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Executive Summary

Context. The Nuclear Waste Management Organization (NWMO) was formed with the mandate to pro-
vide recommendations for the long-term management of used nuclear fuel. Given the current state of
Canadian technology, the construction of a deep geological repository to contain and isolate waste fuel has
been retained as the best management option.

The success of this structure is critical, but it obviously cannot be tested as a whole before being in
use, and it cannot be maintained once built. A number of technical issues must also be considered by the
designers in order to minimize the associated risks (since all physical systems fail, given a long-enough
horizon): in particular, the environment and materials involved are volatile and behaviours are difficult to
predict.

Due diligence requires more than the belief that the repository structure will not fail: quantitative in-
formation about the failure aspects of the structure must be provided, in order to understand the necessary
and sufficient conditions for failure or non-failure within a certain time range. This requires examining
various scenarios (involving interactions between various processes) in order to obtain associated failure
time probability.

Objectives and Problems. In the absence of an ideal testing scenario, we take the position that un-
derstanding and quantifying the failure of the system as a whole can be carried out by

understanding and quantifying the failure circumstances of the system components
understanding the causal relationships between these components
creating models of the system as a whole based on these relationships
determining the failure circumstances and probabilities of the constructed structure level models
transferring these findings over to the structure itself.

In theory, this results in estimates of the failure circumstances and probabilities of the actual engineered
structure as a whole. In practice, even if failure parameters can be simulated using a combination of phys-
ical testing and modeling, the system’s complexity may play havoc with the ability to stitch back together
too high a number of system components to obtain sufficiently accurate insights into the behaviour of the
structure at large. Efforts to create high detail system models, such as the US model of Yucca Mountain,
have run into challenges for this reason (see Lu and Mohanty 2001, and the Third Interim Report Total
System Performance Assessment Peer Review Panel, 1998).

One of the stated objectives of this project was to gain a deeper understanding of the repository system,
its major components and processes. Another crucial goal is to introduce the study of interactions between
various processes. Causal network models can shed some light on the topology of components’ interactions
and on emergent system properties (that is, system properties which can not be derived on theoretical
grounds from the isolated study of each component).

For instance, it is possible to study the effects of corrosion or load transfer on the UFC separately (e.g.
Smart 2009, Nasira et al. 2013) – but what effect might the presence of a through-wall or thin-wall defect
have on the corrosion process on the UFC’s surface in the presence of various such as glaciation profiles?
In any system with a sizeable number of such components, there will necessarily be a large number of
causal chains to identify and study; in this report, we will attempt to build a methodology to study such
interactions using a single prototype chain.

Since the state in which UFC are found in the repository is also likely to play a determining role in
the interaction effects, we will also develop a stochastic model to help predict the likelihood of through-
wall and thin-wall defects (among others). However, due to the a dearth of concrete data concerning the
manufacturing process (probability of failure at various stages, distributions, etc.), we focus on a simplified
model for which inputs can eventually be collected by the NWMO.

Document Number: CQADS-15-001-01-FR-R01 6
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As a final objective, we will also attempt to locate where potential technical bottlenecks arise, such as:

what time step length should be used (1 year, 10 years, 100 years, 1000 years, logarithmic time
scale, etc.)?
how to rein-in model complexity in relation to system complexity (modeling states instead of actions,
using blackbox process rates instead of complicated physical models, etc.)?
what simplification assumptions must be made in order to strike a balance between manageability
(small number of parameters) and obtaining valuable insight from the prototype (applicability)?
are there any technical issues which could prohibit the extension and generalization of the proto-
type to the entire system (running time required to generate enough simulations when exploring
parameter spaces or when building marginal distributions, etc)?

Results and Analyses. Further details can be found in the report itself, in Sections 2, 3, and 4.

Data Collection and System Complexity. A number of NWMO documents were parsed to construct a
structured database of components, leading to the identification of relevant items:

chemical processes – galvanic corrosion, anaerobic corrosion, steel wall reduction, material
transfer through bentonite buffer box, placement room environment evolution, bentonite ma-
terial structure transformation, copper wall reduction

mechanical processes– glacial loading process, UFC deformation process

social/ecological + mechanical processes – manufacturing process, transportation process,
placement room creation process.

Any serious study of the failure conditions of the system should at least consider those processes.

Prototype UFC Manufacturing Model. The used fuel container (UFC) manufacturing chain explores the
relationship between various UFC states (such as poor tensile strength of the steel making up the
UFC’s components, or the adhesion properties of the copper coating which is electrodeposited onto
UFC segments, to name but two) and the likelihood of unidentified flaws at a one stage introducing
subsequent flaws in later stages, and whether these subsequent flaws remain masked, eventually
leading to through-wall or thin-wall copper coating defects.

Our modeling approach incorporates three mechanisms:

1. Generating values for the state variables (container dimensions, surface finish roughness, cop-
per coating minimal depth, etc.), whether with flawed or acceptable parent states. This step
requires some approximate knowledge of the essential variable distributions (target copper
coating depth, spread in weld material brittleness from UFC to UFC, etc.), as well as of the
effect that undetected flaws can have on those parameters.

2. Determining whether the variables generated by the previous mechanism fall within their ac-
ceptable range. This step requires a good understanding of what the various acceptable ranges
(smaller than some value, between two values, above some value) for each of the state and
variables, but are not affected by undetected defective parent states.

3. Determining whether an acceptable UFC is correctly allowed to ultimately move on to the next
stage or is incorrectly removed from the manufacturing process, or more significantly for the
problem at hand, if a defective UFC is incorrectly allowed to move on to the next stage or
correctly removed from the manufacturing process.

7 CQADS Project Number: 15-001-1
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In an idealized setting, each UFC would be a True Positive at each stage, until defects appear
at which point it would automatically become a True Negative. While we could accept that the
classification scheme could produce False Negatives (at least, from a modeling standpoint),
imperfections leading to False Positives are more worrisome.

This step requires estimates for the tolerance of the various measurement apparatus, as well
as approximate probability values for ultimately correctly or incorrectly rejecting or accepting
a UFC at each stage.

Both the distribution parameters and threshold values are expected to ultimately be derived from ex-
perimental data and theoretical models, while the probability values could conceivably be estimated
using various quality control experimental design strategies. For the prototype, however, most of the
values of the 70 or so model parameters were selected arbitrarily, yet somewhat reasonably.

A number of scenarios were simulated and analyzed, leading to two main conclusions (more de-
tails can be found in Sections 3.3 and 3.4).

It is mainly the ratios of a certain small subset of parameters (the spread in the distribution of
the variables, the length of the acceptable threshold region, and the tolerance of the appropriate
measurement), together with three probability values of incorrectly accepting flawed UFCs (in
the acceptable region, in the tolerance region, and in the rest) which seem to play a crucial role
in the appearance of False Positives at various stages. Other parameters may also be significant,
of course.

It is not difficult to find reasonable parameter sets giving rise to non-zero probabilities of
through-wall or thin-wall defects going undetected.

Granted, the conclusions cannot be made too strongly at this point since the current manufacturing
model is still very much a prototype, but they are both derived from a structural form which would be
preserved in any next phase model: the number of states, variables, and parameters may eventually
change, as may the values used in the underlying distributions, or the parent/child links – but the
basic principles would still be in place.

Prototype Modeling of Repository Interactions. The prototype model of repository interactions consid-
ered interactions between corrosion of the UFC steel wall and pressure exerted on the UFC by the
surrounding environment, as well as key factors and events involved in determining corrosion rates
and amount of exerted system pressure. Four model elements were used to represent relevant as-
pects of the barrier system: processes (e.g. galvanic corrosion), events (e.g. repository sealed) states
(e.g. glacier exerting pressure on system) and properties (e.g. thickness of UFC steel wall).

Both expected and unexpected (counterfactual) scenarios were explored. The effects of varying
levels of certainty associated with particular scenarios were also incorporated into the probability
estimates for each scenario.

It quickly became evident that in the event of a through wall defect (assumed as a starting condition)
corrosion would play a dominant role in system behaviour, interacting with, but largely eclipsing
pressure effects, and, in essentially all scenarios, resulting in exposure of UFC contents. However,
interactions between corrosion rate and probability (and certainty of occurrence) of key events were
also significant determiners of system behavior and the resulting probability of UFC contents expo-
sure over time. These results highlighted the need to thoroughly explore interactions under both
expected and counterfactual scenarios, as well as the need to include certainty estimates in scenario
exploration.

Document Number: CQADS-15-001-01-FR-R01 8
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Evaluation and Recommendations Due to the nature of the time horizons under consideration, it is
not entirely clear at this point how we would validate the prototype repository interaction model.

It may turn out that the best that can be hoped for in that regard is the appearance of emergent
properties of the causal network, which could lead the NWMO to recognize certain correlations that were
not originally on the radar, or certain interactions that radically alter the failure propagation mechanisms.

Another proxy may be to apply this causal modeling approach to a system of similar complexity, also
with interacting components, but for which evaluation and verification are more easily available.

At the same time, failure curves do not live in a vacuum. In any modeling endeavour, we necessarily
introduce a large number of simplifying assumptions. Different interaction scenarios give rise to different
failure curves; it may be the differences between those curves that end up providing insightful sparks.

On the other hand, evaluating the manufacturing process model should prove significantly easier, if only
because the process it models takes place over a shorter-term horizon.

The prototype has shown promise, and it has a structure which can be expanded in a fairly straight-
forward manner, but the question of what constitute reasonable parameter values still looms large at this
stage. Future experiments may provide more information.

The ultimate goal for an exercise of this nature is to provide NWMO stakeholders with a detailed idea
of the risks associated with the construction of the proposed repository structure; possible failure circum-
stances and probability estimates involving system component interactions (instead of a simple yes/no
statement such as “No, the structure will not fail”) would go a long way towards providing the necessary
information.

While this endgame is still out of reach at the current stage, we have established a causal network
methodology that could, in theory, be used in combination with appropriate access to subject matter expert
resources and sufficient computing power to explore various complex scenarios in an insightful manner.
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1 Introduction

Canada has a long history with nuclear power: the first self-sustained Canadian nuclear reaction
was achieved at Chalk River’s ZEEP reactor in 1945. Over the years, numerous research reactors
and power reactors have been built and decommissioned – as of 2014, electricity is currently being
produced by 19 CANDU reactors in Ontario and New Brunswick. Given that the existence of high
energy nuclear waste in Canada is a fait accompli – we have already chosen, as a society, to use
nuclear power and create nuclear waste – it is paramount that we find ways to safely dispose of
this waste.

