waste package. For example, a
package design containing no shieldirg, or one which results in a large thermal
perturbation will require a wider range of test conditions and thus a more
comprehensive determination of the effects of radiation and temperature on the
ground/repository water.

8. APPLICATION OF STATISTICS

A demonstration of compliance with the NRC's proposed performance
objectives, for the reasons discussed, may not be through the use of rigorous
predictive equations. Rather, the most likely type of data and arguments
submitted will involve a statement of probability, confidence, and uncertainty
assoclated with the data bases on single components, bicomponents, and
packages. 1In addition, the types of statistical arguments that may be
submitted for licensing can be component dependent, design related and may be
tied to a cost=benetit analysis. For Lhe purposes ol Lhis dliscussion, [t will
be assumed that irom site characterization reports the applicant will attempt
to identify those aspects of repository conditions which would detrimentally
affect the waste package and that components chosen will have been studied
within this ranpe of conditions.

8.! Component Dependence

The type of statistical arguments acceptable for licensing are dependent
on the material (component) choice and the type of degradation processes which
lead to failure of that component. For cxample, if a material fails under a
range ol repository conditions in a relatively short period of time, it is
possible in principle to test many samples and establish a statistically sound
data base to justify an "average time to failure." If a component is subject
to only a few failure modes, the number of tests required to statistically
verify its performance will be smaller than that required for a component
sub ject to many failure modes.

Components whose failure/degradation rates are very slow can be treated in
two different fashions. If during the time of measurement, failure/degradation
rates are measurable then a spread in the rate and an average rate for time to
failure can be predicted. If, however, the rate is not measurable during the
time of observation, then only an estimate of the minimum time to failure can
be made.

8.2 Design Dependence

The type of statistical arguments presented for licensing may be design
dependent. The quantity and quality of the statistical data would depend upon
whether the applicant claims full compliance, partial compliance, or no com=
pliance with the pertormance objectives. Lo additlon, (f the applicant does
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claim compliance, cither partial or full, the types of arguments acceptable
will depend on whether the performance elaimed is based on sequential, con-
current or a combination of sequential and concurrent behavior of the
component(s).

I, for example, the applicant indicates no compliance from one or more
components, the data bLase aud accompanying statistical analysis may be limited
to demonstrating that this comporent(s) does not seriousiy alter the benavior
of the component(s) for which the applicant does wish credit for demonstrating
compliance (l.e¢., the applicant must demonstrace by an appropriate analysis
that that component does not adversely affect performanc»).

It the applicant wishes to demonstrate tull compliance with the perfor-
mance ob jectives by a single component or several components, then the data
base and accompanying statistical analysis will be dependent on the material
choice and should also include a demonstration that as a minimum, the nearest
neighbor components do unot detrimentally alter performance. Furthermore, thea
statistical arguments presenced for a liceasing decision will also be dependent
on which criteria the applicant is trying to comply with. For containment, one
is essentially trying to demonstrate the absence of an event over some period
of time. In controlled release, one is trying to demonstrate that the behavior
(release) occurs within a defined range over some period of time. The length
of time is determined by whether the applicant claims complete or partial com-
pliance. 1In a situation where the applicant wishes to demonstrate partial
compliance with the critaria, the statistical data base will be a function of
the criteria for which the applicant desires credit,_the time over which credit
is to be assigned, and the behavior on which credit might be assigned. In
claiming partial compliance, the applicant may claim that:

L. The data justify performance for a time shorter than the criteria re-
quire, i.e., the statistical spread in the data for time to failure
only allows a prediction for a shorter period of time.

2. It is cheaper and more convenient for partial compliance or techni-
cally not feasible to demonstrate full compliance, i.e., there may be
some advantage in employing components whose individual behavior does
not completely satisfy one or both of the performance ob jectives.

Again, the data base and statistical Justification required for licensing de-
pends on the component (modes of failure), the criteria for which partial com-
pliance is demonstrated, the time for which pariial compliance is demonstrat-
ed, the absence of adverse affects from other components, and the way in which
the component behaves. For components of the same material which behave in a
sequential manner, the data base and statistical analysis may be more limited
than that required from components which behave in a concurrent fashion. For
example, in a corrosion barrier constructed from a series of containers of the
same material designed to fail in sequence, it may only be necessary to deter-
mine average time to failure for the first container which is exposed to the
environment and a demonstration that the daverage time to fail of the following
containers are no preater than that of the outermost container. If the came
barrier were constructed from dissimilar materials, it would be necessary to
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verily the time to failure for each container in the sequence. If a barrier
relicd on the additive performance of components, then the average behavior of
each must be known as well as the average combined behavior. The data base and
statistical analysis could in principle be more extensive and require a large
number of samples to quantify.

8.3 Cost-Benefit Dependence

It is possible that in the procese of developing packapes lor licensing,
the acceptability of packages/components will be tied ro a cost benefit analy-
sis. For example, it may be argued that in order to build a statistically
sound data base for licensing components and/or packages the cost of R and D
exceeds the additional benefit derived from conducting such a program. The
decision as to what constitutes a sound analysis on which to make a licensing
decision will depend on an evolving decision by the NRC of what will constitute
assurance of the public's health and safety. In al! instances however, the
applicant sihouid submit a data base, statistical analysis, ratiorale for the
Lypes of anaiysis performed, a predictive model and the thorough cost benefit
analysis jur Sying the decision not to proceed with further testing.

8.4 Conclusions
e et e

A statistical analysis should be provided for empirical evidence submitted
to demonstrate the performance of the waste package. The types of analyses and
the rationale for employing a specific analysis will be component dependent,
design related, and probably accompanied by a cost benefit analysis. The in-
formation that will be acceptable for licensing will depend on the component
(failure modes), the criteria being addressed, the length of time for which
compliance is being demonstrated, and the behavior for which compliance is
demonstrated. In all instances, an important concern is based on the clear
distinction between the mathematical theory of probability and its application
to a real problem. Mathematical probabilities begin with a set of assumptions.
If the assumptions are correct, then the results follow. Determination of
whether the assumptions are correct is assured by experiments and an under-
standing of the processes involved. Thus, separating waste packages into the
catepories of failed and not failed and using binomial statistics may not ade-
quatcly describe the occurrence of various states of degradation and partial
compliance that are expected when large numbers of containers are emplaced in
repositories.

9. MODELING

The applicant should submit models that predict how a package will perform
over time in the repository environment and the reliability of the predi:tion.
The description of the model should include the data on which the model is
based, the rationale for the model, the procedure used to validate the model,
and the reliability of the model. A report, "Draft Technical Position on
Documentation of Models" (NUREG-0856) exists. Where dapplicable, the applicant
should attempt to follow these puidelines as closely as possible.




9.1 Ubesisn Considerations: Predictive Equations

The model(s) will contain mathematical statements which predict the
pertormance of package conponents. The model should be designed so that:

0 all pertinent degradation/failure modes have been included

0 the mathematical statements used to describe (he failure/degradation
are valid

0 the range of input parameters is adequate and applicable.

This implies that isothermal equations should be developed for the range of
conditions expected and the temperature range of interest. That is, there
exists a series of equations:

rate (Ty) = £ (ay, by, €1y sss)

where a), by, ¢) are the pertinent variables (e.g., reactant concentra-
tions, geometric factors) which affect the rate of a given degradation process
aud Ty is the temperature at which the rate is determined.

