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ABSTRACT

The need for new disposal capacity for low-level radioactive wastc (LLW) has led te
a re-examination of disposal practices. A number of enhancements and alternatives to
traditional shallow-land burial have been proposed to meet the need for new capacity
and to address various concerns about the performance history of existing commer-
cial LLW sites,

This document builds on the results of the Volume I effort, which identified th~
important LLW disposal facility engineered barriers of cover and structure. Fifteen
potentially important degradation mechanisms for a LLW facility are identified, cate-
gorized, and analyzed to determine their importance te the proper functioning of the
disposal facility over its 500-year lifetime. Wind storms, biological intrusion,
mechanical settling, freeze/thaw cycling, chemicai degradation, wind erosion, and
water erosion were considered the most important mechanisms. Data supporting con-
crete structure long-term performance in sulfate environments and long-term cover
performance in erosive and biological intrusion environments were obtained.
Research on the periormance of covers and cencrete structures in the presence of the
other listed degradation mechanisms is recommended.

FIN No. A6845-7
Office of Nuclear Regulatory Research



EXECUTIVE SUMMARY

The need for new disposal capacity for low-level
radioactive waste (LLW) has led to a re-
examination of disposal practices. A number of
enhancements and alternatives o traditional
shallow-land burial have been proposed to meet the
need for new capacity and 1o address various con-
cerns about the performance history of existing
commercial LL'W sites.

In addition to traditional shallow-land burial
and erhanced alternatives referred to as improved
shallow-land burial, there are five major alternative
near-surface disposal concepts: aboveground
vaults, earth mounded concrete bunker tumuli,
belowground vaults, augered hole shaft disposal,
and mined cavities. It has been established that all
of these could be licensed under 10 CFR 61; how-
ever, disposal in mined cavities may necessitate
additional technical requirements. For *his reason,
and because of technical difficulties in treating
minecd cavities consistently with the other alterna-
tives, mined cavities are reviewed here only for the
sake of completeness.

The Volume | failure analysis indicated that the
cover component of any near-surface disposal system
is one of the most important engineered barriers,
regardless of the presence of other components such as
vaults and enhanced containers. However, structures
such as vaults can provide significant enhancement of
disposal systems, particularly where they ieduce reli-
ance on cover for preventing radionuclide release, inad-
vertent intrusion, or loss of stability.

The analysis in this report (Volume I1) concen-
trates on the environmental conditions that influ-
ence cover and structure reliabilty,

An approach for addressing the reliability of
engineered barriers is presented based on the results
of previous work which identified earthen covers
and concrete structures as the most important cate-
gories of engineered barrier. The primary measure
of reliability is taken to be the performance lifetime
or average time to failure of engineered barriers. A
major emphasis is placed on the environmental
conditions thai promote failure by various mecha-
nisms, The purpose is to identify those environ-
mental conditions which most limit the
performance lifetime, and therefore the reliability,
of engineered barriers.

One key to addressing reliability is a clear under-
standing of what is meant by failure. This analysis
attempts to define failure in terims of physically
measurable quantities that can be used as a basis

for the development of engineered design specifica-
tions. It is important to note that, while the defini-
tions of failure are based on the performance
objectives of 10 CFR 61, they are to be applied to
the engineered barriers, not to the disposal facility.
Therefore, tailme of individual barriers does not
necessarily imply failure of the entire facility.

Two major categories of failure mechanisms have
been identified, each of which can be promoted by
a variety o: environmental conditions. One cate-
gory includes continuous processes such as erosion
of covers or chemical attacks on concrete. The
other includes discrete events such as floods and
earthquakes. The fundamental differences between
these two categories determine the nature of the
data needed to estimate the mean time to failure
due 0 each.

Engincered barriers need not, and cannot in
principle, function forever, Fortunately, the hazard
due to failure is closely associated with the toxicity
of the waste inventory, which declines as time
passes. This consideration has allowed screening of
both discrete events and continuous processes to
determine which most limit the reliability of engi-
neered barriers over the relevant time period.

The results of this screening analysis indicate
that adequate data currently exist to allow design-
ers to accommodate the degradation mechanisms
of concern for covers.

Cover consolidation/subsidence
Freeze/thaw of the moisture in the soil
Water erosion

Wind erosion

Biological intrusion.

Utilizing naturally occurring materials, properly
compacted, and with adequate vegetation should
result in a properly performing cover component
for a LLW disposal facility.

Mechanism interactions can be qualitatively
identified. The strongest interactions are due to
mechanical processes generating mechanical set-
tling, and physical damage to concrete engineered
barriers due to settling and freeze/thaw cycling
enhancement of chemical attack potential. Further
investigation is recommended.

Performance data on other engineered barriers,
particularly concrete structures (either actual or
modeled), are generally lacking for the time frame
of interest. Two exceptions are for concrete in a




sulfate environment and high-integrity steel con-
tainers in high-level and hazardous waste disposal
applications. Information on the behavior of these
materials in the presence of the other environmen-
tal conditions does not extend to the 300- to
500-year time frame of interest. The mechanisms
for which data are needed are:

Biological intrusion

Mechanical settling

Freeze/thaw cycling (aboveground vault)
Chemical degradation (other than sulfate
attack).

Some clear guidelines are available concerning
the time periods over which data are needed. The
desired performance lifetime should be in the time
period of 200 to 300 years. The toxicity of low-level
waste inventories falls rapidly to very low values

over this period and then remains essentially
unchanged for a very long time. Designing for peri-
ods in excess of 300 years gains very little in terms
of reduced hazard.

