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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Evaluation de 1» fiabilité et de la durée de vie utile des

conteneur» deetinéa au stockage permanent des

déchets de combustible irradié

par

G. Doubt

Résumé

Les conteneurs destinés â l'isolation des déchets de
combustible doivent être conçus pour durer au moins 500 ans, afin
de pouvoir constituer une barriïre utile durnnt la période de
décroissance des éléments très radioactifs qu'ils contiennent. Four
répondre a cette exigence de longévité, les conteneurs doivent avoir
un très faible taux de défaillance prévu au stade de la conception,
une faible fréquence de "défaillances juvéniles" dues à des défauts
non détectés et une excellente résistance à la détérioration
progressive due aux processus environnementaux. Ce rapport résume
des études ayant été effectuées pour déterminer: (a) les précédents
relatifs aux faibles taux de défaillance et leur rapport avec la
longévité des conteneurs; (b) la probabilité de défauts initiaux
pouvant provoquer la perforation d'un conteneur avant ou peu après
•a aiie en place; (c) l'utilité des techniques d'analyse de fiabilité
pour estimer la durée et la sûreté des conteneurs de déchets de
combustible; (d) d'autres méthodes pour estimer la longévité des
conteneurs et le rapport défaillance/temps.

La proportion des conteneurs susceptibles d'être
initialement perforés ou d'avoir une défaillance prématurée, si l'on
se rapporte 1 l'expérience acquise avec les conteneurs employés de
nos jours, semble Etre de l'ordre de 1 pour 5000. Il devrait être
possible d'employer cette proportion et d'avoir recours 3 de simples
modèles de la fréquence des défauts dans les matières premières et
de la fiabilité des inspections par rapport à l'importance des défauts
pour «Btimer la répartition des défauts non critiques dans les
conteneurs mis en place. Cette estimation sera probablement requise
pour n'importe quelle étude de longévité. Lei techniques courantes
d'analyse de fiabilité ne peuvent pas aboutir à une estimation de la
fiabilité d'un conteneur, ni du temps requis pour que se produise
une perforation suite S une détérioration progressive car ces
techniques nécessitent des taux de défaillance pour les sous-systèmes
ou les composants qui ne sont pas disponibles pour le milieu où se
trouvent les conteneurs. Far ailleurs, ces techniques ne tiennent
pas compte des interactions du type rétroaction se produisant dans
les processus de défaillance. Elles facilitent, cependant,
l'ordonnancement du problème et elles permettent de définir des
séquences d'événements et de processus pouvant conduire ä la
défaillance d'un conteneur. Il est nécessaire d'avoir une méthode
de modélisation des systèmes pour prédire les effets à long terme
des conditions chimiques, mécaniques et thermiques qui changent
constamment dans le milieu ou se trouvent les conteneurs. Cependant,
les prédictions précises dépendent de l'obtention d'équations de
taux précises et de l'existence d'un modèle approprié. Quel que
soit le mode de défaillance, la répartition des défaillances due
a "l'usure" dans le temps, pour des conteneurs identiques se trouvant
dans un milieu commun, est susceptible de ressembler 3 une répartition
Weibull dont le paramètre de forme serait approximativement 2, soit
une répartition en cloche quelque peu oblique vers la droite.
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ABSTRACT

Metal containers for fuel waste Isolation are to be designed to last at least
500 years to provide a redundant barrier during the decay period of the high
activity components of the waste. To meet the long-life requirement,
containers must have a very low failure rate during the design mission, a low
incidencs of "juvenile failures" due to undetected defects, and resistance to
progressive deterioration from environmental processes - This paper
summarizes studies to determine: (a) precedent for low failure rates and
relevance to container longevity; (b) the likelihood of initial defects
perforating the container before or shortly after emplacement, and estimates
of material defect distribution; (c) the utility of reliability analysis
techniques for estimating reliability and life of fuel waste containers; (d)
other approaches to estimating container longevity and failure versus time
distribution.

The expected proportion of containers that are initially perforated or liable
to early failure, estimated from experience with present day structures,
appears to be on the order of 1 in 5000. It should be possible to use this
proportion, along with simple models of raw material defect density and
inspection reliability versus defect size, to estimate the distribution of
non-critical defects in emplaced containers. This estimate is likely to be
required for any longevity study. Standard techniques of reliability
analysis do not lead to an estimate of container reliability or time to
perforation by progressive deterioration because they depend on having
failure rates for subsystems or components that are not available for the
container environment, and they do not account for feedback-type interaction
among failure processes. They do, however, help to organize the problem and
generate chains of events and processes that might bring about container
failure. A system modelling approach Is required to predict long term
effects of continuously varying thermal, mechanical and chemical conditions
in the container locale. Accurate predictions, however, depend on having
accurate rate equations as well as a valid model. Regardless of failure mode,
the distribution of "wear-out" failures in time for identical containers in a
common environment is likely to look like a Weibull distribution" with a shape
parameter around 2, a bell-shaped distribution somewhat skewed to the right.
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ASSESSING RELIABILITY AND USEFUL LIFE OF
CONTAINERS FOR DISPOSAL OF IRRADIATED FUEL WASTE

1. INTRODUCTION

The Canadian concept for disposal of high level reactor waste, in
common with that of many other countries, involves sealing it in corrosion
resistant metal containers, deposited about 1 km down in a stable rock forma-
tion. The rock barrier provides long term isolation from the surface envir-
onment, while the metal containers, designed to last at least 500 years,
provide a redundant barrier during the decay period of the highly active
components•

Experience with the long term use of man-made materials underground
is limited. Buried tanks and pipelines are one example providing abundant
experience, but the periods of use are only on the order of one tenth of the
requirement for fuel waste containers. Archeological objects from ancient
shipwrecks, tombs and buildings are another source of experience, but though
they furnish many examples of the long term durability of man-made objects,
the sample omits the items which "failed". These limitations mean that
experience must be substituted for by analysis and modelling. This study
explores the possibility of estimating numbers of initially defective
containers based on failure data and inspection reliability, the prediction
of container life by techniques of reliability analysis and system modelling,
and the probable shape of the eventual failure distribution based on experi-
ence and extreme value theory.

2. OBJECTIVES

2.1 Estimate the proportion of containers likely to be already perforated
at the time of emplacement.

2.2 Develop an analytical scheme for making a realistic estimate of the
probability of perforation versus.time and identify the basic information
still unavailable.

3. SUMMARY OF METHOD

Container failure in this study is defined as a perforation of any
size which would allow groundwater to enter. The container might still func-
tion as a significant barrier after this event by limiting the transport of
radionuclides. The reference container for this study, shown in Figure 4, is
a welded vessel of type 316 SS designed to withstand the pressure of a hydro-
static head of water extending from the vault level to the surface (1000 m).
The method of analysis is expected to be applicable to other container
designs and materials; e.g. internally supported shell containers.



2.

This report contains three main parts. The first (section 4)
considers the relevance of constant random failure rate, the fundamental
simplifying assumption of system reliability analysis. Although it is an
inappropriate concept for estimating component life (time to failure due to
wear, corrosion, fatigue, etc.), the longevity required of spent fuel
containers demands that random failure rate (i.e., failures due to unknown
and unconsidered causes) be very low, at a level unusual in conventional
engineering experience. Fart 1 is a short survey of failure rate data to
determine what precedent exists for these sorts of low failure rates.

The second part (section 5) examined the question of how many
containers will already be perforated when they are emplaced. An estimate of
the proportion of defective containers can be made, based on historical
precedent with similar types of equipment. The proportion of defective
containers depends on materials, design, fabrication procedures, and inspec-
tion procedures; however, the range of possibility for the proportion of
defectives appears narrower than one might think, probably because increas-
ingly sophisticated inspection procedures do not improve inspection reliabil-
ity in proportion to their cost.

A second estimate of the number of defective containers may be
possible, based on non-destructive inspection data. Besides providing an
estimate of the number of perforated containers, this type of information is
needed to establish an initial distribution of part-through defects, which
may affect the time to perforation by corrosion and/or fracture.

The third part (section 6) deals with probability of perforation vs
time, given a container that is free of unacceptable defects upon disposal.
This report considers failure by corrosion, fracture, material defects and
interactions among these three, but not probabilities of failure arising from
catastrophic disruptive events and human intrusion. In sections 6.2, 6.3 and
6.4 attempts are made to define the assessment of container life in terms of
probabilistic reliability analyses, using, in turn, the reliability block
diagram, failure mode and effects analysis, and fault tree analysis. These
techniques are useful for developing an understanding of the system composed
of the container and its environmental loads, and for charting possible
failure processes; however, they do not lead to a prediction of time to
failure because they require input in the form of probabilities for
independent failure initiating events, while container failure can be
expected to occur by continuous interdependent processes such as deformation,
corrosion, and crack growth.