[f such a set of rate expressions cannot be developed, empirical state-
ments which describe the observed behavior under a specified range of condi-
tions should be used. For ecxample, it may be observed that within a range of
cavironmental conditions, the rate of uniform corrosion, measured as weight
loss or weight gain, can be expressed as: :

:—;% = a/t + bt + ...
These mathematical statements would not be predictive equations, but would be
c¢mpirical statements of the corrosion behavior of a container or container
System. Similar empirical statements may be used to describe the leach be=-
havior of the waste form, and the sorptive behavior of the backfill. These
cquations may have been developed from data obtained on the behavior of single
components, on the behavior of combinations of components and on the behavior
of "simulated failed packages” under a range of expected repository conditions.
In some instances, where the degradation mode may be a stochastic (random)
process such as pitting, approximations may have to be employed in which the
induction period is estimated from experimental data (which may include accel-
erated tests) and the propagation rate is estimated from the extreme or deepest
plts observed. Therefore, evaluation of the model requires an assessment of the
completeness of the data base used to generate an empirical set of equations,
the design of the waste package being modeled as well as the option(s) under
which the DOE is dpplying for a license. For example, a waste package consist-
ing ouly of a waste form and container, will be modeled differently from one
which consists of a waste torm, shielding, container and discrete backfill. A
package in which performance is based on the sequential behavior of package
components will be modeled ditferently from one in which performance is based
ot the concurrent behavior of components. The model of a package in which
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corrosion occurs by only one or two mechanisms which have very low scatter in
the input (corrosion rates) parameters will be easier to assess than one in
which the container material is subject to many corrosion processes whose
combined effects may not be well understood.

9.2 Coding Considerations

The applicant should state whether an empirical set of equations has been
modified or deleted to make a calculation easier and should demonstrate that
such a modification or deletion is justified. Thus, the applicant should show
that models "designed” to mimic the behavior of a physical system do not
introduce nonrealistic aspects when finally put together or constructed.

9.3 Validation/Verification

It is necessary that the applicant demonstrate that the code or model has
been verified. There are three generic ways to do this:

l. Validation by comparison of calculated results with experimentally
observed results .

2. Validation by comparison with other models (consistency)
3. Validation by modeling an accepted (standard) preblem.

The most acceptable means of verifying a model would be by comparison of
calculated results with experimental results. Since the waste package is in
principle a multicomponent system, this may not be feasible. As an aiterna-
tive, it would be necessary to validate sections of a model by comparison with
experimental results. For example, a section of a model which calculates the
corrosion behavior of a container could be verified by comparing with experi-
mental data. This would be necessary particularly if simplifying assumptions
were made in coding the model.

9.4 Conclusions

The applicant should assess the model and the results obtained from it. A
model in which the degradation and predicted failure rates are basad mostly on
theoretically rigorous and experimentally verified rate equations will have a
sounder base for predicting the long term performance of components and
packages. lHowever, when this type of information cannot be developed, the
applicant should submit other types of evidence justifying the validity of the
simplifying assumptions.

The applicant should assess the reliability of the model because the model
will be used to assess the reliability of the waste package. These issues will
be uddressed in more detail in the Draft Staff Technical Position on Qualicy
Assurance, which will contain a section on Reliability.
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10.  HIGH PRIORITY ISSUES ASSOCIATED WITH EVALUATING THE PERFORMANCE OF
CANDIDATY, WASTE PACKAGE MATERIAL

10.1 Introduction

This section of the Branch Technical Position enumerates a limited number
of issues which should be resolved if the NRC is to evaluate the performance of
a high level waste package. There are design options which may facilitate the
evaluation of a waste package and require a minimal amount of research and
development to demonstrote compliance with reasonable assurance. One such
design opticn is a waste package that includes, along with a waste form aand
container system, a discrete backfill. The term discrete backfill denotes any
backfill other than crushed host rock that is emplaced as part of the waste
package so as to contribute directly or indirectly to the rerformance of the
package.

In reviewing the performance of individual components and the package in
toto it is also concluded that restricting water flow around the waste pack=-
age oifcrs many advantages to favorable performance with no significant disad-
vantages. In the discussions that follow it is assumed that all packapges will
be emplaced with some backfill Lo at least restrelet watoer [low around the
contaliner system and theretore around the waste form when the container system
is breached. This is compatible with views in the DOE community which would
make their solubility limited degradation models and the MCC leach tests more
realistic.

The following discussion and Tables 1-7 are based on what is presently
known of the performance of the materials chosen as examples. These examples
dFe a waste lorm ol borosilicate glass, an overpack or container of TiCode-12,
4 sacrificial container such as cast steel and discrete backfills of either
sand-bentonite or synthetic zeolites/titanates. Where possible optimum design
alternatives are discussed.

In all instunces, it has been assumed that reliable, rigorous predictive
cquations may not be developed. It is, however, expected that programs to
address the basic properties of leaching, corrosion and backfill behavior will
develop a statistically significant data base from which an evaluation of the
waste package materials can be made.

10.2 lajor Issue: Typical Repository Conditions

10.2.1 Introduction

The wma jor factor in determining how the waste form, the container. system,
the backfill(s) and the total package will behave is the nature of the water
environment and how it is affected by the package and, in turn, affects the
package.



10.2.2 Croundwater as Repository Water

Groundwater and repository water are defined as two potentially different
systems. CGCroundwater is used to denote the water present at the site and at
the depth of the repository. Repository water is the groundwater atter it has
been altered by the engineered components such as backfill and corrosion prod-
ucts and which has been exposed to thermal and radiation effects (i.e. in the
absence of shielding). The differences then between ground and repository
water and the cffect this has on the package will be pgreatly affected by the
package design. For 2xample, an unshielded commercial high level waste pack-
age may sub ject the ad jacent host rock to a total dose of 1010 o 5 x 1010
rads> during decay of the fission prodvcts. When salt at 115 to 170°9C
experiences a radiation dose of 2 x 1019 rads the amount of colloidal sodium
tormed may he between 3 and 50%.% For very large variations in the brine
content vi the salt, this amount of colloidal sodium in contact with the brine
will result in a solution with a pH of about l4. There is essentially no work
available on the performance of backfill material, metallic container material
or waste torms in solutions with a high pll. The information that does exist
indicates that:

0 The backiill materials such as bentonite may dissolve.

o For materials such as Ti alloys, hydrogen pickup is accelerated in a
basic medium.%

6 The rate of matrix dissolution in glass can increase by as much as
three orders of magnitude.

o There 1s no data base for corrosion of metals considered for waste
canisters in strong NaOH solutions.

[n other repositories the major failure modes of TiCode-12 are associated with
hydrogen pickup. In order to evaluate long term performance of TiCode-12 in
an unshielded package a great deal of R and D on radiolysis of typical ground-
waters and threshold effects on detrimental hydrogen absorption will be
required that would not be necessary for a shielded package.

10.2.3 Conclusions

The complexity of the mechanisms of leaching and corrosion indicates that
complete understanding of the factors involved probably will not be achievable
in the times necessary to license a repositery. A more reasonable approach to
understanding and predicting the performance of a waste package is to limit
the R and D to the range of variables that will occur in a given situation.

As a minimum, in the absence of a package design, studies should be under=-
taken to determine the effects of radiation and temperature on typical ground-
waters cquilibrated with the host rock media. These studies should help
define the range of conditions necessary itor studying the leaching of the
waste torm, the corrosion of the container and the properties of backfill
matertals. These studies should be augmented by a program to determine how
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packape components will alter the Aroundwater. Again, it should be apparent
that an early package design could significantly alter the amount of work
required to determine the environment experienced by the waste package.

In the discussions that follow, typical repository water indicates that
the medium used for leaching, corrosion studies and backfill studies is as a
winimum, groundwater equilibrated with host rock.