Having identified the most important failure
mechanisms, further quantification of perform-
ance lifetime is hampered by limitations in the
available data. There are four general observations
that can indicate those areas needing further inves-
tigation. First, discrete events are generally better
understood than continuous processes. Second,
failure mechanisms, including continuous pro¢
esses, are better understood for covers than for con-
crete structures. Third, failure of concrete is better
understood with respect to structural strength than
to radionuclide containment. Clearly, more infor-
mation is needed on continuous degradation of
concrete and on its containment properties.
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SAFETY ASSESSMENT OF ALTERMATIVES TO
SHALLOW-LAND BURIAL OF LOW-LEVEL
RADIOACTIVE WASTE

VOLUME II: ENVIRONMENTAL CONDITIONS
AFFECTING RELIABILITY OF ENGINEERED BARRIERS

INTRODUCTION

Background

The need for new disposal capacity for low-level
radioactive waste (LLW) has led to a reexamination
of current disposal practices. A number of
enhancements and alternatives to traditional
shallow-lard burial have been proposed to meet the
need for new capacity and to address various con-
cerns about the performance history of existing
commercial LLW sites. 1:2,3,4

None of these proposed enhancements or alter-
natives has yet been constructed for use in commer-
clal LLW disposal. Experience with other
applications of these disposal technologies is lim-
ited and, in some cases, lacking altogether. The
purpose of this document is to provide a method
for addressing issues affecting the performance of
alternative LLW disposal technologies in the
absence of performance histories for actual LLW
sites. The emphasis is on environmental conditions
that tend to promote the failure of earthen covers
and structural compunents such as congrete vaults,

This is a continuation of work previously pub-
lished as a failure analysis of engineered barriers in
low-level-waste disr)osnl.S That volume identitied
the major engineered components of several dis-
posal alternatives and examined the degree to
which each alternative depended on these compo-
nents to fulfill the functions of a disposal facility.
The method used took into account the degrada-
tion of disposal system function resulting from all
combinations of failure among the components of
each alternative. The results of the analysis identi-
fied which components of the selected alternatives
are most important to each of the functions of a
near-surface disposal system, ranking them accord-
ing to their contribution to the performance of
each function.

The failure analysis was intended as a screening
device for identifying the most important engi-
neered barriers. The objective of the extension of
that analysis is to further investigate the mecha-
nisms and rates of failure for these important com-
ponents. This will provide a technical basis that wili
assist in developing performance criteria and sup-
port the licensing of the design, siting, construc-
tion, operation, and closure of alternative methods
for the disposal of low-level nuciear waste.

Results of Previous Analyses

The previously published analysis (see
Reference 55 addressed five low-level-waste dis-
posal technologies, including traditional shallow-
land burial as a point of reference. These were:

Shallow-land burial (SLB)

Belowground vaults (BGV)

Augered holes (AH)

Earth-mounded concrete bunker (EMCB)
tumulus

¢ Aboveground veults (AGV),

Various enhancements to each alternative brought
the total number of designs examined to ten.

Each disposal facility design was treated as a combi-
nation of some or all of four basic eggineered compo-
nents arranged either above or below natural grade.
These components werz defined as follows:

e Cover--An earthen cap with design fea-
tures to address 10 CFR 61 requirements
for mitigating water infiltration, erosion,
and biotic intrusion. (e.g., impervious clay
and gravel layers, plastic liners, vegetative
cover),



¢ Structure—A stabilized enclosure, sealed
agamst the movement of water and providing
resistance to subsidence or collapse (e.g., a
concrete vault or reinforced liner for an
augered hole).

o Fill--Any material (¢.g., samd, gravel)
placed in the interstices of the waste to pre-
vent collapse or subsidence which inay
provide some structural stability and
resisiance (e.g., grout, coacrete) to move-
ment of waier,

e  (Container—A modular waste receptacie
(e.g., high-integrity container, Surepak
canister) designed to provide greater struc-
tural stability and resistance to movement
of water than a standard steel drum or
wooden box.

The dependence of each alternative design on its
consuituent components was examined for six dis-
posal system functions. These functions were
derived from the performance objectives of
10 CFR 61 Subpart C.% Theee functions were
aspecis of containment of radionuclides by the
engineered barriers. These were:

Prevention of release to atmosphere
e Prevention of release to surface water
*  Prevention of release to groundwater.

The remaining three functions were:

e Prevention of inadvertent intrusion
Minimization of dose to workers
*  Maintenance of disposal site stability.

No attempi was made in the failure analysis to
compare the relative merits of alternative disposal

systems. What was provided, however, was a frame-
work for discussing the contributions of individual
components to system performance and a point of
departure for future reliability studies.

The method used was found to be most directly
applicable to the system functions that relate to
containment of radionuclides and maintenance of
stability. A weaker relation:hip exists between this
method and the system function of minimizing
worker exposure to radiation. This is because occu-
pational radiation protection depends on factors
other thau design of the engineered components of
a disposal system. Operational practices in particu-
lar are critically impurtant.

The results of the failnee analysis indicate that the
cover component of any near-suriace disposal system
is one of the most important engineered barriers. This
is true for all disposal system functions. Regardless of
the inclusion of other engineered barriers, careful con-
sideration should be given to design, construction, and
maintenance of covers.

Structures such: as vaults can provide significant
enhancement to near-surface disposal systems,
particularly where they redice reliance on cover for
preveniting radionuclide releases, inadvertent intru-
sion, and loss of stability.

Fill is necessary for ensuring stubility of the
cover, particularly in shallow-land burial and
EMCB designs. In generai, however, fill does not
contribute directly to the performance of other sys-
tem functions.

This reliability study will focus on potential faii-
ure mechanisms of cover and structure. The system
functions of primary interest will be containment
of radionuclides and maintenance of structural sta-
bility. The results of the failure analysis will be
combined with the outcome of the reliability study
to provide a basis for performing a consequence
analysis of failure mechanisms.



FAILURE OF ENGINEERED BARRIERS

General Considerations

The previous study identified the most important
engineered components of various alternative dis-
posal system designs. This study will identify the
most important environmental conditions which
degrade the performance of those components.
Before addressing specific environmental mecha-
nisms of failure and their influence on the perform-
ance lifetime of low-level-waste disposal units,
concepts which will clarify the discussion of envi-
ronmental conditions will be introduced.

The following sections will: (a) provide a work-
ing definition of failure for eugineered barriers;
(b) categorize the major types of failure mecha-
nisms; (¢) introduce the concepts of probability of
occurrence and probability of failure; and (d) dis-
cuss the consequences of failure as a function of
time following closure of a disposal facility. These
ideas will be used to evaluate specific influences on
the performance of engineered barriers.

Definitions of Failure

In order to address the effect of various environ-
mental conditions on the performance lifetime of
engineered barriers, it is necessary to have a well
formulated definition of failure for those barriers.
This analysis is concerned with two disposal facility
functions: containment of radioactivity and main-
tenance of structural stability. No single definition
of failure can adequately treat both of these func-
tions. It is possible, for example, for a concrete
structure to retain sufficient strength for purposes
of stability while losing the capacity for radionu-
clide containment through cracking.