The system boundary for this study is arbitrarily drawn through the
buffer material immediately surrounding the container. External inputs
crossing this boundary are: groundwater flow, possible stress fields due to
rock heating and movement, buffer and backfill pressures, hydrostatic pres-
sures, environmental contaminants from excavation debris and adjacent failed
containers, and heat. The system of containers, buffer, chemicals, stresses,
and heat is analogous in some respects to a feedback control system. A
system diagram developed in section 6.5 shows that there are numerous
indirect feedback loops between environment and container failure processes.
This sort of diagram can form the basis for mathematical modelling or
simulation and is seen as the basis for further development of a predictive
model for container life.
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Some idea of the expected shape of the container failure distribution in time
can be obtained from prior experience. Where a large group of identical
components is subjected to the same environment, the environment tends to
seek out the "weakest link" in each component. Failures tend to be similar
and the distribution in time is one subject of extreme value theory. Extreme
value theory has been reviewed in section 6.6 to determine the probable shape
of the distribution in time of container failures.

4. FAILURE RATES OF STATIC COMPONENTS

The "constant failure rate" is a cornerstone of most system reliabil-
ity calculations because it is an adequate approximation to the behaviour of
real components within their useful life, and it leads to simple calculations
regarding failure probabilities; i.e., assuming a failure rate X, the reli-
ability of a component for a period t is R = exp(-At), and its probability of
failure P - l-exp(-At). The failure rate in this case is due to unplanned
and unknown mismatches between component strength and a randomly varying
environment, and although it is related to how well the environment has been
understood in designing the component, it has little to do with the component
life. A component with a one day life expectancy may have a failure rate
within the period, say 1 to 15 hours, of only 1 per 100 component-years
(about lxl0~6 per hour). This only means the component is very unlikely
to fail if used within its rated life span.

The required life span for fuel waste containers is about 1000 years;
the problem is to estimate the probability of failure with time to determine
if the peak probability occurs later than 1000 years. Of course, if random
failures occur at a constant rate during this interval, the failure rate must
be very low or few containers will never reach their required life. An
essential question is, therefore, how does the required maximum failure rate
for containers compare with rates encountered in conventional engineering
practice?

By way of example, for a reliability of about 90% in 1000 years the
failure rate, using the constant random failure rate approximation, has to be
about 1.2x10-8 per hour. For 99% reliability the failure rate would have
to be about 1.2xl0~9 per hour. For long-lived components a failure rate
of 1.2xl0~8 per hour is about one failure per 200 components per 50 years
of use. The availability and reliability of failure rate data decreases with
increasing reliability of the component; consequently, the data is limited
for components with this low a failure rate. Some comparable data exist,
although only from components with a designed lifetime considerably less than
1000 years.

The results of a short survey are given in Table 1. Except where
noted the values are not taken from original sources but they serve well
enough as examples. This sort of data shows that in some environments at
least, it is possible to account for design uncertainties well enough to
limit random failure rate to a level comparable to that required of waste
emplacement containers.
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Beyond deaonstratlng this possibility, failure rates of engineered
components designed for periods in the tens of years have little connection
with whether or not fuel waste containers will survive their intended mission
in the hundreds of years.

A nore valid approach to assessing the likelihood that fuel waste
containers will serve their intended life would be to examine the success
rate of past engineering endeavours in relation to their complexity, existing
state of knowledge, novelty, and degree of analytical effort expended. This
line of investigation has not been pursued in this study as it would
constitute a major project in Itself. Some pertinent Information may be
available from the fields of probabilistic risk assessment and associated
human reliability analysis.

The potential to design and fabricate durable components is probably
best shown by archaeological materials (11), many of which were not intended
for long life. Many examples exist: an iron dagger and small tools recov-
ered after 3000 years from the tomb of Tutankhamen, a 1600 year old iron
pillar in Delhi India, bronze artifacts recovered in extremely good condition
from a 3000 year old shipwreck off Dover England, iron nails embedded in the
wood of a 2400 year old shipwreck off the Sicilian coast, and interestingly,
intact wine-bearing jugs from the Greek ship Argosy sunk 2000 years ago.
However, these exist usually because of a lucky match between strength and
environment and they do not relate to the probability of survival of any
present day structure, because the ancient articles that failed are not
recorded. Although the current archaeological record says nothing about the
longevity of feed waste disposal containers it nevertheless demonstrates that
man-made materials can last a very long time.



TABLE 1 Failure Rates and Static Pressure Components
Reported by Various Authors

Component

Pipe
non-nuclear
non-nuclear
nuclear
nuclear

76 mm, high quality
76 mm, high quality
large, non-nuclear
large, nuclear
nuclear, non-nuclear
nuclear

25 mm, nuclear PHT
25 mm, nuclear PHT
150 mm, secondary HT
150 mm, support
systems

Welds
US Nuclear

Pipe Joint

Tank

Heat Exchanger

Type of Failure

leakage or cracking
leakage assumed
unspec. signif > failure
leakage

rupture
rupture
rupture
rupture
rupture
rupture

rupture
rupture
rupture

rupture

intergranular corrosion
serious leakage

leakage assumed

leakage

internal leakage
external leakage
crack (potential rupture)

Failure

(per meter)
0.3 to 3

0.5
1

0.03 to 3
0.7
0.007 to 0.3
0.02

0.007
0.2
0.06

0.009

Rate (per hour x 108)

(other units as indicated)

(0.3 to 3)/100 diam. lengths

8/100 diam. lengths

(0.0003 to 0.03)/section
(0.003 to 3)/section

0.1/100 diam. lengths

7/reactor
200/reactor
60/reactor

90/reactor

7 to 70 (per weld)
0.01 to 10

50 (per joint)

0.1

50
20
0.8

Reference

10
6
10

16 (primary
source)

5
5
10
10
8

16 (primary
source)

9
9
9
9

10
5

7

2

9
9
4



TABLE 1 (cont'd)

Component

Pressure Vessel

general quality
high standard

Nuclear Pressure
Vessel

Type of Failure

leakage

all faults
all faults

•» i*

li ti

crack propagation

rupture
rupture

crack propagation
rupture

Failure Rate (per hour x 10&)

2

300
30

3 (derivation from author's data)
600

0.6 to 30
6

0.4
0.005 to 0.3 (derivation from author's data)

0.5
0.006 at 11 years Calculated
0.3 at 40 years )estimates

Reference

13 (primary
source)

7
7
10
9
6

13 (primary
source)

13
3

4
12
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5. INCIDENCE OF DEFECTIVE CONTAINERS

5.1 General

Defective container in this context means one which is perforated
upon emplacement or one which would become perforated very shortly after
emplacement. The two approaches to be taken in estimating this proportion
are to determine (a) how often components of a roughly similar nature leak
due to a defect soon after being placed in service, and (b) what can be
deduced about unacceptable defects in inspected components, given the range
of defects found by non-destructive testing, and our existing knowledge of
the reliability of the test method? The first approach, from a very brief
survey, suggests surprisingly narrow limits for the likely proportion of
defective containers. The second approach is based on a well developed
analytical method but the widely varying reliabilities of inspection methods,
procedures and personnel, and widely varying defect characteristics, make it
impossible to apply to a general case.

5.2 Field Experience

To assess the probability of containers being initially perforated,
data on simple pressure components was sought. The high end of the range can
be established from data on more complex components likely to have less
controlled pre-servlce Inspection, and the low end by less complex components
having more rigid and more highly controlled inspection than is likely to be
applied to spent fuel containers. Data in the first category was provided by
3 reports on UK experience with unfired pressure vessels (13,14,15). Data in
the second came from our experience with Candu fuel elements and pressure
tubes.

The analogy between unfired pressure vessels and fuel waste disposal
containers may seem inappropriate because of the wide difference in mechani-
cal complexity, but it is only being used to suggest an upper limit to the
probability of early container perforation, due to the existence of unde-
tected defects, which may be present despite non-destructive examination.
Smith and Warwick (14,15,16) list component and failure descriptions for 229
(13,14,15) pressure vessel failures among about 20,000 pressure vessels con-
structed to Class I requirements of design codes recognized in the UK. Of
these, 17 were similar to the type of failure that would characterize early
failure of fuel waste disposal containers i.e., external leakage or rupture,
in-service, caused by a pre-existing defect in weld or base material or by
the use of an incorrect material. Failures due to thermal or mechanical
fatigue, corrosion, and internal leaks, and part through cracks found by
visual examination or non-destructive inspection were omitted. The resulting
failure rate is 8.5x10-4 per vessel (17 out of 20,000); i.e. about 1 in
a thousand among a heterogenous mixture of high quality pressure vessels can
be expected to fail early due to an undetected critical defect. In a large
population of geometrically simple fuel waste containers subjected to highly
standardized inspection procedures, the proportion containing critical
undetected defects should be much lower. The analogy with Candu fuel
bundles, Candu pressure tubes or Candu cal ndria tubes can also be examined.
These are even simpler in geometry than waste containers and possibly, are
more reliably Inspected than the containers would be.
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The Candu commercial reactor fuel bundle contains 28 or 37 elements;
each element being uranium oxide pellets In a 10 to 15 mm dlam. by 500 mm
long tube of Zircaloy-4 with a 0.4 mm thick wall. The ends are sealed by
resistance welded end plugs about t>\ mm thick. One bundle contains a total
surface area of 6500 to 7500 cm2 and a 300 cm length of resistance weld.
By comparison, a typical fuel waste container might have a surface area of
40 000 to 50 000 cm2 and about a 600 cm length of weld. The container weld
joins a wall thickness of 29 mm for a type 316 SS stressed-shell container or
4 mm for a titanium supported-shell container. Fuel element quality is
controlled by destructive examination of frequent samples and helium leak
testing. For fuel waste containers the methods would probably be liquid
penetrant, ultrasonic, and helium leak testing (19). These operations will
be carried out remotely once the container is filled, which will add to the
difficulty of final welding and inspection. Despite inspection and leak
testing a few leaky fuel bundles have gone into service. Up to 1978 eight
had occurred and these are described in reference 17. Four were attributed
to faulty resistance welds and 4 to porous end plugs arising from voids
rolled into the ultrasonically inspected bar stock from which the end plugs
were machined. On a per bundle basis this constituted a rate of 0.56 x
10~4, roughly 1 in 18 000, very roughly, a factor of 10 lower than the
rate for miscellaneous high quality pressure vessels described earlier.