10.3 Major Issue: Waste Form? Matrix Dissolution

The long term leach behavior of borosilicate glass is likely to be deter-
mined by the matrix dissolution rates. For monovalent sodium in Pyrex borosil-
icate glass, one of the most mobile cationic species, at about 400°C the dif-
fusion coefficient would result in a movement of 1 to 2 cm over 1000 years.
Higher valence state species are expectea to diffuse even more slowly. Radio-
nuclide specific leach rates and some surface phenomena will determine only
short term leach behavior. It is, therefore, recommended that matrix dissolu-
tion rates and the uncertainties in those rates be determined under typical
repository conditions.

10.3.1 Temperature

Matrix dissolution rates and the uncertainties should be determined over
the temperature range where the glass is expected to be exposed to the repos-
itory water. In the absence of a design this may require a temperature range
cxtending from ambient to the surface temperature of the glass at emplaceuwent.
It is apparent that a package design in which the glass temperature is as low
as possible (preferably below 100°C) at the time of contact with the water
will be casier to evaluate for its performance. At present the leach rates of
the best borosilicate glasses approximate the annual one part in 107 release
criterion at around 30°C in pH values between 5 and 8 and at low flow
rates.?  Not only do the leach rates increase with increasing temperature
but the uncertainties in the leach rate become greater. The ma jority of
existing data on the effects of pH and flow rate on leaching are at
temperatures below 1009C.3,7-12x

In order to evaluate the pertormance of glass at temperatures above
100°C a great deal more R and D would be required than is necessary to
evaluate the performance below 100°C. At high temperatures the chemical
compositions of the groundwaters may change in more complex manners. The
variations in pH and ionic composition may become larger and evaluation of
performance becomes more uncertain. For most silicate glasses, the quantity
leached in a given time is nearly doubled for every 89C to 15°C rise in
temperature and the reaction rate increasecs by a factor of 10-100 for every
100°C increase in temperature, depending on the composition of the glass.
below approximately 80°C near pH 7, a siliceous layer forms on a glass which
4cts to retard further leaching. Metasomatic reactions, in which new crystal-
line compounds form from some of the glass constituents, can also occur at the
nlass surtace, varticularly at elevated temperatures. Such complications make
it ditficult to cheoretically define a sinple rate-determining step in a given
temperature range in hydrothermal environments, the complexity is more




significant since glass is altered rapidly if the temperature is sufficiently
high. Under hydrothermal conditions, alteration is a ma jor variable Influ-
encing the enhanced leach rate. Since the alteratlon is accompanied by
complications such as stress generation, a deline.icion of the mechanisms
involved in hydrothermal leaching is not easily achieved.

10.3.2 Simulated 1000-Year-0ld Glass

Following initial surface changes, the long term behavior will be gov=-
erned by the factors that affect matrix dissolution (i.c. chemical composi-
tion, possible phase separation, hiomogeneity, etc.) and the factcrs that
change the leaching environment. If the waste form is to be protecred from
leaching during the containment period, the compocition of the plass and the
radionuclides of concern are not represented by much of the existing data.
Matrix dissolution rates and the uncertainties in those rates should be deter-
mined f[or simulated aged glass under typical repository conditions. The aging
should correspond to the time at which containment is likely to fail.

10.3.3 Radiation Effects

Huch of the past work on radiation dealt with radiation effects on the
plass. Although such effects may alter the leach behavior, existing evidence
indicates the effects are small compared to the effects of temperature ox pH.
The radiolysis of groundwaters which may produce species that could increase
leaching rates is of preater concern.  llere little work is avallable. If it
is assumed that the repository will be saturated early in its life, then large
quantities of water which may be relatively slow moving will be sub jected to
high radiation fields if the waste packages are unshielded.

Lxperiments determining the changes in composition of typical ground-
waters and their subsequent effects on leaching (and corrosion) will be
necessary if a self shielded package is not developed. Again, in the absence
of a sell shielded package much of the existing work on matrix dissolution may
need to be repeated in the presence of a radiation field if performance of the
glass is claimed during the containment period. Such a situation would cor-
respond to a waste package without a canister system where containment could
be attempred from combined properties of the glass and backfills. This
situation would require a great deal more R and D for performance evaluation
than would a package in which a canister system provides reasonable assurance
of containment.

*See also: M. E. Nordberg, "Chemical burability” Corning Glass Works,
unpublished manuscript.



10.3.4 pH and Flow Rate Effects

ﬂi

Along with temperature, glass composition and homogeneity, and
radiolysis of the leach media, cthe factors most affecting leaching appear to
be pH and flow rates.!3 pH effects may be more readily evaluated in the
absence of radiolysis than in a radiation field. For glasses, data indicate
that the enhanced leaching is due to radiolysis effects on leachant chemistry.
Studies show that aitrie acid,l“ formed by water radiolysis in the presence
of atmospheric nitrogen, can significantly enhance leach rates by lowering the
leachant pH. [t does not appear that acid formation in the presence of air
can account for all the irradiation enhanced leaching. The importance of
tactors other than irradiation induced pH changes depends on the radiation
dose rate, and possibly depends on sample type. At repository dose rates,
these effects could be less significant than pH effects.

The possible effects of leachant radiolysis have received eaphasis in
leach testing. Studies have been carried out investigating alpha and beta
radiolysis effects, as well as the leaching under gamma radiation*. Effects
ol gamma radiolysis products on leachant PH were emphasized. [t appears that
the major effect on leach rates may be due to an irradiation induced decrease
of leachant pH. [t is not yet clear whether this mechanism can account for
all the observed radiolysis changes.

Flow Rates

Contact time variations will atfect the release and subsequent movement
of radionuclides from the packapge. In the repository, groundwaters will con-
tact the package components for varying time depending on a number of condi-
tions, such as permeability of the host rock, temporal variations in the
thermal field, etc. hie contact time, or flow rate, (s the most difficult
variable to estimate because it will be controlled by site-specific conditions
that are not easily predictable.

Designing a package which attempts to restrict flow around the canister
aind waste form may be a more reasonable dapproach than developing a program to
try to coampletely understand the effects of flow.

If a backfill with positional stabillty is placed around the container

system the uncertainties in leach behavior due to flow effects may be
minimized.

*D. D. N;Tker, M. D. Dukes, M. J. Poldenic, N. E. Bibler, Savannah River
Laboratory, presented at the 18lst National Meeting of the ACS, March 1981.
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10.3.5 Modeling

[t is improbaole that . reaction such as leaching which may depend upon
some 20 to 30 complex variables can be predicted from a mathematical model
based on measurements in which only one or two variables are tested at a time.
The feedback and number of possible Interactions is enormous. A necessary
requisite for testing anr mathematical model purporting to predict long term
performance is a test involving leaching in the presence of all the variables.

Empirical relationships developed from measurements based on site charac~
terization information and design dependent mav->rials interactions might be
more useful in predicting long term behavior. Th're are several theoretical
Arguments which show that under appropriate conditions, short term engineering
Lests can be conservative and can be used to put limits on long term behavior.

For example, in the case of matrix dissolution, the leach rate versus
time decreases. This may be due in part to the buildup of a protective
surtace layer on the glass, the decrease in surface area to volume as the
matrix surface is corroded away, saturation of the leaching medium, etc.
Changes in the dissolution rate caused by spallation of a surface film, small
changes Ln leachate chemistry and flow should cause minor perturbatlions around
the average dissolution rate, resulting in an envelope of rates which may best
be described by sets of empirical equations, or by defining with some lavel of
certainty, the range in dissolution rates as a function of the range in
leachate chemistrles, temperature and flow rates.