There are two primary requirements of a definition
of failure. First, it must be based on physically measur-
able quantities. This is necessary for quantifying per-
formance lifetimes, designing experiment; to measure
the effects of environmental conditions, and deriving
engineering criteria for engineered barriers.

Secondly, a useful definition of failure must also be
based on the performance objectives of 10 CFR 61.
These performance objectives are intended to apply to
low-level radioactive-waste disposal facilities which are
composed of individual disposal units. Disposal units
may or may not include various engineered barriers in
their design. It is possible for any individual disposal
unit or engineered barrier to cease functioning without

causing the failure of the enure disposal facility. For
example, 10 CFR 61 requires that doses to the general
public not exceed 25 mrem/yr from the disposal facil-
ity. Loss of radionuclide containment from a single dis-
posal unit may contribute some small fraction of that
limit. Under these conditions, one engineered barrier
of a disposal unit may have “failed” while the disposal
facility as a whole has not.

These considerations require a clear distinction
between failure of an engineered barrier and failure of
the entire disposal facility. The proposed definitions
used for this discussion are summarized below in the
Screening Analysis. Other criteria could be developed
along similar lines if other aspects of engineered barrier
performance are to be addressed.

Criteria for failure of the entire disposal facility are
based on 10 CFR 61 in a manner consistent with the
previous failure analysis (see Reference 5). These crite-
ria are not directly measurable quantities. The dose to
the general public is estimated using a complex per-
formance assessment model that includes many factors
besides engineered barrier performance. The need for
active maintenance is an operational criterion without
quantitative definition.

Criteria for failure of engineered barriers are
based on measurable quantities that indicate the
degree to which each function can be performed.
The definition of an engineered barrier given in
10 CFR 61 is **a manmade structure or device that
improves the disposal facility's ability to meet the
performance objectives.” With respect to contain-
ment, this means that resistance to radionu. .ide
movement greater than that of the surrounding
geologic medium alone is required for a function-
ing cngineered barrier. The effective permeability
to water (diffusion plus bulk flow) is proposed as a
measure of this property. With respect to stability,
loss of structured strength equivalent to the safety
factor is proposed for two reasons. First, even with
reasonable design safety factors, such a loss indi-
cates that subsidence or collapse is imminent. Sec-
ond, a useful body of data on important
environmental conditions already exists using this
measure.

Failure Mechanisms

Environmental conditions that degrade the per-
formance of engineered barriers can be classified
into two major categories according to the way in
which they promote failure. These are discrete




evenis and continuous processes. 1 he fundamental
differences can be seen in their effects over time,
tieir probabilities of occurrence, and the kind and
availability of data to describe them.

Discrete events include those conditions which
can cause fzilure at a single point in time, without
any prior effects on the disposal system, Examples
include floods and seismic events. Such events are
typically assumed to occur randomly with equal
likelihood in any given time period.

Data estimating the likelihood of such events are
commonly express:d as annual probabilities. For
events o. variable magnitude, such as flooding, a
design basis event that has a unit probability over
some time period is chosen. A *500-year™ flood,
ior example, s assumed to have a uniform proba-
bility of occurrence over time.

For the purposes of this analysis « recurrence
interval derived from the 500-vear rerformance
lifetime, specified by 10 CrR 61 has been
assumed. More stringent technical 1 quirements
may be suggested by future guidance. l1owever, this
will not affect the methndology used iw this report.

When designing engineered barriers, ¥ is com-
mon pra:tice to choose a reoccurrence interval of
the design basis event. Site characterization data
are then analyzed to determine the magnitude of
the event corresponding to that interval. Thus, the
size of the 500-year flood is site-specific, while the
annual probability of occurrence is a site-
independent constant.,

Continuous processes are those conditions in
which damage to the engineered barriei accumu-
lates over a prolonged period, performance pro-
gressively degrades, but failure is not manifest until
sufficient damage occurs. Examples include ero-
sion of earthen covers and chemical attacks on con-
crete structures. Such processes have a probability
of either zero or one. That is, for given site condi
tions, they either operate or they do not. If a con-
tinuous process of degradation is operating, the
most important concern then becomes the rate at
which damage is accumulating.

Data on continuous processes vary widely in
quality. Some processes, such as erosion, are fairly
well understood. Others, particularly those affect-
ing the containment properties of concrete, are
kaown ‘o occur, but information on rates of degra-
dation is limited. It is known, however, that rates
will vary widely on a site-specific basis. For most
processes, parameters that can characterize a site
enviropment as severe or benign, with respect to
that particirlar failure mechanism, are available.

Not all of the above mechanisms can occw
simultaneously at a single site. The occurrence of
both discrete events and continuous processes
depends on a variety of site characteristics. Two
examples of different site characteristics are a wet
eastern site and a dry western s1e.6 Table | pro-
vides a comparison of the characteristics of each.
Further detail would be required to address the
occurrence of all possible mechanisms of degrada-
tion Jor any specifiv site.

Probabilities and Consequences
of Failure

The two distinct categories for mechanisms of
failure have been characterized in terms of their
probabilities of occurrence. It {; also important to
describe the relation between the occurrence of an
environmental condition and the resulting failure
of an engineered barrier,

For discrete events, it will be assumed that the
barrier fails at the time of occurrence. This is pyi-
marily a result of the choice of a design basis event
in the engineering of the facility. If, for example, a
500-year recurrence interval is chosen for the design
basis flood, it will be assumed that any flood equal
to, or greater than, that magnitude will result in
failure. In addition, it will be assumed that events
greater than design basis will occur with a fre-
quency only slightly less than the design basis, i.c.,
2 x 107 per year for the 500-year flood.

For continuous processes, the relation between
probabilities of occurrence and failure is funda-
mentally different. If environmental conditions are
appropriate for a given process, it will occur. How-
ever, failure will result only after sufficient degrada-
tion has taken place. Thus, the annual probability
of failure will be zero until some point determined
by the rate of degradatior.. Uncertainties in the
process will result in a distribution of values around
the meun time of failure.

These distinctions are illustrated by the curves
presented in Figures 1 and 2. For discrete events,
the annual probability of failure (POF) is constant
and small. Integrating over the design basis interval
gives a cumulative POF of one. For continuous
processes, the annual POF is zero until sufficient
damage accumulates, after which the annual POF
can become large. Integrating over the distribution
of values about the mean failure time gives a cumu-
lative POF of one.

