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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS (CSNI) 

The Committee on the Safety of Nuclear Installations (CSNI) addresses Nuclear Energy 
Agency (NEA) programmes and activities that support maintaining and advancing the 
scientific and technical knowledge base of the safety of nuclear installations. 

The Committee constitutes a forum for the exchange of technical information and for 
collaboration between organisations, which can contribute, from their respective 
backgrounds in research, development and engineering, to its activities. It has regard to the 
exchange of information between NEA Member countries and safety R&D programmes of 
various sizes in order to keep all NEA Member countries involved in and abreast of 
developments in technical safety matters. 

The Committee reviews the state of knowledge on important topics of nuclear safety 
science and techniques, and of safety assessments, and ensures that operating experience is 
appropriately accounted for in its activities. It initiates and conducts programmes identified 
by these reviews and assessments in order to confirm safety, overcome discrepancies, 
develop improvements and reach consensus on technical issues of common interest. It 
promotes the co-ordination of work in different NEA Member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of 
joint undertakings (e.g. joint research and data projects), and assists in the feedback of the 
results to participating organisations. The Committee ensures that valuable end-products of 
the technical reviews and analyses are provided to members in a timely manner, and made 
publicly available, when appropriate, to support broader nuclear safety. 

The Committee focusses primarily on the safety aspects of existing power reactors, other 
nuclear installations and new power reactors; it also considers the safety implications of 
scientific and technical developments of future reactor technologies and designs. Further, 
the scope for the Committee includes human and organisational research activities and 
technical developments that affect nuclear safety. 

  



4 | NEA/CSNI/R(2024)5 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

Foreword 

The Nuclear Energy Agency (NEA) Working Group on Integrity and Ageing of Components and 
Structures (WGIAGE) aims to advance the current understanding of those aspects relevant to 
ensure the integrity of structures, systems and components (SSC) under design and beyond-design-
basis loads, to provide guidance in choosing the optimal ways of dealing with respective challenges 
to operating, advanced and innovative nuclear power plants including small modular reactors 
(SMRs) as well as other nuclear facilities, and to make use of an integrated approach to design, 
safety and plant life management. 

The purpose of this report is to enhance the understanding of probabilistic fracture mechanics 
(PFM) approaches used in piping integrity assessments and to evaluate their relationship with 
deterministic fracture mechanics and leak-before-break (LBB) methodologies. Through an 
international benchmark study, the report examines differences in models, assumptions and 
acceptance criteria, assesses the influence of key risk-significant parameters, and identifies areas 
where greater consistency can be achieved. The findings provide a technical basis for improving 
the application of PFM and for strengthening the integration of deterministic and probabilistic 
approaches in structural integrity evaluations. 

This document was approved by the CSNI at its 75th session on 4-6 June 2024 
(NEA/SEN/SIN(2024)1, not publicly available). 
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Executive summary  

Probabilistic fracture mechanics (PFM) addresses such questions as the likelihood that a 
crack in a pipe will be present, whether it is detected during a given inspection or whether 
it will grow to a large enough size to cause a leak or break. Therefore, PFM can be a key 
tool for leak-before-break (LBB) applications. A variety of PFM codes have been 
developed in OECD Nuclear Energy Agency (NEA) Member countries during the last four 
decades to support the continued safe operation of degraded, ageing components. However, 
these codes have been designed using different models and assumptions, because there are 
no generally accepted PFM guidance and acceptance criteria. Therefore, it is important to 
understand the effect of these differences. Additionally, comparison and reconciliation 
between results from PFM and deterministic LBB approaches are also scarce.  

Accordingly, a PFM benchmark activity was conducted to address the following five 
objectives:  

1. understand differences in PFM software design;  

2. benchmark deterministic fracture mechanics models;  

3. evaluate the effectiveness of leak detection (LD) in reducing failure probabilities;  

4. reconcile deterministic LBB and PFM results;  

5. evaluate the importance of two risk-significant parameters, such as in-service 
inspection (ISI) and weld residual stress (WRS), in affecting failure probabilities.  