10.3.6 Conclusions

The major issue to be addressed is the matrix dissolution rates of gluss
and the uncertainties in those rates under typical repository conditions.
These conditions include the variations in dissolution that would occur with
temperature, flow rates, changes in leachate chemistry and aging of the glass.
[t Is also apparent from the existing information that ma jor aspects of the
leaching behavior will be waste package design dependent. Corrosion products,
backfill propertles, host rock, etc. may make major contributions to the long
term aspects ol matrix dissolution. Therefore, In the absence of a specific
design, the matrix dissolution rates should be measured in typical groundwater
chemistries, over the temperature range anticipated from ambient to emplace-
ment and include the cffects of radiation and "aging."” Typical groundwaters
should be consistent with what is expected for the water in the presence of
host rock. The rates should be determined over a period of time required for
the rate to level off and long term matrix dissolution tests should also be
initiated. These tests should continue until the time of emplacement. Such
tests would help insure that the performance claimed [rom short teram
engineering tests does, In fact, represent a conservative approach.

10.4 ‘fajor Issue: Containers

Metallic container systems can provide long term containment in several
ways depending upon the waste package design. These may range from a single,
relatively thin corrosion resistant overpack to thick sacrificial metals that
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corrode in a predictable manner. In the latter case, the major issues of
concern would involve determining the corrosion rate in the "worst case"
repository environment, providing a rationale and model that the worst case
corrosion rate either remains constant or decreases with time and then
determining the thickness required for the containment period. The
reliability and confidence associated with such a design would be related to
the uncertainties in corrosion rate and to the excess thickness used in the
design. A major concern with such a design may involve the positional,
thermal, and chemical instability of the backfill-container interface after
appreciable thicknesses of the container have corroded. The wmechanical,
chemical and thermal changes resulting from the gap formed may seriously
affect performance and will require careful evaluation. In the situation
where the corrosion products do not spall and a gap is not formed, the
corrosion products may occupy a greater specific volume than the original
metal. The consequences of this expansion and the possible pressures applied
at the container-backfill interface will also require evaluation. Since there
appears to be no significant effort in developing a data base on such a
design, the discussion at this time is restricted to the above generic
comments.

In the following iajor issues of concern, the first type of container
system, TiCode-12, was chosen as an example of the component to provide long
term containment.

10.4.1 Temperature

Temperature 1is one of the most important parameters affecting the life-
time of the container. If the surface temperature of the container system is
desligned to be low, then a minlmal effort at higher temperatures way suffice
to determine over what temperature range the corrosion mechanisms may remain
the same. Similarly, the corrosion tests at elevated temperatures used to
obtain information on failure modes should be fower and simpler if the design
favors a low container temperature.

The point to be stressed is that the mechanisms of corrosion at high
temperatures are very likely to be different from tt 'se at low temperatures.
Any design which has the coantainer initially at a high temperature will
require corrosion data over a range of temperatures covering the thermal
changes expected during the containment period.

In addition to changing mechanisms at higher temperatures, there are a
large number of theoretical and practical reasons why the scatter and uncer=-
tainties of kinetic reactions such as corrosion and leaching increase as the
temperature increases. At higher temperatures the Maxwell distribution of
energies (velocities) of both reactants and products widens so that a wider
range of different close energy states exists. The consequences of these
effects In corrosion and leach measurements result in a larger spread in final
values. Ia practice, high temperature experiments will be more difficult and
more expensive.
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Specifically for titanium and TlCode-lZ,ls temperature is likely to be
one ob the wost laportant variables In the corrosion of HLW containers. The
following evidence may be cited to support this:

o For titanium, exposed to 20Z NaCl solution at 105°C, uniform corro=-
sion, pltting corrosion and crevice corrosion occur. If the tempera-
ture is decreased to 80°C then pitting and crevice corrosion failure
mechanisms are absent. Therefore, decreasing the temperature greatly
reduces the number of possible failure mechanisms.

The above statement {s intimately connected with the widespread obser~-
vation that in ~hloride containing solutions temperature changes from
approximately 100°C to 200°C can change titanium based materials
from the passive (very low corroding) state to the active state.

In brine at 200°C, measurements show that very high acidity levels
may be present (pH = 2). At room temperature the pli ranges between
4.0 to 6.5. Thus, by keeping the temperature low in a brine environ-
ment, accelerated corrosion from low pH values {s minimized.

Decreasing temperatures will reduce the rate of hydrogen diffusion
into a TiCode-12 container, thereby reducing the poteuntial for
hydrogen embrittlement.

o A low temperature will greatly minimize the rate of plastic
deformation in a container and reduce the possibility of failure
assoclated with creep and stress-corrosion cracking.

o Oxide scales formed ot ilow temperature will be thinner. This will
reduce the buildup of stresses at the scale/wmetal inrerface and
minimize scale spallation. Spallation, {f 1t occurs, would lead to
accelerated corroslon which would be extremely difflcult to quantify
over perlods of hundreds of years.

0 Because of the fewer failure mechanisms and slower kinetics at lower
temperatures it would be expected that scatter in the experimental
data would be reduced. This would allow more accurate extrapolation
of behavior of container materials to very long tiames.

In summary, low temperatures will greatly reduce the number of pessible
corrosion and mechanical fallure modes, especially in a brine medium. Reaz-
tion kinetics will be far slower and data scatter minimized. This will allow
a more accurate estimate to be made of long term corrosion behavior.

10.4.2 Radiation Effects

A second, and equally i{mportant, parameter that will be considered in
evaluating the performance of a corrosion resistant container like TiCode-12,
[5 the effect of radiation. While direct damage to the container is not ex-
pected to be a concern, radiolysis of the groundwater can potentially result
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in catastrephic fallure of the container by delayed hydrogen assisted fracture
as well as enhance or accelerate other fallure mechanisms.

Radiclysis of the groundwater by gamma radiation will produce hydrogen
which can potentially lead to hydrogen embrittlement and the potential for
enhanced delayed fracture. The parameters inportcnt16 in hydrogen induced
delayed fracture include hydrogen content, temperature, and stress.

Radlolysls ellects on the groundwater may also eahance the rates of cor-
roslon mechanisms such as crevice corrosion. For example, the production of
an acldic solution by radiolysis within a crack may induce or enhance crevice
corrosion particularly in higher temperature packagcs.15-17 In the case of
uniform corrosion, in TiCode the production of large amounts of hydrogen by
radiolysls resulting (n a reducing atmosphere, may also enhance the rate of
uniform corrosionl8,19 by undermining the protective oxide layer. With both
temperature and radiation effects the primary issues are the effects these
parameters have on the rates of degradation either directly or indirectly by
producing changes in the corrosive a2nvironment. It is, therefore, necessary
as In the case of matrix dissolution to determine the behavior of the
corrosion resistant barrier in "typical repository waters.” With a specific
design che amount of work required to generate the data necessary to evaluate
the performance of the container marerial, could, in principle, be greatly
reduced. For example, a package in which the container temperature is as low
as possible and in which shielding has been applied to eliminate the effects
of radlolysis should be casier to test and evaluate than one in which there is
no shielding and the container temperature is high. Of all practical kinetic
systems corrosion is the most difficult o predict or accelerate by obtaining
data at elevated temperatures. Here again, not only do the rates increase but
new mechanisms may arise and the uncertainties in the results increase with
Ilncreasing rempecatuces.