The potential consequences of failure depend on
when failure occurs. For containment of




Table 1. Typical eastern and western site characteristics

Natural Site Features

Depth to aquifer

Soil porosity

Surface soil bulk density
Sub-trench vertical velocity
Average soil density

Soil pH

Groundwater Cl
Groundwater SO,
Average wind speed
Annual precipitation
Soil moisture content

Assumed Structural Conditions

Characteristic

Disposal unit service life

Soil bearing capacity

Soil weight

Base wind load

Tornado wind speed
Earthquake max acceleration
Backfifl compaction

Units

ft

Ib/ft}
ft/yr
Ib/ft?
pH
mg/|
ppm
mi/hr
in/yr
L0

Units

yrs
Ib/ft?
Ib/ft?
mph
mph

g
Modified
Proctor

Eastern Site

92
.48
87
4.4
100
<5
N/A
N/A
11
40
>S50

Eastern Site

500 yrs
> 3500
110

Western Site

450
2510 .50
110
6x10°
108

8

200

60 to 2300
11

9

<17

Western Site

500 yrs
> 2000
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Probability of Failure
o
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Figure 1. Generalized probability-of-failure curve for discrete event mechanism.

7-8262

Time (Years)

Figure 2. Generalized probability-of-failure curve for continuous mechanism
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radioactivity, the consequences are roughly propor-
tional to the level of hazard associated with the
waste inventory. This is illustrated by Figure 3,
which plots the normalized radiotoxicity of a typi-
cal commercial waste stream over time from the
start of operations. Normalized toxicity is the sum
of the number of curies of each nuclide weighted by
their ingestion dose conversion factors and is a use-
ful measure of total radiological hazard for a mix-
ture of nuclides. The figure depicts a facility with a
30-year operational period, during which waste is
emplaced at a constant rate. Following the end of
operations, radioactive decay reduces the inventory
until, after about 250 years, the hazard levels off at
a few percent of maximum. This level persists for
several hundred years and is a result of a few very
long-lived nuclides, primarily iodine-129, carbon-
14, and technecium-99.

A failure at maximum inventory will have greater
potential consequences than a failure after several
hundred vears of radioactive decay. The choice of
the design basis reoccurrence interval for discrete
events and the mean time to failure for continuous
processes can determine the maximum potential
risk associated with a given waste stream. If risk is
taken to mean the product of the probability of fail-
ure and the consequences of failure, then the
annua! maximum potential risk could be repre-
sented by combining the toxicity curve of Figure 3
and the annual POF curves of Figures 1 and 2.
This further reinforces the fundamenta!' difference
between discrete events and continuous processes.
The annaal risk from a discrete event will depend
entirely on the inventory since the annual probabil-
ity is constant. If the mean time to failure occurs
while inventories are large, the maximum potential

risk will also be large. If the mean time to failure
occurs after significant radioactive decay, then the
maximum potential risk will be small. Addition-
ally, while the annual POF is zero, the annual risk
will be zero, regardless of the waste inventory.

Relevant Time Scales

There are considerations, in addition to waste
inventory, which vary over the desired performance
lifetime of engineered barriers. Regardless of the
specific disposal system design, there are several
phases in the lifetime of a disposal facility and in
the lifetimes of individual disposal units. These
result from the sequence of events required by the
construction, operation, and management of any
facility. Here it is important to distinguish between
the facility as a whole and the disposal units within
the facility. As shown in Figure 4, the relevant time
scales for the facility are approximately 30 years for
the operational phase, 1 to 5 years for the post-
closure mouitoring period, 100 years for institu-
tional control (custodial care), and an additional
400 years for long-term closure. For the disposal
unit, there is an approximate one-quarter-year con-
struction period, an approximate two-year waste
emplacement period, and then monitored and
long-term closure. A disposal unit may be in moni-
tored storage (a type of institutional control) for a
large portion of the facility operational period.

The engineered barriers are components of indi-
vidual disposal units, not of the facility as a whole,
The performance lifetime of such barriers begins
when waste emplacement ceases and the unit is
“closed,” which may be long before site ciosure
takes place.
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ENVIRONMENTAL CONDITIONS PROMOTING FAILURE

Identifying the most important environmental
conditions and their effects on unit reliability
encompasses a number of logical steps. These are:

¢ Identifying applicable approaches to relia-
bility analysis

o [dentifying site degradation mechanisms
Defining severe and benign environments
with respect to these mechanisms

e  Performing a screening analysis to identify
the mechanisms of greatest concern

¢ Cathering and analyzing data on low-level-
waste disposal facility (LLWDF) component
behavior, given these mechanisms.

With the excepticti of performing a quantitative
reliability analysis, this section presents the ration-
ale used to identify the mechanisms of greatest con-
cern, data available on these failure mechanisms,
and reliability information that can be derived
from this data.

Approaches to Reliability
Analyses

Probabilistic Risk Assessment (PRA) has been used
to meet Nuclear Regulatory Commission (NRC) regu-
latory criteria and standards for reasonable assurance
that reactor plant components will perform as
required. However, since the performance lifetime esti-
mation of LLWDF components is independent of risk
to humans, Probabilistic Reliability Analysis, which is
a component of PRA, is the appropriate technigque to
apply in evaluating the acceptability of LELWDF com-
ponents. This analysis technique does not provide
definitive answers or rigorous solutions in a statistical
sense, but does provice an organized approach in eval-
uating a system or component and provides insight
into system weaknesses and strengths.

Probabilistic Reliability Analysis can be per-
formed either qualitatively or quantitatively. The
MNRC-Reactor Safety Study7 was based on the
Bayesian (qualitative) approach. Qualitative analy-
sis provides valuable insight into identification of
the mechanisms that contribute to system wnreli-
ability. Quantitative analysis utiiizes available
experience and experimentation data models to
provide a numerical value of the probability that a
system or component will perform as long as
required or, conversely, to estimate the expected
time to failure of a componetit or system.

Given that reliability analyses for LLWDF compo-
nents must be based on information about the compo-
nent’s performance in similar non-LLW environments,
the qualitative approach is pursued here.

