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ABSTRACT
This report presents a probability model for the reliability of the spent nuclear waste
final disposal canister. Reliability means here that the welding of the canister lid has no
critical defects from the long-term safety point of view. From the reliability point of
view, both the reliability of the welding process (that no critical defects will be born)
and the non-destructive testing (NDT) process (all critical defects will be detected) are
equally important. In the probability model, critical defects in a weld were simplified
into a few types. Also the possibility of human errors in the NDT process was taken into
account in a simple manner. At this moment there is very little representative data to
determine the reliability of welding and also the data on NDT is not well suited for the
needs of this study. Therefore calculations presented here are based on expert judgements and on several assumptions that have not been verified yet.
The Bayesian probability model shows the importance of the uncertainty in the estimation of the reliability parameters. The effect of uncertainty is that the probability distribution of the number of defective canisters becomes flat for larger numbers of canisters
compared to the binomial probability distribution in case of known parameter values. In
order to reduce the uncertainty, more information is needed from both the reliability of
the welding and NDT processes. It would also be important to analyse the role of human factors in these processes since their role is not reflected in typical test data which
is used to estimate “normal process variation”.The reported model should be seen as a
tool to quantify the roles of different methods and procedures in the weld inspection
process.
Keywords: Encapsulation and final disposal, spent nuclear fuel, defect, NDT, welding,
probability, Bayes.

LOPPUSIJOITUSKAPSELEIDEN EHEYDEN LUOTETTAVUUSANALYYSI
TIIVISTELMÄ
Tässä raportissa kuvataan käytetyn polttoaineen loppusijoituskapselin luotettavuuden
arviointiin kehitetty todennäköisyysmalli. Luotettavuudella tarkoitetaan kapselin kannen
hitsaussauman eheyttä. Loppusijoitettavan kapselin kokonaisluotettavuuden kannalta
sekä hitsauksen että ainetta rikkomattomien koestusten (NDT) merkitys ovat yhtä tärkeitä.
Todennäköisyysmallissa hitsausten viat on yksinkertaistettu muutamaan tyyppivikaan.
NDT-prosessin luotettavuuteen vaikuttavat inhimilliset virheet on mallinnettu myös
yksinkertaisella tavalla. Hitsauksen laadusta ei ole olemassa luotettavuusmallin kannalta
edustavaa dataa. NDT:stä olevan datan käyttökelpoisuus luotettavuusparametrien estimointiin on rajallinen. Sen vuoksi esitetyt laskelmat perustuvat suurelta osin asiantuntija-arvioihin ja oletuksiin, joita on vaikea todentaa, mikä on syytä ottaa huomioon tarkasteltaessa esitettyjä numeerisia tuloksia.
Bayesilainen todennäköisyysmalli havainnollistaa todennäköisyysparametrien epävarmuuden vaikutuksen. Epävarmuuden vallitessa viallisten kapseleiden lukumäärän todennäköisyysjakauma on tasaisempi, kuin jos mallin luotettavuusparametrit tunnettaisiin tarkasti, jolloin jakauma noudattaisi binomijakaumaa. Jotta epävarmuutta saataisiin
pienennettyä, tarvitaan lisää havaintodataa sekä hitsauksen että NDT-tarkastuksen luotettavuudesta. Olisi myös tärkeää analysoida hitsaus- ja NDT-prosessien inhimillisiä
tekijöitä, koska niiden merkitys ei tyypillisesti tule esiin testidatassa, jota käytetään”normaali tilastollinen laadunvaihtelu” estimointiin, jota testidata tyypillisesti vastaa. Raportissa esitetty malli tulisi nähdä työkaluna, jolla voidaan kvantifioida eri menetelmien ja toimintatapojen osuutta kapselin kokonaisluotettavuuden kannalta.
Avainsanat: Kapselointi- ja loppusijoituslaitos, käytetty ydinpolttoaine, loppusijoitus,
NDT, hitsaus, todennäköisyys, Bayes.
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ABBREVIATIONS
CCF
DT
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ENIQ
ET
FSW
NDT
POD
RT
SNR
SPC
UT
VT

Common cause failure
Destructive testing
Expert assessment
Electron beam welding
European Network for Inspection Qualification
Eddy current testing
Friction stir welding
Non-destructive testing
Probability of detection
Radiographic testing
Signal to noise ratio
Statistical process control
Ultrasonic testing
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1

INTRODUCTION

The final disposal of spent nuclear fuel will be accomplished by encapsulation of the
spent fuel elements into copper canisters with a cast iron insert, which will be disposed
of in bedrock. From the long-term safety point view, a central issue is to ensure that the
canisters are intact. Weld defects can be a possible weak point in the canister.
In the present plan, the electron beam welding (EBW) is considered as the primary option (Meuronen & Salonen 2010). The weld will be inspected using non-destructive
testing (NDT) methods. Four complementary methods will be applied: visual, eddy current, ultrasonic and radiography inspections (Pitkänen 2010). Well qualified welding
process and versatile NDT will guarantee that the probability of defective canister
should be low.
The main question of the report is to discuss how low the probability of defective canister is. From the long-term safety analysis point of view, this issue is significant. If the
probability of a defect can be demonstrated to be low enough, then it is not necessary to
consider a defective canister (or multiple defective canisters) as a design basis accident
but as no more than an incidental deviation from the defined target value that most of
the canisters will achieve. A scenario where defective canister(s) are postulated must be
analysed and it must be shown that the threat to the environment is insignificant (STUK
2009).
The purpose of the report is to study the available information regarding the reliability
of the welding and NDT processes. The main emphasis of the work is in outlining the
reliability estimation problem as a probability model to show which factors contribute
to the total reliability of the welding and NDT processes. For some model parameters,
such as the NDT process, there are some data available. However, in many cases, representative data are missing, which makes the probability estimation difficult. One possibility is to use expert judgements. Due to limited resources available for the study, no
systematic expert judgement approach could be applied. Therefore the quantitative results should be interpreted as “what-if” results.
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OBJECTIVES AND LIMITATIONS

The objective with the work is to estimate the probability of defects in the final disposal
canister causing possible safety concerns in the long-term. The probability model shall
represent the welding and NDT processes of Posiva and it shall reflect the data available
on the reliability of the welding and NDT processes. The probability model shall be
applicable to make further judgements on what type of additional information may be
needed for better probability estimates and thus can be used to identify measures to improve the quality of the canister encapsulation process.
An additional objective with the report is to clarify the probability concepts. In particular, the differences between the confidence interval and Bayesian approaches will be
discussed.
The available data on the reliability of the welding and NDT processes are not representative to directly make statistical inference. Numerical estimates made in the analysis
should be considered illustrative and the main emphasis is in the qualitative reasoning
which is carried out with support of probabilistic thinking.
Only the defects in the weld between the lid and the canister are considered. In principle, there could be defects in the vessel and lid parts or in the weld between the vessel
cylinder and the bottom plate, but the probability of such defects is assumed to be negligible.
For the reason of simplicity, it is assumed that each canister can have one defect or no
defects at all. This assumption is reasonable if the probability of a defect is low and defects appear independently of each other. However, if a welding can contain defects as
clusters, this simplification is not valid.
Only a few types of defects will be considered, called reference defects or defect types.
Definitions for the reference defects are given in Section 3.4. Justifications for the reference defect types and sizes are not discussed in this study, but the definitions are given
by Posiva’s experts.
The number of final disposal canisters is N = 4500. The random variables representing
whether a canister i = 1, …, N, has a certain defect type are assumed to be independent
and identically distributed random variables, given the probability for the defect type.
Similarly the random variables representing the result of the NDT-evaluation of the canister are assumed to be independent and identically distributed random variables, given
the probability for detection of a certain defect type.
The “false positive” problem will not be considered. “False positive” corresponds to a
situation where a defect is erroneously detected in NDT, even though there is no (critical) defect.
The report will not make an assessment whether canister defects should be considered
as a design basis accident.
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3
3.1

DESCRIPTION OF THE ENCAPSULATION PROCESS
Welding process

The welding process is controlled over a wide range of parameters. The electron beam
is tightly focused and the total heat input is much lower than that of any arc welding
process. As a result, the effect of welding on the surrounding material is minimal, and
the heat-affected zone is narrow. Possible distortion is slight and the work piece cools
rapidly.
In electron beam welding, joining of metal is produced with the heat generated by bombarding it with a high-velocity electron beam. At a typical accelerating voltage of
150 kV used for welding electrons reach a speed of 2·108 m/s. This speed is equivalent
to two-thirds the speed of light. Electrons impinge the surfaces to be joined and nearly
all of their kinetic energy is transformed into heat.
In the EBW welding equipment the electron beam is controlled and directed with the
help of a changing magnetic field produced by electromagnetic lenses. Heat vaporizes
the base metal and allows the electron beam to penetrate until the specified depth is
achieved. The electron beam produces a keyhole in the material, which is filled as the
beam passes through. Figure 1 illustrates the principle of electron beam welding (Pitkänen 2010).