These objectives were realised by conducting a survey on PFM software models and 
acceptance criteria and by analysing three deterministic and eight probabilistic benchmark 
problems, and comparing the results. The design of these benchmark problems 
incorporated results and lessons learnt from the recent NEA LBB Benchmark and Leak 
Rate Benchmark projects to allow more direct comparison among the results from all three 
benchmarks.  

Under the present activity, a survey was conducted with the benchmark participants to 
ascertain the capabilities of their PFM codes. Responses from 15 organisations and 11 
countries were received for 14 PFM codes. The primary coding languages include C++, 
C#, Java, Fortran, Matlab and Visual Basic. Most codes were also developed and are being 
maintained under nationally or internationally recognised quality assurance standards and 
requirements. With respect to the codes’ capabilities for modelling stress corrosion 
cracking in circumferentially oriented cracks, there are considerable differences among the 
codes in the treatment of crack face pressure and the implementation of WRS in the 
calculation of stress intensity factors (SIF), for both surface and through-wall cracks, and 
in the calculation of the crack opening displacements (COD). Their effects on LBB 
quantities of interest, such as the margin between leak and break and the probabilities of 
leak and rupture, were observed through comparisons of the three deterministic and eight 
probabilistic problem results. A comprehensive list of references on the various fracture 
mechanics models is presented. Additionally, the participants were asked to describe their 
country’s short- and long-term acceptance criteria for PFM applications. The acceptance 
criteria vary significantly with the intended applications. For example, the use of PFM 
results to optimise inspection scope and frequency would require a different acceptance 
criterion than the use of PFM results to disposition detected flaws for fitness-for-service 
purposes. When the survey was prepared, only limited PFM piping applications had been 
accepted by the regulatory bodies. The acceptance criteria have evolved with time through 



NEA/CSNI/R(2024)5 | 11 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

more applications of PFM codes by both industry and the regulatory bodies. Hence, both 
short- and long-term acceptance criteria data were solicited. Outside the United States, 
NEA Member countries are still developing acceptance criteria for PFM analysis results. 
The acceptance criteria vary significantly with the intended applications.  

The basic benchmark problem was defined as a fictitious butt-weld fabricated from 
Alloy 82 (ENiCrFe-3) in a pressurised-water reactor coolant system. The weld was subject 
to normal operating loads (e.g. pressure, deadweight and thermal expansion) and WRS 
imposed during fabrication. A single inside surface crack was postulated to be present in 
the weld. The crack was oriented circumferentially, and it had an idealised, semi-elliptical 
shape. The crack growth mechanism was primary water stress corrosion cracking 
(PWSCC).  

The basic benchmark problem was first analysed deterministically in three problems, 
termed DP-01, DP-02 and DP-03, to consider the effects of WRS, which is a key driver of 
PWSCC. The deterministic analyses exercised various physical models relevant to LBB 
evaluation, namely the models for crack growth rate, SIF, COD, crack transition, crack 
stability and leak rate calculations. Analysis of the results revealed some challenges in 
consistent predictions of the LBB behaviour of the benchmark problem, especially when a 
more complex WRS profile was introduced in DP-02. Also, analysis of the crack length 
and depth data attributed some of the key variations in the PFM code results in the crack 
transition and SIF models. Large variations were observed in the leak rate predictions, 
which were attributed to differences in SIF, COD, crack transition and leak rate models.  

Eight probabilistic problems, termed PP-01 through PP-07 and PP-045, were designed 
based on either DP-02 or DP-03. Uncertainties were introduced through either the crack 
growth rate model in PP-01, PP-02 and PP-07, or the WRS profile in PP-03, PP 04, PP-045 
and PP-05. Additionally, the effects of LD were included in PP-02 and PP-04. The effects 
of ISI (i.e. periodic ultrasonic examinations every ten years) were included in PP-045. The 
effects of ISI and LD were included in PP-05. PP-01 and PP-03 did not include any 
detection effects and thus represent a pessimistic approach to modelling the problem while 
providing a baseline against which to compare the impacts of the two detection methods 
considered. PP-06, the most complex analysis, included uncertainties in both the crack 
growth rate model and WRS profile, along with the effects of both LD and ISI.  