In 2002, the Nuclear Fuel Waste Act (NFWA) was enacted to study possible strategies for the
management of Canada’s used nuclear fuel. As a result, the Nuclear Waste Management Orga-
nization (NWMO) was formed by the Canadian nuclear power companies, with the mandate to
provide recommendations to the Canadian Government for the long-term management of used
nuclear fuel. One such recommendation, which was accepted in 2007, was the establishment
of Adaptive Phased Management (APM) as both a social and technical approach to permanently
manage Canada’s used nuclear fuel. Canadian citizens determined that the optimal strategy, given
the current state of technology in Canada, is the construction of a deep geological repository to
contain and isolate the fuel.

This decision puts the NWMO in a unique and demanding position, as it is the first group in
Canada to design and build a unique but extremely performance-critical engineering structure: a
long term Canadian repository for high energy nuclear waste. By its very nature, this structure as
a whole cannot be tested in advance of use and essentially cannot be maintained once it is built.
Furthermore, the environment and materials involved are themselves volatile and their long term
behaviour is difficult to predict.

Under such challenging circumstances, engineers must do their best to use all of the expertise
at their disposal to create as perfect a design as possible for the required structure. Despite the
uniqueness of the structure, they need to produce a design that will meet the requirements that
have been set out, and then, once built, function exactly as predicted on the first try. Such a design
process is necessarily a lengthy one, involving many designers with high levels of expertise. Many
designs would be proposed and rejected before a final design is selected, based on all the evidence
and expertise the design team have at their disposal.

At the end of the process the engineering team will have high confidence in the final design
that is put forward. The success of the structure in question is critical, and, as responsible, profes-
sional engineers, they would not put forward a design for such a structure without being entirely
certain, to the best of their collective ability, that this structure will not fail.

Despite this confidence, due diligence requires more than the simple assurance (and belief) from
the design team that the structure will not fail. It is not enough, from a societal perspective, for
the team to simply provide a “vote of confidence:” it also requires the provision of more quanti-
tative information about the failure aspects of the structure. Those responsible for the structure
need to be able to determine (and to help the stakeholders understand) what are the structure’s
necessary and sufficient conditions for failure (and by extension, the conditions for non-failure).
To produce these answers they need to be able to quantitatively examine what circumstances the
structure might encounter, and under these circumstances, what the probability of failure is.
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From an ideal testing point of view, the entire proposed structure would be built many times
over to run trials relating to each of the foreseen circumstances. Data would then be gathered
and analyzed to determine the failure tolerance of the structure. Failure probabilities would be
calculated based on this data, along with an understanding of possible failure circumstances – the
structure might even be redesigned to take into account the results of the testing.

However, as we have already noted, this idealistic testing scenario is simply not an option in
this case. The structure as a whole cannot be directly tested even once, let alone multiple times.
And on top of this, even were many replications of the structure itself available for testing, not all
failure circumstances (in particular those involving major geological forces and long time spans)
would be possible to re-create in a test environment.

An alternative strategy is centered around a combination of physical testing and modeling of
the behaviour of the structure and environment. More specifically, a larger structure is built up
of many component parts, which themselves may be built up of many components. The failure
parameters of these component parts may be tested, even if the structure as a whole cannot.

Similarly, while the structure itself, and perhaps even in some cases the components them-
selves, cannot be tested repeatedly, there remains the option of creating models of the structure
and components in question, and then using the behaviour of these models to predict the be-
haviour of the components and, in turn, of the structure at large.

In the absence of the ideal testing scenario, understanding and quantifying the failure of the sys-
tem as a whole can be carried out by understanding and quantifying the failure circumstances of
the components of the system, understanding the causal relationships between these components,
creating models of the system as a whole based on these relationships, determining the failure
circumstances and probabilities of the constructed structure level models and then transferring
these findings over to the structure itself. This results in an estimate of the failure circumstances
and probabilities of the actual engineered structure as a whole.

The end result of this exercise will thus be, rather than a simple yes/no statement (such as “No,
the structure will not fail”, for instance), a list of the possible failure circumstances and an esti-
mate of the failure probabilities for both the structure components and the structure itself, along
with a confidence measure indicating a level of confidence in the failure probabilities calculated
for each failure circumstance.

Such a table of failure circumstances, probabilities, and confidence measures will allow those
building the structure to open a legitimate dialogue with those responsible for, and those being
affected by, the resulting structure. In essence, this deliverable will allow the designers of the
structure to provide their stakeholders with a clearer and more detailed picture of the risks they
are likely to encounter when undertaking the construction of such a structure.

1.1 General Objectives

The general objective of this Failure Analysis project as a whole is to estimate the failure proba-
bility of the Mark II canister and engineered barrier system immediately surrounding the canister.
In order to achieve that larger objective, we anticipate that we will be using a combination of
statistical analysis, mathematical modeling, and simulations, much as in this prototype.
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More specifically, we will take the approach that our model is meant to answer a specific question,
as well as to provide outputs that can be fed into other models, as may be required by already-
developed NWMO models.

In this prototype phase, however, the objective is to develop a methodology and implemen-
tation framework to confirm that interactions (both planned and emergent) can in principle be
captured by the modeling process, both at the repository and the manufacturing level.

For both the manufacturing process and the interactions models, a specific selection of a small
number of sub-components of the entire system will be considered in this phase, in order to
maintain focus on the development and testability of the methodology itself.

1.2 Report Outline

The rest of this report consists of 4 sections.

In Section 2 (pp. 13–18), we discuss some of the strategies that could be used to extract
information and knowledge about the engineered barrier system, which could then be in-
corporated in any interaction model of its components. A structured database of system
component facts was produced (cf. Figures 1, 2, 3, and accompanying files for details).

A discussion of system complexity and the effect it had on our choice of modeling approach
is also provided.

In Section 3 (pp. 18–62), we present a prototype UFC manufacturing process model: po-
tential states, actions and variables are introduced, as well as the underlying modeling as-
sumptions and families of parameters. The model is illustrated via a specific parameter set;
a series of 8 scenarios showcase the effect of various parameter combinations.

It should be noted that due to the uncertainty relating the manufacturing process pa-
rameters, the numbers presented in this section mostly play the roles of placeholders:
reasonable estimates for a large number of these parameters will be required before
the model can output meaningful failure estimates.

In Section 4 (pp. 63–91), we present a prototype causal chain modeling the interactions of
pressure transfer and corrosion processes in the case of a UFC with at least 1 through-wall
defect. Various deterministic and stochastic scenarios are discussed in order to illustrate
interactions between corrosion rates, system pressure and the probabilities associated with
system event and states. Estimates of the probability of exposure of the UFC contents within
a given timespan are presented for each of the scenarios.

Finally, a list of recommendations is provided in Section 5 (pp. 91–92). These recommen-
dations are based on our (outsiders’) experience learning about the proposed engineered
barrier system and designing the quantitative models of Sections 3 and 4. In particular,
they are not based on physical or engineering calculations, but on stochastic models
of interactions between various system components.
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2 Methodology Considerations

The NWMO has a number of highly detailed models of specific components or aspects of the
barrier system (e.g. models of the stability of the rock surrounding the placement rooms, models
of the rates of corrosion). However, interactions between components and processes can have
significant causal effects on the behaviour of the system over all. If existing models are largely
single component focused, these interaction effects may not be fully take into account.

Although, in principle, the creation of a highly detailed full system model, possibly via the
amalgamation and expansion of existing component models, might allow for the most compre-
hensive exploration of unanticipated interactions between system components, the level of detail
in a such model must be properly managed to avoid the model become both unwieldy and inac-
curate. Rather than resulting in a highly detailed, highly accurate model, acceptable inaccuracies
in individual model components may be magnified in an amalgamated system model, resulting
in a model that has behaviours which do not realistically reflect the behaviour of the modeled
system as a whole. As well, pragmatically speaking, the creation, validation and management of
such a highly detailed, large scope model can quickly become infeasible. In these ways model
inaccuracy, invalidity and poor-functionality become introduced into the model.

Failure Mode and Effects and Criticality Analysis (FMECA) seeks to take into account interac-
tions between system components by eliciting possible sources and pathways towards failures of
the system from subject matter experts (SMEs) via a structured interview process. Experts are
also asked to estimate the possibility or likelihood of each of these pathways or failure modes.
These estimates may then be used to generate a semi-quantitative failure model for the system.

Although this approach avoids both the issues that can arise from narrowly-scoped models, as
well as those that may occur when attempting to create highly detailed full-system models, it also
lacks one of the recognized advantages of such models- their ability to produce previously unan-
ticipated results, emergent from the structure of the model. Given this, it would seem a hybrid
approach combining the advantages of both of these strategies would be a useful step forward. A
number of hybrid approaches have already been proposed (e.g. Baldwin et al. 1995, Eusgeld et
al. 2011).

In order to develop a system-wide model of the engineered barrier system that can take into ac-
count relevant but possibly unanticipated interactions into account, we have also taken a hybrid
approach. The resulting modeling framework incorporates process behaviours of system com-
ponents (which may be modeled by outputs from existing detailed system component models)
within a higher level causal framework that incorporates system event probability. The frame-
work itself is created based on a combination of input from system experts and an analysis of
documented system information.

2.1 Data Collection and System Analysis

One goal of the prototype project was to explore strategies for methodically and, when possi-
ble, automatically, extracting information about system components and component interactions,
from documentation, and then systematically incorporating this extracted knowledge into the
model of the system in such a way that previously implicit interactions would be captured and
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Table 1: Barrier system documentation provided by NWMO and used as a basis for the prototype phase
models

incorporated into the model behaviour. This structured knowledge would then be further supple-
mented and verified by system expert knowledge.

Knowledge extraction began by a preliminary pass through the system overview documents
provided by NWMO (see Table 1). A high level system component schematic was created based on
this review (see Figure 1), with a preliminary review by system experts to confirm that no signifi-
cant system components had been neglected. The goal behind generating this system component
model was to develop an understanding of parts of the system which might possibly interact with
each other during system operation.

This system component model was then used to methodically extract and structure informa-
tion contained in the provided documents. Specifically, facts about the system were tagged with
system component labels if they provided information about these system components (see Fig-
ure 2). Facts tagged with multiple component labels could then provide support for hypotheses
that these system components would potentially interact during operation of the system (see Fig-
ure 3). Information was extracted from the documents both manually and automatically, and the
results of these two extractions compared. The goal of the automatic extraction was both to vali-
date the manual extraction process and also to provide a test of feasibility of data extraction on a
larger scale. The results of the data extraction were then used to generate a conceptual model of
the engineered barrier system. Construction of model schematics and implemented models was
supported by the structured system data.