Figure 1. Principle of electron beam welding of thick specimen with keyhole technique.
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In EBW several defect types can occur: a) internal root defects due to insufficient vapour pressure, b) void or cavities caused by spiking, c) gas porosity d) excess of penetration, e) cavities, and f) incomplete penetration. Description of the welding equipment,
the process and its control is given by (Meuronen and Salonen 2010), whereas welding
defects from the weld inspection point of view are discussed in (Pitkänen 2010).
3.2

NDT process

There are four different NDT methods which are applied to the inspection of copper
canister welds: a) visual testing (VT), b) eddy current testing (ET), c) radiographic testing (RT), and d) ultrasonic testing (UT). Visual testing and eddy current testing are
mainly surface inspection methods and ultrasonic and radiographic testing are volumetric inspection methods. The aim of Posiva is to qualify the inspection methods for surface and nearsurface defect detection and sizing according to ENIQ (European Network
for Inspection Qualification).
3.2.1

Visual testing

Remote visual testing is the first non-destructive testing method applied to a finished
weld. The primary purpose of this method is to detect surface breaking defects in the
weld area. Visual testing also provides support to other non-destructive testing methods;
for example, in characterization of indications in radiographic testing and eddy current
testing. Visual testing of a disposal canister weld has to be carried out remotely with a
radiation tolerant camera system due to the radiation from spent nuclear fuel.
3.2.2

Eddy current testing

The purpose of eddy current inspection is to find defects in different materials and also
possibly to provide information from changes in material properties. The ability to
quantitatively determine the location and shape of any defect or internal structure within
materials is important for both the evaluation of the copper component surface and the
near-surface defect state and characteristics of material. The eddy current inspection is
developed to suit the needs of Posiva Oy.
It is possible to detect defects up to 10 mm depth in the weld with eddy current testing
(ET), at higher depths the reliability clearly decreases, when defect is surface breaking.
3.2.3

Radiography testing

X-rays can penetrate solid matter, they are differentially absorbed or scattered by different media and they may be diffracted by crystalline materials. Their largest use is to
take images of the inside of objects in radiography testing (RT) and to analyse the crystalline structure of materials. When the X-rays penetrate through material several interactions take place. The most important one with regard to NDT is the absorption process. The key parameters in radiation absorption are the density as well as the thickness
of the material. Detection signals are interpreted by using SNR (signal to noise ratio).
The main factors affecting detectability are the defect width, length and depth in the
beam direction.
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3.2.4

Ultrasonic testing

Ultrasonic Testing (UT) uses high frequency sound energy to produce sound waves and
to make measurements. Ultrasonic inspection can be used for defect detection, evaluation, dimensional measurements and material characterization.
3.2.5

Interplay of four different inspection methods

From the physical point of view the different inspection methods complement each
other. For example, in radiography the signal for defect detection is essentially the Xray intensity difference in the direction of the radiated direction of the defect. The ultrasonic echo intensity is mainly proportional to the area perpendicular to the ultrasonic
beam. Due to these facts, the radiographic method is better suited for volumetric defects
and the ultrasonic method for planar defect types. Visual testing is used only for defects
at the surface, while eddy current testing can find defects at the surface and near the
surface up to the depth of penetration.
The indications detected in inspections are first evaluated in the screening phase according to acceptance criteria given in (Pitkänen 2010, Table 3) keeping in mind the master
requirement of the intact wall thickness. This acceptance and rejection process is shown
in Figure 2. Figure 3 illustrates the combined use of data from different NDT methods.
The evaluation of the indications shall be carried out by qualified personnel (detection
and sizing qualification). If acceptance criteria are exceeded but total defect length is
less than 6 % of the total weld length then the weld is acceptable taking into account
that the weld thickness requirement of 35 mm in 100 % length of the weld is met. If
these first acceptance criteria are exceeded the additional evaluation of indications will
be made by more advanced detection and sizing techniques by two persons qualified for
detection and sizing.
The main evaluation principle is the master requirement — intact material thickness
shall be at least 35 mm in 100 % of the weld length. When the material thickness is observed to be less than 35 mm a new expert assessment (EA) will be carried out. The
expert panel will consist of an NDT specialist, a sizing specialist, a corrosion specialist,
a welding specialist and a damage tolerance specialist. They will make an expert
judgement taking into account all the detailed information of the defect and actual geometry, location and material condition. The EA can make a proposal to accept or reject
the case. If the master requirement is not met and the EA proposes the case be accepted,
then a written deviation report shall be made and acceptance shall be applied for the
case from the safety authority. If the canister weld is not accepted, the canister shall
either be repaired or unloaded of the nuclear fuel and rejected.
In this report only three types of defects are considered (see definitions in Section 3.4)
and the original decision process described above will be simplified.
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Figure 2. Acceptance and rejection process of canister weld according to evaluation of
NDT indications (Pitkänen 2010).
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Figure 3. Combined use of different NDT methods to detect a defect and identify its
size.
3.3

Destructive testing (DT)

Destructive testing is means to qualify the welding equipment and personnel, and can be
also used to verify findings made in NDT. This kind of inspection means namely that
the canister cannot be used for the final repository. The whole lid cannot be analysed
completely by destructive testing, as the method is costly and laborious. Thus the lid
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can only be sampled for destructive testing. A description of the metallographic method
to study the material can be found e.g. in (Pitkänen et al. 2010).
3.4

Definition of the critical defects

The consideration of the reliability of the canister is summarized in this report to the
concept of critical defect types, which are of interest from the leakage risk point of
view. In long-term, a canister may leak if there is a defect (in the weld), the defect is not
detected in NDT and if the defect is large enough to be a penetration path from the spent
fuel outside of the canister. The risk can be thus decomposed into three probability parameters as a function of a defect size :
x
x
x

p() = probability of a defect in the weld
q() = 1 – POD(), conditional probability of failing to detect a defect
r() = conditional probability of a leakage (in the long-term) given a defect.

This is a very simplified decomposition in many ways. Firstly, a defect is measured
only as a function of a scalar “defect size”. In reality, defects can have very different
shapes, and typically defects are measured at least with two parameters: diameter and
depth. Also the location of a defect (surface vs. root of the weld) is an important factor
from the risk point of view. At the moment there is very little statistical information
about the distribution p().
The probability function q() is an S-shaped curve (Figure 4). For small defect sizes, the
probability to detect a defect is 0 and for large defect sizes, the probability is 1 (vice
versa for q = 1 – POD). The region where q drops from 1 to 0 is quite narrow, associated with the resolution level of the NDT-method. It is different for different NDTmethods and different defect shapes, which will be discussed later in the report.

Figure 4. Principled function of q() = 1  POD() , conditional probability of failed
detection given a defect of size .
With regard to r() there are some uncertainties on which defect sizes can be critical
from the long-term safety point of view, but this issue is beyond the scope of this study.
The reference defect sizes and types are given by Posiva’s experts, and two types of
critical defects have been defined:
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a) Through hole of diameter 0.5 mm. If a lid has a through hole of sufficiently
large diameter all inspection methods (VT, ET, UT and RT) should give an indication of it. However, none of them can detect the complete information about
the through hole and thus results of different inspection methods need to be
combined in the inference process. The diameter of the reference hole is close to
the resolution limit of UT and RT, and thus an indication made by VT and ET
can be important, too.
b) Root defect located at the bottom of the weld of diameter 1 mm such that the intact wall thickness is less than 35 mm. Root defects cannot be detected by VT or
ET, and hence the detection must rely on UT and RT.
If the defect is larger, it will be detected certainly, at least from the technical capacity of
the NDT methods point of view. There, however, remains the possibility of human error, and to account for that, a third category of defect will be defined
c) Defect larger than diameter 1 mm, which will certainly be detected if no human
error is made. The notion “human error” should be understood as any error causing that the NDT is not carried out in an optimal way, i.e., in such a way how the
equipment is thought to be used and how the working process is thought to be
followed. A “human error” is thus beyond the scope of typical POD assessments.
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4
4.1