Qualitative Reliability Analysis. Qualitative
Reliability Analysis can be performed to achieve
one or more of the following objectives:

e [dentify important system components
Aid in the systematic assessment of overall
system safety

¢ Document and assess the relative impor-
tance of all identified failure mechanisms

¢ Develop discipline and objectivity on the
part of the designer

* Provide a systematic compilation of data
as a preliminary step to facilitate quantita-
tive analyses.

Reference § provided an assessment of the relative
importance of LIWDF components (see first item
above). The task addressed in this report provides
information on the relative importance of failure
mechanisms and gathers available information in prep-
aration for a quantitative analysis. Such information
can then be compiled and displayed in a variety of for-
mats to allow evaluation of overall system reliability,
identify data gaps, and resolve issues.

The above approach is usually referred to as a
failure-mode-and-effect analysis (FMEA).8 Other
qualitative techniques available, but not pursued here,
are common-mode-failure analysis (CMFA)9 and
cascade-falure analysis (see Reference 8). They may be
appropriate in further work on this subject.

Quantitative Reliability Analysis. Quantitative
reliability analysis is performed with the objective
of obtaining a numerical value of the probability
that the system or component will perform as origi-
nally intended. Standard analytical techniques
such as ANOVA and Monte Carlo simulation are
available as the core methods. These would then
provide sensitivity and uncertainty data. Currently,
not enough data or models appear available to
allow for quantitative analysis. However, qualita-
tive analysis has revealed significant useful data
and narrowed the field of significant degradation
mechanisms to a reasorable number.




Site Degradation Mechanisms

The relative vulnerability of the components of
each disposal unit to the various failure mecha-
nisms depends upon the phase in the lifetime of the
unit. For example, a disposal unit which is eventu-
ally to be covered with earth would be susceptible to
freeze/thaw cycles or fires during the construction
and waste emplacement time frames. After these
time frames, the unit would be closed, the cover
would be in place, and external sources for these
events would have been effectively eliminated. On
the other nand, once the waste is emplaced and the
unit is closed, the vault is subject to long-term
mechanisms, such as the effects of soil-related
chemical attack for the duration of the site.

These principles are applied to screen possible
failure mechanisms in order to identify those of
greatest concern and, as a result, for which a more
detailed analysis is warranted.

In an earlier section, failure mechanisms were classi-
fied as either continuous processes or discrete events.
Continuous processes can be further subdivided into
those that act over the short term following construg-
tion and those that act over the long term.

These categories of failure mechanisms can be
applied to both covers and structures, either
earthen or manufactured (concrete, steel, etc.).
Examples of short-term continuous processes are
settling and freeze/thaw exposure. Examples of
long-term continuous processes are acid and sulfate
attack. Examples of discrete events are floods and
carthquakes. Table 2 identifies those mechanisms
which are potential major contributors to disposal
unit failure. This list is a compilation of those avail-
able from a number of sources!0:11 and represents
the most likely at any site, regardless of location.
Note that the mechanisms fall into four general cat-
egories: Discrete natural causes and continuous
mechanical, chemical, and special concern proc-
esses. Flood, fire, wind storm, and earthquake rep-
resent the discrete natural causes; wind erosion,
water erosion, biological intrusions, mechanical
settling, and freeze/thaw represent mechanical
processes; sulfate, acid, chloride, and calcium
hydroxide attack /leaching represent chemical proc-
esses; radiation and biodegradation effects repre-
sent special concerns.

In the Volume 1 failure analysis report (see Refer-
ence $), failure mechanisms included items such as
infiltration, subsidence, slope failure, voids, crack-
ing, etc. These are not actual mechanisms, but are
the symptoms of a mechanism at work. For exam-

ple, infiltration is a symptom of failure due to ero-
sion or animal intrusion or a combination of these
and others. Table 2 is therefore seen as a clarifica-
tion of the previcus one, in that the distinction
between mechanisms and symptoms is realized.
Figures 5 through 7 present fault trees which indi-
cate how the possible mechanisms propagate to
ultimately result in disposal unit functional loss,
Three charts are provided, one each for the covered
and uncovered vauit designs and a thiru for the
cover component of a LEW facility. Interaction of
the various mechanisms would require a cascade
mode failure analysis, which is beyond the scope of
this document. It can be drawn from the informa-
tion in the charts that an uncovered vault is suscep-
tible to more degradation mechanisms, for a longer
period, than a covered vault, The cover component
mitigates some of the mechanisms once it is
installed, relieving the vault of that burden.

Site characteristics deterimine the possible active
degradation mechanisms. For example, from the
above site characteristics, sulphate attack due to
soil/water sulfates is of negligible concern for the
typical eastern site. Acid attack, on the other hand,
would need to be considered.

Some items considered very important during
the construction and waste emplacement time
frames are deliberately not considered. These
include construction practices, design, and opera-
tional practices. It is assumed that deficiencies in
these areas can be identified and mitigated through
use of good quality assurance practices, frequent
inspections, and remedial actions, when necessary,
while the unit is open. Only those characteristics
not directly related to construction practices, or
those having long-term attack mechanisms, will be
focused on here. These construction-related char-
acteristics are important, but, because they are ade-
quately addressed in construction standards, are
not pursued further here. The American Concrete
Institute (ACI), American Society of Mechanical
Engineers (ASME), American National Standards
Institute (ANSI), Uniform Building Code (UBC),
National Electric Code (NEC), and others have
developed adequate construction practice require-
ments for construction-related and some short-
term degradation mechanisms,

Severe Versus Benign
Environment

The environn.« ntal conditions promoting degra-
dation of engineered barriers can occur to greater



Table 2. Potential engineered barrier degradation mechanisms

Mechanism

Discrete Events

Flood

Fire
Wind sterm

Earthguake

Coutinuous Processes

Wind erosion

Water erosion

Biological intrusion

Mechanical settling

Freeze/thaw

Sulfate attack

Acid attack

Chloride attack

Ca(OH), leaching
Radiation

Biodegradation

Definition

Overrunning of the site with water from an external source
(such as a dam break or river excursion)

Fire in waste due to lightning, vehicle spark, or fuel leak
Tornado or other severe wind storm

Seismic activity that generates rolling ground moticn at the site

Removal of cover material due to normally occurring site
winds

Removal ¢f cover material due to normally occurring
precipitation

Animal or vegetation intrusion into the cover

Dynamic differential settling due to addition of waste, barrier,
and cover

Alternate froezing and thawing cycles that could resuit in
s' ress-induced cracking or cement paste structural disruption