Two stand alone models were constructed – the barrier system component interaction (causal
chain) model (selected components) and a detailed model of the manufacturing process (see
Sections 4 and 3, respectively). The manufacturing process model can also be viewed as a process
that provides inputs into the system level model relating to the properties of the UFC.

Simulations provided a relatively straightforward approach to programmatically represent the
system, including complex interactions between system components. This came at the expense,
however, of requiring exploration of a relatively large parameter space in order to determine
system behaviour. The resulting simulation was a discrete time simulation, with the behaviour of
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Figure 1: High level schematic of system components and their relationships (see accompanying file for
larger figure)

each model element determined at each time step based on the states of elements in the preceding
time step. Basic output of the models consisted of the system states and properties at each time-
step of the model.

2.2 System Complexity

During the model development phase of this project, research was undertaken to determine which
approach would be most suitable for the modeling of the engineered barrier system, generated
from the conceptual model of the system that had been developed during the conceptual mod-
eling phase. Broadly speaking, the research involved determining which combination of the two
major branches of modeling – simulation models (which for greater clarity we will also refer to
as programmatic models) and mathematical models – should be used. It is worth noting here
that this distinction can be confusing and imprecise, as both types of models frequently employ
computer code and mathematical equations. As well, it is possible for a given model to combine
both methods. Nonetheless, there are some key differences in these methods.
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Figure 2: Screenshot of structured database of system component facts (see accompanying files for com-
plete database).

In the case of mathematical modeling, sets of equations are developed to describe the system, and
then these sets are solved to find, effectively, all (or any) possible solutions, which then define
all possible behaviours of the system. In the case of programmatic models, the behaviour of the
system cannot be deduced by ‘solving’ the system. Rather system behaviour must be simulated,
piecemeal, by setting up specific initial conditions in the system, simulating the behaviour of the
system at each moment in time over a defined period of time and then reading off the results of
the simulation at the end point to determine the state of the system at that end point, given those
starting conditions and that passage of time.

Both approaches have strengths and weaknesses. Representing a system mathematically al-
lows for highly generalizable conclusions to be drawn about the system. However as the math-
ematical representation of the system becomes more complicated, as perhaps is necessitated by
the underlying complexity of the system itself, solving the mathematical system may become im-
practical or no more efficient than the simulation approach.

Simulations provide a relatively straightforward approach to programmatically representing the
system, including complex interactions between system components, but analysis of the behaviour
of the simulation is often challenging and only inductive conclusions about the system as a whole
can be drawn based on the behaviour of system under specified circumstances. As well, running
the system over a lengthy period of time in order to generate outcomes may be prohibitive from
a computational cost point of view.

The overall conclusion from research carried out during the prototype project was that the sim-
ulation approach was most suitable for modeling the engineered barrier system, due to the fact
that a major emphasis of this model was incorporating interaction effects between system compo-
nents. The resulting simulation was a discrete time simulation, with the behaviour of each model
element determined at each time step based on the states of elements in the preceding time step.
Outputs of the model consisted of the model element states at each time step.
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Figure 3: Bubble graph showing objects that were connected based on structured information extraction
(see accompanying file for larger figure)

To deal appropriately with the complexity of the system while maintaining a manageable model,
the model framework allowed for the ability to vary the level of detail of implementation, allowing
for a very high abstraction representation of system, moving all the way to possible incorporation
of very highly detailed models, all within the same implemented structure. Detail could be added
or subtracted if it were determined that representing interactions required either a greater level
of detail, or if components of the model could realistically be further simplified. Some structural
elements were also incorporated in order to allow for the exploration of counterfactual scenarios-
(i.e. in the absence of knowledge about what could cause a particular event to happen, it is still
possible to consider the effects if it were to happen at a chosen point in time, and determine the
potential consequences to the system).
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Table 2: Manufacturing process model – States

3 Prototype Modeling of the UFC Manufacturing Process

Throughout, we assume that N containers are taken through the manufacturing process, inde-
pendently of one another.

The UFC Manufacturing Process model requires inputs in four categories:

Model structure: states, actions, essential variables, parent/child links
V parameters: parameter values and ranges to determine the essential variable output
values for each state
A parameters: threshold values which determine the state value for each state
R parameters: parameter values and ranges which determine whether unacceptable state
values are accepted or rejected by the various tests.

There are 2 main applications for the prototype’s use: exploring the parameter space, and running
multiple simulations with a single set of parameters to determine intrinsic variability (which could
be used to indicate the absence of crucial variables). In this report, we will mostly focus on the
second application.

3.1 Manufacturing States, Actions, and Variables

The prototype model consists of 10 states (see Table 2), characterized by 50 variables (see Ta-
ble 4), and linked according to the schematics shown in Figure 4. The UFC is assembled state-by-
state (and step-by-step), following a series of manufacturing actions (both external and internal);
after certain specific actions, some non-destructive examinations of the UFC components are con-
ducted and non-compliant components are re-sent up the chain for repairs or, presumably, to be
removed from the process if they have suffered irreparable damage at a prior stage (see Table 3
for a list and Figure 5 for a visual representation).

Actual state values (denoted by Ai throughout) are given as of the last time a given state is
tested during the manufacturing process. Consequently, the value of Ai may be recorded after
any number of times the UFC has been re-sent for repairs; this number includes the possibility
that the UFC is never sent for repair at a given stage.
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Figure 4: Manufacturing process model – Parent/child schematic links
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Table 3: Manufacturing process model – Actions and tests

A value of 1 corresponds to a “bad” state outcome (that is, at least one of the state’s essential
variables falls outside its acceptable range), a value of 0 corresponds to a “good” state outcome
(all of the state’s essential variable falls within their acceptable ranges). Recorded state values
(Ri) follow the same valuation scheme.

Each container state, then, belongs to one of 4 categories:

A= 0 and R= 0 represent UFCs which were correctly retained
A= 0 and R= 1 represent UFCs which were incorrectly removed from the process
A= 1 and R= 0 represent UFCs which were incorrectly retained
A= 1 and R= 1 represent UFCs which were correctly removed from the process

The number of UFCs which are removed from the process (whether correctly or incorrectly) may
be important to the NWMO (after all, manufacturing a UFC is both financially and temporally
costly), but from the point of view of the failure analysis, that figure is not relevant; the emphasis
is devoted to estimating conditional probabilities

P(A= 1|R= 0) =
P(A= 1, R= 0)

P(R= 0)
,

where A and R correspond to any pair of actual and recorded states in the manufacturing process.
Of special interest will be the state 10 probabilities of sending a UFC to the repository with a
through-wall or a thinwall defect.
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(a) Off-site operations

(b) Radiological operations

Figure 5: Manufacturing process model – Visual representation (from Overview of the NWMO and the Mark
II Used Fuel Container, C. Boyle)
.
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Table 4: Manufacturing process model – Variables

A number of simplifying assumptions have been made regarding the distributions from which
the various values are drawn; these may need to be changed once better information becomes
available to the modelers or to the NWMO.
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3.2 Modeling Assumptions and Parameters

Our approach is to model the statess stochastically rather than modeling them physically after
each of the actions. We also assume that states are only affected by a subset of the actions and
tests, and so the various state parameters have to reflect those. The dependencies are listed below:

UFC STATE 1 – poor mechanical properties of UFC steel (tensile and fracture toughness)

Action: None
Test: UFC steel tensile and fracture toughness

UFC STATE 2 – dimensions of UFC components outside of acceptable ranges

Action: Machining of shell/head components for assembly
Test: NDE and repair of Lower Assembly Weld Zone

UFC STATE 3 – poor surface finish of UFC steel

Action: Machining of shell/head components for assembly
Test: NDE and repair of Lower Assembly Weld Zone

UFC STATE 4 – defective weld of UFC Lower Assembly

Actions: Welding of Lower Assembly; Machining of Lower Assembly Weld Cap
Test: NDE and repair of Lower Assembly Weld Zone

UFC STATE 5 – poor ductility and adhesion of UFC copper coating (LH,SH,UH,LW)

Action: Copper coating of Lower Assembly and Upper Head via Electrodeposition
Test: NDE and repair of Copper Coated Surfaces

UFC STATE 6 – depth of copper coating outside of acceptable range (LH,SH,UH,LW)

Action: Machining of Copper Coated Surfaces
Test: NDE and repair of Copper Coated Surfaces

UFC STATE 7 – defective weld of UFC closure zone (CW)

Actions: Closure Welding after Fuel Loaded; Machining of Closure Weld Cap
Test: NDE and repair of Closure Weld Zone

UFC STATE 8 – poor adhesion of UFC copper coating (CW)

Actions: Copper Coating of Closure Weld Zone via Cold Spray; Annealing (heat treat-
ing) of Copper Coating at Weld Zone
Test: NDE and repair of Copper Coating at Closure Weld Zone

UFC STATE 9 – depth of copper coating outside of acceptable range (CW)

Action: Machining of Copper Coating at Weld Zone
Test: NDE and repair of Copper Coating at Closure Weld Zone
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UFC STATE 10 – thin-wall and through-wall defect (minimum coating thickness)

Action: None
Test: None

3.2.1 Modeling Procedure

The modeling procedure for each state follows the same steps:

1. the state variables Vi are generated according to the appropriate parameters, the parent
states A j and essential variables Vj;

2. the actual state Ai (and its sub-states, corresponding to each of the variables) are updated
according to the appropriate parameters, and

3. the recorded state Ri (and its sub-states) are generated according to the appropriate param-
eters.

The specifics of the parent/child relationships are listed in the last 2 columns of Table 5.

3.2.2 Effect of Undetected Flaws in Parent States

In the prototype, an undetected flaw at a parent stage can only affect the process used to gen-
erate state variable values – it does not affect the process by which the state is recorded.

For UFCs which were deemed acceptable at a given state (Ri = 0), we distinguish between 2
cases:

UFCs which were correctly recorded as acceptable (Ai = 0 and Ri = 0), and
UFCs which were incorrectly recorded as acceptable (Ai = 1 and Ri = 0).

Recall that the UFCs for which the recorded state were not deemed acceptable (Ri = 1) have been
removed from the manufacturing process; what follows does not apply to them.

Assume that, when the parent states are such that A = 0 and R = 0, the variable V follows a
distribution D(µ,σ) (not necessarily normal) with mean µ and standard deviation σ (see left-
most target illustration in Figure 6).

