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Abstract 

Monte Carlo probabilistic simulation has been applied to a large population of 
nominally identical components in an AGR boiler operating in the creep regime. The 
components have a history of defectiveness. The R5 procedure is used to calculate 
creep-fatigue crack growth rates within a probabilistic programme. The inspection 
process is also modelled probabilistically. The overall result is a prediction of past 
inspection results which can be used to tune the parameters of the model. The model 
then makes genuine predictions of the required level of remediations in future 
overhauls by predicting the inspection results. The probabilistic treatment of both the 
structural calculations and the inspection process jointly has been shown to assist in 
clarifying the interpretation of the inspections and ascertaining the true state of the 
plant.  
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1. Introduction 

Some of the UK s Advanced Gas Cooled (AGR) reactors are already operating 
beyond their original design lifetime, and all the AGRs may be expected to do so in 
due course. At full power the reactor coolant gas temperature is around 650oC as it 
enters the boilers.  Consequently, creep is a potentially life limiting mechanism for 
some boiler components. The accurate prediction of creep lives is hampered by the 
large scatter in creep material properties. For the purposes of underwriting nuclear 
safety, bounding material properties are assumed in conservative assessment 
methodologies. The degree of conservatism in such safety related assessments can be 
such that, whilst entirely appropriate for ensuring safety, they give no realistic picture 
of plant lifetimes.  

In common with boilers in conventional power plant, AGR boiler surfaces consist of 
large numbers of very similar tubes and associated features. This lends itself naturally 
to a probabilistic treatment. The failure of small numbers of tubes is tolerable from 
the nuclear safety perspective. Indeed the occasional occurrence of steam leaks is 
anticipated and managed by repairs, replacements or by plugging tubes. This need 
have no commercial or safety implications so long as the rate of leaks and the number 
of tubes requiring remediation remains small. One of the purposes of a probabilistic 
treatment is to predict future leak and remediation rates, and hence the likely 
commercial impact and the degree of challenge to the safety envelope. Two cases may 
be distinguished depending upon the availability of inspection evidence, 

[1] Extensive in-service inspection evidence exists and there is a history of cracking 
as well as some steam leaks; 

[2] Little or no in-service inspection evidence exists and hence the potential 
defectiveness is unknown other than indirectly from a few steam leaks. 

Case [1] is considered in this paper. The focus in this case is on the probabilistic 
modelling of creep-fatigue crack growth and the probabilistic modelling of the 



inspection process. Modelling the combination of these two factors statistically is 
unusual, though crucial to the outcome in this case. 

It is intended that subsequent work will treat case [2] for which the focus will be the 
probabilistic modelling of either creep rupture or creep-fatigue crack initiation 
(possibly followed by crack growth). There is also, of course, the case where there is 
in-service inspection evidence but with no history of cracking. However this more 
benign case is unlikely to merit detailed probabilistic modelling and hence is not 
considered further. 

2. Component Modelled 

The boilers in question here are of serpentine design. The features with a known 
history of cracking are bifurcations in the main (superheater) boiler. These 
bifurcations lie at the top (the hotter end) of the boiler. They bring together the steam 
flows from the two tubes which comprise a single platen into a single outlet pipe, see 
Figure 1. In this design the swaged end of the outlet pipe is connected to the bend at 
the top of the platen via an oval shaped saddle weld. The boiler platen tubes are 
nominally 38mm OD and 4mm wall thickness. On both sides of the bifurcation the 
parent material is 316H stainless steel. The saddle weld is a two-pass TIG weld with 
compatible consumable. There are twelve boiler units per reactor, and 44 bifurcations 
per boiler unit, making 528 bifurcations per reactor. 

Cracks have been found in the HAZ on the platen side of this saddle weld. They have 
been discovered centred on any of the four cardinal points shown in Figure 1, though 
the 0o crotch position is most common. Cracks can occur centred on one, two, three or 
all four of the cardinal points, but never coalesce. The analysis and inspection results 
presented in this paper refer exclusively to the 0o crotch location. Eddy current 
inspection is used, the results of which are expressed as percentage full-scale 
deflection (%FSD). One of the key features of the probabilistic simulations is to 
incorporate the substantial uncertainty in the conversion of %FSD to crack depth. 
This aspect is particularly important in the present application because of the 
difficulty of carrying out the inspections inside a reactor, in hot conditions with 
difficult access, and due to the defects being shallow.  