BASIC PROBABILITY CONCEPTS
Statistical inference and confidence interval

Statistical inference is based on observations of a random variable and assumption on
how this random variable is distributed. The frequentistic interpretation of a probability
of an event is the limit of the percentage of times the event occurs in repeated independent trials under the same circumstances. An approximation of the event probability p is
obtained by carrying out trials, analyzing the outcome and making inference about the
“true” probability of the event.
Assume that in N trials Ns success events are observed. The success probability is approximated by taking pˆ N s / N . This is an unbiased (converges to the true p as N increases), maximum likelihood estimate of the true value of p. Naturally one will have
more confidence on the accuracy of p̂ , if it has been obtained from a large number of
observations in comparison to a small sample. This is expressed by a confidence interval. If p̂ is observed, the inference L( pˆ ) d p d U ( pˆ ), which is stating that the true
probability should lie between a lower bound L( pˆ ) and an upper bound U ( pˆ ).
Making a confidence interval requires that the probability distribution of p̂ is obtained
and a confidence level has been set. The confidence level determines what points from
the distribution of p̂ are taken as upper and lower bounds for the confidence interval.
Typically, 95 % confidence level is used, meaning that the probability for true p to be
outside the interval L( pˆ ), U ( pˆ ) would be 5 %.
For experiments on defect detection of single type of defect, binomial estimation will be
applied. Typically one looks for lower bounds with 95 % confidence intervals. Then the
interest is on the 90/95 point of the defect size, which means 0.9 probability of detection
can be obtained for defects of this size if the true probability is 95 % lower bound. That
is to say, when future unseen defect of this size will be inspected, one should be very
confident that no more than 1 out of 10 defects will be missed.
Confidence interval is dependent on the sample size. If the aim is to demonstrate e.g.
high probability of detection, large samples are needed. For example, if 29 successes are
observed in 29 experiments (of the same type), the lower bound on the true probability
for success is above 0.9 with 95 % confidence. If some event is indeed rare, the event
not occurring in a sample is rather expected. On the other hand, small samples can give
evidence that some events are not as rare as thought. The appendix in (Gandossi and
Simola 2007) illustrates well the question of finding sample sizes for required target
levels.
Probability of detection (POD) curves are derived with different defect types and utilizing methods that are more advanced than the binomial model. Description of methods
can be found in (Gandossi and Annis 2010). There are number of issues in using PODs,
such as the difference between model based confidence bounds and data based confidence bounds (Gandossi and Simola 2010, Figure 3).
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4.2

Bayesian inference

In the Bayesian inference, p is considered as an unknown quantity whose uncertainty is
represented by a probability distribution. This is a subjective distribution, based on experimenter’s knowledge. Before carrying out any experiments, the experimenter attributes a prior distribution to p. This should express all thus far known information (or lack
of it) before undertaking the experiment. Experiment will be performed, which increases knowledge of the quantity of interest. Therefore, a new distribution for p, called
posterior distribution, is computed by Bayes’ rules

S (T | x)

f ( x | T ) S (T )

³ f ( x | T ) S (T ) dT

,

where S (T ) denotes the prior distribution, S (T | x) is the posterior probability (the distribution of T given the data x) and f ( x | T ) is the sampling distribution.
As an example, the estimation of the parameter p of the binomial model is considered,
i.e., the probability of observing k hits in n trials, where the probability of a single hit is
p:
§n·
P(x = k | p, n) = ¨¨ ¸¸ p k (1  p ) n  k .
©k ¹
The beta distribution is a typical choice for a prior distribution of the parameter p of the
binomial model
Beta(p; , ) =

*(D  E ) D
E
p 1  p , 0 d p d 1, D , E ! 0,
*(D )*( E )

where () is the gamma function, and  and  are the shape parameters of the function.
Figure 5 and Figure 6 show examples of beta distributions. If  and  are larger than 1
the probability density function is concentrated around the expected value of p
E[p] =  /( + ).
If  or  is smaller than 1, the function is concentrated in values 0 or 1. The choice  = 
= 1 gives the uniform distribution.
The Bayesian interpretation of  and  is that the beta distribution is the posterior probability of the parameter p of a binomial distribution after observing   1 hits and   1
misses. It means that if the prior distribution is beta with parameters  and  and k hits
in n trials are observed, the posterior distribution will also be a beta distribution Beta(
+ k,  + n – k), and the posterior expected value is
E[p] = ( + k) / ( +  + n).
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In Figure 5, all the beta distributions have the same mean value E[p] = 0.5. Larger values of  and  correspond the situation of having more observations, concentrating the
probability density function closer around the point p = 0.5. Analogously, in Figure 6,
all the beta distributions have the same mean value E[p] = 0,1.
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Figure 5. Beta distributions with a mean value E[p] = 0.5.
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Figure 6. Beta distributions with a mean value E[p] = 0.1.
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Usual choices for a prior distribution are the uniform distribution  =  = 1 or noninformative choices  =  = 0 and  =  = 0.5 (Gelman et al. 1997). In this study, the
prior distribution  =  = 0.5 is applied if representative data exist to apply Bayesian
update. In cases where some point value estimate has been given to p but no data exist,
a beta distribution with mean value is equal to the point estimate and the shape parameter  = 0.5 (or  = 0.5 if the point estimate is larger than 0.5) is defined.

4.3

Comparison of the confidence interval approach and Bayesian
analysis

The confidence interval (frequentistic) approach and the Bayesian approach have fundamentally different views on the uncertainty, the interpretation of the probability and
in the formulation of the decision-making problem.
For the frequentist, the true mean of the parameter is within the confidence interval in
95% of similar intervals. In safety analysis applications, the conservative interval bound
is then chosen for the demonstration of the claim in question. The decision problem is
whether to accept or reject a hypothesis and on what confidence the decision can be
made.
For the Bayesian, the mean of the parameter is an abstraction. Only the data is real, and
the probability distribution of the parameter describes the uncertainty. In safety analysis
applications, the uncertainty should be presented, but finally the issue that matters is the
probability of the event of interest, e.g., the probability of an accident P(A), in which
assessment the parameter p is needed, i.e., P(A | p). The correct way to derive P(A) is to
integrate the P(A | p) over the distribution of p,
P(A) =  P(A | p) f(p) dp.
The reason to choose Bayesian approach in this study is that the reliability of the canister depends on several factors, i.e., reliability parameters for which there are different
kinds of knowledge. The overall assessment of the reliability of the canister is thus a
function of several probability parameters, which can be straightforwardly modelled in a
Bayesian context, but would be a complex issue for a confidence interval approach.
The main critique against the Bayesian approach is the subjective element of the assessments, especially with regard to the selection of prior distributions for the parameters. In the frequentistic analysis, the data only affects the results — given the way the
statistical inference problem has been formulated and how the sample has been collected.
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5

BAYESIAN PROBABILITY MODEL

5.1

Main reliability metrics

The following reliability metrics will be considered:
1.
2.
3.
4.
5.
6.

p = probability of a defect in a single canister
q = probability of failed detection of a defect in NDT
pz = probability that a single canister in the final disposal system is defective
E[Z] = expected number of defective canisters in the final disposal system
P[Z > 0] = probability that at least one of the final disposal canisters is defective
P[Z = z] = probability distribution of the defective canisters in the final disposal
system.

If p and q were known constant probability parameters for all canisters, the following
probability equations are obtained:
pz = pq,
E[Z] = pqN
P(Z > 0) = 1  P(Z = 0) = 1  (1  pq)N
§N· z
P(Z = z) = ¨¨ ¸¸ p z (1  p z ) N  z .
©z¹
In other words, the number of the defective canisters in the final disposal system follows the binomial distribution with parameters pz = pq and N = the number of canisters.

5.2

Bayesian model for unknown p and q

The solution to the estimation problem is based on the Bayesian approach. The structure
of the simple model is presented in Figure 7.
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Figure 7. Simple probability model.
The colours of the nodes of the probability model denote the type of the quantity. N is a
constant and Y is observed data (white colour). X is an unknown, potentially observable
quantity (light turquoise). p and q are unknown, unobservable parameters (blue). 1, 1,
2, 2 are unknown, unobservable hyperparameters (light red).
The arrows of the diagram represent how the conditional probabilities are determined:
P(X | p, N) = Bin(p, N)
P(Y | q, X) = Bin(1  q, X)
f(p | 1, 1) = Beta(1, 1)
f(q | 2, 2) = Beta(2, 2).

5.3

Probability model for the welding reliability

The estimation of the reliability of welding can be divided into two cases: 1) the welding process is within the specifications, and 2) the welding process is outside of the
specifications. If the welding process is within the specifications, the probability of defects should be very low. If the welding process is outside of the specifications, the
probability of defects is somewhat larger, but on the other hand the personnel should be
alerted and they should specifically pay attention to deviations when performing the
NDT.
Figure 8 presents an event tree which takes into account whether the welding is within
or outside of specifications. It can be assumed that the probability of defect is different
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in either case (conditional probabilities p21 resp. p111). Sequences 4 and 61 could be
merged together from the welding defect probability point of view. However, when the
NDT process is taken into account, it makes a difference whether the deviation from
welding specifications is known or not.
Welding

Welding within
specifications

Deviation from
spec. detected

1  p1

No defects in
welding

1  p21
p21

1  p111
p111

1  p111
p111

(1  p1) * p21

3. OK

4. Defect

p11

Probability

1. OK

2. Defect

p1

1  p11

End state

p1 * (1  p11) * p111

5. OK

6. Defect

p1 * p11 * p111

Figure 8. Event tree for the assessment of the welding reliability.
5.4

Probability model for the NDT reliability

The NDT process can be modelled as a two-phase decision-making process: 1)
indication evaluation and 2) deviation assessment in case an indication of defect has
been observed. The latter phase includes all three later decision making points presented
in Figure 2. An error can be thus made in two basic ways: 1) the defect is not observed
at all, or 2) a defect is detected but it is erroneously judged to be non-critical (defined in
section 3.4). False positive errors are not considered in this study.
Figure 9 presents an event tree for the assessment of the reliability of NDT in case a
critically defective weld is examined. The event tree takes into account the prior knowledge from the welding process, i.e., whether welding has been or has not been within
specifications. It is assumed that if the welding is known to been outside of specifications, a deviation assessment will be made, i.e., the place where the deviation took place
is examined more carefully (sequences 4 and 5).