How should the distribution of values be affected, however, if the parent states incorrectly identi-
fied the UFC as acceptable? For k,` > 0, we answer the question with the help of the distribution
D(kµ,`σ). If the flaw at the parent state is:

unlikely to change the accuracy while changing the precision, we use k = 1, ` 6= 1 (see third
target diagram);
likely to change the accuracy while preserving the precision, we use k 6= 1, `= 1 (see second
target diagram);
likely to change both the accuracy and the precision, use k,` 6= 1(see fourth target diagram).

Document Number: CQADS-15-001-01-FR-R01 24



UFC MANUFACTURING PROCESS J Schellinck, P Boily, S Hagiwara, K.MacDougall

Table 5: Manufacturing process model – Specifics of parent/child relationship.
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Figure 6: Illustration of the effect of flaw in parent state on a generic variable in a children state for the
prototype. From left to right: no effect; mean only; variance only; both mean and variance.

Of course, the parent flaw could affect the variable V in different ways, such as changing the
distribution type altogether, instead of simply modifying the distribution parameters), or being
dependent on the “strength” with which a parent state fails. While other options can be imple-
mented, we only consider situations given by the first, second or third diagram in this prototype
model.

While this has the added benefit of not increasing the number of required input parameters,
the main reason we are not considering cases described by the fourth diagram is that we have as
yet very little information as to how exactly k,`would be derived in each case. This state of affairs
is surely temporary, however, and we have left some place holder parameters in the prototype to
be able to make modifications simply in future iterations of the model.

The states for which only the mean is affected by defective parent states are labeled ‘mean’ in
the second column of Table 5, while those for which it is the standard deviation that is affected
are labeled ‘sd’.

3.3 Illustration of the Method

We illustrate the model with the help of a step-by-step interpretation of the input parameters. In
the tables of this section, yellow rows correspond to parameters that are used to generate variable
values, orange rows to parameters that are used to determine actual states, and green rows to
parameters that are used to determine whether a UFC is removed from the chain, or accepted and
passed along to the next stage.

As discussed above, the process is fairly similar from one step to the next; there are, however,
various technical details which vary with each state. We shall only present these details when
they are unique.

Furthermore, the level of certainty is not the same for each parameter and variable combina-
tion. For instance, the specs for the UFC dimensions are known, but the standard deviation of
the lengths of the various component are unknown; the mean of the steel tensile strength is not
currently known but could be easily estimated; same goes for the tolerance of the various tests,
and so forth. The parameter values listed in this section are thus not to be taken as realistic
values in general; their sole purpose is to illustrate how the model works.
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State 1

The parameter values (with descriptions) for state 1 are shown in Table 6.

V Parameters

Inputs: µ1, σ1

Output: V1 ∼ N(µ1,σ2
1)

A Parameters

Input: ρ1

Output: A1 =

¨

0 if V1 > ρ1

1 else

R Parameters

Inputs: tol1, prot1, p1,1, p1,2

Temporary:

– acceptable region AcReg1: (ρ1,∞)
– tolerance region TolReg1: (ρ1 − tol1,ρ1)

– probabilities: P(R1 = 1|V1) =







1− prot1 if V1 ∈ AcReg1

(1− p1,2)× prot1 if V1 ∈ TolReg1

(1− p1,1)× prot1 else

Output: R1

Notes

ρ1 is known with certainty. The other parmater values are assumed to be reasonable, but
experiments will have to be conducted to determine valid estimates.

State 2

The parameter values (with descriptions) for state 2 are shown in Table 7.

V Parameters

Inputs: outer radius, head thickness, shell length, shell thickness, σ2, f2

Transition:

– µ1 = shell length

– µ3 = shell thickness

– µ5 = head outer radius

– µ7 = head thickness
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– µ9 = outer radius

– µ11 = head thickness

– µ13 = outer radius

Outputs: V2,2 j−1:2 j ∼ (1− A1)N(µ2 j−1,σ2
2) + A1N(µ2 j−1/ f2,σ2

2)

A Parameters

Input: threshold2

Outputs:

– A2,2 j−1 =

¨

0 if V2,2 j−1 < µ2,2 j−1 − threshold2

1 else

– A2,2 j =

¨

0 if V2,2 j > µ2,2 j−1 + threshold2

1 else

– A2 = 0 unless at least one of A2,i = 1

R Parameters

Inputs: tol2, prot2, p2,1 = p2,small, p2,2 = p2,big
Transition:

– acceptable region AcReg2: (µ2 j−1 − threshold2,µ2 j−1 + threshold2)

– tolerance region TolReg2: (µ2 j−1 − threshold2 − tol2,µ2 j−1 − threshold2)∪
(µ2 j−1 + threshold2,µ2 j−1 + threshold2 + tol2)

– probabilities: P(R2,i = 1|V2,i) =







1− prot2 if V2,i ∈ AcReg2

(1− p2,2)× prot2 if V2,i ∈ TolReg2

(1− p2,1)× prot2 else

Output: R2 = 0 unless of one of R2,i = 1

Notes

The mean of the variables is divided by f2 in cases where the parent state was defective:
f2 values smaller than 1 increase the mean, values greater than 1 decrease it. If defective
parent states have no effect on the mean, set f2 = 1.

State 3

The parameter values (with descriptions) for state 3 are shown in Table 8. The parameters are
as in States 1 and 2, with the distinction that the acceptable and tolerance regions for surface
roughness point in the other direction (by comparison with State 1):

acceptable region AcReg3: (0,µ3 + threshold3)

tolerance region TolReg3: (µ3 + threshold3,µ3 + threshold3 + tol3)
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State 4

The parameter values (with descriptions) for state 4 are shown in Table 9. The parameters are as
in States 1, 2, and 3, with the distinction that a defective parent state affects only the standard
deviation in a child, and that the various sub-states have different test tolerances and region types:

V4,1:2 ∼ (1−A1)(1−A2)(1−A3)N(µ4,1:2,σ2
4,1:2)+A1(1−A2)(1−A3)N(µ4,1:2, ( f4,1,1:2σ4,1:2)2)+

· · ·+ A1A2A3N(µ4,1:2, ( f4,1,1:2 f4,2,1:2 f4,3,1:2σ4,1:2)2)

V4,3 ∼ (1− A1)(1− A2)(1− A3)N(µ4,3,σ2
4,3) + A1(1− A2)(1− A3)N(µ4,3, ( f4,1,3σ4,3)2) + · · ·+

A1A2A3N(µ4,3, ( f4,1,3 f4,2,3 f4,3,3σ4,3)2)

AcReg4,1:2 and TolReg4,1:2 are as in State 2, AcReg4,3 and TolReg4,3 as in State 1.

Notes

The standard deviation of the variables is multiplied by products of f in cases where the
parent state were defective: f4 values smaller than 1 decrease the standard deviation, values
greater than 1 increase it. If a defective parent state have no effect on the mean, set its factor
to 1.
The factors affect the standard deviations by combinatorial multiplication: the more parent
states are defective, the more terms enter the final factor.
The values used for µ4,1:2 are close to the expected depth of the welding substrate; but the
values for brittleness V4,3 have been arbitrarily selected – reasonable values will need to be
provided in future iterations of the model.

State 5

The parameter values (with descriptions) for state 5 are shown in Table 10. The parameters are
as in States 1 – 4, with no major difference.

Notes

A5,1 is independent of previous states, whereas States A5,2 to A5,4 depend on the previous
states.

State 6

The parameter values (with descriptions) for state 6 are shown in Table 12. The parameters are
as in previous states, with a number of major differences:

copper coating thicknesses are drawn from a folded normal with mean 3 and standard
deviations depending on the UFC component of interest (weld vs. non-weld)

the parameter strength6 is used to increase the likelihood of pinhole through-wall defects
in the copper coating (large values increase the likelihood)
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the parameter p6,0 is the probability of detecting a pinhole through-wall defect (as opposed
to detecting a thin-wall defect).

the parameter threshold6 can be used to determine what constitutes a thin-wall defect

the tolerance region recognizes 0 as a copper coating thickness of special importance:

P(R6,i = 1|V6,i) =



















1− prot6 if V6,i ∈ AcReg6

(1− p6,2)× prot6 if V6,i ∈ TolReg6

(1− p6,0)× prot6 if V6,i = 0

(1− p6,1)× prot6 else

State 7

The parameter values (with descriptions) for state 7 are shown in Tables 9 and 11. The parameters
are exactly those of State 4, but extra parameters have been provided in case it turns out that the
copper coating on the shell and on the upper head have an effect on the closure weld.

State 8

The parameter values (with descriptions) for state 8 are shown in Table 10. The parameters are
exactly those of State 5.

State 9

The parameter values (with descriptions) for state 9 are shown in Table 12. The parameters are
exactly those of State 6.

State 10

A Parameters

Odd csub-states represent the presence of a through-wall defect on each of the 5 UFC com-
ponents; even sub-states represent the presence of thin-walls on each of the 5 UFC compo-
nents.
The thin-wall level is controlled by the value of threshold6.

R Parameters

All containers getting to this point are assumed to be without defect, thus R10, j = 0, inde-
pendently of the actual state of the container.
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Table 6: Parameters for State 1 (yellow – V ; orange – A; green – R; white – unused)

Table 7: Parameters for State 2 (yellow – V ; orange – A; green – R; white – unused)

Table 8: Parameters for State 3 (yellow – V ; orange – A; green – R; white – unused)
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Table 9: Parameters for State 4 (yellow – V ; orange – A; green – R; white – unused)

Table 10: Parameters for State 5 (yellow – V ; orange – A; green – R; white – unused)

Table 11: Parameters for State 7 (yellow – V ; orange – A; green – R; white – unused)
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Table 12: Parameters for State 6 (yellow – V ; orange – A; green – R; white – unused)

Simulation Results

20 replicates of 500,000 containers have been simulated. The results are shown in Figures 7 and 8.
Interesting features include:

At each of the states 1 to 9, there is a non-zero probability that a defective UFC will have
been passed along to the next state.

The probabilities differ from simulation run to simulation run, but they tend to cluster
around specific values, which supports the likelihood that the model is stable for a given
parameter set.

States S2 and S5, are substantially more likely to be erroneously accepted by the process,
for the given parameter set.

In none of the simulation were through-wall defects present, although a number of thin-wall
defects went undetected.

At each stage, the probability of a damaged UFC container being sent to the next stage is
never more than 7.5× 10−4, which seems encouraging.

In hindsight, these results are not entirely surprising, since the probability of capturing a defective
UFC are highly correlated with the magnitudes of the various tests’ tolerance and the accompa-
nying probabilities in the tolerance regions, as well as with the number of sub-states where some-
thing could go wrong (from a detection standpoint).