Rad’.clon effects Introduce a potentially catastrophic failure mode and
the combined effects may lead to enhancement of all potential failure modes
(i.e. uniform, crevice, pitting, stress corrosion cracking, and hydrogen
embrittlement).

10.4.3 Modeling

If data bases extensive enough for use in predictive modeling cannot be
developed, it is expected that for phenomena like uniform corrosion, empirical
equations may be developed which describe the behavior of the metal under
specific environmental conditions. It is recognized that in most instances
these empirical equations may be rudimentary and would assume a constant
mechanisam (e.g. there is no spallation of the oxide layer).

Threshold values for the expected range of environmental conditions and
uncertainties in those values should be supplied for probable corrosicn
mechanisms for which predictive or empirical equations casnot be developed.
An example would be hydrogen induced delayed frocture or crevice corrosion.
Empirical relationships used for predictive modeling should be conservative
and should include a rationale for their use. The range of cond!tions over
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which they approximate behavior as well as the data base and statistical
analyses to justify their use should be given.

10.4.4 Conclusions

For a corrosion resistant container, such as TiCode-12, it is expected
that the primary degradation modes will be determined for “typical repository
waters” and anticipated events such as thermal and radi{ation induced changes
in the repository water. This evaluation should be done for both weld and
base metal. In the case of uniform corrosion the rates and uncertainties i{n
the rates should be determined.

Recent evidence?Q also Indicates that TiCode=12 may undergo crevice
corroslon under certaln conditions. For this mechanism as well as for hydro-
zen Induced failure, it 1s expected that as a minimum the environmental condi-
tions leading to these types of failure will be determined. For degradation
modes such as pitting and stress corrosion cracking, it s again expected that
the absence or presence of these modes under expected environmental conditions
will be determined, and if present, the range of conditions which will lead to
these failure modes will be determined.

Since all of the potential fallure modes associated with TiCode~12 are
influenced to some extent by a package design, a proper evaluation of the
performance of the material would be facilitated by an early choice. For
example, a package which includes a discrete backfill will result in a
different range of repository water chemistries than one which does not.
There are package options which would greatly reduce the effort needed to
evaluate the performance of the metal. Shielding and low container
Lemperature are obvious examples.

Long term performance tests should also be initiated to insure that
Inlormation generated in short term accelerated tests truly represents a
counservative cstimate of the material behavior. Accelerated testing, using
temperature as the accelerating parameter should be used cautiously and the
data generated in these tests should be accompanied by a statistical analysis
and a rationale for why the test represents an empirical extrapolation.

The concern is that the use of elevated temperatures to increase corro-
sion rates for the purpose of predicting long term corrosion behavior at .ne
lower temperature can be theoretically unjustified and technically unsound and
that the R and D needed to evaluate the performance of a container system at
high temperatures is much more extensive and complicated than the R and D
required for evaluation at a lower temperature.

10.5 Major Issue: Backfillsld

Backfills can be used to prevent water from reaching the waste package,
control the water tlow to and from the package and retard radionuclides during
and after contalnment.
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[n a repository environment the backfill will have to withstand large
thermal changes, high radiation fields, changes in groundwater chemistry and
flow and large mechanical stress. All of these conditions may influence its
ability to countrol or prevent water flow and retard radionuclide migration.

It is also possible that depending on a package design one or more of the
possible functions of a discrete backfill may not be utilized. For exanmple,
it is possible that only the thermal conductivity of the backfill is an issue,
that is, it 1s utilized only as a heat transfer agent. The data necessary to
evaluate Its performance will be more limited than in an instance where it is
utilized to control water ingress as well as transfer heat.

In the absence of design information there are three major areas of
concern associated with demonstrating the performance of backfill materials:

positional stabillity, water permeability and radionuclide retardation
properties.

10.5.1 Positional Stability and Water Permeability

In all cases the positional stability and the stability with time of
water flow properties are of prime concern under expected events of wet and
dry cycling. 1If the backflll is to perform any function as part of the waste
package, it is expected that it will remain emplaced around the package. Al-
ternate wet and dry cycles should not result in any physical alteration such
as separation or settling of a component within the backfill. Furthermore, if
Lhe backfill is designed to provide for controlled water (low to and from the
package, the alternate wet/dry cyecling should not, for example, lead to major
fissure formation. The changes in properties with wet/dry cycling must in-
c¢lude anticipated conditions; for example, a thermal gradient over hundreds of
years In typlcal groundwaters. -

The problems associated with positional stability will be material de-
pendent and design dependunt. In composite backfills made of several materi-
als with differing densities and particle sizes, repeated flooding and drying
can lead to a physical sepsration similar tc the process in which gold is
separated from sand. For a ba:kfill such as sand-bentonite repeated flood-
Ing and drying can fluidlize the bentonite causing separation and possible col-
lapse of the backfill. This particular process is accelerated when the pH of
the water exceeds ~9. For homogeneous backfills that are particulate, changes
in structure over long times would be expected only 1if there were large dif-
ferences Ia particle size. Such particle size separation would lead to
changes In thermal conductivity and water flow. A generic concern in addition
to those noted above depends upon the packing fraction or void space in the
repository. With large void volumes some settling and densification should
occur. Depending upon the repository design, this could either aid or hinder
the performance of the waste packages.

10.5.2 Radionuclide Retardation Properties
From a geaeric polnt of view, any positional or structural change in the

backfill which alters its water flow properties or its thermal conductivity
and heat transter propertles will, in principle, alter its chemical
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retardation properties. In addition, radiation effects on the backfill mate-
rial, radiolysis of the groundwaters and development of large quantitics of
corrosion products can also alter retardation performance of the backfill.
For certain choices of materials long term stability under the temperature,
radiation and wet/dry cycling conditions may require extensive evaluaticn.

10.5.3 Backfill Performance Modeling

The performance of the backtill should be modeled under the anticipated
range of water flow, geometry and other perrineat environmental conditions.

10.5.4 Conclusions

A large number of serious concerns associated with backfill performance
can be eliminated if the waste package is shielded and 1if attempts are made to
develop howogeneous, uniform particle size backfills that are emplaced care-
fully so as to minimize the void volume. Such configurations should be stable
to dimensional chavges that might occur from large quantities of corrosion
products if sacrificial thick self shielding canisters are used. It also
seems likely that changes in the thermal conductivity or heat transfer of the
cantster due to corrosion products will not be serlous ([ the backf(ll
malatalins positional stability during these changes.

10.6 Summary of Major Issues for Various Package Options

The following tables are based on what is known of the performance of the
materials chosen as examples and are meant to illustate some of the major
Issues which should be addressed in order to evaluate the performance of the
design options listed. The following assumptions were used to develop these
tables:

(1) The package materials were assumed to be borosilicate glass (BSG),
TlCode=12, and sand-bentonite or zeolite backfills. In some instances a
shielding material is assumed. Table 5 is based on a sacrificial
container for containment.

(2) The repository considered is a hard rock repository.

(3) The optimum containment is considered to be the time required for the
waste form to return to ambient temperatures.

(4) It should be noted that the addition of a new parameter (e.g., radiation)
to a test program or the extension of the range on a parameter (e.g.,
temperature) increases the quantity of work required to address an issue.

(5) Any test program which uses accelerated test methods to address an issue

should be accompanied by a rationale Justifying the use of the
accelerated test procedure.
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(6)

These tables also assume that a statistical approach to testing is used,
the average behavior and uicertalnly in the average are determined from “a
statistically significant number of samples. For those processes where
threshold levels are indicated, the range of conditions under which a
process does or does not occur should be determined.