1

Event tree sequence numbers can be read from the ”End state” column.
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Figure 9. Event tree for the assessment of the NDT reliability in case of a defective
weld.
The total probability of a defective weld is obtained by summing the probabilities of the
sequences 2, 3, 5, 7 and 8:
pz = (1 – p1) * p21 * (q1 + q2 – q1 * q2) +
p1 * ((1 – p11) * p111 * q2 + p11 * p111 * (q1 + q2 – q1 * q2)).
From the NDT error point of view the above equation and the sequences of the event
tree in Figure 9 can partitioned into two cases:
x

“q1-miss”: contribution from the sequences 3 & 8
pz(“q1”) = ((1 – p1)*p21 + p1* p111)*q1.

x

“q2-miss”: contribution from the sequences 2 & 5 & 7
pz(“q2”) = ((1 – p1)*p21 + p1*(1 – p11)*p111 + p1*p11*p111)*(1 – q1)*q2.

”q1-miss” refers to an error where the defect is not detected at all. ”q2-miss” refers to an
error where a defect is detected, but is judged erroneously to be acceptably small.

5.5

Enhanced Bayesian probability model

The enhanced Bayesian probability model takes into account that there are different
types of critical defects and several NDT methods (VT, ET, RT, UT). The variables X
and Y as well as the parameters p and q must be then split into several categories.
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5.5.1

Several defect categories

In this report, three defect categories are considered, denoted by indexes a, b and c (see
ch. 3.3). The three defect categories make the probability calculus more complicated
and therefore some simplifying independence assumptions are made. The probability
that the welding will cause a defect type “a” is independent of the probability of defect
of other types and vice versa. The event tree for the welding reliability can be extended
so that the conditional probabilities of defects are
P(defect “a” | weld within spec.) = p21a
P(defect “b” | weld within spec.) = p21b
P(defect “c” | weld within spec.) = p21c
P(defect “a” | weld outside of spec.) = p111a
P(defect “b” | weld outside of spec.) = p111b
P(defect “c” | weld outside of spec.) = p111c.
The conditional probabilities for the detection of defect and for making an erroneous
evaluation are similarly denoted by q1a, q1b, q1c, q2a, q2b, and q2c.
The equation for pz, the probability that a single canister has a defect in the final disposal system, can be simplified by assuming that the probability that the canister has
more than one type of defects” is negligible. Then the probability is split into three
cases:
1. Canister has a non-detected defect “a”, P = pza
2. Canister has a non-detected defect “b”, P = pzb
3. Canister has a non-detected defect “c”, P = pzc
where pza = paqa, pzb = pbqb, and pzc = pcqc.
The total probability is (approximately)
pz = pza + pzb+ pzc.
The probability distributions for Z can be then expressed as a function pz, i.e., P(Z = z |
pz , N) = Bin(pz , N).
5.5.2

Four NDT methods

In the final stage of the development of the probability model, the multitude of NDT
methods are taken into account. This means that the parameters q1a, q1b, q2a and q2b
will be split into 4 subcategories. The different methods are first assumed to be (conditionally) independent on each other.
The probability of not getting an indication of the defect type “a” is
q1a = q1a(VT) · q1a(ET) · q1a(RT) · q1a(UT),
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and correspondingly for the defect type “b”.
For the defect type “c”, the error is assumed to be due to human error
q1c = q1HRA,
which should be included in q1a and q1b, as well. Since type “c” of defects is the dominating category of critical defects, this simplification does not play a major role in the
results.
It is assumed that if an indication is obtained by any of the methods, all four approaches
will be used in the evaluation of the indication, i.e.,
q2a = q2a(VT) · q2a(ET) · q2a(RT) · q2a(UT).
For the defect type “c”, a mistake at this stage is not anymore possible, i.e., q2c = 1.
5.5.3

Dependency between NDT methods

The independency assumption made in the previous chapter is a strong assumption and
could be justified only if the defects (type a, b or c) could be characterized exactly, i.e.,
the size, shape and location. A more realistic interpretation is that defect types a, b and c
are average representatives of a wider spectrum of different types of flaws. For instance,
within the defect category “a” some of the defects are easier and some more difficult to
detect, but the average detection failure probabilities for each NDT-method is q1a(·)
resp. q2a(·). The consequence of the variability is however that the independence assumption is not valid, and may lead to too optimistic estimates of the overall reliability
of NDT.
There are several ways to model dependencies. A typical approach in the system reliability analysis is to assume a factor which represents the proportion of dependent failure probability with respect to a single failure probability. These models are called
common cause failure (CCF) models. Such models are often applied to the reliability
modelling of systems with identical, redundant components. Similar approach could be
considered here, too, but due to lack of data, it would be difficult to assess justifiable
CCF-factors.
Another approach is to assume a parametric or “state-of-knowledge” dependency between the probability estimates. This means that the probability (uncertainty) distributions of the parameters, e.g., q1a(VT), q1a(ET), ..., are coupled.
For instance, if two parameters, q1 and q2, have identical uncertainty distributions with
the mean value
mq = E[q1] = E[q2]
and variance

27

vq = Var[q1] = Var[q2],
then if q1 and q2 are fully independent, the expected value of their product is
E[q1 · q2] = E[q1] · E[q2] = mq2.
If the uncertainty distributions for q1 and q2 are coupled, then
E[q1 · q2] = mq2. + vq,
which is larger than in case of independent parameters.
If the uncertainty distributions are not identical, the variance term will be replaced by
covariance.
The interpretation of the parametric uncertainty coupling is that the source of uncertainty is same for the coupled parameters. In this study, the effect of state-of-knowledge
dependency will be tested.

5.6

Destructive testing

Destructive testing is a means to verify the reliability of NDT results. Destructive testing of a canister welding can give a proof that a detected defect (indication seen in
NDT) is really a defect. However, it does not give a proof whether there are no defects
in the welding, since only part of the whole welding volume can be inspected in DT.
This means that the information from DT can be used to update the probability estimate
for “false positive” but it cannot be (straightforwardly) used to update the probability
estimate for q. Since “false alarm” problem is not of the primary concern of this study,
the utilisation of data from DT is omitted.
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6
6.1

DESCRIPTION OF THE RELIABILITY DATA AND ITS USE FOR THE
QUANTITATIVE ESTIMATION OF PROBABILITY PARAMETERS
Welding process data

At this moment there is no sufficient representative data to make statistical inference on
the probability parameters p11, p111 and p21. Test samples produced so far are related
to the development of the welding process, i.e., search for suitable operating points,
optimization of welding around feasible operating points and capability analysis (Meuronen and Salonen 2010). Given that the welding machine is working properly, it is
very unlikely that the SPC limits2 will be exceeded. This does not, however, say much
about the probability of defect other than that p21, probability of a defect given that
welding is within specifications, is presumably low, but how low?
With regard to p11 (deviation from the specifications) and p111 (probability of a defect
given that welding is outside of specifications), there is no data. Deviation from the
specifications (p11) can be caused by many kinds of disturbances in the process, machine or material faults. In normal process conditions, a deviation is unlikely. Experience from representative industry could be used as a reference, but it has not been collected. Data to estimate p111, the probability of a defect given that welding is outside of
specification could be collected by test samples, but it has not been done so far.
The reliability number reported (Ronneteg et al. 2006) is the manufacturing expert number that only one of 100 canisters might have a critical defect. This number is not further discussed in the report or broken down into e.g. p11, p111 and p21 and into different defect types. It should be further noted that this reliability number has been given
for friction stir welding (FSW), which is an alternative method to EBW.
In this report the overall probability of a defect is assumed to be about 1/100. It is also
assumed that only a fraction of the defects are in the critical region, i.e. defect types “a”
and “b”. The proportion is assumed to be 1/10 of the total probability 1/100. Types “a”
and “b” are assumed to be equally likely, i.e.,
E[p21a] = E[p21b] = E[p21c] / 18, and.
E[p111a] = E[p111b] = E[p111c] / 18.
The next assumption is that it is equally likely that the defect is caused by a welding
which is within the specifications or a welding which is outside of the specifications,
i.e.,
E[p1] * E[p111] = (1 – E[p1]) * E[p21].
As a result of these assumptions, the prior distributions for the p-parameters shown in
Table 1 are obtained. For all prior probability distributions, the -parameter is set to 0.5
to reflect large uncertainty on parameter values.
2

Upper and lower specification limits USL and LSL http://en.wikipedia.org/wiki/Process_capability
http://en.wikipedia.org/wiki/Process_capability_index
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Table 1. Welding process reliability data (fictive numbers based on the boundary condition that the overall probability of a defect is 1/100).
Parameter
p1
p11
p111a, p111b
p111c
p21a, p21b
p21c

6.2

Point estimate
0.01
0.01
0.025
0.45
0.00025
0.0045

Bayes prior distribution
Beta(0.5 ; 49.5)
Beta(0.5 ; 49.5)
Beta(0.5 ; 19.5)
Beta(0.5 ; 0.61)
Beta(0.5 ; 1999.5)
Beta(0.5 ; 110.5)