The graphs in Figure 8 also highlight an important property of the model: the cumulative num-
ber of rejected UFCs (R = 1) naturally increases at every stage. Since we only care about those
containers that eventually will find their way to the repository (R = 0), we are looking for high
ratios between the first column and second column of each histogram. However, if the combined
heights of the last two columns becomes too important, this could be a sign that the probabilities
that are used to reject UFCs (defective or not) may be too stringent.
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Figure 7: Simulation results of the illustration example, for 20 replicates: the conditional probabilities
P(A j = 1|R j = 0) and their descriptive statistics are given for each state.

Of course, this is the result of a single run of 20 simulations, with a single (and arbitrarily
selected) parameter set. Are these results robust? How likely are they to survive a switch to a
different parameter set? We attempt to answer some of these questions in the following section.
In the meantime, let us urge caution: without a set of reasonable parameter values, a significant
amount of parameter space exploration is required before general conclusions can be reached.
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Figure 8: Simulation results of the illustration example, for the first of the 20 replicates: from left to
right (within a graph), relative frequencies P(A j = 0, R j = 0), P(A j = 1, R j = 0), P(A j = 0, R j = 1),
P(A j = 1, R j = 1) for all states.
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Table 13: Parameter set for Scenario 1

3.4 Simulation Results for Eight Scenarios

We now present the results of 8 different simulation scenarios. As before, the emphasis should be
taken away from the final probabilities as absolute numbers: rather, we aim to show how varying
the parameters affects the final probabilities.

Scenario 1 (Baseline)

The parameter set for Scenario 1 is shown in Table 13; simulation results can be found in Figure 9.

Parameter Set Description:

σ-to-threshold ratio is set to 2:5 for all states.
For states 2, 6, and 9, the tolerance-to-threshold ratios vary from 2.9 to 3.3; for the
rest of the states, these ratios vary between 5 and 25.
pi,1, pi,2, and prot are set to 0.001, 0.002, and 0.995 for all states.
The factors influencing mean or standard deviation when the parent states are defec-
tive are all set to 1.05.
The tolerance varies from state to state.

This parameter set should give, on average, a value of P(A1 = 1|R1 = 0) = 4.25× 10−5.

Expected Results:

Since the ratio of σ-to-threshold is held constant at 2:5 throughout the process, with
the average P(A1 = 1|R1 = 0) of 4.25×10−5, we expect that probability of undetected
through-wall defect to be small for this scenario.
Since the ratio ofσ-to-threshold is held constant, we also expect the conditional proba-
bility P(Ai = 1|Ri = 0) at each state to be heavily dependant of the number of variables
introduced at each state.
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Table 14: Parameter set for Scenario 2

Results:

Given the parameter sets specified above, the shape of P(Ai = 1|Ri = 0) in Figure 9
seems adequate at all states. States 1, 3, 4, 5, 7, and 8 have relatively small proba-
bilities of being mistakenly accepted, and this can be explained by the fact that each
of these states has between one to five components, and tolerance-to-threshold ratios
are very high.
On the other hand, States 2, 6, and 9 have large spikes. State 2 has the largest spike,
which is explained by it consisting of 14 sub-states. State 6 has a lesser, but still notice-
able, spike compared to the rest, which may be due to the low tolerance-to-threshold
ratio. It should also be noted that as State 9 uses the same parameters as State 6 with
fewer sub-states, it should also show a spike, but with a lesser intensity.
A direct consequence of having large spikes in states 6 and 9 is that we observe large
values for P(Athin = 1|Rthin = 0) value for the thin-wall. Finally, we also observe small
but not negligible values of P(Athrough = 1|Rthrough = 0) for through-wall defects.

Scenario 2

The parameter set for Scenario 2 is shown in Table 14; simulation results can be found in Figure 10
and a comparison with Scenario 1 can be seen in Figure 17.

Parameter Set Description:

The new parameter set is based on the baseline setting.
Tolerance-to-threshold ratio for States 2 and 6 are increased to similar levels given in
other states. (i.e., At States 2 and 6, the measurement error become smaller compared
to baseline scenario)
pi,1, pi,2, and prot are set to 0.001, 0.002, and 0.995 for all states.
The factors influencing mean or standard deviation in the case of defective batch, are
all set to 1.05.
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Table 15: Parameter set for Scenario 3 (not shown, smaller values for strength2 and strength6.

Expected Results:

Since we are only changing the tolerance levels at States 2 and 6, States 1, 3, 4, 5, 7,
and 8 should remain at the similar level compared to Scenario 1.
Since the tolerance levels are increased in States 2 and 6, P(A= 1|R= 0) for States 2,
6, 9, thin-wall and through-wall should be reduced.

Results:

Compared to the Scenario 1, the change in tolerance-to-threshold ratio shows a minor
reduction in P(A= 1|R= 0) at States 2 and 6. However, as States 2, 6, and 9 still show
much higher spikes compared to States 1, 3, 4, 5, 7, and 8, we believe that there are
parameters that are unique to States 2 and 6 that are causing such high spikes.

Scenario 3

The parameter set for Scenario 3 is shown in Table 15; simulation results can be found in Figure 11
and a comparison with Scenario 2 can be seen in Figure 18.

Parameter Set Description:

In this scenario, we will investigate the effect of parameters strength2 and strength6,
which represent the magnitude of the effect of the folded normal distribution in States 2
and 6.
In Scenarios 1 and 2, strength2 and strength6 were set to 1, and 1.5, respectively. Both
of these values are reduced to 0.2. These will become the default values for the next
6 scenarios.

Expected Results:

Since strength2 and strength6 affect the magnitude of shift in means, we expect that
the reduction in these terms will affect P(A1 = 1|R1 = 0) at States 2 and 6.

Document Number: CQADS-15-001-01-FR-R01 38



UFC MANUFACTURING PROCESS J Schellinck, P Boily, S Hagiwara, K.MacDougall

Table 16: Parameter set for Scenario 4

Results:

As shown in Figure 18, there are clear reductions in P(A1 = 1|R1 = 0) at States 2 and 6.
Also, with given parameter sets, the probability of through-wall is zero for all runs.
At the same time, the probability of thin-wall is greatly decreased.

Scenario 4

The parameter set for Scenario 4 is shown in Table 16; simulation results can be found in Figure 12
and a comparison with Scenario 3 can be seen in Figure 19.

Parameter Set Description:

The following scenario is a modification to the parameter sets provided in Scenario 3.
σ-to-threshold ratios are reduced in States 1, 2, and 3. The ratios are now between
1.67 to 2.
We are interested in determining whether failure at earlier stages affect the probability
of through-wall.

Expected Results:

We expect that P(A= 1|R= 0) will be inflated at States 1, 2, and 3.

Results:

Figure 19, clearly indicate inflation of P(A= 1|R= 0) at Stages 1, 2, and 3.
However, there is no visible impact on latter stages.
Furthermore, with given parameter sets, the probability of through-wall is zero for all
runs.
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Table 17: Parameter set for Scenario 5

Scenario 5

The parameter set for Scenario 5 is shown in Table 17; simulation results can be found in Figure 13
and a comparison with Scenario 4 can be seen in Figure 20.

Parameter Set Description:

The following scenario is a modification to the parameter sets provided in Scenario 4.
In previous scenarios, pi,1, and pi,2 were set to 0.001, and 0.002, respectively at all
states. They are inflated to 0.01 and 0.02.
In this scenario, two main goals are to determine the effect of inflated pi,1, and pi,2, as
well as their impact on subsequent states.

Expected Results:

P(A1 = 1|R1 = 0) at States 4 and 5are expected to inflate.
Since States 7 and 8 share the parameters with States 4 and 5, these states are likely
affected as well.

Results:

Due to inflation in pi,1, and pi,2, States 4 and 5 show greater P(A= 1|R= 0).
While P(A = 1|R = 0) are at a similar level in States 4 and 5, these probabilities are
impacted at different magnitudes between States 7 and 8. This is likely due to the fact
that State 7 has three components, while State 8 has only one component.
Even though State 9 is dependent on State 7, no significant impact is observed at
State 9.

Scenario 6

The parameter set for Scenario 6 is shown in Table 18; simulation results can be found in Figure 14
and a comparison with Scenario 5 can be seen in Figure 21.
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Table 18: Parameter set for Scenario 6

Parameter Set Description:

Here, parameters in States 6 and 9 are introduced. Parameters at other states are held
constant.
σ-to-threshold ratio is reduced from 2.5 to 2 in States 6 and 9.
As State 10 is built on States 6 and 9, our main interest lies in determining the effect
on thin-wall, as well as through-wall.

Expected Results:

P(A= 1|R= 0) at States 6 and 9 should be inflated.
The likelihood of thin-wall and through-wall should also be inflated.

Results:

As expected, P(A= 1|R= 0) at States 6 and 9 are increased significantly.
While the likelihood of thin-wall has increased, no case of through-wall is reported in
all runs.

Scenario 7

The parameter set for Scenario 7 is shown in Table 19; simulation results can be found in Figure 15
and a comparison with Scenario 6 can be seen in Figure 22.

Parameter Set Description:

In addition to the changes implemented in Scenario 6, pi,1, and pi,2 are changed to
0.01, and 0.02 in States 6 and 9.

Expected Results:

In a similar way to Scenario 6, P(A1 = 1|R1 = 0) are expected to increase in States 6
and 9.
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Table 19: Parameter set for Scenario 7

The probabilities of thin-wall and through-wall are positively affected.

Results:

States 6 and 9 have further increased P(A1 = 1|R1 = 0).
While the likelihood of thin-wall become extremely large, the event of through-wall is
not reported in any runs.

Scenario 8

The parameter set for Scenario 8 is shown in Table 20; simulation results can be found in Figure 16
and a comparison with Scenario 7 can be seen in Figure 23.

Parameter Set Description:

In the last scenario, σ-to-threshold ratio in States 6 and 9 are further reduced to 1.42.

Expected Results:

Inflation in P(A1 = 1|R1 = 0) at States 6 and 9 is expected.
Possible increase in the likelihood of thin-wall and through-wall.

Results:

Again, P(A1 = 1|R1 = 0) at States 6 and 9 are increased.
While it is small, the probability of through-wall is positive in all twenty runs. The
average likelihood is now 1.14× 10−4.
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Table 20: Parameter set for Scenario 8

Lookup Tables

The given lookup tables serve as guidelines to determine the expected conditional probability of
a damaged UFC misreported as undamaged (i.e., P(A = 1|R = 0)). The values in the table are
generated based on normal distributions with one-sided thresholds (such as is the case with V1 in
State 1). Other variables are also generated based on normal distributions or on order statistics
based on normal distributions and folded normal distributions.