Metallurgical examinations confirm that the crack growth mechanism is creep 
dominated. The mechanism which initiated the cracks, however, is less clear  partly 
because the initiation site has long since been consumed by oxidation. Following an 
increase in the incidence of reported defects in 2006 the operating temperature was 
reduced to ameliorate further creep degradation, specifically crack growth. At full 
power the bifurcations operated at typically 503oC-525oC. At reduced power the 
bifurcation temperature does not exceed 480oC and is typically 470oC.  

3. Crack Growth Calculations 

At the heart of the probabilistic simulation is a deterministic calculation of creep-
fatigue crack growth. This employs volume 4/5 of EDF Energy s R5 procedure, 
Ref.[1]. The bifurcations have been subject to detailed finite element analyses, e.g., 
Ref.[2], from which the stresses used in this paper have been extracted. 

Operating steam pressure at full power is ~160 barg, whereas the reactor coolant CO2 

pressure is ~40 barg, so the differential pressure is ~120 bar. The oval geometry of the 
branch weld results in stresses due to pressure which are substantially larger than 
those of the nominal tubing. In addition, the tailpipes, which convey the steam out of 
the reactor from the bifurcation outlets, are subject to large system loads due to boiler 



thermal expansions. The combination of these two sources of stress creates an 
onerous condition which is probably one of the main causes of the cracking observed. 
(The incidence of cracking is correlated with system loading which varies across the 
different bifurcations in a given boiler unit). Welding residual stresses are negligible 
due to solution heat treatment during fabrication. However, proof testing can induce 
residual stresses and this was taken into account.  

The fatigue contribution to crack growth is dominated by the reactor start-
up/shutdown cycles. The assessments treated long shutdowns to cold conditions 
separately from shorter shutdowns under hot standby conditions, since the latter 
involve much reduced system stress ranges. Reactor shutdowns can involve transient 
steam pressure peaks and the resulting enhanced stress ranges were included in the 
fatigue assessments.  

The methodology involves calculating the elastic stress intensity factor (SIF) for 
assumed semi-elliptic cracks on the outer surface, aligned with the HAZ, 
characteristic of the observed defects. The calculation of fatigue crack growth is based 
on the SIF range via a Paris law. Creep crack growth rate is calculated using tACa

 

where the creep fracture parameter tC  is estimated using the R5 procedure, Ref.[1] 
and the coefficient A is fitted to laboratory test data. The parameter tC  involves the 
SIF, the reference stress and the creep strain rate at the reference stress, amongst other 
factors. The use of tC  rather than *C  is to permit incorporation of secondary 
stresses (see Ref.[1] for details).  

Crack growth is calculated at the deepest point of the semi-elliptic profile. The surface 
crack length, c2 , is assumed to be related to the fractional crack depth , wa / , in a 
manner derived from measured crack sizes on components removed from the reactors. 
Hence the aspect ratio ac /2  is taken as 25 for very shallow defects, reducing linearly 
as a function of crack depth to 10 for 63.0/ wa .  

4. Monte Carlo Probabilistic Simulation Methodology 

The Monte Carlo method involves randomly sampling the distributed input variables 
many times so as to build a statistical picture of the output quantities, see for example 
Ref.[3]. The method has a very wide range of applicability, engineering applications 
being only one. The method is particularly appropriate when there are a large number 
of independent variables which can influence the outcome. The Monte Carlo method 
is being used increasingly in structural integrity applications. Examples include:  
applications to the analysis of creep data or the development of models of creep 
behaviour, e.g., Refs.[4,5,6], and in particular creep crack growth in austenitic 
materials, e.g., Refs.[7,8,9,10]; applications to lifetime assessment of plant 
components, both low temperature, e.g., Refs.[11,12], and within the creep regime, 
e.g., Refs.[13,14,15,16,17,18]; and applications to the evaluation or reliability analysis 
of non-destructive testing data, e.g., Refs.[19,20], including the development of 
inspection strategies and assessment of expected system availability, e.g., 
Refs.[21,22,23]. The present paper is perhaps unusual in applying the Monte Carlo 
method to structural calculations as well as inspection performance, within the same 
computer code, in order to predict future required remediation rates.   