The probabilistic benchmark problems were probabilistically analysed with the PFM codes, 
and the probabilities of leak and rupture as a function of time were then compared 
accounting for the effects of LD and ISI. It was observed that uncertainties in the crack 
growth rate and WRS lessened the differences from the deterministic physical models. 
However, there were still two to three orders of magnitude difference in the calculated 
probability of rupture. The PFM codes that predicted break-before-leak behaviour in the 
deterministic problems also predicted high probability of rupture. LD substantially reduced 
the probability of rupture. The effects of the probability of detection curve, an important 
set of parameters in the ISI models, in reducing leak and rupture probabilities varied 
significantly depending on how the probability of detection model was implemented in the 
PFM codes. In addition, two methods, average frequency and instantaneous frequency, 
were compared for converting the PFM code leak or rupture probabilities into annual 
frequencies for use in probabilistic safety assessment or probabilistic risk assessment. The 
use of the instantaneous frequency was effective in revealing the effects of various 
mitigations, such as ISI.  

The following four topics are recommended for potential future study: (1) benchmarking 
of different implementations of the ISI models, sampling algorithms and sensitivity 
analysis methods; (2) validation of the PFM results against available field data; (3) 
applications of PFM codes for new plant designs, such as small modular reactors and 
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fourth-generation reactors; and (4) development of a best practices document to guide PFM 
code developers and users in areas such as selecting appropriate fracture models, 
determining input distributions and selecting sampling algorithms.  
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1. Introduction 

1.1. Background  

Fracture mechanics is concerned with the basic methods for predicting the load-carrying 
capabilities of components containing cracks (Antolovich and Antolovich, 1996). The 
technology of fracture mechanics has been applied to fatigue crack growth rate 
assessments, environmental and stress corrosion cracking, dynamic fracturing and other 
problems. These developments have led to the broad use of fracture mechanics, and to 
greater confidence in the design and analysis of fracture-critical structures, such as piping 
components in nuclear power plants. Historically, fracture mechanics analyses have most 
commonly been performed deterministically. With this approach, a defined set of fixed 
input conditions and a single value of fracture toughness are used to estimate the failure 
stress or critical crack size in a structure. Uncertainties are dealt with through conservative 
treatments and margins or safety factors. Typically, deterministic fracture mechanics 
approaches produce conservative or sometimes overly conservative results because of 
compounding conservatism in the individual input parameters.  

Much of what happens in the real world, however, is not so readily represented 
deterministically with acceptable accuracy, and many factors may introduce uncertainty 
into a fracture mechanics analysis. For example, as noted in the 2005 Fracture Mechanics 
Fundamentals and Applications (Anderson, 2005), there is often scatter in fracture 
toughness data such that it is not always appropriate to view the fracture toughness as a 
single-valued material constant. A structure may also contain several flaws of various sizes, 
orientations and locations. In addition, advances in finite element analysis of welding 
processes have led to improved estimates of welding residual stresses (WRS), but there are 
uncertainties associated with such estimates. To understand more completely these and 
other uncertainties, stochastic fracture mechanics analyses should be performed rather than 
only deterministically derived, single-point evaluations. This is the field of application of 
probabilistic fracture mechanics (PFM) codes. PFM approaches typically provide a more 
realistic result by considering several of the input parameters to be distributed based on 
measurement data, thus eliminating the need for conservative safety factors.  

Figure 1.1 illustrates a simplistic PFM analysis approach. The curve on the left represents 
the distribution of crack driving force or applied stress intensity factor (SIF), which depends 
on the uncertainties in stress and flaw size. The curve on the right represents the toughness 
distribution of critical (i.e.  allowable) SIF of the material. When the two distributions 
overlap, there is a finite probability of failure, which is indicated by the shaded area. Time-
dependent crack growth, such as from fatigue or stress corrosion cracking, or both, can be 
considered by applying the appropriate growth laws to the flaw distribution. Flaw growth 
can cause the applied SIF distribution to shift to the right with time, thereby increasing the 
probability of failure.  
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Figure 1.1. Illustration of PFM analysis  

  
In most practical situations, however, there is randomness or uncertainty associated with 
many variables. A Monte Carlo simulation can estimate failure probability in such cases 
by propagating input values sampled from distributions representing the uncertainty in 
those variables, through a deterministic model using numerous “trials”. The results can then 
be analysed using statistical methods to assess the risk of such failures occurring. This is 
the basic approach used in PFM codes.  