The Candu pressure tube is an extruded cylinder of Zircaloy-2 or
zirconium-2.5% niobium, 112 mm 0D by 6.3 M long with a 4.3 mm thick wall. It
has no welds and its outside surface area is about 20 000 cm2. It is
comparable in size and quantity of material with containers for radioactive
fuel waste but is geometrically simpler and probably subject to more thorough
examination under more controlled conditions. Ultrasonic inspections are
done on billets of material before extrusion, on the finished tubes and again
after autoclaving the tubes to produce a surface oxide film. AECL has also
done eddy current inspections on about 3100 tubes after installation. Some
tubes are rejected at each of the inspection points despite passing previous
inspection, though the fraction of rejects drops off very rapidly at each
subsequent inspection. At the time of writing 4200 pressure tubes were in
service in Candu reactors and none had failed because of. an undetected
material defect. When no failures have occurred in a sample population the
fairest estimate of failure rate,is that which gives equal probability of
failure occurring or not within the sample. In this case the estimate is
given by [ X 2 ^ ] T 2« - 1.386/8400 » 1.7xlO"4 where X 2

Q 2

is the percentile of the Chi-squared distribution at 2 degrees of freedom and
50% probability and n is the number of components (28). From this
calculation 1.7x10"*, or about 1 in 6000 is the proportion of defective
tubes that gives a 50% probability of seeing none in a sample of 4200.

At each inspection a certain proportion of tubes are rejected because
of flaws that might lead to early failure. It is estimated (29,30) that
about 5% are rejected in the manufacturing inspections at some stage during
conversion from metal billet to extruded and cold drawn tube; about 5 out of
the roughly 5500 tubes manufactured were rejected following autoclaving; and
2 out of 3100 undergoing post-installation inspection were also rejected.
The approximate rates of defective tubes corresponding to the number found
plus the number remaining to be found after each of the above inspections
are, respectively, 5xl0"2, lxlO"3 and 6xl0"4. Though the
rejected material wouldn't necessarily have produced a defective tube,
suppose for purposes of approximation, that these ratios give the proportions
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of defective tubes one might expect with no inspection, manufacturing
inspections only, and after one post-manufacturing inspection. This series
does not appear predictable regarding the results of the next inspection but
one might expect the rejection rate to be somewhat lower than the last number
in the series, 6x10"^ per tube, and this lends credence to the previous
estimate of 1.7x10"^, based on the fact of no in-service failures due to
a pre-existing defect. Roughly 60 tubes which failed in service due to
unpredicted hydride cracking are not included in this number because they
relate to an installation procedure rather than pre-existing defects.
However, failures such as these do relate to the problem of ensuring the
validity of the disposal concept, its detailed design, and its performance
analysis, and they are the reason waste management studies, unlike normal
engineering projects, are subject to extensive public review.

Calandria tubes occur in the same numbers as pressure tubes. They
are seam welded cylinders about 6 m long, 132 mm OD with a 1.4 mm thick wall.
The inspection of most of the installed calandria tubes has been less rigid
than that of the pressure tubes, including only visual inspection, radio-
graphy of the seam weld and liquid penetrant examination. The length of
weld, 600 cm, and surface area about 25 000 cm is comparable to that of a
fuel waste container. The thinner wall may make it more likely to contain
initial through-wall perforations, although no in-service failures have shown
up and the estimated rate of defective tubes is the same as that for pressure
tubes.

Based on the foregoing, the rate of defective containers should fall
somewhere between that for unfired pressure vessels (8.5x10"^), and those
for Candu fuel bundles (0.56x10"^) and the best current estimate for
pressure and calandria tubes (1.7x10'"'*). The geometric mean of these
three is 2xlO~* or 1 in 5000, a conveniently round number that is
probably as good an estimate as can be made at this stage.

5.3 Assessing Defective Canister Reliability from Inspection Data

Some types of flaws that may occur are listed in Table 2. Not all
are detectable by standard NDI procedures. The classification as cracks,
volumetric defects, and metallurgical defects is related to the effect of the
defect on the mode of in-service deterioration.

TABLE 2

FLAW TYPES

Weld: Cracks - microfissuring (not usually detectable by NDT)

- incomplete fusion/lack of penetration
- surface overlaps
- cracking due to thermal stress
- cracking due to metallurgical change

Volumetric - porosity
defects - slag inclusions

- surface undercuts
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Metallurgical - metallurgical notches
- Incorrect chemical composition of filler metal

Base Materials:
Cracks - surface laps, slivers, seams

- laminations
- microflssures

- rolled out fissures from cast ingot

Volumetric - inclusions

Metallurgical - crystal structure defects.

The real flaw distribution in a material differs from that obtained
by non-destructive inspection (NDI). Although difficult in practice, in
principle the relation between the two can be determined for a given inspec-
tion method and the real flaw distribution calculated from the results of
NDI. This could be used to calculate the number of critical defects remain-
ing (those that would lead to early failure) or the distribution of non-crit-
ical defects that would affect the time to perforation through slow degrada-
tion processes; e.g., surface defects that lead to fracture only after a
certain amount of corrosion has approached from the other side of the wall.

D.P. Johnson (20,21,22) gives the following method of relating
inspection results and defect distribution. The method uses actual flaws and
their apparent size to minimize the number of defect/signal correlations
required for a given accuracy of estimation. There are four basic inspection
results, (a) the unit of material is accepted, and there are no unacceptable
defects (b) the unit is rejected, and there is an unacceptable defect (c) the
unit is accepted, but there is an unacceptable defect (Type I error) (d) the
unit is rejected, but there are no unacceptable defects (Type II error).
Errors arise because NDI signal amplitude is only correlated with but not
exactly proportional to defect size. Some defects will look smaller than
they actually are and some will be missed entirely. The problem is to
estimate the true defect size distribution, given inspection data that
doesn't include all defects. Figure 1 (20) represents initial defect size
distribution, the distribution remaining in accepted material after an ideal
inspection, and the distribution remaining in accepted material after a
non-ideal inspection. It applies to one type of flaw, characterized by the
single parameter "a"; e.g., depth of weld cracks due to incomplete fusion/
lack of penetration (the length may also be important, but isn't included).
The rejects portion of Figure 1 comprises the defects which produced a signal
larger than the reject criterion. The observed portion is the distribution
of defects detected. The problem is to estimate (a) the number remaining
that should have been rejected and/or (b) the defect distribution after
inspection.

Johnson's analysis (22), termed "inspection uncertainty analysis",
relates to minimizing the cost of manufacturing a product by balancing
unnecessary rejects against failures in-service. The probability of rejec-
tion of a unit of manufactured and inspected material due to the detection of
a certain type of flaw, characterized by a single size parameter "a" is:
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P(R) - l-exp(-PN(R)) (1)

where P(R) is probability of rejection of a single unit under the assumption
of a poisson distribution of rejects

and PN(R) is the rejection rate.
roo

PN(R) - Vu / pn(a) (P(R|a))da (2)
•A)

where: Vu - is the volume of material inspected
pn(a) - is the probability density function (pdf) of material flaws

• a - is flaw size
P(R|q) - is probability of rejection given a flaw of size a exists

Rejection or acceptance is assumed to be a two step process: (a)
detection of a flaw, and (b) sizing of a flaw, so

P(R|a) - P(RJD,a) P(D}a) (3)

where P(R|D,a) is the probability of rejection given a flow of size a
as been defected

and P(D|a) is the probability of detecting a flaw of size a.

The probability of detecting a flaw of size a

P(DJa) = /pd(s|a) ds (4)

where Sp is the threshold signal amplitude of the non-destructive
testing system, below which the flaw is not noticed;

and pd(sja) is the probability density function for signal amplitude, given
a flaw of size a exists.