Waterborne soluble salt attack of cement paste constituents

Acidic water in contact with concrete attacks paste
cunstitaents

Seawater, brackish groundwater or airborne salt compounds
leaching paste components from concrete

Lime removal from cement paste by water
Degradation (altering) of concrete paste constituents

Metabolic attack of structural components by soil organisms
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fable 3. Definitions of severe conditions for discrete event degradation mechanisms

Mechanisn
Ilk”"“x

Fire

Wind storm

Earthquake

Definition
Any occurrence of the design basis flood (IDBF) (site specific)
A 1y fire which results in degradation of the cover/container/structure system
Any occurrence of the design basis wind storm (DBW) (site specific)

Any occurrence of the design basis earthquake (functionality lost) (site

spectlic)

Table 4. Definitions of severe conditions for continuous process degradation mechanisms

Mechanism

Chloride attack
Calcium hydroxide leaching

Radiation

Biodegradation

Severel Conditions
Greater than L".[‘c\h'd over site life (site speciiic)
Greater-than-expected precipitation over site life (site specific)
Any not designed for (site specific)
Greater than designed for (site specific)
Greater than 300 cycles (ACI Standard)
Typical western soils
pH less than § (typical eastern soil)
Any occurrence (typical western soil)
Exposure to brackish groundwater or salt water in the soi

Greater than 3 x 10'Y Rad (approximately three orders of
magnitude greater than expected at a LLW site)

Any not designed for
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Table 5. Typical probability-of-occurrence estimates for eastern and western sites

Mechanism

i ‘\‘Hd

Fire

Wind storm
carthquake

Wind erosion
Water erosion
Biological intrusion
Mechanical settling
Freeze/thaw
Sulfate attack

Acid ‘Nhl\k
Chloride attack
Calcium hydroxide attack
Radiation
Biodegradation

N/A Not applicable

s:ite because of the soil alkalinity, With
radiation, studies have indicated that

xpected radiation levels at LILW facilities are at

orders of magnitude below those which
oncrete degradation in the time frame of
t. Therefore, no radiation effects are
{ed H‘!

poorly understood. The number provided is strictly

adation (due to bacteria, etc.) is

an estimate

Time Periods for Probability of Failure. The

riods over which degradation mechanisms
operate differ mechanisms cited, the
were shown in Tables 6

vered structures, uncovered strug

'r component

Consequence

to one of the identified degradation mechanisms is

I'he consequence of a failure due
detern he severity of the breach, the radio
nuclide available for migration at the
time of failure, and the expecied migration rate
Here one has to resolve the quastion of severity at
the individual unit level. A conservative assump
tion tor site performance at the unit level (given no
data) would be that all units fail simuitaneously. A
more realistic assumption is that the failure rate is

driven by probabilistic considerations and time of

Eastern Site

Probability of Occurrence per Year
Typical

Typical
Western Site

5 | x 10
| x 10
1 x 10
x 10

¢

l
|
|
|
i
|

N/A
|
I

construction, and follows a standard distribution
Data indicate probabilistic considerations and time

of construction to be the more valid assumptions

Relative Risk A relative risk factor for each of

the degradation mechanisms can be represented as

follows

Risk =« POF Inventory. Normalized inventory
for a unit (and the site in general) can be repre
sented by the curve shown in Figure 8. The inven
tory rise portion of the curve follows a standard
I-e * buildup configuration, and the decay por
tion follows a standard ¢~ * shape. X represents an
assumed composite radionuclide inventory and ¢
represents the time. Generalized probability-of
failure curves can be represented as shown in Fig
ures 9and 10

For any degradation mechanism, the highest risk
is derived by multiplying the largest POF by the
inventory at that time. For discrete events, this
highest risk occurs at unit closure because that is
when the largest inventory exists. For continuous
processes, the point of highest risk is dependent on
the POF curve characteristics. For the generalized
curve identified in Figure 9, the maximum risk
occurs at the point of highest PO}




Table 6. Aboveground uncovered vault time periods

Mechanism

Flood

Wind storm
Earthquake
Wind erosion
Water erosi
Biointrusion
Mechanical settling
Freeze/thaw
SO, attack
Acid attack

C attack
Ca(OH)
Radiation

Biodegradation

Probability
ol
Failure

x 10

x 10

S x 10

) x 10

I'ime

Linear for life
Linear for life
Linear for life
Linear for life
200 vears

S00 years

100 years

2 years

S0 years

400 vears (OPC)

500 years

I'imeframe

of Maximum PO}

Lifetime

tretime

Lifetime

Lifetime

Lifetime

Litetime

ifetime

Lifetime

Afetime

Lifetime

Lifetime

Lifetime

Lifetime

Lifetime

Lifetime

Unit



Table 7. Covered vault time periods

Probability
ol
Mechanism Failure

Flood 2 x 103/
Fire x 10
Wind storm 5 x 10
Earthquake A 10
Wind erosion
Water erosion
Biointrusion
Mechanical settling
Freeze/thaw
SO, attack
Acid attack
Cl attack
Ca(OH)
Radiation

Biodegradation

fime of Maximum
Linear for life
Linear for life
Linear for life
Linear for life
At closure
At closure
100 years
2 years
2\ years

400 yrs (OPC)

» SO0 vears

Timeframe/ Unit

Before cover

Before cover

Before cover

Lifetime

Before closure

Before cover

Before cover

Ist § yrs

Ist yrs

Lifetime

Lifetim

Lifetime

Lifetime

Lifetime

Lifetime




Table 8. Cover component time periods

Probability

f
Ol

)
Mechanism Failure

Flood 2x 10
Fire x 10
Storm y x 10
Earthquake 2x 10
Wind erosion
\\AHH erosion
Biointrusion

Mechanical settling

Freeze/thaw

Normalized Unit inventory

| 1

N

lime of Maximum PO}
Linear for life
Linear for life
Linear for life
Linear for life
200 vears
S0 year
100 years
2 years

500 years

lmeframe
Lifetime
Lifetime
Lifetime
Lifetime
Lifetime
Lifetime
Lifetime
Ist 5 years

Lifetime

Unit

1 1

I
I
l
|
|
I
|
I
I
I
|
|
|
|
1
y

2yrs 100 200 300

Figure 8 Normali

400 500
Time (years)

z2d disposal unit radionuclide inventory




Probability of Failure

Time (Years)