PFM analyses have been applied in the nuclear industry in many countries. Since the first 
release of the Piping Reliability Analysis Including Seismic Events (PRAISE) code in the 
mid-1980s, many PFM codes have been developed to address issues that challenge the 
deterministic approach, such as risk-informed decision making, fitness-for-service and 
optimisation of inspection strategies. However, verification and validation of PFM codes 
is more challenging due to their complexities. To address this challenge, prior international 
activities have been conducted on the benchmarking of PFM codes.  

From 2001 to 2004, a work package review and benchmarking of structural reliability 
models were performed under the nuclear risked-based inspection methodology 
(NURBIM) project and associated software for passive components (Brickstad et al., 
2004). Six PFM codes were used for analysing fatigue and stress corrosion cracking (SCC) 
problems. This benchmark included three baseline cases and extensive sensitivity studies. 
Useful recommendations were provided for PFM code development and applications.  

From 2009 to 2011, a PFM round robin analysis was performed by 12 participants from 
four Asian countries (Kanto et al., 2012). The round robin consisted of deterministic 
analyses on stress and temperature in the reactor pressure vessel wall during pressurised 
thermal shock, and probabilistic analyses on reactor pressure vessel fracture probability 
due to pressurised thermal shock transients.  

Beginning in 2006, a three-year international corporative research programme called 
“maximising enhancements in risk-informed technology (MERIT)” was funded by six 
participants from five countries. The main purpose of this programme was to further 
develop the PRObability of loss-of-coolant accident (PROLOCA) code, which was 
originally developed for the US Nuclear Regulatory Commission (NRC) as part of a re-
evaluation of the NRC’s emergency core cooling system requirements in Title 10 of the 
Code of Federal Regulations, Section 50.46 (10 CFR 50.46) (Scott, Kurth, Cox and 
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Rudland, 2010). The MERIT programme was continued by probabilistic analysis as a 
regulatory tool for the risk-informed decision guidance (PARTRIDGE) programme in 
2012, which included more participants to enhance PROLOCA.   

In 2009, the NRC Office of Nuclear Regulatory Research and the Electric Power Research 
Institute (EPRI), initiated a research programme to develop the extremely low probability 
of rupture (xLPR) code (Rudland et al., 2010). The xLPR code was initially developed to 
assess compliance with the NRC’s requirements in Title 10 of the CFR, Part 50, Appendix 
A, General Design Criterion 4, which can allow the dynamic effects associated with 
postulated pipe ruptures in nuclear power plants to be excluded from the design basis when 
analyses demonstrate that the probability of fluid system piping rupture is extremely low.  

In 2018, a four-year co-ordinated research project called, “Methodologies for Assessing 
Pipe Failure Rates in Advanced Water Cooled Reactors,” was launched by the International 
Atomic Energy Agency (IAEA) (IAEA, 2021). The objective of this project was to provide 
IAEA Member States with a strong technical basis to develop piping reliability parameters 
consistent with required standards and relevant to deployable, advanced water-cooled 
reactors. In the first activity of the project, the participants performed a series of benchmark 
studies using data-driven methods, PFM and integrated probabilistic physics of failure. Not 
only were different PFM codes compared with each other, but they were also compared 
with other methods. The technical insights that were gained from the benchmarks were 
used as an input to the second activity of the project, to develop good practices for piping 
reliability analysis frameworks.  