The latter is not an observable- function. Though destructive examin-
ation will give the flaw size that corresponds to an observable signal, one
cannot determine the flaw sizes that give rise to signals below the threshold
level. The distribution that is possible to obtain by destructive examina-
tion is:

pd(afs),

the density function of flaw sizes corresponding to a given signal amplitude.
It is possible to relate pd(sla) to pd(a|s) by the following equation

pd(s|a) -pd(a|s) pn(s) / pd(a| s) pn(s)ds (5)
[yo J

where pn(s) is the pdf of signal amplitudes. In the development of equation
5 an assumption is made that each flaw gives rise to a signal, with possible
amplitudes extending down to zero, and conversely, that each signal corres-
ponds to a flaw, again with possible magnitudes extending down to zero. The
observed signals, however,include only those above a certain threshold level;
hence, the distribution which gives rise to pn(s) must be extrapolated from
large sizes where there is a reasonable certainty of numerical correspondence
between flaws and signals, through the region where some flaws don't excite
an observable signal and into the region where no flaws excite a signal.
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The other term of equation (3) P(R|D,a), the probability of rejection
given a flaw of size a has been detected, is developed in a similar manner.

o
pd(a D,a)d3 (6)

where aR is the threshold apparent flaw size for rejection of the
material

and pd(a|D,a) is the pdf for apparent size given a defect of size a is
detected.

Again the function can't be determined by observation because the distribu-
tion is biased toward the apparent sizes generated by larger flaws. By
destructive examination one can determine, the related function pd(a|D,a),
the probability density function for flaw size given a flaw of apparent size
3 has been detected, and the two functions are related by

pd(3|D,a) = pd(a|D,2) pn(D,a) x

pd(alD,a) pn(D,a)daI (7)>,a)da

where pn(D,a) is the pdf for the apparent size of detected flaws.

Again the numerical correspondence between existing flaws and
detected sized flaws was assumed in developing equation 7, as with equation
5. The underlying distribution must therefore be extrapolated from the
region of amplitudes corresponding to larger flaws, where the chance of
missing some is small. Combining equations 3 to 7 supplies one term of
equation 2, which relates rejection rate PN(R) to the original defect density
function pn(a) and probability of rejection given defect of size a, P(R|a).
The rejection rate is presumably also observable but pn(a), the density func-
tion of existing defects isn't uniquely determined by equation 2. One
approach would be to assume a one parameter distribution for existing
defects, based on experience, and use the equation to calculate the parameter
based on inspection results. The density function for defects after inspec-
tion would then be pn(a) (l-P(Rla)). On searching available literature it
was found the favourite form for the density function for defect numbers as a
function of size is pn(a) = Aexp(-ka) (equation 8) where A and k are
constants (ref. 20,30,31,34,35,36). Some of these sources use a truncated
form of equation 8 to omit defects too small to be of concern. References 31
and 34 base the function on actual data though the amount available is small.
Another source (Ref. 12) gives "typical data" rather than a mathematical
relation. These data appear derived from a log-normal cumulative distribu-
tion and the associated density function is of the form:

pn(a) - l/(av^TT)exp(-l/2 a (log a - M ) (9)

where mean, y. , and variance, Q, are based on logarithms of a.

Equation 8 appears most convenient however, and no other appears more valid
in the light of available data.
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A second means of estimating pn(a) exists, using the results of
non-destructive inspection and destructive examination. Given that pn(s) is
the estimated density function of all signal amplitudes, down to zero, and
pd(a|s) is the density function for flaw size, given signal amplitude s,
then:

foo
= / pd(a|pn(a) = / pd(a|s)(pn(s))ds (10)

•So

Again, the whole of the above analysis rests on the confidence one places in
the estimate of pn(s).

It should be remembered that this process only gives the probability
density function of the characteristic size parameter for one type of flaw.
Detectability and apparent flaw sizes vary with flaw type, so characterizing
a material with regard to flaw distribution needs a repetition of the above
process for each type of flaw.

Defect distributions have been estimated for certain types of
components (e.g., certain parts of nuclear pressure vessels), but these
are not applicable to other types or materials and inspection processes. The
scarcity of relevant data is attributable to the large number of variables
affecting the results of non-destructive inspection. The perceived defect
distribution depends on many inspection parameters associated with the three
categories: (a) technique, (b) flaw properties, (c) external factors (26,27).
The likely techniques for fuel waste containers are ultrasonic testing, dye
penetrant and leak testing, but each of these has many variants which affect
the outcome of non-destructive inspection. Flaw properties include contour,
orientation, location, size, and opacity to the probing technique (e.g. some
types of tight cracks are transparent to ultrasonic testing). External
factors affecting the variability of inspection results include scanning
pattern, recording method, sample geometry, material variations and equipment
operation.

The type of signal returned by a flaw can be correlated with shape
and size in a statistical sense as already discussed. For example, the
standard deviation for estimated size of a specific defect based on
ultrasonic examination has recently been estimated in the range of about 3 to
7 db depending on the type of defect (26) . This means a specific defect
gives rise to an apparent size within a 2 to 5 fold range with 66%
confidence, the actual range depending on the type of defect. It is evident,
however, the determination of a realistic material defect distribution is
specific to the component and material used, and the interpretation of
inspection results is specific to the inspection process* It can be expected
to be expensive and there will be little help from published data in
establishing defect distributions for specific cases. It is not likely to be
economically feasible to obtain this sort of information from standard
manufactured components. The best one might be able to do is to obtain
P(R|a) from prepared samples with large numbers of deliberately built-in
defects, using the rejection rate, PN(R) of the actual manufactured
components and an assumed form for the function pn(a) to estimate real flaw
distributions.
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This being said, it may be possible to estimate a defect distribution
for containers which could be used for sample calculations, given the assump-
tion that the initial distribution follows a simple exponential function,
also some assumption about defect rejection probability, and a further
assumption that about 1 in 5000 canisters will contain through wall perfora-
tions despite inspection.

6. PREDICTION OF TIME TO PERFORATION

6.1 System Description

Figure 2 is a diagram of a possible disposal vault (37). The refer-
enced design study assumes waste emplacement rooms excavated in a flat array
about 1700 m wide by 3600 m long, 1000 m below the surface. A cross section
of an emplacement room is shown in Figure 3. When filled, this array would
hold about 240 000 containers, which can isolate about 17 million fuel
bundles. The duration of the emplacement operations on a specific site may
exceed 100 years; so the actual respository shape, the method of emplacement,
the type of containers used, and the type of waste are subject to manufactur-
ing and design modifications with time.

The reference container for this study is, as shown in Figure 4, a
welded stainless steel cylinder holding 72 fuel bundles and capable of with-
standing a head of groundwater extending to the surface. This container is
not necessarily the most likely configuration but is used here to develop a
method of analysis which will be applicable to other containers as well.
Figure 5 shows a thin walled titanium container filled with a cast metal
matrix and Figures 6 and 7 show other thin walled container designs supported
internally by packed particulate, and a combination of packed particulate and
individual set-led fuel tubes, respectively.

For purposes of analysis the system considered is the container and
its contents, and a thin layer of buffer material surrounding it. Energy and
material flows into and out of this region, caused by processes elsewhere in
the repository, are considered as boundary conditions. There are many uncer-
tainties regarding temperature, chemical, and physical conditions in the
container region; for example, the age of the fuel at emplacement, the dura-
tion of the repository ventilation period before backfilling and sealing,
spatial and temporal variability of material properties and rates of boundary
processes, and lack of information about material properties and rates of
physical processes. These sorts of uncertainty are common in varying degrees
to most engineering problems and are normally compensated for by reliance on
past experience. In this case, relevant past experience is scarce, so more
effort must be put into the analysis. It is expected that uncertainty and
variability in the parameters affecting container life (i.e. lack of know-
ledge) will be substituted for by random distributions. Such distributions
are approximations for variability that is only partly random; (i.e., of
unknown origin). For example, temperature differences between containers may
have a large deterministic component due to different durations between fuel
irradiation and respository back filling.
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The approach taken to estimating container life has been tc make a
first run through the system reliability techniques. The Implementation of
these techniques, however, requires hazard functions for fundamental failure
Initiating events and is probably not possible in this case. The initiating
events are not equipment failures whose rates can be estimated by experlenca,
but physical processes such as cracking and pitting whose probability must be
related to uncertain environmental conditions. The process of formulating a
reliability analysis, however, forces a systematic examination of the
relevant processes and interactions and helps to produce a comprehensive
system model. For system conceptualization then, the techniques of reliabil-
ity block diagram, failure mode and effects analysis, and fault tree analysis
are applied in the following three sections. For the final analysis some
sort of system modelling is called for and a method is presented in section
6.5 which displays, diagrammatically the interconnections and feedback
processes which apply to the system of the container and its environment.

6.2 Reliability Block Diagram

Container failure is defined as perforation by an> means. The
container parts can be regarded as a set of parallel barriers each with a
different likelihood of failure. For example, the forged end caps are
metallurgically different from the rolled and bent sidewalls, the lower cap
weld, the side seam weld and the final closure weld will be done under
different conditions with differing degrees of inspection difficulty and they
will have different likelihoods of failure. A reliability block diagram is
presented in Figure 8, patterned after a block diagram approach used in
reference 6. It shows the basic system as a groundwater flow through the
buffer, with parallel flow channels to the container interior blocked by the
various components, expected to have different failure probabilities, that
constitute a pressure boundary. Although they are parallel barriers in a
flow chart sense they act in series in a reliability sense; l.e, all are
required to be reliable, for overall container reliability. The model is
highly simplified. For example, there is no representation of the intercon-
nection between buffer and container wall regarding mechanical support and
corrosion control. This model will be elaborated in subsequent sections.