Therefore, while these tables do not provide the exact expected probability P(A = 1|R = 0) for
each state, they provide a rough estimate of expected probability for each component at each state.

At the same time, comparisons within these tables provide an insight as to the effect that the
parameters σ, tolerance, threshold, p1 = psmall, and p2 = pbig have on P(A = 1|R = 0). Con-
sider, for instance, the third table of Table 21, where it is assumed that p1 = 0.001, p2 = 0.002,
prot= 0.99, and tol= 5. The first row of that table shows that when σ is held constant at 1 (and
the tolerance is held constant at 5), an increase in threshold values results in rapid reduction in
P(A = 1|R = 0). Similarly, a focus on the first column shows that an increase in sigma leads to
inflated values of P(A= 1|R= 0). The other tables can be used in a similar fashion.

References

Boyle, C., Overview of the NWMO and the Mark II Used Fuel Container, presentation deck
from the NWMO.
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Figure 9: Simulation results for Scenario 1: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 10: Simulation results for Scenario 2: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 11: Simulation results for Scenario 3: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 12: Simulation results for Scenario 4: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 13: Simulation results for Scenario 5: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 14: Simulation results for Scenario 6: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 15: Simulation results for Scenario 7: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 16: Simulation results for Scenario 8: conditional probabilities P(A j = 1|R j = 0) for each state and
descriptive statistics.
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Figure 17: Comparison of simulation results between Scenarios 1 and 2.
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Figure 18: Comparison of simulation results between Scenarios 2 and 3.
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Figure 19: Comparison of simulation results between Scenarios 3 and 4.
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Figure 20: Comparison of simulation results between Scenarios 4 and 5.
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Figure 21: Comparison of simulation results between Scenarios 5 and 6.
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Figure 22: Comparison of simulation results between Scenarios 6 and 7.
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Figure 23: Comparison of simulation results between Scenarios 7 and 8.
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Table 21: Lookup tables – p1 = 0.001, p2 = 0.002, prot= 0.99
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Table 22: Lookup tables – p1 = 0.01, p2 = 0.02, prot= 0.99
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Table 23: Lookup tables – p1 = 0.1, p2 = 0.2, prot= 0.99
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Table 24: Lookup tables – p1 = 0.1, p2 = 0.2, prot= 0.999
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4 Prototype Modeling of Selected Repository Interactions

A causal network, linking together system states and events, based on a sequence of necessary
and sufficient causes, acted as a high level backbone for the model of selected components of the
engineered barrier system. To determine the focus of the prototype project, a number of possible
subsets of the overall causal network (causal chains) were presented to system experts, who then
provided feedback and suggestions about their structure.

Based on this feedback, two main causal chains were chosen for the prototype project- a corro-
sion chain and a UFC pressure chain. It is worth noting here that the level of detail (and associated
assumptions) implemented in this model, was in part set based on the goal of meeting the proof
of concept objective of the prototype phase within an appropriate amount of time. However,
the model framework has been constructed such that it can easily allow for both the addition
of greater levels of detail, in terms of object properties and relationships represented, and the
abstraction of detail where deemed appropriate.

To generate the specific details of these chosen causal chains, the relevant end state of the
system – exposure of the container contents to the environment – was first defined, and then a
series of necessary and sufficient conditions were constructed that could lead to this end result,
with each of the identified conditions themselves being connected to other necessary or sufficient
conditions, consisting of other system states (see Figure 27).

The structure developed in the conceptual model was then implemented. The primary output
of the simulation model was length of time before which the contents of the UFC were exposed
to the environment under a given set of starting conditions. Analysis of the simulation models
involved an exploration of the model behavior using statistical analysis across parameter sets.
Parameter sets were chosen to maximize the exploration of key parts of the parameter space, and
specific scenarios of interest.

4.1 Causal Chain Events, States, Processes and Objects

The resulting system model was constructed from four main elements: objects (and their proper-
ties), processes, states and events. For the purposes of the prototype model, most system processes
(e.g. corrosion processes, glacier pressure loading, placement room environment evolution) were
modeled in a relatively simple manner. The emphasis here was in having processes that provided
inputs to other parts of the model within appropriate ranges. In future phases of model construc-
tion, these abstract process components could be replaced with outputs from existing detailed
component models.

As previously noted, two major causal pathways were identified as potentially leading to the
exposure of the contents of the UFC (see Figure 27): exposure as a result of chemical alteration
of the UFC and exposure as a result of mechanical damage to the UFC. Two specific possible
instances of these pathways were chosen to be modeled during the prototype phase- corrosion of
the steel core of the UFC from the outside in, as an instance of the chemical path to exposure, and
a punch through of the surface of the UFC, as influenced by the presence or absence of glaciation
above the repository, as an instance of the mechanical path.
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Figure 24: A high level schematic of objects, processes, events and states involved in the two chosen causal
chains (see accompanying file for larger figure)
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Figure 25: Detailed schematic of the connections and logical relationships for the UFC pressure chain (see
accompanying file for larger figure)

Because the single end state (contents exposure) branched off into two main pathways (corro-
sion and UFC pressure) the causal network was constructed in two separate parts, or segements,
one for each of these main pathways (see Tables 25, 26 and 27 for a list of model events and
states associated with each chain). The presence of possible interactions between the two chains
were then taken into account by constructing shared objects and shared processes that jointly
influenced, and were influenced by, the events and states in the chains (see Table 28 for a list of
system objects and processes).

The behaviour of the system was advanced in defined intervals, or time steps. At any given
time step, particular states – representing a particular set of object property values in the system –
could ‘fire’ with a certain probability, but only if the state’s necessary and/or sufficient conditions
were also firing at that time step. System processes – system actions or behaviours carried out
during a given time step – might also be started by the truth value of particular states, and could
in turn determine the truth value of particular states, which could influence model behaviour at
the next time step. Processes might also interact with and be influenced by objects in the model.
If all of the necessary and sufficient conditions defined in the network were met at a given time
step, the final state in the model– contents exposure– would also fire with a certain probability,
indicating that this final event was occurring at that time step. Note that the system behaviour
was tracked for 1 000 000 years, in increments (time steps) of either 1 or 10 years.
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Figure 26: Detailed schematic of the connections and logical relationships for the corrosion chain (see
accompanying file for larger figure)

4.2 Modeling Assumptions and Parameters

As must occur when constructing models, some assumptions were made in terms of what to
include or exclude from the model and how to represent various aspects of the model. Parameters
were chosen based on NWMO documentation, relevant literature and discussions with SMEs.

4.2.1 Assumptions and Limitations

The model currently makes a number of assumptions about the system, many of which relate
to either the presence or absence of interactions between particular system components, or the
relationship between system properties. Because of the structure of the model, incorporating
these interactions or augmenting the nature of these relationships would be relatively straight
forward. It is generally recommended that as many interactions as possible be incorporated into
the model, to allow for emergent causal effects. For the purposes of the prototype, however, to
keep this phase of the project tractable, the following assumptions were made:

It is assumed that the bentonite blocks are partially saturated at the start of the simulation
(when the UFC is placed in the buffer box). As a result it is assumed for most scenarios
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Figure 27: Initial representation of prototype causal chains, based on discussions with SMEs (see accom-
panying file for larger figure)

(unless otherwise specified) that water and oxygen are present at the beginning of the sim-
ulation.

It is currently assumed that the rate of the galvanic corrosion reaction is not influenced by
the amount of oxygen present at the surface of the UFC- rather, oxygen presence is currently
a binary variable- either it is present or it isn’t. This then determines the type of corrosion
but doesn’t influence the rate of that particular type of corrosion.

It is currently assumed that the relationship between the load strength of the UFC and the
thickness of the UFC is simply proportional. Exploring more complex and precise relation-
ships between these two variables is left for future work.

It is also currently assumed that the relationship between the level of (relative) humidity
present at the surface of the UFC and the rate of galvanic corrosion is simply proportional.
Again, exploring more complex and precise relationships is left for future work.

It is currently assumed that the rate of anaerobic corrosion is not affected by the level of
humidity present at the surface of the UFC.

Hydrostatic pressure, and effects of hydrostatic pressure, are not directly included in the
current version of the model, although they are incorporated indirectly, to some extent, in
the pressure profile.

Temperature and effects of temperature (e.g. on chemical process rates) are not explicitely
modeled.

It is assumed that there is no connection between pressure in the system (as exerted on the
UFC) and rates of chemical reactions at the surface of the UFC.
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Table 25: UFC pressure chain states and events – Part 1
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Table 26: UFC pressure chain states and events – Part 2

4.2.2 Parameters

The model has two main types of parameters: Probability parameters are values between 0 and 1
that correspond to the probability of states firing in the model. System parameters (e.g. thickness
of the steel wall of the UFC, maximum rate of corrosion) are set, when possible, based on available
known values for particular system components. In cases where these values (or their range or
distribution) are not known, a possible range for the parameter value is chosen based on available
literature, and then specific values are selected based on varying the order of magnitude of the
parameter value within this range. See Table 29 for a list of key parameter values. In general these
parameters can be seen as representing a range of values that include the expected value for a
system property, the highest anticipated value for that property at any point in time during the
evolution of the system, and, possibly, also the highest physically possible value for that parameter.

Using these range of values as a basis, parameter sets– combinations of values assigned to the
model parameters– were chosen to explore specific scenarios of interest. See Tables 30, 31 and 32
for a list of parameter values associated with each scenario. To generate results, the model was
run in either a deterministic or stochastic mode. In the deterministic mode, model behaviours
at each time step were driven solely by logical-mathematical relationships. In the probabilistic
mode the deterministic model was expanded to include uncertainty in the system behaviour, as
represented by both probabilties of occurrence of states and probability distributions of values of
different aspects of the system.
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Table 27: Corrosion states

4.3 Analysis Approach

4.3.1 Deterministic Mode Scenarios

In the deterministic mode, varying the initial parameters could change the behavior and final
outcome, of the model, but the initial conditions set fully determined the behavior of the model.
This is an overly simplistic representation of the system, as it does not allow for any degree of
stochasticity or a representation of levels of uncertainty in the behaviour of the system. However,
this mode is useful in two ways: First, the deterministic mode allows for a relatively straightfor-
ward exploration of component interactions and system behaviours. As a result, it more clearly
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Table 28: Key system objects and processes

highlights emergent interaction effects (if any) between components. Second, it can act as an
explicit reflection of the way system behaviours may be conceptualized when people hypothesize
about and attempt to understand causal behaviours within the system.