In addition, several international conferences and workshops have been arenas for 
exchanging state-of-the-art research on PFM code development and applications, including 
the American Society of Mechanical Engineers (ASME) pressure vessels and piping (PVP) 
conference, the International Conference on Structural Mechanics in Reactor Technology 
(SMiRT), the International Conference on Nuclear Engineering (ICONE), the International 
Symposium on Probabilistic Methodologies for Nuclear Applications (ISPMNA), and the 
International Conference on Fracture (ICF). Notably, for the present benchmark activity, 
two papers, Homiack (2022) and Homiack, Duan, Wang and Heckmann (2023), were 
presented at the ASME PVP conference; one paper by Duan et al. (2023) was published at 
the SMiRT conference, and one presentation was given by Duan (Duan, Wang, Homiack, 
Nellis and Tregoning, 2022), for the ISPMNA. 

1.2. Objectives and scope 

The present benchmark activity was initiated in 2020 under the Metal Sub-group of the 
Working Group on Integrity and Ageing of Structures (WGIAGE) of the Committee on the 
Safety of Nuclear Installations (CSNI) of the Nuclear Energy Agency (NEA). While there 
are many PFM codes developed in NEA Member countries, there is no consensus PFM 
guidance and acceptance criteria. This benchmark activity was thus designed to provide 
recommendations and best practices for future PFM applications. Specifically, the activity 
was intended to address the following five objectives: 

1. to understand differences in PFM software design; 

2. to benchmark deterministic fracture mechanics modules; 

3. to evaluate the effectiveness of leak detection (LD) in reducing failure probabilities; 

4. to reconcile deterministic leak-before-break (LBB) and PFM results; 

5. and to evaluate the importance of two risk-significant parameters in affecting 
failure probabilities: in-service inspection (ISI) and weld residual stress (WRS).  
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The present PFM benchmark activity accompanies other WGIAGE benchmarking 
activities on LBB (NEA, 2021) and leak rate calculations (NEA, 2022); however, these 
activities focus on deterministic approaches. The PFM benchmark activity focussed on 
probabilistic approaches where samples drawn from statistical distributions of critical 
inputs provided insights into the impact of uncertainties in piping failure evaluations. 

Fifteen participating organisations and 14 PFM codes were involved in the benchmark 
activity over a three-year period, which began in late 2020. The activity consisted of two 
primary phases: (1) deterministic benchmarks to compare the behaviour of the underlying 
PFM code physical models, and (2) probabilistic benchmarks to compare the failure 
probability when uncertainties were modelled. These phases were supplemented by formal 
and informal surveys of each PFM code’s capabilities and analysis methods. 

1.3. Organisation of this report  

Chapter 2 of this report describes the approach taken to the benchmark activity. It first 
provides an overview of all the participating PFM codes. Then it summarises the results 
from the participant survey on their PFM code design and short- and long-term acceptance 
criteria for PFM applications. Differences in how each PFM code calculates certain 
quantities, such as crack growth rates and SIFs, are noted. This section also introduces the 
benchmark problem defined for this activity.  

Chapter 3 presents the benchmark results. The first set of results is for the deterministic 
benchmark problems sets. The next set of results covers the probabilistic problems.  

Chapter 4 summarises the key results and findings from the benchmark activity. It also 
highlights areas of uncertainties and the limitations of the study. Best practices and 
recommendations for future studies are also provided. The appendices provide a copy of 
the participant survey and the detailed specifications for all the benchmark problems.  
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2. Approach 

 

2.1. Overview of participant PFM codes  

Fourteen PFM codes were analysed in this benchmark activity. Participating organisations 
varied from research institutions, national regulatory bodies, technical support 
organisations and industry, and are listed in Table 2.1. Each organisation used the latest 
version of its PFM code. In some instances, results were resubmitted if a new version of 
the code became available over the course of the activity. 