Figure 9. Generalized probability-of-failure curve for discrete event mechanism

ure

Probability of Fail

Time (Years)

Figure 10. Generalized probability-of-failure curve for continuous mechanism
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INZ Process

potential

nechamisms of

quakxe,

CU 1l

the sulphate

1

4

provided for the mechanical

rtain. This is reflected by the

nd disposal
fimat
| 1At
!
WeT 1S4

, but data for the g

¢ treatment «

fatlure mechanisms are spars

[ables 6 through 9 are

sutficient to sup

) 1 'S v} th
ing of the relative risk associated with these

. 3 4 | ' w! . e h :
ns, but should not be used to predict the life

engineered barniers. For the discrete

ictual
f |

fiood, fire, wind storm, and earth

a linear-tor-life estimate can be considered re:

random nature of these events

mtnuous mechanisms are much
he question marks

1 Tables 6 and 7 next to most

chemical attacks
can be

based on experimental data. In

attack estimate considered

pecause 1t 1s

his screening analysis does not include possi

}

tions among the failure mechanisms. For

ire that strips the vegetation cover oft a

{ ]

could cause the maximum POF due to

eeur dunng the fire rather than after

of the life cycle for the LLWDF. Therefore, the
degradation mech

should be considered as independent estimates

these qualifications in mind, the rationales for

POF estimates are as follows

For wind erosion. 200 vears was chosen
relatively high and

erosion support

because

inventory
vailable soil

eatment on this

data
tr time scale

For water erosion, 500 years was chosen
because it was assumed that water erosion
would be factors

controlled by several

lope, vegetation, and rip-rap. Shouid one
be absent (vegetation, for example) the
others would be able to control the water
lhere

, maximum POF due to water erosion

erosion rate to within design limits
fore
was assumed to occur at LLWDF design
life of 500 years

For biointrusion, 100 years was chosen. It
was felt that, if burrowing animals or deep
rooted plants were going to compromise
the disposal unit, they would do it early in
unit life, If
chances of future intrusion as a result of

none was seen at this point,

these mechanisms was small

Values

be optimistic. However

entrainment and other pre

r N vt r r il
Sures, Concreics a pu

immune to freeze/thaw eflec

S0 years was chosen since only minimai

freeze/thaw effects are sven in this time

frame, minimal eftect b¢

expected

for the remainder of the unit life

I'he 400 vears for > attack and radia

o ibadiads
tion are based on recently published results

time frames were chosen to allow screen

for highest hazard mechanisms and to tllustrate an

approach for a ening analysis. Once research

provides more re > estimates, revising o

of important long-term degradation mechanisms

will be appropriate

Important Environmental
Conditions

I'he analysis so far has assumed that these

important environmental conditions contribute

independently to each failure mechanism. This is a
simplification that ignores both correlations in the
occurrence of environmental conditions and inter
actions among failure mechanisms. Environmental
conditions can be either

positively or negatively

correlated in occurrence. For example, the highly
acid soils typical of eastern regions are associated
with, and to some extent a result of, greater precipi

tation. Therefore, the occurrence o. acid attack on
concrete, and water erosion of covers, may be posi
tively correlated. By the same argument, occur
attack ar
I'hat is, it would be unlikely

for both to be a problem at the same site

rence of acid attack and sulfate

negatively correlated

Interactions between failure mechanisms are also
possible. For exampie, spallation due to freeze
thaw cycling, and cracking due to mechanical set
tling, both provide sites for all forms of chemical
degradation

Data on correlations and interactions are more

sparse than on the failure mechanisms themselves




Consequently, it is possible to recognize the exist
ence ot such effects and identify some examples,
but it is not possible to treat them quantitatively at
this level of analvsi

7, and 8 to the LLW unit

inventory (see Figure 8), the following mechanisms

Comparing Tables 6,

emerge as those of greatest concern because of their
continuous nature or because they are potentially
active during the times when disposal unit inven

tory 1s hizh

Uncovered Vault

Wind storm

Water erosion

W ll\d ernsion
Biological degradation
Mechanical settling
Freeze/thaw cycling

Chemical degradation

Covered Vault/Augered Hole

Biological intrusion
Mechanical settling

Chemical degradation

Cover Component

W ind erosion
Water erosion
Biological intrusion

Mechanical settling

Combining the above lists yields the following deg

racdation mechanisms as those of greatest concern

Wind storm
Biological intrusion
Mechanical settling
Freeze/thaw cycling
Chemical degradations
Wind and water erosion
Several generalizations can be drawn from these
lists. First, earthen covers can provide significant
protection tor structural concrete engineered barri
ers, particularly for wind and water erosion and
freeze/thaw effects. In addition, chemical attacks
on concrete result partially from incompatibilities
between concrete materials and the surrounding

e
s0ils. By providing appropriate soils in an earthern

cover, these attacks on concrete components may
be mitigated in the design of the disposal unit, This
result is consistent with one of the major conclu

sions of our previous analysis. Uncovered vaults

are more vulnerable to failure by all mechanisms
than covered vaults independent of their relation to
the original grade of the site

Secondly, mechanical settling should be an impor
tant concern for all designs. Settiing 1s most likely to
ocur during construction and emplacement when
in entories and potential risks are high. Flaws due to
settling can also provide sites for damage by other
mechanisms, some of which may not be manifested
until later in the life of the disposal unit

T'hird, with the exception of severe storms during
construction and implacement, discrete events do
not appear to be high-risk failure mechanisms. This
is true even when using S00-year recurrence inter
vals for severe floods and seismic events rather than
more restrictive criteria. Annual probabilities are
sufficiently low that occurrence during periods of
high vulnerability and high inventory are unlikely
Occurrence during the longer period of institu
tional and passive control is more likely, but adio
active decay has significantly reduced potential risk
during those time periods. In addition, site charac
terization data are often able to provide adequate
estimates of recurrence intervals and intensities of
such discrete events. Designing engineered barriers
to withstand these events is also a relatively well
understood process for which design criteria are
available. 12,13

Finally, chemical degradation of concrete engi
neered barriers is important for two reasons. It con
sistently ranks high in screening analyses, and data
are not available to adequately determine rates of

degradation on a site- and design-specific basis.