The particular approach to the Monte Carlo simulation in this paper is, 



(i) Assume some distribution of starter crack depths immediately following 
initiation, as well as some distribution of initiation times (which may be at the 
start of life or at some time during service life); 

(ii) For each of the 528 bifurcations in a given reactor, choose at random a starter 
crack depth and initiation time sampled from the above distributions. Similarly 
sample values for all the other parameters required for a structural calculation of 
crack growth from their assumed distributions. (The distributed variables are 
listed below); 

(iii) Calculate the crack depth history by time-stepping numerical integration of the 
governing equations, and thus the predicted crack depth at the time of each 
inspection campaign, for all 528 bifurcations; 

(iv) Using a statistical model of the inspection process and the inspection variability, 
sample an inspection result (%FSD) given the crack depth calculated above; 

(v) Hence predict a set of inspection results across the whole reactor for 
comparison with the inspection record for each inspection campaign; 

(vi) Also, the number of defects which are calculated to grow through-wall can be 
compared with the history of leaks; 

(vii) Tune the initiation crack depth and time distributions, (i), to optimise agreement 
between the predictions and the plant inspection and leak history in (v) and 
(vi); 

(viii) Use the optimised assumptions for (i) to obtain genuine predictions of future 
inspection results and hence the likely required level of future remediations. 

The probabilistic simulation uses a Monte Carlo method with Latin Hypercube 
sampling, Ref.[24]. This is an efficient simulation technique which permits a large 
number of distributed variables to be addressed. Each variable can take one of a finite 
number of values each of which represents a range of values (a bin ). All bins are of 
equal probability. The Latin Hypercube algorithm ensures that all bins of all variables 
are sampled in the minimum number of trials (though not, of course, in all possible 
combinations). Moreover, because all bins are of equal probability it follows that all 
trials are of equal probability, thus ensuring that all trials are of equal weight in the 
simulation. 

4.1 Distributed Structural Parameters 

The parameters which are required to calculate crack growth and which are taken as 
distributed in the simulations are: crack initiation time, initial crack depth, tube 
thickness, elastic modulus, proof stress and tensile strength, creep crack growth law, 
creep ductility including multiaxial effects, fatigue crack growth law, operating 
temperature, pressure stresses, system stresses and cyclic stresses. Normal 
distributions are used for stresses and log-normal distributions for the other variables. 

The coefficients of variation assumed for the material properties are given in Table 1, 
and those for illustrative stresses in Table 2 (noting that stresses vary with power level 
and are subject to transients during start-up and shut-down, which are also modelled). 
The mean operating temperature depends upon power level and differs for different 
reactors, lying between 509oC and 529oC at full power. The operating temperature 
was assumed to have a standard deviation of 10.6oC (based on historic thermocouple 
data).  



The creep deformation law was not taken as distributed for the final results reported 
here. It is known that the creep deformation rate and the creep crack growth law 
coefficient are inversely correlated. This follows from the known correlation between 
creep deformation rate and creep ductility, and the known inverse relation between 
creep ductility and the creep crack growth law coefficient, e.g., Refs.[4-10]. In 
deterministic assessments to R5, Ref.[1], this is addressed through the use of a 
specific set of combinations of properties. In particular, the upper bounds of both 
quantities are not considered simultaneously. In the probabilistic simulations this was 
crudely accounted for by fixing the creep deformation rate at its median value. This 
was found to produce a better fit to the plant history than if uncorrelated distributions 
of both creep deformation and crack growth law coefficient were employed, 
consistent with the evidence of correlation from laboratory creep tests. All results 
herein therefore relate to deformation rates fixed at their median values.  

4.2 Statistical Modelling of Inspection %FSD-Crack Depth Conversion 

It is crucial to appreciate that the structural calculations are only one source of 
uncertainty. Of equal, or greater, importance is the uncertainty in the interpretation of 
the inspection data. The inspection does not measure crack depth: it only provides 
data which are imperfectly correlated with the crack depth. The results of the eddy 
current inspections are reported in the form of the deflection of a needle on a dial as a 
percentage of the full scale deflection on the dial (abbreviated here to %FSD). 
Originally, this reading was calibrated against some bifurcations with machined slots 
to represent cracks. However, the removal of defective bifurcations from the reactors 
has allowed the technique to be calibrated on real cracks, resulting in recommended 
linear relationships between eddy current readings and best estimate and upper bound 
crack depths. This has been used to estimate crack depths from eddy current results, in 
order to decide on appropriate remedial action following inspection campaigns.  