Within this deterministic context, it was also fairly easy to generate unanticipated but still
possible scenarios, some of which led to the end state of container contents exposure and some of
which did not, as this process only involved finding parameter values that were both within the
range of the physically possible and that, given the known structure of the system, would then
logically lead to the relevant end state. In this context, the deterministic scenarios were intended
as a useful preliminary to the introduction of uncertainty into the model, as they can demonstrate
some of the underlying causality at play in the results which are produced as a result of the more
complex model behaviours that result from probability being introduced into the system.

4.3.2 Stochastic Mode Scenarios

Probablistic models often involve predictions at the population level- i.e. how many out of a
certain number of containers will have the following property? Within the population, what is
the range and distribution of values that can be expected? However, in the case of the barrier
system model, this interpretation is less useful, as there is only intended to be one barrier system.
Thus, interpreting the results of the model as ‘x% of all barrier systems will have this property’, or
‘x% of barrier systems will have a corrosion rate within this range of values’, does not necessarily
provide us with an estimate of the probability that the actual barrier system will have a particular
property of interest, or behave in a particular manner.

An alternate way to interpret a probabilistic model is to take what is referred to as a possible
worlds approach (Kripke, 1963). In this case, we would first consider a set of possible worlds,
each of which represent a possible description of what will occur (e.g. in some possible worlds,
this container will corrode at a steady rate of 100 um/year. In other possible words, this container
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Table 29: Key system parameters

will corrode at a steady rate of 150 um/year, in other possible worlds, the rate of the corrosion
will fluctuate in some manner between these two values). We can use this possible world inter-
pretation when we are thinking about both the role of stochastic elements in the model, and also
the end result of the model. Under this interpretation, we could say that probabilities in a model
represents our level of certainty, or uncertainty, that the actual system will be in one of a particular
subset of possible worlds. So, for example, if we say that we have fairly high uncertainty about
the precise end point of oxygen presence, but fairly low uncertainty regarding whether or not
there will be oxygen after 1000 years, then this essentially says that we don’t have much certainty
regarding which set of possible worlds the actual world will be in with respect to the precise time
at which oxygen will be consumed, but we have high certainty about the possible world set in
terms of possible worlds where oxygen is or is not present at 1000 years. This can then be repre-
sented using probabilities- e.g. if we say that we are highly confident, but still not 100% confident
that there will be no oxygen present at any time after 1000 years, then this can be represented as
there being a very low but non-zero probability that oxygen will be present after 1000 years.
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Table 30: Deterministic Scenarios

Within the context of the simulation methodology, these probabilities are then effectively trans-
lated into a specific possible world with each run of the model. The end result of multiple model
runs is a set of possible worlds that reflect the probabilities that have been set in the model, which
themselves reflect the level of certainty about which possible world we can expect to be the ac-
tual possible world. Thus the result of the simulation can be broadly interpreted as: based on the
model results (and given the model structure, assumptions and levels of certainty associated with
particular components of the model) we have the follow (high or low) level of certainty that the
actual world will be in this set of possible worlds.

Inserting and altering probabilities in the model in this way allows for an exploration of the risk
involved in creation of the system, relative to current levels of certainty about the system, com-
bined with a counterfactual exploration of what the consequences may be if assumptions about
the anticipated behaviour of the model are either themselves incorrect, or attributed an exces-
sively high level of certainty.

Thus, for the engineered barrier system, in the stochastic mode probability represents a num-
ber of aspects of both the system itself and available knowledge of the system, including:

a level of uncertainty with respect to the whether a particular event will or will not happen
(either at all, or under particular circumstances)
a level of uncertainty with respect to the value or range of a system object property
a level of certainty regarding the presence of necessary and sufficient conditions for a par-
ticular event
the presence, at a particular time, of non-explicit sufficient conditions for an event
a correlation relationship between two aspects of the model
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Table 31: Probabilistic scenarios – Part 1
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Table 32: Probabilistic scenarios – Part 2

4.4 Results

4.4.1 Deterministic Mode Scenarios

Within the deterministic context, both expected and unanticipated but possible scenarios were
explored. In the case of the unanticipated scenarios, system properties took on values within
recognized physically possible ranges, but at times, or over durations, or with magnitudes, other
than what is anticipated.

4.4.1.1 Deterministic Scenario 1: Corrosion Alone As can be seen in Figures 28 through
31, in the absence of pressure exerted on the UFC by other components of the barrier system,
in scenarios where the rates of corrosion and amount of oxygen are set within expected bounds,
the container relatively slowly corrodes in the presence of a through wall defect in the copper
coating. So long as the mean rate of corrosion is above 25.4 nanometers/year, the container will
always corrode through within the 1,000,000 year time-span, and the container contents will be
exposed to the environment. The specific time at which the contents are exposed is determined
in part by how long oxygen is present in the system and in part by the humidity at the surface of
the UFC, as shown in Figures 28, 29, 30 and 31.
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4.4.1.2 Deterministic Scenario 2: Pressure Alone As can be seen in Figure 32, in the absence
of corrosion pressure alone is not expected to cause the system to fail, even if the glacier exerts
the largest amount of pressure anticipated by the Long-Term Stability Analysis of APM Mark II
Conceptual Design in Sedimentary and Crystalline Rock Settings, and even if unexpected pressure
events (assumed to be under 45 MPa) occur post glacier, because there is nothing to decrease the
load strength of the container in this situation (as currently modeled).

4.4.1.3 Deterministic Scenario 3: Corrosion and Pressure Combined As can be seen in
Figure 33, when pressure and corrosion are combined in the system, the container gradually
weakens over time due to corrosion, and eventually the pressure within the system causes the
container contents to become exposed via a breach of the UFC due to load exerted on the UFC,
even if the load exerted on the UFC is relatively low.

4.4.1.4 Summary of Deterministic Results These deterministic scenarios collectively illus-
trate that, in both anticipated and unanticipated scenarios, the container contents do become
exposed to the environment. This is the case when corrosion is acting alone as well as when com-
bining the two causal chains. However, although such deterministic results can usefully lay bare
the underlying behaviours of the system, they do not allow for predictions of the probabilities of
particular events. It should also be noted here that, as the system is currently represented (for the
prototype phase), the pressure and corrosion chains are not coupled in both directions: although
system properties affected by corrosion (e.g. steel wall thickness) influence some pressure related
properties (e.g. load strength of UFC), pressure related properties do not in return influence cor-
rosion related properties. As a result, overall system behaviour is relatively non-complex, and
fairly predictable in a deterministic context.

4.4.2 Probabilistic Mode Scenarios

The probabilistic scenarios considered involve uncertainty surrounding a number of model ele-
ments:

The presence or absence of oxygen at the surface of the UFC at a particular time
The level of humidity at the surface of the UFC at a particular time
the corrosion rate at a particular time
the presence of pressure events after 174,000 years
the pattern of pressure events after 174,000 years

The level of certainty, and thus, probability related values, were varied for each of these aspects
of the model (see Table 31). In addition to this, two more scenarios were considered in an ex-
ploratory context– for both of these scenarios, the through wall defect was not assumed to be
present immediately post manufacturing. Rather, in these scenarios the hole in the copper coat-
ing could appear at any time post enclosure, with equal probability.

4.4.2.1 Probabilistic Scenario 1: High Certainty for Quick Absence of Oxygen, Variability
of Corrosion Rate, Absence of Additional Pressure Events In this scenario, the certainty (and
thus probability) that oxygen would be present when expected, as well as absent when expected,
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Figure 28: Scenario 1: Effects of corrosion alone on the load strength of the container – short galvanic
period, low humidity. Under these conditions, the galvanic corrosion effect is fairly negligible.

Figure 29: Deterministic Scenario 1b: Lengthening the galvanic period past the expected length results in
a relatively quick UFC contents exposure time, particularly if humidity is high.
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Figure 30: Deterministic Scenario 1c: If the primary oxygen period is short, galvanic corrosion has minimal
effect, but anaerobic corrosion eventually leads to contents exposure

Figure 31: Deterministic Scenario 1d: Showing time to contents exposure relative to the full time period
being considered provides a better sense of the rate of anaerobic corrosion.
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Figure 32: Deterministic Scenario 2: Container behaviour under system pressure but in the absence of
corrosion, including three unexpected post glacier pressure events. As expected, container contents are
never exposed under these conditions.

Figure 33: Deterministic Scenario 3: Container behaviour under both system pressure and corrosion,
including three unexpected pressure events, with one year of galvanic corrosion.
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was fairly high (the mean length of time of the preliminary oxygen period was set at 100 years
to allow for some variability in the length of this period), the variability of the corrosion rates
were minimal, and there were no unexpected pressure events. Figure 34 shows a typical run of
the simulation. Figure 35 shows the frequency of times when exposure occurred. The resulting
cumulative probability distribution function, providing probability that contents would be exposed
by the time a particular point in time was reached, can be seen in Figure 36.

4.4.2.2 Probabilistic Scenario 2: Low Certainty for Oxygen Behaviour, Variability of Corro-
sion Rate, Absence of Additional Pressure Events In this scenario, the certainty that oxygen
would be present when expected, and absent when expected was low. As a result, variability of
the end point of the first oxygen period was high, and there was a relatively high probability at
time steps after this period that oxygen might reappear in the system. The variability of the cor-
rosion rates were also set to be relatively high. Figure 37 shows a typical run of the simulation.
Figure 38 shows the frequency of times when exposure occurred. The resulting cumulative prob-
ability distribution function, providing probability that contents would be exposed by the time a
particular point in time was reached, can be seen in Figure 39.

4.4.2.3 Probabilistic Scenarios 3a and 3b: No Primary Oxygen Period Oxygen is expected
to leave the barrier system very rapidly. Thus, as can be seen in the deterministic scenarios, de-
spite the high rate of galvanic corrosion, the main corrosion factor in the model is expected to
be anaerobic. Because the current model was generally set to proceed in 10 year increments,
for computational reasons, two anaerobic scenarios were investigated in order to effectively en-
compass the possibility of rapid reduction of oxygen in the system (e.g. < 1 year). However in
these scenarios, the model was set such that oxygen could still reappear in the system, at any
given time, with a specified probability (see Table 31). Two scenarios were explored, one with an
expected anaerobic corrosion rate, and one with a very low anaerobic corrosion rate.