TABLE LEGEND
The A in parentheses next to each table refers to changes relative to
Table 1:
A:NS = no shielding
ard = higher temperature
A:CWB - contaimment also achieved by properties of waste form and
backfill
A:SC = sacrificial container

Example: A: NS, T’. CWB indicates a package with no shielding, higher temper-

ature, container falls before waste form reaches ambient and waste
form and backfill provide for containment until waste form returns
to ambient.
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Tabiie |

Hetervice Case

ASSUMPT TONS
Lo low temperaiure ! outvrsost contalner tomperatare ae lov ae possible (LLAF)
Joo Mhivided packape: radlolysle of groundwaters Ie sinisal.
3o Mewtricted water flow: controlled by discrete backfill.
4. Contalnment is schieved by a corrosion resistant barrier: containment le deflned
“s lunpth of time required for vaste form to return to asblent.
5. rxeaples: B5C, TiCode~ll, sand-bentonite/szeciite. shielding to mintmisze hydrolysis.

SINGLE COMPONENT ISSUES - Purpose: To develop s base for assessing the basic performsnce of package coasponents and for a comparison of the positive
Or negative interaction of cosbinations of components.

WASTE PORM CONTAINER BACKFILL REPOSITORY CONDITIONS

rtifects of compositional vari= « For both weld and base metal: L. Eecablish positional stability I+ Detersine range in groundwat.
auility on matrix dissoiution determine range and uncertainty during thermal changes and chemtstriecs as functions of
(range and uicertainty) in typleai in uniform corrosion rates In parctial/full saturation. thersal changes:
tepository water (T near asblent). typlcal repository water chem= a. alone

istries and under thermal 1. Determine effect of wet/dry b, in combination with host
Deturmine range and uncertainty changes (T: ALAP). cycling on positional stability rock.
of matria dissolution rates tor retardation properties, and
slaulated “aged™ glans In typ~ Cruvice corroslon: both weld ability to vestrice or retard See bicomponent lesues:
tcal repository groundwaters. and base setal (see blcompo~ water ingress (T: esplaceasnt backtiil/host rock.

nent tests). 1o sablent).

Kadlonucilde retardation am a
tunction of typlcal repository
wvater; low flow.

SICOMPONENT/MULT ICOMPFONENT ISSUES = Murpose: To define interactions of nearest neighbors snd sssess possible positive or negative Interaction of
Cumponente In coablustion under typical conditions.

BACKFILL/CROUNDWATER
WASTE FORM/CANISTER BACKF [LL/CONTAINER (Equilibrated ith Host Rock)

lefine range, uncertainty in Determine (f crevice corrostion 1. Determine range and uncertaln=-
satrix Jdiswolutlon rete ot occurs la range of repository ties of groundwater chemistries
sped 05%0 1o presvncw ol cur= water chomintrice present. after golng throush backfiil
roded wiainloss ur cast Niermal changue, conditionling under thersal changes.

sieel contalnere. w! water by backfill, etec.).

Determine rar_e of uniform cor=
rosion retes in presence of
backtill and typlcal reposi=
tory water. 1

Dvtermine ability of backfill
to retagrd radlonuclide migra=

tien In prosence of corroded
cuntaloner naterial (T~uablent).

LONG TERM PURFORMANCE DEMONSTRATION = Purpose: To ineure long term behavior extrapolated from shorter term tests.

WASTE FORM CONTALNER BACKFILL

Long ters metrin Jissolation Long term corrosion tests of Long term test on wet/dry

studles of BLG in typlcal TiCode~12 base and weld smetal cycling from T (ALAP) to sabi~

repository water at iempera=~ cycled trom T (ALAF) to ent using typical groundwaters

ture at and near asablent. omblent (uniform corrosion sum=~ with and without corrosion
ples, crevice corrosion ssaples. products.




SINCLE COMPONENT ISSUES
WASTE FomM
Lo Seme ae Case 1.

4. Lame as Case i.

o eteraine ranue and uncertalnity
o matrlx dinsvlution rate tor
sloulated “aped” ylaswe (n typ=
Ical repository water which has
been Irradiated during contain-

ment peglod.

FICUMPONENT/MULT ICOMPONENT [SSUES

WASTE FOMM/CAN(STER®®

L+ Determsine range and uncertain~
ty in matrix dissolution rate
ot BSC In presence of corroded
statniess or cast steel con~
tulvwern. Typleal repasitary
watur, which lins been Irrudiated
during contslnment perliod, neat
azblent teaperatures.

LUNG TEMM PERFORMANCE ULMONSTRATION
WASTE FORM

I. Long ters satrix dissolution
studiles of BSC {n typical re~
pository water (includes effect
Ol wnposure Lo rediation) et
Lemperatures near amblent).

*Thie 18 @ potentislly catastrophlc talluce sode and It Is re
S¢Thle ls the BSC veste (urm in the cest of stalnless steel contalner.

fure [rom overpack.

Fable 2

Cane 2 (2:N8)

ASSUMITLONS

o luw temperature
i, Unehivided package.
3o Memiricted water flow:

Gulerwust contalner temporsture ALAP

controlled by discrete backffill,

4. Contelnment te achleved by & corrosion resiscant barrier
(containment is defined a8 lenuth of time required for the
waste form to return to asblent ).

5. FExnmplewt

CONTAINER
mame 49 Cowe L1 Add rediation i
etfacte.
Same ae Case I Add radiaticn 2.
elffecte.

livdrogen vifocta® - demonstrate 3.
abwence or presence of with

fespoct to radiation and thera~

a4l changes tn typical repository
waters. lwtermine threshold
values.

BACKFILL/CONTAINER

Determine 1f and under what 1.
conditions crevice corrosion
Gecurs - ranke of repository
water chemistries that in=
Ccfeanmen the etivets of:
“e rodletton
b. thermal changas (T: ALAP
to smblent).

Determine range of unifore core

ruston reaive In presence of

backftil: »

4. radiation changes

b thersal changes (T: ALAP
to aablent).

intermine it catastropic hydro=
gen assisted fallure vccurs,
range of conditions Including
4. radlation changes

b. thersmal changes

Devermine abllity of backftll to
rfetard rodlonucliide migration
(near amblent) in presence of
curroded TiCode~12 using typical
reposlitory water.

CONTAINER

long term corrosion tests on 1.
both base and weld metel.
T: asblent to ALAP:
4. wuniforms corrostion samples
b. crevice corroslon sasples
¢. hydrogen embrictled
sanples.

B5C, TiCode=12, sand~bentonite/seoilite.

BACKF ILL
Same as Case 1.

Same a8 Case 1: Add rediation.

fatablish abd e or pr

of extensive radiation damage
to backfill and ite subsequent
ability to retard radionuciide
mlgrecion as « function of typ=
lcal repository waters includ~
fop radlolyeie of the water

(pu changes, nevw specles, etc.)

BACKFILL/CROUNIDWATER
(Equilibrated With lost Hock)
Same ae Case 1: Add rediation
effects.

BACKFILL

Long term test on wet/dry

cycling using typical repository

waters:

a. thermal and rediation
effecte.

Establitien long term tests on
retardation properties of irra=
diated backfille (fncludes wf~
fects of Irradiation of reposi~-
tory water).

1.

1.

REPOSITORY CONDITIONS

Seme as Case 1
effects.

Seme as Case 1.

cogulzed that Jdetersiniag the threstold values may require extensive K D,
Kt0 more extensive since shielding 1o Cawe | separates vaste

Add tadistio:



| I L Lemmrature

Table 3

Lase 3 (L:NS, CWB)

ASSUMPTIONS

do lmshilelded pachage .