NDT process data

NDT reliability has been studied quantitatively by detecting man-made and thus known
defects of various sizes and in various locations in the weld. The aim has been in finding limits of detection methods in terms of defect size and location, rather than giving
strong evidence of high detection probabilities in certain defect situations. Furthermore
the experiments study the intrinsic physical capabilities of NDT methods and do not yet
take into account the final industrial application factors and human factors.
For RT, UT and ET the probability of detection (POD) curves are derived from reliability data using “â vs. a” -method (Gandossi and Annis 2010). 95 % confidence intervals
are used around detected signal and defect size a90/95 is determined. This means that 0.9
is the target confidence that the lower bound of a 95 % confidence interval around â
from a future unseen experiment will be less than the true value.
6.2.1

Prior estimates for the detection failure probabilities

Recall that the probability of failed detection of a defect in NDT, denoted by q, was
further split in Section 5.5.2 to address four different inspection methods (VT, ET, RT
and UT). Further each defect type a, b or c has different probabilities for detection failures. As the NDT result evaluation is modelled as a two-phase process (Section 5.4),
phases denoted by numbers 1 and 2, this gives rise to 18 random variables listed in the
first column of Table 2. Knowledge and believes regarding the values of these random
variables are expressed in terms of Bayesian priors.
In this report, information about detection failure probabilities is derived from experiments made for Posiva’s purposes. This process in turn takes a Bayesian approach; first
uninformative prior Beta(0.5, 0.5) is assumed for the quantity of interest, and this is
updated based on the results of experiments. Sections below explain the available data
and the posterior distribution for failure detection probability in question, that will represent our current knowledge on detection failure probabilities. Results are summarized
in a tabular form in Section 6.2.7
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6.2.2

Radiographic Testing (RT)

Radiographic testing has been studied by detecting 12 flat bottom squares, 12 flat bottom holes and 9 side drill holes. The detection variable has been selected to be the
length of the flaw, which ranges between 1, 2, and 4 mm in the reference defects. The
diameter or diagonal (square defects) of defects ranges from 1 to 18 mm. It is concluded
that a90/95 point for the flaw length is 0.98 mm.
In addition to the above data, Posiva Oy has submitted preliminary data on radiographic
testing. This data is illustrated in the Appendix 2 of this report.

Defect a, through hole of diameter 0.5 mm:
As the diameter of the reference defect is only 0.5 mm, the data in the first data set described above would require extrapolation beyond the data range. Also the additional
data provided by Posiva is hard to utilize in estimating detection probabilities for this
defect. Therefore a conservative uninformative estimate Beta(0.5, 0.5) is used for
q1a(RT), in the first stage of the NDT process. In the second stage of inspection, the RT
signal is interpreted with 95 % confidence intervals, which gives a 5 % probability for a
false interpretation. This is incorporated into the probabilistic model by taking Beta(0.5,
9.5) distribution for q2a(RT).
Defect b, diameter 1 mm and intact material less than 35 mm:
A POD curve for detecting holes of various lengths is illustrated in Appendix 3, Figure
15. In this curve the calculated a90/95 is 0.98 mm. Thus this data is interpreted so that
holes with diameter 1 mm can be detected, and the mean and p0.05 points can be read
from the solid and dashed lines in Figure 15 of Appendix 3. By visually fitting the mean
and the p0.05 point to a suitable beta-distribution, gives rise to estimate Beta(0.5, 20.5)
for q1b(RT) in the first stage of detection. In the second stage of detection, the RT signal is interpreted with 95 % confidence intervals, which gives a 5 % probability for a
false interpretation. This is incorporated into the probabilistic model by taking Beta(0.5,
9.5) distribution for q2b(RT).
6.2.3

Ultrasonic testing (UT)

Reliability data for ultrasonic testing for the POD curve development consists of 18 flat
bottom holes with diameters ranging from 1 mm to 8 mm. The area of the flat bottom
hole, i.e., the area perpendicular to the sound beam, is used as the detection signal a.
The detection capability of the UT depends on the position of the defect with respect to
the weld. Thus separate POD curves are derived for hole in front of the weld and for
holes either in the middle of the weld or in the back of the weld.
Additional data obtained from Posiva Oy (by J. Pitkänen on March 14th 2011) concerns
14 holes drilled in the middle of the weld from the top of the lid. The data is preliminary
and will be analysed in detail later on by Posiva. This data is illustrated visually in Appendix 1 of this report. In addition to the illustration, coding of each hole (H + number)
together its diameter and depth has been given. Diameters of the holes range from 0.35
mm to 1.97 mm. Only those holes will be analysed that match with the criteria of the
reference defects.
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Defect a, through hole of diameter 0.5 mm:
The defect types analysed for the development of POD curves are not very informative ,
as the area of the defect is taken as the detection signal Thus the estimate for detection
probability is based on the data illustrated in the Appendix 1. Out of man made defects
H14 – H30, the holes H14, H15, H17 – H21, H27 – H29 are applicable to reference
defect “a”. Out of these 10 defects, Pitkänen has reported that all holes will be detected.
This gives rise to 0 misses out of 10. In the first stage of NDT process, this results gives
rise to prior estimate Beta(0.5, 10.5) for q1a(UT). In the second stage of inspection, the
UT signal is interpreted with 95 % confidence intervals, which gives a 5 % probability
for a false interpretation. This is incorporated into the probabilistic model by taking
Beta(0.5, 9.5) distribution for q2a(UT)
Defect b, diameter 1 mm and intact material less than 35 mm:
The defect types analysed in POD curves are not very informative in detecting the reference defect “b” either. Thus the estimate for detection probability is based on the data
illustrated in Appendix 1. Out of man made defects H14 – H29, the holes H16, H22 and
H23 are applicable to reference defect “b”. Out of these 3 defects, Pitkänen has reported
that all holes will be found in the detection. This gives rise to 0 misses out of 3. In the
first stage of NDT process, this results gives rise to prior estimate Beta(0.5, 3.5) for
q1b(UT). In the second stage of inspection, the UT signal is interpreted with 95 % confidence intervals, which gives a 5 % probability for a false interpretation. This is incorporated into the probabilistic model by taking Beta(0.5, 9.5) distribution for q2b(UT)
6.2.4

Eddy current testing (ET)

Eddy current testing is done for holes and notches by using high and low eddy current
frequencies for both types of flaws. This gives rise to four different POD curves.
For holes the eddy current testing data consists of 30 man made flaws with diameters
and depths ranging from 0.1 mm to 1.97mm and 2 mm to 65.4 mm, respectively. The
diameter of the hole is taken as a detection parameter a, while the depth differences and
other parameters have influence on the scatter band. It is worth noting that differences
in the weld material have influence on the eddy current testing and for this reason 6
samples were excluded from POD calculations, resulting to 24 data points in the actual
analysis. POD curves are derived separately for high and low eddy current frequencies.
For notches the test data consists of 42 man made flaws with given length, depth and
width. The lengths of notches are taken as the detection parameter a. Lengths vary from
1.5 mm to 10 mm.
The POD curve is based on so far highest number of data points. However, the problems of the impact of the weld material variation need to be resolved for general inference on future weld inspections. For holes the diameter range in the data covers well the
reference defect with diameter 0.5 mm. It should be kept in mind that the eddy current
testing can detect flaw up to 1 cm depth in the material.
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Defect a, through hole of diameter 0.5 mm:
POD curves for eddy current testing for holes with high and low frequencies have been
developed. The detection points a90/95 are at 0.53 mm and 0.36 mm, respectively for
high and low frequencies. The POD curves for high frequency detection are shown in
Appendix 3, Figure 16 to derive a prior distribution for q1a(ET). The mean and 95 %
confidence level lower bound (illustrated by solid and dashed lines in the figure) are
matched with a beta distribution with approximately the same mean and p0.05 point. This
gives rise to the prior Beta(0.5, 12.5) for q1a(ET) in the first stage of NDT process. In
the second stage of inspection information must be gathered from the bottom part of the
weld in order to judge if the hole is a through hole or not. As eddy current testing can
detect defects only up to 1 cm depth, it cannot give any information in this assessment
and hence q2a(ET) = 1.
Defect b, diameter 1mm and intact material less than 35mm:
The worst case approach is assumed, i.e., the defect in the bottom part of the weld and
hence eddy current cannot reach the defect, thus q1b(ET) = q2b(ET) = 1.
6.2.5

Visual testing (VT)

In the visual testing data set artificially generated holes and notches were detected by
using different parameters of the system. The testing is focused on finding the optimal
parameter configuration. Unfortunately, the available data report does not give any direct information on the dimensions of flaws. Such information is needed to select holes
that can be used to estimate the probability parameters of the model presented in this
report.
Almost all equipment setups were able to detect all notches. For those setups where
some notches were left undetected a POD curve was derived. The POD curves show
that notches have been characterized by their area and there have been some samples
with very small areas. The total number of notches is 28, and about half of them have
areas below 1 mm2.
As for detecting holes, the finding of all holes was possible with some equipment setups. The total number of holes is 25, and about half of them have diameter 0.5 mm or
smaller and those are suitable for our estimation purposes. An example of a POD curve
is illustrated in the Appendix 3, Figure 17.