Potential Mechanism 'nteraction

'he potential for some degradation mechanisms
to promote others exists. For example, mechanical
settling can cause cracking, which provides addi-
tional area over which chemical attacks can oecur
These interactions can be gualitatively evaluated as
in Figure 12. Where a plus sign appears in the fig-
ure, the mechanisms listed along the left-hand mar
gin directly promote the mechanisms listed across
the top. Only direct interactions are shown. An
example of a direct mechanism is an earthquake’s
potential for generating mechanical settling. An
example of an indirect interaction would be the
enhanced potential for chemical attack in the
cracks propagated during settling as a result of an
earthquake. Such indirect interactions are not
included in the figure
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Figure 12. Potential direct mechanism interaction.
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Figure 14. Probability and cumulative probability of failure for ordinary Portland cement in a sulfate environment.
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Figure 15. Probability and cumulative probability of structural failure for sulfate-resistant cement in a sulfate
environment,
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APPENDIX A

ACRONYMS AND ABBREVIATIONS

Aboveground vault
\H Augered hole shaft disposal
BGY Belowground vault
CMFA Common mode failure analysis
DOX United States Department of Energy
EMCB Earth mounded concrete bunker (tumuh)
FMEA Failure mode and effects analysis
H I( High-integrity container
ILTSH Intermediate-Level Transuranic Storage Facility
INEI Idaho National Engineering Laboratory
ISLB Improved shallow-land burial
[LANI Los Alamos National Laboratory
LIW Low-level waste
LLWDI Low-level waste disposal facility
NR( United States Nuclear Regulatory Commission
PRA Probabilistic risk assessment
RI Ranking factor

Shallow-land burial

[ransuranic waste

[ransuranic Storage Area

Probability of occurrence

Probability cf failure




GLOSSARY OF TERMS

ACTID ATTACK. Acidic water in contact with concrete attacks paste constituents

AGREEMENT STATI state that has assumed regulatory authority under the Atomic Energy
1954

ALTERNATIVE DISPOSAL SYSTEM. A combination of engineered barriers that together form a dis

posal unit significantly different from that used in traditional shallow-land burial

BIODEGRADATION. Metabolic attack on structural components by soil organisms

BIOLOGICAL INTRUSION. Animal or vegetation intrusion into the covet

BUFFER ZONI A poriion of the disposal site that is controlled by the licensee and that lies under the

i4
disposal units, and between the disposal units and the boundary of the site
CHLORIDE ATTACK. Seawater, vrackish groundwater, or airborne salt compounds leaching paste com

ponents frrom congrete

COMPOMNENT. A category of engineered barriers used in this analysis. The four components are cover,

fill, structure, and container

CONTAINER modular waste receptacle designed to provide greater structural stability and resistance to

t of water than a standard steel drum or wooden box

COVER. An earthen cap containing design features to address 10 CFR 61 requirements for mitigating

water infiltration, biotic intrusion, and erosion
Ca(OH), LEACHING. Removal of lime from cement paste by water

DISPOSAL FACILITY FAILURE (STRUCTURAL). The disposal facility has failed if it has lost structural
stability to such a degree that ongoing active maintenance is required or anticipated during and beyond the

msttutional control time frame

DISPOSAL FACILITY FAILURE (CONTAINMENT) he disposal facility has failed if it no longer meets

the 10 CFR 61 performance objectives of less than 24 mrem/yr (75 meem/yr to the thyroid) for a member of

the general public

DISPOSAL SITE. That portion of a land disposal facility which is used for disposal of waste. It consists of

disposal units and a buffer zone

DISPOSAL UNIT. A discrete portion of the disposal site into which waste is placed for disposal. For
traditional shallow-land burial, the unit is usually a trench

DISPOSAL. The isolation of radioactive wastes from the biosphere inhabited by man and containing his

food chains, by placement in a land disposal facility
EARTHQUAKE. Seismic activity which generates rolling ground motion at the site

ENGINEERED BARRIER FAILURE (STRUCTURAL). The engineered barriet (disposal unit) has failed

if its structural cornponent has lost 50% of its original strength

ENGINEERED BARRIER FAILURE (CONTAINMENT). The engineered barrier has failed if it no longer
provides resistance to the movement of radioactive material greater than that of the surrounding geologic
medium alone




ENGINEERED BAI

RRIER
" V'S antity to meet

pro
FIRE tre in wast ‘ ng, vehicle spark, or

FLOOD. Ove ing the site ith water from

excursion)
FUNCTION. A capability that an alternative disposal system must have der t et the performance

tives of 10 CFR 61 Subpart (

INADVERTENT INTRUDER person wito might occupy the disposal site after closure and engage in
| activities (i.e., agriculture, dwelling construction, or other pursuits) in which the person might be

: :
unknowingly exposed to radiation from the waste

INTRUDER BARRIER. 1. A sufficient depth of cover over the waste that inhibits contact with waste and

helps to ensure that radiation exposures to an inadvertent intruder will meet the performance objectives set

forth in 10 CFR 61. 2. Engineering structures that provide equivalent protection to the inadvertent

intruder :

LAND DISPOSAL FACILITY. The land, builaings, and equipment that are intended to be used for the
sposal of radioactive wastes into the surface of the land. For purposes of this report, a geologic repository

defined in 10 CFR 60 is not considered a land disposal facility

MECHANICAL SETTLING. Dynamic differential settling due to addition of waste, barrier, and cover

NEAR-SURFACE DISPOSAL FACILITY. A land disposal facility in which radioactive waste is disposed

 h \ nar 1 ey f1) N h'
Of 1n, Oor within, tng uppe O meters Of the earth s s

NORMALIZED TOXICITY. The sum of the number of curies of each nuclide weighted by their ingestion

dose conversion tactors
RADIATION. Degradation (altering) of concrete paste constituents

RISK. The probability of occ ce per vear times the normalized radionuclide inventory at the time of

failure

STABILITY. Structural stability of the waste and disposal site so that, once placed and covered, access of

water to the waste can be minimized
STORM. Tornado or other severe wind storm

STRUCTURE A stabilized enclosure, sealed against the movement of water, providing resistance to sub-

sidence or collapse
SULFATE ATTACK. Waterborne soluble salt attack on cement paste constituents,
WATER EROSION. Removal of cover material due to normally occurring precipitation

WIND EROSION. Removal of cover material due to normally occurring site winds
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