6.3 Failure Mode and Effects Analysis

6.3.1 Method

The failure mode and effects analysis FMEA approach used here is that
given In reference 6, though in a much shortened form. The analysis is
stopped at the point where component failure rates must be entered- so the
process Is helpful to sort out how the container may fail without determining
how likely. The FMEA steps used here are:

(1) Define the scope of analysis.

(2) List all subsystems and components.

(3) Identify and describe each component; list all significant failure
modes.
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(4) In each failure mode, what is the effect on the system?

A complete analysis would include about 10 other steps dealing with failure
probabilities, consequences, economic impact and failure mode importance
ranking•

6.3.2 FMEA

Step 1 Scope of the Analysis

(1-1) System boundary: an imaginary boundary within the buffer a few
centimeters outside the canister surface. Flows of energy and
materials across this arbitrary boundary are regarded as external
inputs/outputs.

(1-2) Detail Required: down to the fundamental events (processes) known as
corrosion and fracture.

Step 2 List all Subsystems and Components

The components of the reference system are illustrated in Figures 9
and 10. The system components are listed below, including both direct
barriers as previously used in the block diagram, as well as all associated
components.

(2-1) Buffer
(2-2) Ground water
(2-3) Sidewall plate
(2-4) Lifting lug
(2-5) Base ring
(2-6) Upper end cap
(2-7) Lower end cap
(2-8) Sidewall seam weld
(2-9) Upper cap weld
(2-10) Lower cap weld
(2-11) Container gas fill
(2-12) Spent fuel handling and support baskets
(2-13) Fuel basket support plate
(2-14) Fuel bundles
(2-15) Gas fill/vent plug weld.

Step 3a Enter Component Identification and Description

The following descriptions are as complete as practical, because
detailed knowledge of the physical system leads to better understanding of
the possible failure mechanisms.

(3a-l) Buffer: (example from ref. 39)

- Wyoming bentonite 15%)
graded silica sand 75%) assumed water saturated
water 10%)

- density 2200 kg/a3

- thermal conductivity 10~13 to 10~19 m/s
- porosity 25-50%
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- effective porosity for flow and diffusion 0.01 to 0.1
(note: log (effective porosity) is assumed proportional to log
(hydraulic conductivity) and the distribution of each parameter is
assumed uniform in logs)

- diffusion constant " effective porosity x diffusion constant for
water afc 100°C

- the mixture contains chemical buffers to redox processes and
retardants to radionuclide movement

- the mixture also contains biological and chemical contaminants from
excavation and emplacement operations.

(3a-2) Groundwater: (example from ref. 39 and 40)

Temperature: 100 to
Pressure: 9.8 MPa
pH: 6 to 7

Major ions

Ca-H"
Mg + f

Na+

K+
Cl~
so4
Si02
HCO3-
NO3
Fc
Sr+*

Container Wall:

150°C

ppm range from
Canadian mines

103-105

10-500
103-10A

1-500
103-105

10-103

10-500
10-102

10-103

10-2-5
? -50

ppm proposed for
leaching studies

15000
200

5047
50

34310
790
50
10
50
-
20

- type 316L SS, dimensions as shown in Figure 3 commercial seam
welded pipe and forged end caps.

(3a-4) Lifting Lug:

- type 316L, 120 nun wide by 25 mm thick connected to the center of
the upper cap by a double bevel weld.

(3a-5) Base Ring:

- type 316L with dimensions as shown in Figure 3, connected to the
lower end cap by a single bevel weld.

(3a-6) Upper Cap:

- forged elliptical pipe cap, 316L stainless steel.

(3a-7) Lower Cap:

- forged elliptical pipe cap, 316L stainless steel.
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(3a-8) Seam Weld;

- welded according to ASTM 3l2-8Ob i.e. welded by an automatic
process using no filler metal, pressure tested but no other NDT.
Supplied in a heat treated condition 1040°C with rapid quench.

(3a-9) Upper Cap Weld;

- welded by remote controlled automatic equipment using a gas, metal
arc (GMAW) or gas, tungsten arc (GTAW) method. Ultrasonically and
helium leak tested by remote control methods.

(3a-10) Lower Cap weld;

- welded by automatic equipment using a GMAW or GTAW method.
Inspected by ultrasonic and dye penetrant methods. Helium leak
tested after installing the upper cap.

(3a-ll) Container Gas Fill;

- helium gas at about 1 atmosphere absolute.

(3a-12) Spent Fuel Handling and Support Baskets;

- Four layers each holding 18 fuel bundles.
- Flan arrangement as in Figure 9 made up of 113.5 mm 00, 108 mm ID

carbon steel tubes (4 inch, Schedule 10) 500 mm long, tack welded
together at the top ends and to a carbon steel plate at the lower
end. The central tube in the array remains empty for lifting.
Total weight about 100 kg.

(3s-13) Fuel Basket Support Plate;

- carbon steel plate and pipe as shown in Figure 3.
- rests loosely on the lower end cap, the weight of the fuel and
baskets supported by the 10 cm diameter pipe used as a leg, resting
on the end cap.

(3a-14) Fuel Bundles;

- 495 mm long, various numbers of elements (e.g. 28-Pickering A; 37
Bruce A), 102.5 mm maximum diameter, approximately 25 kg each
(total 1800 kg per container).

- material - Zr-4 sheaths, bearing, spacer pads and end plates with
connections by brazing.

- Approximate heat output 250 watt per container at emplacement,
reducing by half every 30 years. (This value is based on the
assumption 5 year old fuel generates about the same amount of heat
as 5 year old reprocessing waste (41).)
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(3a-15) Gas Fill/vent Plug Weld

- approximately 10 mm diam.
28 ran deep weld plug
done remotely by automatic equipment
using GMAW or GTAW process.

Step 3b List all significant failure modes

In the following compilation, "failure" includes failures to meet
expected conditions, which might contribute to failure (perforation) by
corrosion and/or fracture. The list is tentative. Some of the modes may not
be significant; some significant modes may not be included.

(3b-l) Buffer

(3b-l-l) void or localized excess compaction
(3b-1-2) mechanical inclusion (e.g. construction debris)
(3b-1-3) chemical inclusion (e.g. vehicle battery acid)
(3b-l-4) lower than specified buffer compaction
(3b-1-5) chemical composition of buffer out of spec.
(3b-l-6) high pressure transmitted from surrounding rock
(3b-l-7) non-uniform stress field transmitted from surrounding rock
(3b-l-8) penetration by drilling
(3b-l-9) non-uniform, high stress fields due to overhead machinery

operations

(3b-2) Groundwater

(3b-2-l) higher than expected pressure (e.g.; by entrapment of groundwater
in a lithospheric boundary or connection to another
lithospherically pressurized reservoir) (42).

(3b-2-2) more corrosive than expecte'
(3b-2-3) lower than expected flow
(3b-2-4) higher than expected flow

(3b-3) Container Wall Plate

(3b-3-l) undetected through-wall defact
(3b-3-2) undetected part through crack
(3b-3-3) undetected part through volumetric defect
(3b-3-4) chemical composition outside specifications
(3b-3-5) metallurgical condition outside specifications
(3b-3-6) wrong material used.

(3b-4) Lifting Lug

(3b-4-l) sensitization in the weld heat affected zone (HAZ)
(3b-4-2) cracking in the weld HAZ
(3b-4-3) wrong filler material
(3b-4-4) submerged defect in weld
(3b-4-5) surface connecting crack in weld
(3b-4-6) surface connecting volumetric defect in weld
(3b-4-7) surface connecting crack In lug material
(3b-4-8) surface connecting volumetric defect in lug
(3b-4-9) wrong lug material used.
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(3b-5) Base Ring

failure modes similar to Chose for lifting lug.

(3b-6) Upper End Cap

failure modes similar to those for container wall plate.

(3b-7) Lower End Cap

failure modes similar to those for container wall plate.

(3b-8) Sidewall Seam Weld

(3b-8-l) undetected through wall crack

(3b-8-2) surface connecting crack-like defects
(3b-8-3) submerged crack-like defects
(3b-8-4) surface connecting porosity or inclusion
(3b-8-5) submerged porosity or inclusion
(3b-8-6) sensitization in HAZ
(3b-8-7) cracking in HAZ

(3b-9) Upper Cap Weld

<3b-(9-l to 9-7) similar to those for sidewall seam weld.
(3b-9-8) wrong filler material used.