Defect a, through hole of diameter 0.5 mm:
The data set indicates that in some equipment setup all holes were detected. A conservative estimate is made that the number of holes suitable for our analysis is 10, out of
which all have been detected by the best inspection setup. This gives rise to an estimate
beta(0.5, 10.5) for q1a(VT) in the first stage of detection. In the second stage of detection information is needed from the bottom part of the weld, and hence visual detection
cannot be utilized, thus q2a(VT) = 1.
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Defect b, diameter 1mm and intact material less than 35mm:
The worst case approach to defect b is assumed that the defect is located in the bottom
part of the weld. As visual detection cannot detect this type of defect, q1b(VT) =
q2b(VT) = 1.
6.2.6

Estimate for human error

Defect type c was defined to illustrate the role of human error. The defect type c was
defined as a defect with diameter larger than 1 mm, which will certainly be detected if
no human error is made. The causes for human errors are not discussed further in this
report.
For procedures with carefully written instructions and careful training, a probability
0,003 is applied, which is used as a general screening value for human errors in nuclear
power plant risk analysis (Swain 1983, page 20-13). The applicability of this probability
estimate for the NDT-process has not been validated, since it would require detailed
human reliability study, which is beyond the scope of this study.
The uncertainty on the human error probability is modelled by q1c ~ Beta(0.5, 166.2). If
no human error is made in the first stage of the NDT process, the second stage judgement will be correct with certainty. This is expressed by taking q2c = 0.
6.2.7

Summary

The results of previous subsections are summarized in the table below. The prior distributions given in the last column are used in the numerical calculation of pz, the total
probability that a critically defective weld is obtained.

35

Table 2. Interpretation of the NDT data in terms of reliability data.
Parameter
q1a(VT)
q1b(VT)
q1a(ET)
q1b(ET)
q1a(RT)
q1b(RT)
q1a(UT)
q1b(UT)
q2a(VT)
q2b(VT)
q2a(ET)
q2b(ET)
q2a(RT)
q2b(RT)
q2a(UT)
q2b(UT)
q1c
q2c

Data/comment
App 3, Fig. 17, k = 0, n = 10
Cannot detect defect in the bottom
App. 3 Fig 16 visual fitting so that mean and
p0.05 fit the with confidence interval
Cannot detect defect in the bottom
App. 2
App.3, Fig 15, visual fitting so that mean and
p0.05 fit the with confidence interval
App. 1
App. 1
Cannot detect the depth of the defect

Decision making is based on the interpretation
of the data at 5% risk

Human error probability
If no human error made in the first detection,
judgement will be correct with certainty

Point estimate
0.045
1
0.04

Prior distribution
Beta(0.5; 10.5)
Beta(0.5; 12.5)

1
0.5
0.024

Beta(0.5; 0.5)
Beta(0.5; 20.5)

0.05
0.13
1
1
1
1
0.05

Beta(0.5; 10.5)
Beta(0.5; 3.5)

0.003
0

Beta(0.5; 166.2)

Beta(0.5; 9.5)
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7

RESULTS

7.1

Simple model

In order to illustrate the effect of p and q and the difference between known and unknown parameter values, the following cases are considered. In the first case, p and q
are known and p = q = 0.01, i.e. one per hundred weldings and one per hundred NDTs
fail. The probability of emplacing a defective canister into the repository is pz = 1E-4.
7.1.1

Comparison of known and unknown parameters

As comparison, p and q are unknown and have beta prior probabilities with parameters
1 = 2 = 0.5 and 1= 2 = 49.5. Then E[p] = E[q] = 0.01, and the probability of a canister with a defective weld emplaced into the repository storage is pz = 1E-4. Compared
to the first case E[Z] is also equal, but the distribution for P(Z = z) is different. The
more uncertain p and q are, the higher the probability for P(Z = 0) becomes and at the
same time the probabilities for Z = z for larger values increase.
In the third case, p and q are known and p = q = 0.001 and pz = 1E-6.
The results for different cases are shown in Table 3 and the comparison of known vs.
unknown p and q is shown in Figure 10.

Table 3. Comparison of the effect of uncertainty in p and q.

E[p]
E[q]
N
pz
E[Z]
P[Z > 0]
P[Z = z]

0
1
2
3
4
5
6
7
8
9
10
>10

p and q
known
0.01
0.01
4500
1E-4
0.45
3.6E-01
6.4E-01
2.9E-01
6.5E-02
9.7E-03
1.1E-03
9.8E-05
7.3E-06
4.7E-07
2.6E-08
1.3E-09
5.9E-11
2.4E-12

p and q
unknown
0.01
0.01
4500
1E-4
0.45
2.0E-01
8.0E-01
1.1E-01
4.1E-02
2.1E-02
1.1E-02
6.1E-03
5.0E-03
2.0E-03
1.9E-03
1.3E-03
9.0E-04
2.6E-03

p and q
known
0.001
0.001
4500
1E-6
0.0045
4.5E-03
1.0E+00
4.5E-03
1.0E-05
1.5E-08
1.7E-11
1.5E-14
1.1E-17
7.3E-21
4.1E-24
2.1E-27
9.2E-31
1.3E-13
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Figure 10. Comparison of the effect of uncertainty in p and q. Z ~ Bin(pq; N = 4500),
mean values of p and q equal to 0.01.
An important aspect of the probability model is that p and q are equally important from
the probability of Z point of view. As long as the product pq is constant, pz and E[Z] do
not change. The optimization of the total reliability of the canister disposal can be made
directly by comparing the cost-effectiveness of measures to improve the reliability of
welding with NDT.
7.1.2

Effect of NDT observations during production of the facility

Next the effect of observing k defective canisters in n cases is considered. This study
illustrates how the knowledge about p and q evolves when the canister disposal process
is starts. NDT is assumed to be quite reliable a priori, E[q] = 1E-2, meaning that the
observations practically update the uncertainty distribution of p, i.e.,
f(p | k, n)  Beta(0.5 + k, 49.5 + n – k),
E[p]  (0.5 + k) / (50 + n).
Figure 11 presents cases for sample sizes 0, 10, 20, 50 and 100 canisters and observations of 0 or 1 defective canister in the sample. The conclusion is that strong belief on
NDT reliability (low q) provides a means to update the knowledge about the reliability
of welding (p).
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Figure 11. Effect of the sample size and observations in NDT on the expected value of
the reliability parameters.
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On the other hand, if the expected prior value for q is large, the situation is slightly different as shown in Figure 12. The expected prior value for q varies from 0.01, 0.1, 0.25
to 0.5, and sample is a) 0 defective out-of 100 canisters and b) 1 defective out-of 100
canisters.
In the case a), the posterior expected value for q is larger than the prior, since it is
somewhat unexpected that no defective canister has been observed in the sample of size
100 canisters. The posterior expected value for p is smaller than the prior but is dependent on the prior distribution for q.
In the case b), the posterior expected value for q is close to the prior, since 1 defective
out-of 100 canister is an expected outcome. The posterior expected value for p is less
sensitive to the prior distribution for q than in the case a).
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Figure 12. Effect of prior probability distribution for NDT reliability (q) on the expected value of the reliability parameters.
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7.2

Enhanced model

7.2.1

One defect type

The enhanced model with one defect type has the following parameters:
x
x
x
x
x
x

p1 = probability that welding is outside of specifications
p11 = probability that the deviation of welding is not detected
p111 = conditional probability of defect given that welding is outside of specifications
p21 = conditional probability of defect given welding is within specifications
q1 = conditional probability not to get an indication of defect given that there is
a defect
q2 = conditional probability to erroneously accept a canister for which an indication of defect has been made and the defect is in reality critical.