For the present purposes, however, the reverse of this procedure is required. The 
probabilistic code must estimate an eddy current reading given a crack depth 
predicted by the creep-fatigue crack growth calculation. It is important to simulate the 
variability in the inspection result for a given crack size. Therefore, the calibration 
data have been re-examined to produce a relationship between eddy current reading 
and crack depth. This is a refinement of the calibration line using a polynomial fit for 
the mean and evaluating measures of the scatter from bifurcation to bifurcation 
measurements and from repeat measurements on the same bifurcation. 

In 2006 a more sensitive eddy current procedure was adopted. The calibration trials 
on ex-reactor bifurcations employed both the old (pre-2006) and the new (2006 
and after) procedures. The Monte Carlo simulations use the appropriate fitted 
polynomials and errors for the time in question. Hence the sampled eddy current 
%FSD for a given crack depth will tend to be substantially different before and after 
2006. 

Figure 2a shows the old calibration curve and its 5% and 95% confidence levels. 
Figure 2b shows the new calibration curve and its 5% and 95% confidence levels. 
This was originally based on inspection trials in 2006. Further data obtained in 2008/9 
has been added to Figure 2b. Its inclusion makes little difference to the calibration 
curve and confidence levels, so the calibration curve has not been refitted. Given a 
crack depth, these calibration curves can be used to imply the expected average 
%FSD of a large number of inspections on the same crack. Data in the calibration 
database, and also from the 2006 in-reactor inspection campaigns, for multiple 



inspections on the same crack imply a standard deviation in repeat measurements of 
5.9 %FSD, which is applicable to both old and new procedures. This was also 
taken into account in the Monte Carlo simulations.  

4.3 Simulation of the In-Reactor Inspection Process 

The methodology described in §4.2 defines how the simulation can derive a sampled 
eddy current %FSD for a given crack depth assuming a single measurement. 
However, whilst an in-reactor inspection campaign results in a single reported %FSD 
at a given location, this value is not necessarily derived from just one inspection, nor 
is each inspection result necessarily derived from just one measurement. The 
inspection process has changed over history, but the following gives an approximate 
indication based on current practice. Each inspection consists of at least two 
inspections by independent inspectors, and sometimes a third independent inspection. 
Each inspector lays the probe on the metal and takes a measurement one or more 
times, according to the following rules:  

1. If the first measurement is greater than or equal to the recording threshold of 
15%FSD the inspector makes a second measurement. Otherwise, he records 
NRD (no recordable defect) and moves on to another location. 

2. If the second measurement is less than 15%FSD or the difference between the 
first and second measurements is greater than 10%FSD, the inspector makes a 
third measurement. Otherwise, the average of the first two measurements is 
recorded as the inspection result and the inspector moves on. 

3. When three measurements are taken, NRD is recorded as the inspection result if 
two of them are <15%FSD, otherwise the average of the two or three results 
which are 15%FSD is reported as the inspection result. 

Prior to 2008 if step 1 was NRD but inspection in an earlier year had reported a 
defect, the inspector was prompted to carry out a second measurement, step 2. This 
practice was discontinued when it was appreciated that it could bias the statistics, i.e., 
by increasing the likelihood of a defect being reported as a result of an earlier reported 
defect. 

The second inspector (the verifier) repeats the above process, generally in a different 
reactor entry (a later shift). Prior to 2008, a second inspection was carried out only if 
the first inspection returned a result 15%FSD for the old procedure or 20%FSD 
for the new procedure. 

Third inspections were very unusual in conjunction with the old procedure (i.e., 
prior to 2006). In 2006/7, a third inspection was carried out only if the reported results 
of the first and second inspections differed by more than 10%FSD (using a value of 
20%FSD in place of any NRD result for this purpose). Since 2008 a third inspection 
was also carried out if the reported result of the first or second inspection was NRD 
whilst the other was 20%FSD.  

Finally it is necessary to convert the reported results of the independent inspections to 
just a single reported result for the inspection campaign. The rules for calculating the 
outcome in 2008/9 were as follows. If there were two inspections and both inspections 
gave values greater than 20%FSD then their average was the reported result. For two 
inspections, both giving NRD, then the outcome was returned as NRD. If one 
inspection gave NRD and the other a value less than 20%FSD, then the latter value 



was returned as the outcome. If both inspections gave numerical values less than 
20%FSD, then 20%FSD was returned as the outcome. If one inspection gave less than 
20%FSD and the other between 20% and 30%FSD, then the average of 20%FSD and 
the latter value was returned as the outcome. The rules were slightly different in 
2006/7. Prior to 2006 there was at most one inspection which produced a non-NRD 
reported result, so that was the final reported result. For 3 inspections (2008/9 
onwards), NRD is returned as the outcome if two of them are NRD, otherwise the 
average of the two or three non-NRD results is reported. 