Figure 40 and 43 show typical runs of the anaerobic only simulations for each scenario. The
resulting histograms and cumulative probability distribution functions, providing probability that
contents will be exposed by a particular point in time, can be seen in Figures 41, 42, 44 and 42.

4.4.2.4 Probabilistic Scenarios 4a and 4b: Hole in Copper Over Time, No Primary Oxygen
Period The observed behaviour of the system when a through-wall defect in the coating was
immediately present in the UFC– in particular the noted effects of oxygen presence and corrosion
rate on the (typically rapid) exposure time of the UFC contents– motivated a further, preliminary
investigation of what impact the appearance of a hole in the copper coating at other times post
enclosure might have on the behaviour of the system. To that end, two additional scenarios
were considered (see Table 32). The results showed a relatively evenly spaced time to failure
for the expected anaerobic rate (see Figures 46, 47 and 48). However, when the anaerobic rate
was reduced, an interaction effect with pressure became evident, and the presence of the glacier
became a determining event in the exposure of the contents of the UFC to the environment (see
Figures 49, 50 and 51).
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Figure 34: Probabilistic Scenario 1: A typical simulation run showing time to exposure under expected
conditions.

Figure 35: Probabilistic Scenario 1: Histogram of time to exposure of UFC contents, under expected
conditions, in the presence of a through wall defect.
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Figure 36: Probabilistic Scenario 1: Probability of content exposure either at or before a particular time
(cumulative distribution function) under expected system conditions, in the presence of a through wall
defect.

Figure 37: Probabilistic Scenario 2: An illustrative simulation run, with some uncertainty in system be-
haviour.
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Figure 38: Probabilistic Scenario 2: Histogram of time to exposure of UFC contents, given uncertainty
about behaviour of the aspects of the system (gaps in the histogram are due to the choice of 10 year
time intervals, which are more visible when dealing with short time periods. Results are expected to be
equivalent for 1 year time intervals.

Figure 39: Probabilistic Scenario 2: Probability of content exposure either at or before a particular time
(cumulative distribution function) given some uncertainty about system behaviour.
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Figure 40: Probabilistic Scenario 3a: A single simulation run showing time to exposure, with no primary
oxygen period, but some probability of oxygen appearing at each time step.

Figure 41: Probabilistic Scenario 3a: Histogram of time to exposure of UFC contents, , with no primary
oxygen period, but some probability of oxygen appearing at each time. step.
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Figure 42: Probabilistic Scenario 3a: Probability of content exposure either at or before a particular time
(cumulative distribution function), with no primary oxygen period, but some probability of oxygen appear-
ing at each time. step.

Figure 43: Scenario 3b: a single simulation run showing time to exposure, no primary oxygen period, low
anaerobic corrosion rate rate
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Figure 44: Probabilistic Scenario 3b: Histogram of time to exposure of UFC contents, no primary oxygen
period, low anaerobic corrosion rate.

Figure 45: Probabilistic Scenario 3b: Probability of content exposure either at or before a particular time
(cumulative distribution function) no primary oxygen period, low anaerobic corrosion rate.
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Figure 46: Probabilistic Scenario 4a: A single simulation run showing post enclosure appearance of a hole
in the copper coating, no primary oxygen period, expected anaerobic rate of corrosion

Figure 47: Probabilistic Scenario 4a: A histogram of time to exposure when a hole can appear in the
copper coating post closure, expected anaerobic corrosion.
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Figure 48: Probabilistic Scenario 4a: Probability of content exposure either at or before a particular time
(cumulative distribution function) given appearance of a hole in the copper coating at some point post
closure, expected anaerobic corrosion.

Figure 49: Probabilistic Scenario 4b: A single simulation run showing post enclosure appearance of a hole
in the copper coating, no primary oxygen period, low anaerobic rate of corrosion
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Figure 50: Probabilistic Scenario 4b: A histogram of time to exposure when a hole can appear in the
copper coating post closure, low anaerobic corrosion.

Figure 51: Probabilistic Scenario 4b: Probability of content exposure either at or before a particular time
(cumulative distribution function) given appearance of a hole in the copper coating at some point post
closure, low anaerobic corrosion.
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4.5 Discussion

Key points arising from the construction of the prototype causal chain model:

The prototype phase allowed for the development of several key methodologies required for
the prediction of the behaviour of the engineered barrier system, including strategies for a
methodical analysis of available information, consultation with key subject matter experts
and incorporation of their knowledge into the end model, and conversion of the conceptual
model into an implemented model that was constructed with an appropriate level of detail.

Given that the prototype model only encompassed a small number of the components and
aspects of the engineered barrier system, the results presented here should not be consid-
ered indicative of actual system behaviours. As well, further discussions with subject matter
experts about appropriate model parameter values will need to be carried out prior to in-
corporation of this model into a more comprehensive system model.

If this model were indicative of system behaviour, the results would suggest that the presence
of a through wall defect in the copper coating results in a high probability of container
content exposure in a relatively short period of time (typically < 50 000 years).

It is also clear that, for the causal chains chosen, rate of corrosion was an overriding fac-
tor in the behaviour of the system as a whole. Although not presented at this time, it is
worth noting that an initial exploration of system behaviour with very low corrosion rates
yielded notably different interaction patterns between pressure and corrosion parameters
(e.g. unanticipated pressure events post glaciation played a much larger role in whether or
not contents were exposed).

There was relatively little mutual interaction between the two causal chains chosen for the
prototype: although corrosion was affected by pressure, as modeled, pressure in the system
did not significantly effect corrosion. Nonetheless, a detailed exploration and conceptual
analysis of the system prior to modeling allowed for an exploration of potential interactions
between components. System behavior was explored in the presence and absence of these
components to confirm the appropriate level of abstraction for causal chain processes, states
and objects. This level of detail was left latent within the model, such that in the event that
new object interactions or process information was obtained, these interactions could be
easily represented.

One benefit of presenting the behaviour of the model first deterministically and then prob-
abilistically is that it makes both the model interactions and the role of uncertainty in the
model more visible. This may be useful in meeting the stated goal of being able to clearly
communicate model behaviours and probabilities to stakeholders.

A key aspect of the developed methodology was the ability to incorporate level of certainty of
knowledge into the model, and explore the potential consequences of this on predictability
of the behaviour of the system. A focus of future phases should be an exploration of the
implications of levels of certainty about aspects of the system, based on input from subject
matter experts.
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Combining the cumulative distribution function for the chosen scenarios has the potential
to provide a perspective on the overall probability that contents of the container will be
exposed by a given point in time. However, to accurately provide a combined cumulative
distribution function, more information is required with respect to cumulative distributions
for failure in the absence of holes in the copper coating. Possible next steps for this will be
discussed further in recommendations.
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5 Recommendations

A primary purpose of models is to act as cognitive tools that support efforts to understand and
anticipate the range of potential behaviours of a given system of interest. In relation to this,
the process of constructing a whole-system level model of the engineered barrier system will
accomplish two separate but important tasks: First, it will allow system experts to make tangible,
explicit and concrete their existing (and possibly contrasting) hypotheses about potential system
behaviours. As is the case with the FMECA process, this will effectively enable subject matter
expert perspectives to be captured in such a way that they can be discussed and compared more
directly and explicitly. Turning knowledge and information into working models in this way allows
for a concrete exploration of the implications of different hypotheses about how the system may
behave, as well as the consequences of being more or less accurate in this understanding.

Second, construction of such a model will allow the NWMO to explore the possibility space of
behaviours of the engineered barrier system in a methodical and quantitative manner. In particu-
lar, the proposed method will allow for the consideration of how the likelihood of certain aspects
of system behaviour occurring can influence, along multiple pathways, the likelihood of occur-
rence of chosen states of interest (e.g. exposure of the contents of the container).

Given this, we recommend that the NWMO continue to expand its current suite of models by
constructing a series of ‘light’ (partial) causal chain models, which can then be selectively com-
bined to understand interactions between selected aspects of the system. This selective combining
of models may not immediately lead to the creation of a single system level model. However, we
recommend that these models be constructed using the overarching framework presented in the
prototype phase so that they can, in principle, be combined into more encompassing models as
this becomes desirable and appropriate.

As well, based on the results of this prototype project, in constructing these ‘light’ system mod-
els, we recommend that the NWMO focus on initially incorporating as many interactions between
system objects as possible, rather than making up front assumptions about which interactions
can be implicitly captured in a small number of aggregate system parameters. Level of detail may
then be removed from the model once it is shown that there are no emergent interactions between
different system components.

At the same time, we suggest that the NWMO begin to aggregate and structure two existing
resources relating to system behaviour, in preparation for inclusion and integration into the higher
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level whole-system model backbone: existing simulations, in order to determine their potential
relationships to the causal network backbone, and system documentation, from which information
can be extracted in a structured manner in order to uncover potentially unanticipated interactions
between system components.

One potential end product of such a series of models would be a combined distribution func-
tion for the probability that the contents of the container would be exposed across a given time
span, taking into account a wide variety of model behaviour scenarios. However, in order to gen-
erate such a probability failure curve, we require cumulative distribution functions for each of the
exclusive scenarios as well as a probability of occurrence for each of them.

For instance, consider the exclusive list of options indexed by

Si, j : UFC placed in the repository with i undetected through-wall defect(s) and j undetected
thin-wall defects.

If we further assume that, under some profile under investigation, each of those items has a
probability failure curve given by pi, j(t), and a probability qi, j of occurring in the first place, then
the combined failure curve for the ensemble of options is simply

∑

i, j

qi, j pi, j(t).

Substantially more work needs to be done before this failure probability curve can be approxi-
mated in a useful manner.

Finally, the NWMO can improve its control over the UFC manufacturing process with a better
understanding of the role (and impact) played by various combinations of failure probabilities
and system parameters at each stage. While the current manufacturing model provides some in-
sight into this issue, the day will be carried by experimental tests and results at the various stages
of the process. We strongly encourage the NWMO to design such tests and collect data that can
be used by stochastic manufacturing process models (see accompanying Excel spreadsheet for
details). New variables may need to be introduced, the model structure may need to be modified
(in particular with respect to the effect that a defective parent state may have on a child variable),
and some parameter values may need to be changed.

Note that, under the current model, the target values (i.e., the means of the distributions) are
of less importance than the various ratios between the threshold, variance, and tolerance, as well
as the probabilities of incorrectly accepting a UFC when the variable lies within the acceptable,
tolerance and “bad” regions. Since, however, future model iterations could incorporate some
modifications to this approach, determining the target values of each variable could still prove to
be a valuable exercise.
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