Table 4 shows results from a fictive case where it is assumed the all the probability parameters have mean value 0.01 except E[p111] = 0.1. In other words, it is assumed that
the conditional probability for defect is ten times higher if welding is outside of specifications compared to within specifications (p21). The uncertainty of parameters values is
modelled by beta distributions with parameter value  = 0.5.
The probability P(defect) is the average overall probability for a defect
P(defect) = (1 – p1) * p21 + p1 * p111.
The probability P(NDT miss), which represents the average conditional probability for a
failure in NDT, has been calculated backwards
P(NDT miss) = pz / P(defect).
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Table 4. Example results from one defect type enhanced model.
Parameter/metric
p1
p11
p111
p21
q1
q2
P(defect)
P(NDT miss)
pz
E[Z]
z
0
1
2
3
4
5
6
7
8
9
10

Mean value
1.0E-2
1.0E-2
1.0E-1
1.0E-2
1.0E-2
1.0E-2
1.1E-2
9.1E-3
1.0E-4
0.47
P[Z = z]
P[Z  z]
7.6E-1
1.0E+0
1.5E-1
2.4E-1
5.2E-2
9.9E-2
2.0E-2
4.8E-2
1.1E-2
2.8E-2
6.0E-3
1.6E-2
3.3E-3
1.0E-2
2.2E-3
7.1E-3
2.0E-3
4.9E-3
1.0E-3
2.9E-3
5.0E-4
1.9E-3

Results of Table 4 are close to the results of the simple model with p and q unknown.
7.2.2

Several defect types and NDT methods

The enhanced model with several defect types and NDT methods has the following parameters:
x p1 = probability that welding is outside of specifications
x p11 = probability that the deviation of welding is not detected
x p111a = conditional probability of defect type “a” given that welding is outside
of specifications
x p111b = conditional probability of defect type “b” given that welding is outside
of specifications
x p111c= conditional probability of defect type “c” given that welding is outside
of specifications
x p21a = conditional probability of defect “a” given welding is within specifications
x p21b = conditional probability of defect “b” given welding is within specifications
x p21c = conditional probability of defect “c” given welding is within specifications
x q1aVT, q1aET, q1aRT, q1aUT = conditional probability not to get an indication
an indication of defect “a” given that there is a defect, using NDT-method VT,
ET, RT or UT
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x
x
x
x
x

q1bVT, q1bET, q1bRT, q1bUT = conditional probability not to get an indication
an indication of defect “b” given that there is a defect, using NDT-method VT,
ET, RT or UT
q1c = conditional probability not to get an indication an indication of defect “c”
given that there is a defect
q2aVT, q2aET, q2aRT, q2aUT = conditional probability to erroneously accept a
canister for which an indication of defect “a” has been made and the defect is in
reality critical, using NDT-method VT, ET, RT or UT
q2bVT, q2bET, q2bRT, q2bUT = conditional probability to erroneously accept a
canister for which an indication of defect “b” has been made and the defect is in
reality critical, using NDT-method VT, ET, RT or UT
q2c = conditional probability to erroneously accept a canister for which an indication of defect “c” has been made and the defect is in reality critical.

Table 5 shows results from the simulation. The probability that a single canister in the
final repository is defective is 1.6E-5, i.e., 1.6 per 10000 canisters. Given 4500 canisters, the expected probability of at least one defective canister in the final repository is
P(Z 1) = 1 – P(Z = 0) = 6 %.
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Table 5. Example results from several defects types and NDT methods.
Parameter
p1
p11
p111a
p21a
q1aVT
q1aET
q1aRT
q1aUT
q1a
q2aVT
q2aET
q2aRT
q2aUT
q2a
p111b
p21b
q1bVT
q1bET
q1bRT
q1bUT
q1b
q2bVT
q2bET
q2bRT
q2bUT
q2b
p111c
p21c
q1c
q2c

Mean value
1.0E-2
1.0E-2
2.5E-2
2.5E-4
4.5E-2
3.8E-2
5.0E-1
5.0E-2
1.0E+0
1.0E+0
5.0E-2
5.0E-2
2.5E-2
2.5E-4
1.0E+0
1.0E+0
2.4E-2
1.3E-1
5.0E-3
1.0E+0
1.0E+0
5.0E-2
5.0E-2

Metric
P(defect)
P(NDT miss)
pz
E[Z]
z
0
1
2
3
4
5
6
7
8
9
10

Mean value
1.0E-2
2.1E-3
1.6E-5
0.07
P[Z = z] P[Z  z]
9.4E-1 1.0E+00
5.3E-2 6.2E-02
7.0E-3 8.9E-03
1.4E-3 1.9E-03
3.4E-4 5.1E-04
1.0E-4 1.7E-04
3.9E-5 6.8E-05
1.7E-5 3.0E-05
7.8E-6 1.3E-05
3.4E-6 4.8E-06
1.4E-6 1.4E-06

4.5E-1
4.5E-3
1.0E-3
0.0E+0

Table 6 shows the relative contribution of different defect types and NDT missed defect
types. With regard to defect types, the interpretation of the results is that given the used
assumptions for the reliability of the NDT methods, the weakest point in the NDT process is the human factor (80 %), where “human factor” should be understood widely to
cover any deviation in the “normal” NDT process, where “normal” refers to conditions
assumed in the estimation of the POD-curves. The reason why defect type “b” contributes more than defect type “a” is that VT and ET methods can only detect surface defects.
With regard to NDT missed defect types, the interpretation of the results is that “q1miss” is dominating, since it is connected to the defect type “c”. On the other hand, for
the defect type “a”, “q2-miss” is more important, since a surface defect can be detected
by all NDT methods. The uncertainty is more in the judgement of the defect size. Also
for the defect type “b”, “q2-miss” is more important than “q1-miss” but the probability
of miss is about the same order for both miss types.
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Table 6. Relative contribution of defect types and NDT missed defect types.
NDT miss type
q1
q2
Total

a
0,1 %
8%
8%

Defect type
b
4%
8%
12 %

c
80 %
0%
80 %

Total
85 %
15 %
100 %

If the defect type “c” is omitted, the probability that a single canister in the final repository is defective is 0.3E-5, and the expected probability of at least one defective canister
in the final disposal system is 1.5 %.
In Table 7, the results are decomposed between the contributions from the defect types
“a”, “b” and “c”.

Table 7. Several defects types and NDT methods, contribution of the defect types.

pz
E[Z]
P[Z > 0]
P[Z = z]

7.2.3

0
1
2
3
4
5
6
7
8
9
10
>10

a only
1.3E-6
0.006
0.005
9.9E-1
5.1E-3
2.4E-4
2.0E-5
1.9E-6
1.6E-7
1.2E-8
8.7E-10
5.6E-11
3.2E-12
1.7E-13
9.0E-15

Defect type
b only
c only
2.0E-6
1.3E-5
0.009
0.059
0.009
0.049
9.9E-1
9.5E-1
8.1E-3
4.1E-2
3.6E-4
5.9E-3
4.2E-5
1.2E-3
6.9E-6
3.1E-4
1.2E-6
9.7E-5
1.9E-7
3.8E-5
2.7E-8
1.7E-5
3.6E-9
7.8E-6
4.4E-10
3.4E-6
5.0E-11
1.4E-6
5.7E-12
7.9E-7

a or b or c
1.6E-5
0.074
0.062
9.4E-1
5.3E-2
7.0E-3
1.4E-3
3.4E-4
1.0E-4
3.9E-5
1.7E-5
7.8E-6
3.4E-6
1.4E-6
7.9E-7

Dependency between NDT methods

In this quantification, the state-of-knowledge dependency is assumed between the following parameter groups:
x
x
x
x

q1aVT, q1aET, q1aRT, q1aUT
q2aVT, q2aET, q2aRT, q2aUT
q1bVT, q1bET, q1bRT, q1bUT
q2bVT, q2bET, q2bRT, q2bUT.

Table 8 shows results from the simulation. The probability that a single canister in the
final disposal system is defective is close to 2.3E-5, i.e., 1.4 times higher than without
the state-of-knowledge dependency assumption. The increase in the failure probability
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comes from the defect types “a” and “b”, especially from the defect type “a”. Given
4500 canisters, the expected probability of at least one defective canister in the final
disposal system is 8 %.

Table 8. Example results from several defects types and NDT methods when the stateof-knowledge dependency is assumed between NDT-methods.
Parameter
p1
p11
p111a
p21a
q1aVT
q1aET
q1aRT
q1aUT
q1a
q2aVT
q2aET
q2aRT
q2aUT
q2a
p111b
p21b
q1bVT
q1bET
q1bRT
q1bUT
q1b
q2bVT
q2bET
q2bRT
q2bUT
q2b
p111c
p21c
q1c
q2c

Mean value
1.0E-2
1.0E-2
2.5E-2
2.5E-4
4.5E-2
3.8E-2
5.0E-1
5.0E-2
1.0E+0
1.0E+0
5.0E-2
5.0E-2
2.5E-2
2.5E-4
1.0E+0
1.0E+0
2.4E-2
1.3E-1
5.0E-3
1.0E+0
1.0E+0
5.0E-2
5.0E-2

Metric
P(defect)
P(NDT miss)
pz
E[Z]
z
0
1
2
3
4
5
6
7
8
9
10

Mean value
2.3E-5
1.0E-2
3.3E-3
0.10
P[Z = z]
P[Z  z]
9.2E-1 1.0E+0
7.0E-2 8.4E-2
1.0E-2 1.3E-2
2.2E-3 3.0E-3
5.7E-4 8.3E-4
1.7E-4 2.6E-4
5.7E-5 8.6E-5
2.0E-5 2.9E-5
6.7E-6 9.8E-6
2.2E-6 3.1E-6
6.7E-7 9.3E-7

4.5E-1
4.5E-3
1.0E-3
0.0E+0

Table 9 shows the relative contribution of different defect types and NDT missed defect
types. Compared to the case with no dependency assumption, the change is that the relative contribution of defect types “a” and “b” are increased. The shares between the NDT
missed defect types do not much change.
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Table 9. Relative contribution of defect types and NDT missed defect types. Dependency
assumed between NDT-methods
NDT miss type
q1
q2
Total

a
1%
14 %
15 %

Defect type
b
9%
14 %
23 %

c
62 %
0%
62 %

Total
72 %
28 %
100 %

If the defect type “c” is omitted, the probability that a single canister in the final disposal system is defective is 1.2E-5, and the expected probability of at least one defective
canister in the final disposal system is 4.4 %.
In Table 10, the results are decomposed between the contributions from the defect types
“a”, “b” and “c”.