It will be appreciated that this whole process does not lend itself to an algebraic 
description of the transformation from crack depth to final inspection campaign 
reported outcome. However, it can be simulated in the Monte Carlo programme, 
including its changes over the historical campaigns, by taking different random 
samples for each measurement (all based on the same calculated crack depth) and 
then combining these according to the rules given above. This is important because 
multiple repeat measurements can affect the statistics, as can the rules for combining 
them into a single reported result.   

5. Results 

All the results given here apply to one particular reactor and for the 0o crotch cardinal 
position alone. 

The first step is to tune the assumptions for the initiation crack depth distribution and 
the initiation time distribution to optimise agreement with the historic inspection data. 
Figures 3a, 3b and 3c compare the Monte Carlo predictions after this tuning process 
with the inspection results for 24 years, 30 years and 32 years into plant life. (Note 
that year 30 was 2006, when the inspection procedure was changed). These 
histograms give the number of bifurcations returning inspection results greater than or 
equal to the x-value. Each Figure shows the results for median initiation times at start 
of life and after 10 years and 20 years. The error bars indicate the range of results 
from repeat Monte Carlo runs. There is little difference between the predictions for 
different initiation times, but these correspond to differing (optimised) assumptions 
for the initiation crack depth distributions. Thus, later initiation times are 
compensated by deeper median initiation depths. These best fit median crack depths 
at initiation lay between 0.52mm and 0.73mm. Note that the apparently poorer fits in 
Figure 3a (24 years) compared with Figures 3b,c (30 and 32 years) is simply due to 
the smaller numbers of bifurcations at >20%FSD in Figure 3a. The absolute 
differences between the fitted and actual data are comparable across all three Figures, 
as are the indicated error bars. 

The optimised fits for the initiation depth and time also produced a prediction for the 
number of leaks in good agreement with the history for the reactor, though the 
number of leaks in question is small (3 after 17 years rising to 5 by 30 years life).  

Figures 4a and 4b show the distribution of calculated crack depths across the reactor 
at year 30 (2006) in comparison with the start-of-life initiated distribution. In these 
Figures any cracked bifurcations which have actually been repaired or replaced have 
been retained. The in-service growth is evident. For crack sizes <1mm the three 
different initiation times have differing crack depth distributions at 30 years (not 
surprisingly since they differ at initiation). It is interesting to note, however, that for 
crack depths >1mm the three different initiation times correspond to very similar 
crack depth distributions at 30 years, as shown most clearly in Figure 4b on an 



expanded scale. The reason for this is that, above the inspection threshold, the various 
initiation cases are all tuned to the same historic inspection data. Figure 4b also shows 
most clearly the importance of crack growth for the deeper defects.  

Figure 4b also shows the small number of bifurcations which are predicted to have 
leaked by year 30 (shown at crack depths >3.3mm, at which they failed). This is an 
important result in that it confirms that the leaking bifurcations can arise from the 
same statistical population as the rest. The fact that a few bifurcations break away 
to become leakers is predicted based on the smooth, single population distributions 
used as input to the Monte Carlo simulations. It can be attributed to the nature of 
creep crack growth, with an accelerating growth rate of deep cracks under constant 
loading due to increasing stress intensity factor and reference stress. 

Figures 4a,b do not represent the defect distributions remaining in operating tubes 
within the reactor. This is because the deeper defects have been removed by being 
remediated (i.e., repaired or replaced or taken out of service by tube plugging). Figure 
5 shows the predicted defect distribution actually remaining in the reactor at times 
from 24 to 40 years. This illustrates the benefit of the repeated inspection campaigns 
in gradually removing the deeper defects. The deepest defect remaining in service at 
24 years was predicted by the model to be ~2.5mm, whereas by 35 years this has 
reduced to ~1.55mm (despite crack growth). Note that Figure 5 is the median result of 
three runs of each of the three preferred fits at zero, 10 and 20 year median initiation 
times (9 runs in all). 