Vo HMestricted water tiow:

4. Comalnment:
arfe assused (o provide for residusl contalnment until the vaste forms returns to amblent temperature.
B3G, TiCode=il, wend bentonite/zeclite.

5 Leeaple:

SINGLE COMPONENY [SSUES
WASTE FORM
Lo Same as Cane 1.

1. Determine range and uncertainty
in matriz dissolution rates in
typical repository waters
inecluding:

4. thermal changva (T: sablent
to vaplacewunt )

by radlation ticlde

€+ wlaulated, aged glass.

UICOMPONENT/MULT LCOMPUNENT 1SSUES

WASTE FORM/CANISTER

le Same ww Came |, wdd:
Ao tvmperature
L. radlation.

LONG TERM PERFORMANCE DEMONSTRATION
WASTE FORM

1. long term matrix dissolution
ln repository waters at tomper=
aturvs up Lo veplacesent and
in the presence ol radietion
fleld.

L.

CONTAINER
same as Case |, #dd radlation. 1.
Same as Cane |, add radiation. 2.
Hydrogen effects ~ demonstrate
absence of presence of with

fespect to radistion and therm=
wl chunges tn typlenl repository

waters, OUetersine threshoid

values. 3.
BACKF I LL/CONTAINER

Same o Case |, add radiation. 1.

Same av Case 1, add radiation

Hydrogen cffects in presence of
backfills, range of conditione.

Determine abllitty of backftll
Lo retard migration in presence
of corroded TiCode=12 aw func~
tions of temperature and irra~
diated proundwaters.

CONTAINER

long term corrosion tests of i.
both hase and wveld metal. T:
usblent to ALAP; radliation

changes:

a. uniform corrosion saaples 2.
b. crevice corrosion sasples

¢« hydrogen esbrittled samples.

wulermust contelovr tespurature ALAP

controlled by discrete backfill,
Partially achleved by the corrosion resietant barrier.

BACKFILL
Same as Case 1. i.
Effect of wet/dry cycling on 2.

positional wstablilty, retarda~
tion properties and abllity to
festrict or retard water la-
kress (T: emplacesent to
amblent).

Establish absence or presence

of extensive rediation damage

to backfill and Ite subsequent

sbility to retard radlonuclides

in typical groundwaters 2: a

function of:

8. Ctemperature (T: emplace-
@ent to ambient)

b. radiation.

BACKFILL/CROUNDWATER
(Equilibrated wWith Host Rock)

Seme aw Came I, und ae & function of
8. radiation
b, Lemperature.

BACKFILL

long term test on wet/dry cycling
using typlcal yroundwaters:
o. thersal and radistion ellfects

Establish long term tests on retarda-
tion properties under irrsdistion
and teaperature change.

“KTD more cxtensive than Case | because of leaching during thersal perlod with radistion.

The vaste form and the backfill

REPOSITORY CONDITIONS
Sane ae Cose 1, odd radlation

See blcomponent lssues = bach
f1ll/host rock.



i e Lompurat wre:
2 dilelded package.
i Hestricted water flow:
4. Contalneent:

5. tasaples:

SINGLE COMPONENT 155%UKS
WASTE FORM

Lo Sese as Cawe 1.

1. Same as Cawe |,

3. Hepeat | and 2 In presence of
cxpected cofrosion producte.

HICOMPONENT/MULT ICOMPUNENT ISSUES
WASTE FORM/CANISTER

Lo Seame an Case .

4o Matrix dissolution in very

large amounts of corrusion
products.

LUNG TEKM PERFORMANCE UEMONSTRATION
WASTE FORM

L. Same as Cawe |, add large quan=
tity ot corronion products.

..

Tabhle &

Cawe & (A:5C)

ASSUMIT LONS

CONTALINER®
Sume as Case 1,

Futablish fallure modes other
than uniform corrosion: typi=-
cal repository water.

Evalunte | and 2 in varying
radiation and thermal, f.e.,
wante 1s decaylng and ehielding
is corroding.

Evaluate thermal, mechanical
and chemical instabilities due
Lo wap or expanslon caused by
corrosion,

BACKFILL/CONTAINER

Deternine fatilure modes of con=
talner In presence of backfill
under varying thermal and radi~
ation flelds.

Kosevalunts backflll performance
wown backt il i=cantalner loter=
face Iw saturated with corrosion
products.

Re~evaluate positional sctabllicy
undar voluse change Induced by
corroding contaloer.

ne-evaluate thermal and chealcal
(lon retardation) changes due to
changes caused by corrosion.

CONTAINER

long term corrosion test,
a. varylog radlation {leld
L. varylog temperatuce.

it is unlthely that such & systea con avold pitting corrosion.

Sucelfleal corrunlon barrlers

controlled by dlecrete backfill.
Achileved by conteiner until waste form returns to near ambleat,
BSG, low carbon steel, sand bentonite/zeciite.

BACKFTLL
Some as Came 1.,
Sese as Casve 1.
Same a8 Case 1.
Re-ovaluate 1-) 1o presence of
iarge omounts of corrosien

producte, and varying redia-
tion fleid.

Kevevaluate positional stabil~

ity under volume change (see
bicomponent lesue).

SACKF ILL/GROUNDWATER
(Equilibrated With Host Rock)

bame a8 Cawe |.

Re-evaluate 1o presence of
corrosion products.

BACKFILL

long terms test on wet/drey
cycling using typlcal sround~
walers:

f. thermal and redistion effects
B, volume chankes ae & result of

container corroslion.

Tempereture ae low as powsible (ALAP)

REPOSITORY CONDITIONS
Same as Case 1.
Same ae Case !.
Re~evaluate | end 2 In presc

varylog radiation field and .
slon products.



Tabie §
—

Cane 5 (2:1])

ASSUMPT LONS

Lo Hinh tempurature: outersost couteiner T > 1009C.

F shilelded pachage.

Jo Mestricted water flow: controlled by discrete backftll.

S¢ Centalnment: Achleved by & corrosion resistant barrier (containment 1 defined
4% the length of time required for the weste form to return to near esbient.

5. tzsmples: BSC, TiCode-12, sand-bentonite/zeolite. shielding

SINGLE COMPONENT [SSUES

WASTE FORM CONTAINER BACKFILL REPOSITORY CONDITIONS
. GSame se Case 1. le Same as Cawe 1! estended teap= 1. Same as Case |: cxtended temp~ L. Same as Case 1 extended temp-
«rature range. erature range. erature range.

1. Same as Case 1.
2. Game aw Cowe i extended temp~ 2. Same as Case i extended temp~ i, Seme ae Case 1.
erature range. erature range.

o Vor weld end base met~ls deter= 3. Same a4 Cave 1.
@lne presence or sbsence of
other fallure sodes (e.g.,
crevice corrosion, strass cor=-
roslon crackion, pitting) ia
presence of typicai repository
waler under 8 large temperature
fange. Average time-to-fallure.

YICOMPONENT/MULT ICOMPONENT ISSUES

BACKF ILL/CROUNIDWATER
WASTE FOMM/CANISTEN BACKF LLL/CONTAINER (Equilibreted With liost Rock)
b Geme as Case |. b Recevaluate faliure modes (uni= 1. Same se Case 1: cxtended tesp~
foras, crevice, etc.) in range erature range.
of repository water chealstries
present. (Extended temperature
range, conditloning of water by
backflil,)
&+ Same us Lawe L.
LONG TERM PERFORMANCE DEMONSTRATION
WALTE FUNM CONTALNG K BACKFILL
l. Seme a3 Case |. l. long ters corrosion testing on L. Same a9 Case |: extended teap=
Lase and weld setsl. CEatended erature range.

temperature renge from ecaplace~
sent to sablent, c¢.g., unitloras
corrosion, crevize corrosion,
#trfess corrosion.



i, High temperature:

Tabde &

Cawe & (4:N3, ™)

ASSUMPTIONS

4o Unshilelded package.