Table 10. Several defects types and NDT methods, contribution of the defect types, dependency assumed.

pz
E[Z]
P[Z > 0]
P[Z = z]

7.2.4

0
1
2
3
4
5
6
7
8
9
10
>10

a only
3.5E-5
0,016
0,014
9.9E-1
1.2E-2
1.1E-3
2.0E-4
4.7E-5
1.4E-5
4.2E-6
1.3E-6
3.7E-7
9.9E-8
2.4E-8
6.8E-9

Defect type
b only
c only
5.2E-5
1.4E-5
0,023
0,063
0,021
0,051
9.8E-1
9.5E-1
1.9E-2
4.3E-2
1.7E-3
6.5E-3
2.5E-4
1.5E-3
5.4E-5
3.9E-4
1.9E-5
1.2E-4
8.9E-6
3.6E-5
4.2E-6
1.1E-5
1.8E-6
3.4E-6
7.2E-7
1.0E-6
2.6E-7
2.8E-7
1.2E-7
9.8E-8

a or b or c
2.3E-5
0,102
0,082
9.2E-1
7.0E-2
1.0E-2
2.2E-3
5.7E-4
1.7E-4
5.7E-5
2.0E-5
6.7E-6
2.2E-6
6.7E-7
2.6E-7

Comparison of results

In this section, the results of the following models are compared:
simple model with known parameters
simple model with unknown parameters
enhanced model with one defect type
enhanced model with three defect types and no dependency between NDTmethods
E. enhanced model with three defect types and dependency between NDT-methods.

A.
B.
C.
D.
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The parameters of the simpler models are adjusted to be close to the enhanced model
with three defect types, i.e., the probability of a defect is 0.01 and the conditional probability to miss the defect is 0.002. The purpose of the comparison is to study how much
the features of the models affect the results.
The results of the comparison are shown in Table 11 and Figure 13. The conclusion is
that the reliability parameters pz, E[Z] and P[Z > 0] are quite close to each other between the models.
The only major difference is in the shape of the probability distribution for P(Z = z),
where the first curve (the reliability parameter are known) sinks rapidly, while the
curves for the models B–E are quite close to each other. This means that the most important factor, from the model feature point of view, is the uncertainty over the parameters. The effect of uncertainty is especially seen in the probabilities of defective canisters, when z is larger than 1 (i.e., the values P[Z = z] when z = 2, 3, …).
A simple “pq”-model would be thus sufficient for the characterisation of the overall
reliability of the canister welding. Model B characterises the properties of the probability model and the effect of uncertainty, sample size and making observations sufficiently well. However, the benefit of creating more detailed models (e.g. models C, D,
E) is that factors affecting the overall reliability of the canister can be analysed in detail,
and it enables to use available data for the estimation of the parameters and their uncertainty distributions. In future applications, the models D and E are recommended as the
basis to evaluate the value of different information.

Table 11. Comparison of the results from different models.
Simple model

P(defect)
P(NDT miss)
pz
E[Z]
P[Z > 0]
P[Z = z]

0
1
2
3
4
5
6
7
8
9
10
>10

known
parameters
A
1.0E-2
2,0E-3
2.0E-5
0.09
0.09
9.1E-1
8.2E-2
3.7E-3
1.1E-4
2.5E-6
4.5E-8
6.7E-10
8.6E-12
9.7E-14
9.7E-16
8.7E-18
0.0E+0

unknown
parameters
B
1.0E-2
2.0E-3
2.1E-5
0.09
0.07
9.3E-1
5.4E-2
1.0E-2
3.0E-3
1.1E-3
4.9E-4
2.3E-4
1.1E-4
5.7E-5
2.9E-5
1.5E-5
1.5E-5

Enhanced model
three defect types
one deDep.
fect type No dep.
C
D
E
9.9E-3
9.9E-3
1.0E-2
1.9E-3
2.1E-3
3.4E-3
1.8E-5
1.6E-5
2.3E-5
0.08
0.07
0.10
0.07
0.06
0.08
9.3E-1
9,4E-1
9.2E-1
6.0E-2
5,3E-2
7.0E-2
7.8E-3
7,0E-3
1.0E-2
1.4E-3
1,4E-3
2.2E-3
2.9E-4
3,4E-4
5.7E-4
7.0E-5
1,0E-4
1.7E-4
1.8E-5
3,9E-5
5.7E-5
4.9E-6
1,7E-5
2.0E-5
1.3E-6
7,8E-6
6.7E-6
3.3E-7
3,4E-6
2.2E-6
8.0E-8
1,4E-6
6.7E-7
2.3E-8
7,9E-7
2.6E-7
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z = number of defected canisters in the final disposal
0
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10

1,0E+00
1,0E-01
1,0E-02

P(Z = z)

1,0E-03
1,0E-04

A
B
C
D
E

1,0E-05
1,0E-06
1,0E-07
1,0E-08

Figure 13. Comparison of the results from different models. (A, B, C, D, E are explained in Table 11).
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8

CONCLUSIONS

This report presents a probability model for the reliability of the spent nuclear fuel disposal canister. Reliability means here that the welding of the canister lid has no critical
defects. From the reliability point of view, both the reliability of the welding process
(that no critical defects will be born) and the non-destructive testing (NDT) process (all
critical defects will be detected) are equally important.
For simplicity, critical defects in a weld were simplified into two types: a) a through
hole of diameter 0.5 mm or b) a root defect with intact material less than 35 mm and
diameter 1.0 mm, located at the bottom of the weld. Human factors were incorporated
by taking a third defect class (denoted by “c”) containing so large defects that detection
without human error would be certain. In this context, human factors should be understood to cover all factors which may cause a deviation in the normal NDT processes
compared to prerequisites assumed in the POD assessments.
The data on welding quality is not representative to estimate the welding reliability, and
also the data on NDT detection probability estimation has been directed on concerns
differing from the needs of this report. Therefore calculations presented here are based
on several engineering judgements which are difficult to validate. On the other hand, the
Bayesian approach has been utilized to express large uncertainties in the estimates. It
should be stressed that calculations are based on several assumptions that have not yet
been verified:
1. It is assumed that the welding process will result in a defective weld with probability 0.01. Defective weld is here taken to be a weld that contains defect of
type “a”, “b” or “c”. At this moment there is no data on what quality the welding
process outputs. Experiments implemented so far have focused on the process
control. The authors of the report have assumed that the shares of the defect
types “a”, “b” and “c” are respectively 5 %, 5 % and 90 %.
2. It is assumed that man made reference defect in NDT inspection are detected at
least as well as real defects produced by the welding process.
3. It is assumed that the technical detection power demonstrated by detecting
known man made defects equals to the detection capabilities of the real inspection process.
4. The probability of human error in NDT process to complete miss the identification of a defect is assumed to be 3E-3.
5. It is assumed that the different NDT methods provide independent information
to detect defects. If this is not the case, the probability of missing a defect can
increase significantly.
The Bayesian probability model shows the importance of the uncertainty in the estimation of the reliability parameters. The effect of uncertainty is that is that the probability
distribution of the number of defective canisters becomes flat for larger numbers of canisters compared to the binomial probability distribution in case of known parameter values. In order to reduce the uncertainty, more information is needed from both the reliability of the welding and NDT processes. This should include also a quantitative analy-
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sis of human errors in the processes, since their contribution can be more significant
than the “normal process variation” reflected in typical test data.
The reported model should be seen as a tool to quantify the roles of different methods
and procedures in the weld inspection process. Due to missing experimental data and
process information the numerical results cannot be used as a demonstration of some
certain defect detection level in the welding and weld inspection processes.
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APPENDIX 1. UT RESULTS
Source: J.Pitkänen, Posiva Oy, 14.3.2011

Figure 14. Illustration of preliminary ultrasonic testing results obtained from Posiva
Oy, hole labels have been added for clarity.
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APPENDIX 2. RT RESULTS
Source: J. Pitkänen Posiva Oy ppt 2.5.2011.
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APPENDIX 3. PRELIMINARY POD CURVES
Source: Müller & Kanzler (BAM, Berlin) based on Posiva's data.

Figure 15. POD graph for radiographic testing.The penetrated length of the flaw is
given on the x-axes and y-axes indicates the probability of detection (POD). Solid and
dashed curves are used to derive an estimate for detection probability q1b(RT).
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Figure 16. POD curve for high frequency eddy current testing for holes. The diameter
of the hole is given on the x-axes.

Figure 17. POD curve for the visual testing of holes. This figure is used to estimate the
number of holes that can be utilized in the model parameter estimation. At least 10
datapoints are relevant for parameter estimation and all those can be detected by using
some other equipment setup.