Figure 6 shows the number of bifurcations requiring remediation per overhaul 
compared with the Monte Carlo prediction (in both cases only remediations resulting 
from cracks at the 0o cardinal position are displayed here). The error bars indicate the 
range of results from repeat Monte Carlo runs (9 runs in all at each power level, as 
stated above for Figure 5). Up to 2006/7 (year 30) the actual remediation level is 
effectively part of the fitting process, rather than a prediction of the model. However, 
after year 30 the Monte Carlo simulations are genuine predictions of the number of 
required remediations. The most important feature of the simulation is the agreement 
with the inspection results in 2006/7 as regards the very marked increase in the 
number of required remediations compared with earlier years. This is in spite of the 
same simulations predicting only slow crack growth rates (see below and Table 3). 
Consequently the probabilistic simulation clearly identifies the change of inspection 
procedure in 2006 as being primarily responsible for the increased incidence of 
defects reported above the remediation threshold. This is an extremely important 
conclusion because it implies that the real rate of degradation of the plant was not as 
severe as the raw inspection results initially suggested. This conclusion is reinforced 
by the Monte Carlo predictions at different post-2006/7 power levels (hence different 
temperatures and creep rates). The predicted number of required remediations is 
insensitive to the power level. Nevertheless, operation at reduced power (hence 
reduced temperature) continues as a precaution.  

Finally, Figure 6 also shows the predicted numbers of remediations for year 31 
onwards. Figure 7 shows the same data in cumulative form. Inspection campaigns 
were carried out in years 31 and 32 and the actual remediation levels (shown as the 
black bars) are in good agreement with the predictions. A further important 
conclusion from the simulations is that a comparable, only gradually reducing, 
number of remediations will be required on subsequent overhauls until the end of 
plant life.  



It is important for the integrity of the plant to ascertain the cause of the ongoing 
requirement for remediation. The combined statistical simulation of both the crack 
development and the inspection process provides evidence that the ongoing 
requirement for further remediations is primarily the result of the inspection 
variability, not of plant degradation. This conclusion follows from the good 
agreement between the predicted and actual remediation levels, Figures 6 and 7, 
despite the same simulations indicating maximum crack growth rates having reduced 
to almost negligible levels after power reduction, Table 3. 

6. Discussion of Results 

A Monte Carlo statistical treatment of both calculations of crack growth and also the 
in-service inspections produced results that agree well with the historical inspection 
and steam leak data (Figures 3a-c). This was achieved using statistical distributions of 
stress, material properties and inspection performance derived from data independent 
of the plant history. The crack depth distribution immediately post-initiation was 
tuned to fit the plant inspection and leak history. However it is noteworthy that the 
best fit median depth at initiation, 0.52-0.73mm, is consistent with evidence from 
metallurgical examinations.  

It is not necessary to assume that there is anything different about the leaking 
bifurcations in order to achieve this agreement, i.e., the leaks arise from the same 
statistical population as the rest of the bifurcations. This is a noteworthy finding in 
that it can be tempting to regard a small percentage of failed components (<1% in this 
case) as forming a separate population, but this need not be so.  

The key plant event was the marked increase in the incidence of reported defects in 
2006 (Figure 6). At the time this was conservatively assumed to indicate a real rate of 
increase of plant degradation, and resulted in plant down-rating. However the 
probabilistic simulations unambiguously imply that the change of eddy current 
inspection procedure in 2006 was the main cause of the increased reporting of defects. 
This can be concluded only because the statistical errors in the inspection are included 
in the Monte Carlo simulations. The underlying crack depth distribution calculated in 
the simulations does not show any comparable sudden increase. Nevertheless, the 
simulations indicate that there has been sufficient growth of some of the cracks in 
service to be consistent with the history of leaks (Figures 4a,b).  

The Monte Carlo simulations imply that maximum crack growth rates reduce by a 
factor of 10 or more after temperatures were reduced by 23oC in 2007, consistent 
with deterministic estimates. Nevertheless the simulations predict an appreciable 
continuing rate of remediation to be required to the end of life (Figures 6 and 7). In 
fact a certain level of new reportable defect indications is inevitable, even if there 
were no real change in the bifurcations, simply due to statistical variations in the 
inspection results. There is indeed an ongoing requirement for remediations after each 
inspection campaign. This might have been confused with real plant degradation. 
However, the fact that this was anticipated and can be understood in terms of the 
known inspection performance demonstrates that it is not necessarily indicative of 
real continuing plant degradation.  

