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Introduction

Probabilistic Safety Analysis (PSA) and Probabilistic Fracture Mechanics (PFM) are tech-
niques that have been used for some time in order to estimate failure probabilities of technical
systems. PSA has been used extensively to analyse entire complex systems in for instance nu-
clear reactors. PFM has had a more limited area of application and has been used for more spe-
cialized purposes concerning particular single components in for instance primary systems of
nuclear plants. Since both techniques have the same goal a better utilization of both could po-
tentially be beneficial and is in fact necessary in the opinion of the present author. Before deal-
ing with this question a few remarks about the meaning of probabilistic studies in this context
are in place.

We shall take the view that the type of systems considered in any of these analyses are such
that they can in principle be modelled as deterministic systems. By this is meant that if know-
ledge about the system is sufficiently complete and detailed it can be modelled as determinis-
tic. If a deterministic model is subjected to any arbitrary given time history of input and we
possess sufficient knowledge about the properties of the model, it should be possible to predict
its response with arbitrary accuracy. It is the belief of the present author that all engineering
systems in say a nuclear plant of importance for safety analyses are of this type. On the quan-
tum level we know that this assumption may not be true, but this is generally of no importance
on the level where safety analyses are performed. Another area where the assumption of deter-
minism may be questionable is how to model human behaviour. In the present context we will
only deal with technological systems so human behaviour is assumed to be outside the scope
of the analysis.

A particular problem that has received increasingly more attention in recent years is that
even if a system is in principle deterministic it may be practically impossible to obtain a deter-
ministic solution due to extreme sensitivity to the initial conditions, the so called chaotic sys-
tems. To what extent chaotic behaviour may be of any importance for processes in nuclear
systems is unknown and the topic will not be discussed further here.

Suppose that a particular model has been adopted to describe the considered system. Again,
in principle it should be possible to construct a model that can accurately predict the outcome
for any input but in practice such a model is impossible to obtain except for very simple cases.



The chosen model is expressed in symbolic form as

R(t) = F(S(t),I(t)) (1)

Here the response of the system model is described by the vector R which depends through the
functional F on the system properties S and the input / . So far there is no room for probabil-
istic behaviour of the response. The need for using probabilistic modelling emerges mainly be-
cause of the following reasons.

i) The knowledge about the system properties is imperfect and must to some extent be based
on probabilistic modelling. This means that some or all of the components of the vector S
have to be assigned random properties. It is stressed that the assumed random properties of
these components are strongly dependent on the level of knowledge possessed. Consider for
instance a structural component where the there a possibility for the existence of dangerous
cracks. If no non-destructive testing is performed the failure probability must be assessed on
basic of random assumptions about the presence of cracks. If a wholly effective inspection
is performed there is no need for making any probabilistic assumptions about the presence
of cracks and the failure probability may either be increased or reduced depending on the
size, location and number of the actual cracks.

ii) The input may have some random elements as viewed from the perspective of the system in
question. The input may well be of a deterministic nature if its generating mechanism were
to be analysed. Consider for instance the flipping of a coin. If the forces exerted on the coin
during the flipping process were accurately known it is likely that the motion of the coin
could be predicted by the laws of mechanics. The motion is however very sensitive to the
precise nature of the excitation and it is impossible by considering the system alone to know
the process of the excitation.

There is also another reason for why randomness may seemingly appear. The model used
i.e. the functional F is almost always limited in applicability and may provide poor coherence
with the actual behaviour of the system under certain circumstances. Comparing the actual sys-
tem behaviour with the one predicted by the model will thus in general shown small or large
deviations. These may appear as being random and may motivate introduction of random con-
siderations, but this may be misleading since modelling shortcomings are often of a systematic
nature.

From the arguments advanced here it follows that the failure probability can not be an
objective measure of risk, but depends critically on the knowledge possessed. The failure prob-
ability or its complement reliability is rather a quantitative statement about the belief of the
performance of the system based on available knowledge. It means for instance that it is not
particularly meaningful to compare the reliability numbers of different objects unless the
underlaying assumptions are of the same nature and on the same level. This should be inter-
preted as if probabilistic analyses are meaningless. On the contrary, they may very useful but it
is important to relate the probabilistic model to the nature of the decision process for which it
is intended.

With these remarks as a general background we proceed in the subsequent sections to exam-



ine some general features of probabilistic fracture mechanics and compare with probabilistic
safety assessment in its standard form.

Similarities and dissimilarities between PSA and PSM

From a general point of view there is no need for any distinction between Probabilistic Safety
Assessment (PSA) and Probabilistic Fracture Mechanics (PFM). The second could simply be
regarded as a subclass of the first dealing with the particular phenomenon of crack growth ini-
tiation and propagation. In fact, if crack growth is judged to be an important contributor to the
total risk PFM should be utilized. This follows from the simple fact that there is no better alter-
native than PFM to assess the risks emanating from phenomenon of crack growth. Since mech-
anical failures of this type are so rare in nuclear plants it is impossible to obtain any empirical
data. Furthermore such a way of estimating failure probabilities raises difficult problems about
statistical homogeneity. Mechnaical failure depends critically on local conditions such as stress
state, material state, environment etc. These factors are furhtermore changing with time. Pre-
sumably better material is used when replacing an old component, the water chemistry is subject
to changes in order to mitigate stress corrion cracking. All in all this makes the use of failure
staistics difficult and in many cases meaningless.