(3b-10) Lower Cap Weld

(as for upper cap weld)

(3b-ll) Container Fill Gas

(3b-ll-l) wasn't filled
(3b-ll-2) filled with incorrect gas

(3b-12) Spent Fuel Handling and Support Baskets

(3b-12-l) welds broken while loading container or handling loaded containers

(3b-13) Fuel Basket Support Plate

(3b-13-l) support leg not perpendicular to plate
(3b-13-2) end of support leg not perpendicular to support plate axis
(3b-13-3) weld failure between support plate and leg
(3b-13-A) clearance between plate and canister wall larger than specified
(3b-13-5) plate cocked and jammed in the lower end cap

(3b-13-6) plate hung up on the weld during installation.

(3b-l4) Spent Fuel

(3b-14-l) leaking fuel element
(3b-14-2) broken structural weld in the fuel bundle.
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(3b-15) Fill/vent plug weld

(as for upper and lower cap weld)

Step 4 Effect op the system

(4-1) Buffer

(4-1-1) void or uneven compaction:

- decrease in critical collapse pressure
- creation of differential concentration cells for groundwater

oxidants, leading to increased probability of crevice corrosion
initiation.

(4-1-2) mechanical inclusion:
- effects as In (4-1-1)

(4-1-3) chemical inclusion:
- increase (or decrease) in corrosion rate

(4-1-4) low buffer compaction:
- lower resistance to collapse under hydrostatic pressure
- higher permeability - may result in higher (or lower) corrosion
rate

(4-1-5) wrong buffer composition:
- higher than expected corrosion rate or probability of corrosion

initiation.

(4-1-6) earth pressures transmitted through buffer:
- increased risk of canister collapse
- decreased buffer permeability - lower (or higher) corrosion rate

(4-1-7) non-uniform earth loads transmitted through the buffer:
- increased risk of collapse and perforation due to cracking or high
corrosion rate at strained areas.

(4-1-8) drilling through the buffer:
- failure

(4-1-9) non-uniform compaction due to machinery operations:

- effects as in 4-1-1.

(4-2) Groundwater

(4-2-1) high pressure:

- higher risk of collapse and perforation due to cracking or higher
corrosion rate at highly strained areas.

(4-2-2) corrosive species:
- higher than expected corrosion rate and risk of corrosion

initiation
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(4-2-3) lower or higher than expected flow:
- may Increase or decrease corrosion rate or risk of corrosion
initiation.

(4-3) Container Wall Plate

(4-3-1) through wall defect:
- failure

(4-3-2) part-through crack:
- may promote crsvice corrosion
- increases risk of fracture

(4-3-3) part-through volumetric defect:
- effects as in 4-3-2 but lower

(4-3-4) chemical composition outside specs:
- increased risk of corrosion

(4-3-5) metallurgical condition outside specs:
- increased risk of corrosion
- increased risk of fracture

(4-3-6) wrong material used:
- increased risk of corrosion
- increased risk of fracture at weld

(4-4) Lifting Lug

(4-4-1) sensitization in weld HAZ:
- rapid intergranular corrosion

(4-4-2) cracking in weld HAZ:
- increased risk of crevice corrosion
- increased risk of fracture

(4-4-3) wrong filler material:
- increased risk of corrosion
- increased risk of fracture

(4-4-4) submerged weld defect:
- negligible effect

(4-4-5) surface connecting weld crack:
- effect as in 4-4-2

(4-4-6) surface connecting volumetric weld defect:
- effect as in 4-4-2 and 4-4-5 but lower risks

(4-4-7) surface connecting cracks or volumetric defect in lug material:
- probably no effect on risk of perforation
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(4-4-8) wrong lug material:
- increased risk of weld cracking with effects as in 4-4-2 and
4-4-5.

(4-5) Base Ring

effects similar to those listed under (4-4).

(4-6) Upper End Cap

- effects similar to those listed under (4-3)

(4-7) Lower End Cap

- effects similar to those listed under (4-3)

(4-8) Sidewall Seal Weld

(4-8-1) through wall crack:
- failure

(4-8-2) surface connecting cracks:
- increased risk of crevice corrosion
- increased risk of crevice fracture

(4-8-3) Submerged crack-like defects:
- increased risk of fracture
- decreased time for penetration by uniform corrosion

(4-8-4) Surface connecting porosity or inclusion:
- effects as in 4-8-2 but lower risks.

(4-8-5) Submerged porosity or inclusion:
- effects as in 4-8-3 but lower risks

(4-8-6) sensitization in HAZ
- rapid intergranular corrosion and failure

(4-8-7) cracking in HAZ:

- effects as in 4-8-2

(4-9) Upper Cap Weld

(4-9-1 to 4-9-7 as for side seam weld)

(4-9-8) wrong filler material:
- increased risk of fracture

- increased corrosion rate or risk of corrosion initiation

(4-10) Lower Cap Weld

(4-10-1 to 4-10-8 as above)
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(4-il) Container Fill Gas

(4-11-1) no fill gas
(4-11-2) wrong fill gas:

- invalidates helium leak test and increases risk of pre-existing
defect.

(4-12) Fuel Basket

(4-12-1) broken weld:
- probably no effect on container:

(4-13) Fuel Basket Support Plate

(4-13-1) misaligned leg
(4-13-2) non-perpendicular cut-off
(4-13-3) leg to support plate weld failure
(4-13-4) support plate smaller than specified
(4-13-5) plate cocked in lower cap
(4-13-6) plate hung up on lower cap weld

- any of the above can result in fuel weight being concentrated on
a smaller than intended area of the shell. The effect on
container integrity is probably negligible.

(4-14) Spent Fuel

(4-14-1) leaking fuel element:
- probably no effect.

(4-14-2) broken bundle weld:
- probably no effect.

(4-15)? Fill/vent Plug Weld

- effects as for upper and lower cap welds but lower risk because
of smaller weld volume.

6.3.3 Summary

The above FMEA process has been qualitative in nature and has been
stopped at an early stage. Failure rates (or hazard functions) are not
available for the effects listed but the process might be carried one step
further by trying to rank probabilities of various processes. This has not
been attempted and the foregoing procedure is used as an aid in formulating
the fault tree diagram presented in the next section.

6.4 Fault Tree Analysis

6.4.1 Fault Tree Description

Failures generally result from chains of events initiated at weak
links in the system. The foregoing FMEA is poor at illustrating the
interconnections between these weak links and component failure. The fault
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tree Is a deductive method which, starting from the system failure event,
expands through lesser contributing events until, hopefully, basic events are
reached with known probability of occurrence. System reliability can then be
calculated by working backwards from the basic event probabilities. In this
study a fault tree for container perforation is constructed to illustrate
interconnections among failure processes, but is not evaluated because not
enough is known about the rates and probabilities of the basic events and
processes. In the container fault tree the time has been fixed at 1000 years
so the basic events, which are really continuous, time dependent processes,
can be characterized by probabilities of specific amounts of damage having
occurred during the interval since emplacement. The charting ends at the
various forms of material degredation but could be extended to the
environmental factors which cause degradation.

Figure 11 illustrates the fault tree construction and its symbols.
Fault events noted in the rectangles are the result of input from lower down
in the diagram. They may result from only one of several inputs, joined to
the rectangle through an OR gate; or they may require more than one input,
joined to the rectangle through an AND gate. A special form of AND gate, the
INHIBIT gate is also shown. In this case the fault results from a single
input if some condition is met. Basic events at the bottom of the tree are
noted in circles if there is no need to reduce them further or in diamonds if
they could be reduced further but aren't.

A fault tree diagram applied to container perforation is shown in
Figures 12 to 21 inclusive. Figure 12 illustrates the parallel components
having differing probabilities of failure, which could lead to perforation.
Subsequent diagrams are futher developments of the tree for each component.
For illustration, perforation of the upper cap weld and perforation of the
sidewall plate are developed in detail. Fault trees for other welds and
components are identical in form, though probabilities would be numerically
different if they were available.

In Figures 13 to 19 perforation of the upper cap weld results from
direct cracking by fracture, corrosion or a combination thereof, by direct
corrosion such as crevice corrosion, or by a combination of cracking, corro-
sion or pre-existing defects which start from opposite sides of the material
and meet in between.

An unusual feature of these fault trees is the large number of
inhibit gates or conditions that have to be Imposed; for example, in Figure
14, cracks only grow if there is sufficient local stress and they only pene-
trate the weld if the stress is maintained. But the container is enveloped
in a semi-solid buffer that may not permit enough continuous deformation to
maintain stresses at the crack site. This is only one of many feedback
mechanisms that aren't charted by the fault tree diagram.

Figures 16 to 19 inclusive deal with combinations of perforation
modes starting from opposite sides of the wall, for example, external corro-
sion that meets with an interior connecting defect to result in full perfora-
tion. Some liberty has been taken with the inhibit, or conditional gate, in
these diagrams. The condition for perforation is that a developing external
hole or crack overlie and meet with an internal hole or crack. The basic
faults are entered as probability density versus depth distributions
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for Internal and external holes and cracks per unit area of material. A unit
area Is assumed to have a side about equal to or smaller than wall thickness
so that external holes and cracks are likely to Intersect Internal holes and
cracks In the same area. Calculating the probability of such holes or cracks
meeting somewhere along the weld needs integration over the weld area, so the
condition that they meet in some unit of area is actually an integration over
weld area of the probability of meeting in any unit area.