The Monte Carlo simulations give an indication of the true level of defectiveness, as 
opposed to that deduced directly from inspection results (Figure 5). They indicate that 
the inspection strategy (100% coverage at every statutory outage) is likely to have 
been successful in reducing the number of bifurcations with cracks deeper than the 



mean detection limit (1mm), and eliminating the deepest defects which might have 
grown to become leakers. 

7. Conclusion 

Structural assessments in the creep regime are subject to large uncertainties. Difficult 
in-reactor inspections have limited reproducibility. A probabilistic treatment of both 
these issues jointly can assist in ascertaining the true state of the plant.  
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Table 1  Distributed Material Properties and their Coefficients of Variation 

Type Property CoV 

Elastic 
Young's 
Modulus 

0.038$ 

0.2% Proof 
Stress 

0.23$ 

1% Proof 
Stress 

0.23$ 

UTS 0.11$ 
Plastic 

Strain at UTS 0.18$ 

Deformation 
Law 

1.765 (Primary)# 

1.648 (Secondary)# 

Ductility 0.8$ Creep 

Crack Growth 
Law 

0.61 

Fatigue 
Crack Growth 

Law A 
Parameter 

3.56 

$signifies exact value is temperature dependent 
#only used in a sensitivity study (main results use mean deformation)   

Table 2 Illustrative Stresses and their Coefficients of Variation 
(Normal operation at 100% power)  

Condition Mean 
Membrane 

(MPa) 

Mean 
Bending 

(MPa) 

CoV 

Pressure Stress 48.4 25.9 0.15 

System Stress 19.5 14.7 0.969 

Hot-Cold Stress Range 84.2 50.4 0.293 

 



Table 3 Predicted Maximum Crack Growth Rate for Any Bifurcation 
Expressed as % of the remaining ligament/year, the Greatest and 
Median values are evaluated over 36 Monte Carlo runs over all 528 

bifurcations per reactor at 100% power, and 9 runs for each of 70% 
and 80% power. In all cases only the maximum growth rate for any of 
the 528 bifurcations is retained (not counting those remediated).  

  

Inspection Time 

 

Pre-Power Reduction Post-Power Reduction 

 

20yrs 22yrs 24yrs 29yrs 30yrs 31yrs 32yrs 35yrs 40yrs 

 

100% Power 70% Power 
Greatest 29 37 39 18 79 0.90 0.81 0.31 0.31 
Median 8.0 7.2 5.7 3.0 4.1 0.07 0.07 0.07 0.07 

 

80% Power 
Greatest 1.57 1.65 1.79 2.03 

  

Median 0.20 0.21 0.21 0.22 

 



Figure 1: Bifurcation Geometry and Potential Crack Positions 

 



Figure 2a: Calibration Curve for Old Inspection Procedure (data points are 
means of several measurements on the same crack) 
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Figure 2b: Calibration Curve for New Inspection Procedure (data points are 
means of several measurements on the same crack) 
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Figure 3a: Comparison of Fitted and Actual Inspection Results at 24 Years 
(number of bifurcations exceeding each plotted eddy current signal level) 

0

5

10

15

20

25

30

35

40

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Eddy Current Signal (%FSD)

N
o

. o
f 

B
if

u
rc

at
io

n
 >

= 
S

ig
n

al

Inspection Results

Zero Year Median Initiation

10 Year Median Initiation

20 Year Median Initiation

   

Figure 3b: Comparison of Fitted and Actual Inspection Results at 30 Years 
(number of bifurcations exceeding each plotted eddy current signal level) 
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Figure 3c: Comparison of Fitted and Actual Inspection Results at 32 Years 
(number of bifurcations exceeding each plotted eddy current signal level) 
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Figure 4a: Distribution of Simulated Crack Depths at 30 Years, including 
previously remediated and leaking bifurcations. Illustrates the modelled crack 
growth. 
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Figure 4b: Distribution of Simulated Crack Depths at 30 Years, including 
previously remediated and leaking bifurcations (expanded scale for depths 
>1mm). Illustrates the modelled crack growth and the occurrence of leaks (right-
most cracks) 
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Figure 5: Distribution of Crack Depths between 24 and 40 Years, excluding 
remediated and leaking bifurcations. Illustrates removal of the deeper cracks. 
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Figure 6: Comparison of Predicted and Actual Number of Remediations by Year 
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Figure 7: Comparison of Predicted and Actual Number of Remediations 
(Cumulative) 
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