The problem with full utilization of PFM in the PSA context is partly of a practical nature
partly because of the imprecision of the estimates. Historically the subjects have developed
separately and therefore the format used in applications may be significantly different.

PSA in its standard form deals with structures consisting of discrete components or func-
tions. In the nuclear industry the representation in the form of event or failure trees seems to be
dominating. The resulting probability for failure or its complement reliability can be expressed
at least in principle by a polynomial containing the component failure probabilities. The meth-
odology of analysing systems in this way is well developed and the main problems are how to
identify sequences and obtaining reliable data. As a contrast PFM deals with continuous func-
tions and the reliability (or failure probability) has to be expressed in the form of a multidimen-
sional integral over the simultaneous multidimensional probability density function of the
variables for which a random behaviour is assumed. Therefore the computation of failure prob-
abilities is much more involved in the case of PFM and not as systemized as for PSA. There are
still methodological problems to solve and there is no standard format for how to perform PFM
analyses. This is however a problem that can be overcome through the development of compu-
tational procedures.

A more cumbersome difference between PFM and PSA is on which level on which the
input data are based on actual observations. In PSA the component failure probabilities, say for
a certain valve not to function, are mostly based on direct observation albeit sometimes extrap-
olated by Bayesian techniques. We may say that the primary data pertain to the component
level.

The probability of a mechanical failure of an object (component) such as for instance for a
weld in a medium or large sized pipe is almost never based on direct observation, since failure
of such piping very rarely occurs in nuclear systems. Thus the failure probability for the com-



ponent in this case must be calculated and the random properties for quantities like fracture
toughness, crack size etc. are the ones for which data from observations are needed. We may
say that the primary data pertain to the physical level. This procedure tends to introduce impre-
cision in the failure estimates for the following reasons:

i) Several different variables contribute to the component failure probability.
ii) Errors in the assumptions of the PFM model will add to the uncertainty caused by input data.

There is currently no hope that any verification of probabilistic fracture mechanics can be
achieved by experimental means. The same type of problem is course also present for the PSA
analyses, but on another level. Although the component failure probabilities can be experimen-
tally measured, there is no way to verify the final result for the failure probability of an entire
system. This again raises the fundamental problem of how calculated failure probabilities
should be interpreted as was touched upon above.

The comparison between PSA and PFM discussed here is summarised in Table 1.

Table 1: Comparison of PSA and PFM

type of variables

mathematical modelling

input data and experimental
verification

data collection

PSA

discrete

well established

on component level

possible both in service and
laboratory

PFM

continuous

under development

on physical level

mostly in laboratory, some
data from service

The difference in levels towards which the techniques PSA and PFM are directed may cause
problems. In a PSA study the input may for instance that there is certain probability for loss of
coolant in a certain range of size anywhere in the systems. PFM does not give this information
directly. It is directed to a much more detailed level and in principle PFM evaluations must be
performed for all pipe welds or other sensitive regions such as elbows. Since the conditions
may be highly different the result will be different for all regions. Classification into groups
may be necessary and possible to perform. Such a classification may, however, not coincide
with a classification based on consequence contributions.

Remarks on PFM

In a PFM assessment we in general need information about the following groups of variables.

a) The stress state in the component (for instance a pipe weld) and its possible variation with
time.



b) The occurrence and size distribution of cracks and damage in general.
c) Material properties such as toughness, fatigue crack propagation properties etc.
d) Environmental conditions.
e) Non-destructive testing efficiency and frequency.

Of these it is only information about group b) and d) that can be obtained from actual service
conditions.

As mentioned above PFM deals with fracture due to the presence cracks. Mechanical failure
because of other reasons such as for instance erosion is not possible to treat with PFM at least
at the present stage of development. Cracks can be broadly be classified into:

i) Cracks that do not grow significantly, for instance defects from manufacture that are not
subjected to fatigue loading.

ii) Cracks that grow with a decreasing rate such as due to certain forms of thermal fatigue,
iii) Cracks that grow with a constant or increasing rate due to fatigue or stress corrosion

cracking.

Since piping material is normally possesses a very high fracture toughness any type of frac-
ture from the first two categories requires very high loads, way above the normal operative
loads. Thus the combined probability that the loads a certain place reach very high levels and
that a significantly large crack is present is in author's experience very small. Cracks of the
third category will on the other hand eventually lead to failure if the crack is not detected. Thus
PFM analyses and data collection ought to be concentrated towards cracks that exhibit this
kind of growth.

It follows from the preceding discussion that is highly desirable to obtain standardised
methods of probabilistic fracture mechanics analyses like the one that has been developed for
PSA. If PFM procedures are not standardised, any comparison between objects that have been
analysed with different methods will be highly questionable.

Conclusions

- The result from a probabilistic assessment of a system is a numerically expressed level of
confidence in the system based on the state of current knowledge. It is thus not any objective
measure of risk.

- It important to carefully define the precise nature of the probabilistic statement and relate it
to a well defined situation.

- Standardisation of PFM methods is necessary.

- PFM seems to be the only way to obtain estimates of the pipe break probability. Service sta-
tistics are of doubtful value because of scarcity of data and statistical inhomogeneity.

- Collection of service data should be directed towards the occurrence of growing cracks.