J. Restricted water flow:
4. Contalnment:

a8 length of time
5. Examples:

SINGLE COMPONENT iSSUES

WASTE FORM
Gnae an Case . L.

Same as Case .

2.
3.
4.
BECOMPONENT /MULT LCUMPUNENT  155UKS
WASTE FOXM/CANISTER
I« Determine range and uncertalnty 1.
fn matrix dinsolutlion rate of
B e presence ol carcoded
sltalnlews ur cast steel con=
talners. Typlcal repository 2.
water Ls that expanded to
comhine radlation fleld and
lutye temperature tluctuations
3
L.
5.
LUNG TERM PERFORMANCE DEMONSTRATION
WASTE FORM
be long term matrix Jdisscviution 1.

studles of bBSG in typleal
repository vaters (includes
exposure to large temparature
change and exposure (o radia~
tlon) at temperstures nesr
aablent.

CONTAINER

Sume an Cawe 1:  Add redlation l.
clfecte and extended tempera-
ture range.

2.
Same os Casme 1: Add radlation
“tfects and extended tempera~
ture range. 3.

Determine 1f hydrogen assisted
fallure occurs - range of condi=
tlone: Extended temperature
range.

For weld and buse setels detor=
mine 1f other tallure modes pres~
ont In extended temperature range:
Add radiation effects. Average
tise~to~tallure.

BACKFILL/CONTAINER

Saoe aw Case 1. Add: i.
a.  exlended (vmperature runge
e radistion

Some e Case |, Add:
4.  extended tesperature range
b. radiation

Dutermine If catastrophis hydro=
gen aswisted tallure occurs,
range of conditions including:
1. extended temperature range
b. radlation changes.

Yor base and weld setals deter~
mine Ll other fatlure modes occur,
range of conditions including:

4. extended temperature range

b. radiclon effects

Ieteraine abl (ty of backfill to
retard radionuclides in presence
of corroded TiCode=12 using typi~-
cal repository waters (which have
been exposed to large radiation
and thermal changes).

CONTAINER

long teras corrosion tests of 1.
base and weld setale. T: ea-
placement (o amblent: radlation:

a. wunifors corrosion

b. crevice corrosion

©» witress corrosion

d. pltting corrosion 2.

Gutermuet cuntalonur (e.y. T 21009,

controlled by discrete backfill.

Achleved by @ corrosion resistant barrier (containment 1s defined
fequired for waste fors to retura to sablent).

B5C, TiCode~12, sand-bentonite/zeciite.

BACKFILL

Same as Case I: FExtended i.
temperature range.

Same aw Case 1! Extended
Lemperature range. 2.

Fatablieh absence or presence
of extensive radlation damage
to backfill and fte ability to
retard radionuciide migration
48 & ftunction of “typical”
itoundwaters. Include:
4. radiolyetis of groundweter
b. effecte of large thersal
changes on backfill.

BACKFLLL/CROUNUWATER
(Equilibrated With liost Rock)

Same as Case 1,
A.  extended (emperature range
L. radlation ellects

BACKFILL

long term teste on wet/dry
cycling ueing typlcai ground=
vater:

4. extended temparature range
L. rediationm effecte

Fetablish long term tests on
retardetlion propertiss of irra=
Jlated backttlle (Includes effects
of ircadlation of groundwaters snd
large temperature change).

REPOSITORY CONDITIONS
Same as Case !: Add radiation
cffects and extended tespera~
ture range.

Seme an Cane |.



1o Wigh tesporature:

Tabile 7

Cawe I (2:nNs, 7T, Cum)

ASSUMPTLUNS

3. tmehlelded pachage.

J. Mestricted water [low:
6. L(ontalnment:

Guteraust contaloer has emplacesent temperature >100°C,

controllud Ly discrete backftl],
Partlally schileved by a corrosion reststant barrier.

The waste form sad backfill are

Assumed to provide resxidual contalnment until the waste fors returns to ssblent tesperature.

5. Exssples:

SINGLE COMPONENT 15S5UcS
WASTE FORM
1o Soase se Case 1.

4y Deteralne range and uncertalaty
in matrix dissolution rate in
typical repusitory waters
including:
v lurge teaperaturc changee

(I vaplacvment Lo amblient)

b. radlation tield
Cs wimuisted, aged glase.

BICOMPONENT/MULT ICOMPONENT ISSUES

WASTE PURM/CANISTER

1. Same as Case |, add:
A, extended tesperature range
b. rudlation.

LONG TERM PERFORMANCE DEMONSTRATION
wASTE FORM

1+ long ters satris dissclution
In yroundwaters st temperatures
up to eaplacesent Lraperature
eud Lo presence uf radistion.

).

1.

CONTAINER

Same an Came 10 2.
A, extended temperature range
L. rasdiation eftects.

Same as Case |:
4. entended temperature rangs
b. radletlion elfects.

¥or weld and base metsal hydro-

gen effects: Demonstrate ab~

sence or presence of with res~ 3.
pect to tation and thermal
changes in typlcal groundwater.
Leternine threshold valuce.

For weld and base metal: Evalu=
ste presence or absence of other
fallure msodes. Average time-to~
fatiure:

A. larpe temperature range

b. radiation effects.

LACKY LLL/CUNTALNCR

Seme as Case |, add: 1.
a. extended Lemperature range
b. radlation etiecte.

Same a8 Case |, add:
4. extended temperature range
b. radifacion effects.

vterminoe hydrogen cffects in
presence ot backfille, typlcal
fepository water.

4. extended temperature range
b. radlatioca etfects.

letermine presence or absence of
uther fatlure modes In prescice
of & backfill and typloeal reposi-
tory water.
4. extended tempersture range
b. redlation etfects.

Botermine obillicy of backitll teo
retard migretion In presence of
corroded TiCode=112:

8. wxtended temperature range
b, Llrradlated groundwater.

CONTAINER

long turs corrosion tests on i.
both base and weld setal:

frtended temperature range and

in e radlution tleld:

a. wunltors corrustion samples

b. pleting corroston samples 2.
Co Crevice corrusion saaples

d. stress corrosion ssaples

“.  wmbrittied sampivs.

Avereage time-to-tallure:

BSC, fiCode~1l, sand-bentonite/zeolite.

BACKFILL

Saee as Case I AJdd extended 1.
lemperature range.

Effect of wet/dry cycling on
positionsl stabllity, retarda~ 2.
tion properties and adility to
restrict or retard water In=

press (extended cempersture

range).

tatablish absence or presence
of extensive radiation dasage
to backfill and ite tlity to
retard Tadlonuclides in typical
groundwaters ae & function of:
4. extended tempersture range
b. radiation effects.

BACKFILL/CROUNINATER
(Equilibrated With Howt Wock)

Same as Case | and as a function of;
4. extended temperature range
b, rediaction effecte.

BACKFILL

Long term teste on wet/dry cycliing
using typlcal groundwaters lucluding
8, extended Lemperature range

L. radletiun ettects.

Establish long term tests on retard=
ation properties:

4. extended temperature range

L. radlation etlects.

REPOSITORY CONDITIONS
Sane as Case I
8. extenied tespersture ran.
b. radiation

Same as Case 1.