Figure 20 represents perforation of the container sidewall plate,
and the blocks listed are identical to those included for integrity of the
weld in Figure 13. The fault trees from each transfer point are also identi-
cal in form except that for the fault tree representing a through wall crack.
Sensitization for intergranular corrosion was omitted as a basic event
because it was felt to be much less likely to occur in the parent material
than in the weld region.

6.4.2 Summary

The fault tree diagram that can be drawn for container perforation
is a relatively simple one. It charts the sort of degradation processes and
combinations of processes such as material defects, and corrosion and faults
starting from opposite sides of the wall, that have to be considered in
evaluating container life. It is no help however in calculating the effect
of feedback type rate regulating processes in container degradation. Also it
does not help in evaluating the probabilities associated with fundamental
events such as initiation of crevice corrosion or fracture. Predicting
container life calls for some form of modelling which can incorporate both
the chains of events traced in the fault trees, and the feedback loops and
fundamental processes of material degradation.

6.5 System Structure Diagram

The system structure diagram was developed from feedback control
theory by J.W. Forrester, to model complex managerial and business systems
(43). These systems are characterized by many direct and indirect feedback
processes, and often poor knowledge of the rate regulating mechanisms.
Despite errors in rates, this modelling approach is said to track system
trends well, because of the feedback control nature of the system it is
intended for. It does not, however, predict accurately, the timing of
events. That requires accurate rate relationships as well as full under-
standing of system processes. The model construction in this study is to
improve understanding. The method has been recommended in a comprehensive
report on risk methodology for nuclear waste disposal by J.E. Campbell et al
(44).

The system diagrams, Figures 22 and 23, are a series of reservoirs,
represented by rectangles. A reservoir contains any parameter that can be
characterized as a quantity, or level. In Forrester's examples these are
materials, money, orders, etc., but in this case they are the quantities that
denote the state of the container components and their environment; e.g.,
probability of perforation, chemical concentrations of groundwater chemicals,
pressure. In the system diagram like quantities flow between system
reservoirs and the interconnecting "pipelines" are represented by solid lines
with valves for rate regulation. Each valve has an associated rate equation
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represented by the symbol I •> attached to It* The rate equation Is
In turn affected by various reservoir levels; for example, the level of
plastic deformation of a container may affect the rate of corrosion. Dotted
"Information lines" join reservoir levels to the rates they affect.

There are two other symbols in these particular diagrams. The
"cloud" Q^J represents sources and sinks of system quantities, which
are often quite abstract. For example, probability of perforation comes from
a source at zero probability and goes to a sink at unit (100%) probability.
External levels, symbol-^-, also affect system rates but are not in turn
affected by system levels.

In Figure 22, as in the fault tree diagram (Figure 12), container
perforation is represented as perforation of one of its components. Each
component has a probability of perforation between zero and one, which
changes with time according to some unknown rate equation, different for
each. The individual probabilities flow into "probability of container
perforation". The change in probability of container perforation equals the
change in the quantity l-^(l-Pj) where 7T is the product sign and P^ is
the probability of perforation of component i, a piece of information that
comes from each level block as a dotted information line.

A sample expansion of the block for perforation of the upper cap
weld has been drawn in Figure 23. At the top are external factors and
initial conditions unaffected by system levels. The first eight blocks below
the "perforation" block represent levels of material damage and the
remainder, local environmental conditions which interact with material
damage. Dotted lines run from each level to any rates that could possibly be
affected. For example, plastic deformation of the container affects buffer
stress distribution and conversely, buffer stress distribution affects
plastic deformation. This is only one of numerous direct and indirect
feedback loops in this diagram. A feedback loop is represented by any closed
path through information lines, in the direction of the arrows.

Computations with this model are done by a finite difference
method. The rate equations give an increment of change in each level block
corresponding to a time increment and the effects of present levels in the
blocks connected to it by information lines. A calculation for each block
gives a new set of levels, and system behaviour; I.e., the change In levels
with time, is plotted by stepping the model through successive time
increments. In effect, this is just the numerical solution of a system of
coupled ordinary differential equations.

The most important omissions from the model, as drawn, are the rate
equations. For example: how do the various corrosion rates relate to pH,
oxygen concentration, chloride concentration; what other factors affect
corrosion; how should buffer stress distribution be represented; how is local
material stress related to buffer stress distribution, solid inclusions in
the buffer, hydrostatic pressure? Also, some information lines may be
irrelevant, others may be missing.

Clearly much more work has to be done but this diagrammatic method
appears to be able to organize complex system processes in a way that is easy
to understand, without leaving out feedback, interactions, or the continuous
nature of the slow physical processes that affect container Integrity.
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6.6 Container Life Distribution Based on Extreme Value Theory

Failures among a group of identical mechanical structures, working
in similar environments, tend to be the same. For example, a certain brand
of car operating in Southern Ontario always rusts around the headlights, a
certain design of heat exchanger frequently cracks in a specific region near
the tube sheet, stainless steel tubing in a certain chemical plant fails
frequently at fittings by stress corrosion cracking. These are examples of
the influence of the "weakest link". The simpler the structure and more
similar the operating environment, the more likely it is that the failure
modes will be the same among different units, so one can look for this sort
of weak link characteristic in a group of identical fuel waste containers.

Defects in containers will develop eventually by some mechanism
that cannot now be specified, but it is likely the mechanism will be similar
for most containers. Single containers can be thought of as samples of
material containing developing defects, with some unknown distribution of
depths that changes with time. In a group of containers one can form another
distribution consisting of the deepest defect in each container. This would
be one example of an extreme-value distribution. Another extreme-value
distribution would be the shortest times for one of the defects in each
container to perforate the wall.

The form of extreme-value distributions depend on but differ from
the underlying distributions that give rise to them. Briefly, extreme-value
distributions fall into one of three categories (45,46): type I if the range
of underlying distribution is unlimited in the direction of interest and
derivatives of all orders exist (normal, log-normal, exponential distribu-
tions); type II If the range is unlimited in the direction of interest but
derivations of order greater than a certain number do not exist; type III if
the range of the underlying distribution is limited in the direction of
interest. The time to container failure is the shortest time for a defect
(assumed to be one of a number of developing defects in each container) to
perforate the wall. Here, we have a type III extreme-value distribution
limited at time zero, or some positive value representing the shortest
possible time to perforate. References 45 and 46 give cumulative probability
distributions for this case, presented as follows in a simplified form:

P(t) 1 -exp (-Y(t-L)UI) f > L
0 t < L

Where F(t) is the cumulative probability of perforation at time t, y is the
scale parameter of the distribution, L is the limiting time to perforation,
and m is the distribution shape parameter. This is more familiarly known as
a Weibull distribution (49) and is widely used in the analysis of data on
failures of mechanical structures.

The above cumulative distribution gives rise to the following
probability density function:

p(t) - mY(t-L)111"1 exp (-Y(t-L)m)

(which is the derivative with respect to time of the cumulative distribution
function).
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and the following instantaneous failure rate:

Z(t) -

The above represents a failure rate that rises or falls with time depending
on the value of m. It is a constant failure rate with m - 1 and a linearly
rising failure rate at m « 2.

Finley and Toncre (47,48) have used this distribution to fit the
distribution of times to first failure of submerged pipelines by external
pitting, oil well casings by external pitting, and tubing failures by inter-
nal corrosion. In their fitted relations the limiting time to perforation,
L, was zero. The values of the shape parameters, m, were 2.4, 1.7, and 1.9
for the three cases; i.e., they were close to 2 indicating that failure rates
tended to rise about linearly with time in each case. The shape of the
probability density function associated with a shape parameter of 2 is shown
in Figure 24• Lower values of the shape parameter skew the distribution more
to the right and higher values make it more closely resemble the normal
distribution.

In summary, we don't know the final failure mechanism for fuel
waste containers but it is likely to be similar for the majority of
containers, based on present experience with failures of mechanical struc-
tures. This is because things tend to fail at the weakest point, which tends
to be the same for identical structures in identical environments. The shape
of the probability density distribution for times to failure is likely to be
a bell shape, skewed to the right because of increasing failure rate result-
ing from progressive material deterioration. The curve may start from zero
at time zero or some positive value representing a minimum time to failure.
The associated cumulative probability distribution is a two or three
parameter Weibull distribution and a first estimate of the parameter is 2,
based on a limited sample of experience with pitting corrosion of pipe and
tubing used in oil production.

7. SUMMARY AND CONCLUSIONS

This report has been mainly an exploration of methods for estimat-
ing the time to perforation of fuel waste containers. Some of the widely
used methods of reliability evaluation, and one system modelling technique
have been examined for their potential to Improve understanding of the
container failure process and to make an actual estimate of time to perfor-
ate. Besides analysis techniques, some available experience has been
surveyed to determine: (a) the feasibility of achieving low failure rates,
on the order of 10~8 per hour, for a useful life of 1000 years; (b) the
number of Initially perforated containers expected to go into service; (c)
the initial distribution of defects in the container materials; and (d) the
expected shape of the distribution of perforations against time, after
failures of Initially intact containers begin to occur.

Reliability block diagrams, failure mode and effects analysis, and
fault tree analysis were applied, in a conceptual sense, to the problem of
estimating time to perforation. In these trials the various manufactured
parts of the container, each end cap, the wall plate, and each weld, were
seen as parallel paths to perforation, each with a different probability of
failure versus time because of differences in geometry, fabrication techni-
ques, Inspection practices, and local environment. Perforation results from
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corrosion, fracture, and material defects acting alone or in combination.
Continuous changes in the driving forces associated with the process of
perforation, pressure, stress, temperature, chemical composition of ground-
water, and feedback effects between container surface changes and the local
environment, can't be handled by any of the reliability models. The "System
Structure Diagram" technique, as recommended in reference 44, provides a
model for continuous container deterioration processes that is understandable
and includes all known interactions and feedback processes. Still missing
are details of the local container environmental factors - chemicals, stress,
and temperature - and the probability of corrosion and fracture and their
rates of propogation at constant conditions. The system structure diagram
model may not give a reliable estimate of container life but can be used to
sort out the relative importance of different deterioration processes and
their interactions.

No barrier is seen in present engineering experience to obtaining
the very low failure rate required to achieve intended useful life of fuel
waste containers. However, the probability of obtaining a very low failure
rate for a duration exceeding 500 years cannot be estimated from failure
rates on present day equipment designed to last only about one tenth as long.
More relevant information would be the success rate of newly designed mechan-
ical equipment in meeting the design objective, and the relation of sucess
rate to equipment complexity, previous experience, and depth of analysis used
in design. This line of investigation was not pursued as it was considered a
major study in itself.

There will be some fraction of initially defective containers put
into the vault despite any achievable degree of manufacturing control or
inspection reliability. This fraction will probably lie in the region of 1
in 5000. A level of 1 in 1000 appears easily achievable, while 1 in 10,000
appears achievable only at great expense.

The possibility of assessing the probability of defective contain-
ers from the results of non-destructive inspection data, and of determining
the initial container material defect distributions was examined. It is
theoretically possible to do both of these but probably not feasible because
of expense. However, using the mathematics of the relations between inspec-
tion data and defect distribution it should be possible to make a rough esti-
mate of initial defect distribution based on the following assumptions: (a)
one in about 5000 containers passing inspection has a through wall defect,
(b) the initial defect distribution is a rapidly decreasing function of size
that can be adequately represented by a simple mathematical expression such
as an exponential, an exponential truncated at some lower limit, or a
log-normal distribution, (c) a reasonable estimate of defect rejection
probabilities during inspection can be made.

Eventually, containers will fail, though by what mechanism is
unknown. The shape of the distribution of failures in time can be estimated
by experience and analysis of the "weakest link" effect dealt with by
extreme-value theory. A first estimate of the cumulative probability is
a two or three parameter Weibull distribution with a shape parameter around
2, for a failure rate that increases linearly with time. The third parameter
gives a minimum time to failure, which applies if failure is by a progressive
process with a maximum rate. The probability density function is a roughly
bell shaped curve, starting at the limiting time and skewed to the right.
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ÊL ^x/_£_/_/.j_ / / _xr
WFIfiHT >

LIFTING LUG
LIFTING LUG WELD

GAS VENT PLUG WELD
GAS FILL

, . BUFFER
i*X-UPPER CAP
r 4 — UPPER CAP WELD

SEAM WELD

BUFFER INCLUSION

/
/ | LOWER CAP WELD

f\ FUEL BASKET
SUPPORT PLATE

< f K LOWER CAP

WEIGHT
BASE RING WELD

BASE RING

Figure 9 Components of Container and Emplacement Environment
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Figure 10 Spent Fuel Support Basket
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TOP EVENT
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{OUTPUT ONLY IF
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THAT HAS NOT BEE
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Figure 11 Illustration of Fault Tree Symbols



PERFORATION
OF UPPER
WELD CAP

A
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BEFORE
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PERFORATION
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CAP WELD

PERFORATION
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CAP WELD
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SEAM WELD
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OF SIDEWALL
PLATE

PERFORATION
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OF LOWER CAP

PERFORATION

OF LOWER CAP

A
NOTES- A *A TRANSFER TO A LOWER LEVEL, MORE DETAILED FAULT TREE

FAULT TREES BRANCHING FROM 1,2,3,4,5, AND 6 ARE IDENTICAL IN FORM AND
FAULT TREES BRANCHING FROM 7,8, AND 9 ARE IDENTICAL IN FORM. QUANTITIVE
DIFFERENCES OCCUR BECAUSE OF DIFFERENCES IN GEOMETRY, MANUFACTURING
AND SERVICE CONDITIONS.

Figure 12 Fault Tree for Container Perforation
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THROUGH
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INTERSECTS
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CORROSION

INTERSECTS

INT. CRACK

CORROSION

INTERSECTS
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NOMENCLATURE' CRACK- [CRACK-LIKE DEFECT

•( CRACK-LIKE CORROSION- HYDRIDE, SCC. INTERGRANULAR
^FRACTURE

CORROSION • GENERAL CORROSION
CREVICE CORROSION/PITTING

DEFECT ' VOLUMETRIC DEFECT, e.g. POROSITY. SLAG INCLUSION (ASSUMED TO BE
PERMEABLE TO WATER FLOW)

NOTES' CRACKING AND CORROSION ARE PRESENTED AS
THEY ARE NOT TRULY INDEPENDENT. .

INDEPENDENT EVENTS THOUGH

CORROSION STARTING FROM THE INSIDE OF AN INTACT CANISTER IS ASSUMED
TOO UNLIKELY TO BE INCLUDED

Figure 13 Fault Tree for Container Perforation (Cont'd)
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(

INTERGRANULAR
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SUPPLY

4
00
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NOTES' - RESIDUAL STRESSES PROVIDE SUFFICIENT
TENSILE STRESSES FOR SCC

- HYDRIDE CRACKING IS ASSUMED TOO
UNLIKELY TO CONSIDER, FOR 3 16 S.S.

Figure 14 Fault Tree for Container Perforation (Cont'd)
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CREVICE
CORROSION
THROUGH

WELD ZONE
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SUFFICIENT
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FILLER MATERIAL)
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SMALL ENOUGH TO IGNORE

(FUNCTION OF= - METALLURIGICAL CONDITION
- TEMPERATURE
- 0 2 CONCENTRATION
- CI" CONCENTRATION
- pH, Eh

THE PROBABILITY OF SUITABLE CREVICES = I ,
BECAUSE OF VARIATION IN BUFFER DENSITY
AND.EXISTENCE OF SURFACE FLAWS)

Figure 15 Fault Tree for Container Perforation (Cont'd)
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LIKE DEFECT

EXT. CORROSION
CRACKS MEETS
INT. FRACTURE
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CRACK IN ) I I
SOUS AA J K^^i
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DEFECT
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I INTERSECTS f I
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DENSITY FUNCTIONS
IN SOME SMALL
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ASSUMPTIONS' CORROSION IS IN A BRANCHING NETWORK WITH FAIRLY UNIFORM DEPTH IN AA
CRACK-LIKE DEFECTS ARE APPROXIMATELY PLANAR
FRACTURES ARE APPROXIMATELY PLANAR
DEFECT AND FRACTURE ORIENTATIONS ARE UNPREDICTABLE, BUT MAY HAVE FAVOURED DIRECTIONS

Figure 16 Fault Tree for Container Perforation (Cont'd)
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Figure 17 Fault Tree for Container Perforation (Cont'd)
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Figure 18 Fault Tree for Container Perforation (Cont'd)
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GEN.
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APPLIES TO INTERNAL
VOLUMETRIC DEFECTS
THAT ARE ESSENTIALLY
RIGHT THROUGH. THE
PROBABILITY MAY BE SO
SMALL THAT THIS BLOCK
CAN BE DISREGARDED

CREVICE CORR.
OVERLIES
INT. VOL.
DEFECT

CREVICE
CORROSION
INITIATES

PROBABILITY DENSITY
FUNCTIONS IN SOME
SMALL UNIT OF WELD
AREA A A

Figure 19 Fault Tree for Container Perforation (Cont'd)
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CORROSION
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CORROSION
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NOTES= - FAULT TREES FROM TRANSFER POINTS I 7 TO 21 INCLUSIVE ARE
IDENTICAL IN FORM TO THOSE FROM TRANSFER POINTS I I TO 15
INCLUSIVE, THOUGH ROOT PROBABILITIES DIFFER.

- "EXTERNAL CRACK" INCLUDES CORROSION CRACKING
- "CORROSION" EXCLUDES CORROSION CRACKING

Figure 20 Fault Tree for Container Perforation (Cont'd)
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Figure 21 Fault Tree for Container Perforation (Cont'd)
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Figure 22 System Structure Diagram for Overall Probability of Container
Perforation
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Figure 23 System Structure Diagram for Perforation of Upper Cap Weld
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