Table 2.1. Benchmark codes with version and participating organisations  

PFM Code Version Analyst Organisation 
BEYOND-

PRAISE 2.1 Structural Integrity Associates, Inc., United States 

DeMoT 1.0 Nuclear Research and Consultancy Group, 
Netherlands 

NURBIT 6 Kiwa Technical Consulting AB, Sweden 

PEDESTRIAN 2.10 Central Research Institute of Electric Power Industry, 
Japan 

PASCAL-SP 2.0 Japan Atomic Energy Agency 
PRAISE-CANDU 2.1.1 Candu Energy, Inc., Canada 

PROLOCA 7.04 
Engineering Mechanics Corporation of Columbus, 
Uinted States; Korea Institute of Nuclear Safety, 
Korea; and Paul Scherrer Institut (PSI), Switzerland 

PROMETHEUS 3.0 Engineering Mechanics Corporation of Columbus, 
United States 

PROST 4.8.3 
PSI, Switzerland; and  
Gesellschaft für Anlagen- und Reaktorsicherheit 
(GRS) gGmbH, Germany 

SACC 4.0 Rev 6 Lithuanian Energy Institute 
SIF-Master 2.3 IPP Centre, Ukraine 
VTTBESIM 0.8 VTT Technical Research Centre, Finland 

xLPR 2.2 US Nuclear Regulatory Commission (NRC) 
Xpipe 4.0-R0a-p0 MPA University of Stuttgart, Germany 

 

2.1.1. Beyond-PRAISE  
Beyond-PRAISE is a powerful PFM tool that allows users to perform millions of 
realisations in minutes. The software was developed by Structural Integrity, Inc. under a 
nuclear quality assurance programme in accordance with the NRC’s requirements in 
10 CFR Part 50, Appendix B, 10 CFR Part 21 and ASME NQA-1-2008 through the ASME 
NQA1a-2009 Addenda. Beyond-PRAISE is being utilised by nuclear organisations around 
the world and was specifically developed to be user-friendly software that can be used on 
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a typical computer or laptop. The interface was created with the user in mind, and the 
dialogue boxes are simple and effective, while guiding the user through the input criteria. 
The software is highly optimised for speed such that ten million realisations can be run in 
only a few minutes. The results can be easily stored for archival and retrieval purposes.  

PRAISE, which is the predecessor of Beyond-PRAISE, was originally developed in 1981 
(Harris, Lim and Dedhia, 1981) to provide a probabilistic tool for the analysis of fatigue 
crack growth of pre-existing flaws in commercial nuclear power plant piping. Since its 
inception, PRAISE has been expanded to include intergranular stress corrosion cracking 
(IGSCC) phenomena, fatigue crack initiation and primary water stress corrosion cracking 
(PWSCC).  

In 2012, PRAISE evolved into Beyond-PRAISE Version 1.0 and had several new features 
including:  

• the capability to perform probabilistic and deterministic analyses;  

• the separation of inherent randomness (aleatory uncertainty) from uncertainty due 
to lack of knowledge (epistemic uncertainty), by two loops of calculation;  

• updated SIF and J-integral solutions;  

• consideration of service bending and tension loads;  

• time-dependent material properties;  

• an expanded inspection model that includes sizing uncertainty and repair;  

• consideration of wall thinning from the inside surface, such as flow-accelerated 
corrosion (FAC);  

• a selective lifetime calculation for reduction of computational time;  

• the use of modern Windows-based programming, with modular construction for 
future enhancements.  

In Beyond-PRAISE Version 2.0, new features included an axial crack module with crack 
transitioning, crack transitioning for circumferential cracks, updated SIF solutions for 
circumferential cracks, revised crack opening displacement (COD) modules for 
circumferential cracks, IGSCC growth and additional fatigue crack growth laws. The 
current version, Beyond-PRAISE Version 2.1b, includes updated SIF solutions for 
circumferential surface cracks and thermal transient stress equations that incorporate 
current information.  

Beyond-PRAISE and its derivatives have been used to develop ASME Code Case N-838 
(EPRI, 2016). They have also been used to evaluate examination requirements for 
pressurised-water reactor (PWR) steam generator feedwater, and main steam nozzle-to-
shell welds and nozzle inside radius sections, and to establish the technical bases for various 
alternative inspection scenarios (EPRI, 2019).  

2.1.2. DeMoT  
DeMoT started in 2017. It was written in a MATLAB environment and consisted of a 
simple implementation of the deterministic LBB procedure from the R6 code (British 
Energy, 2004). It can model a circumferential surface or through-wall crack (TWC). There 
was validation with experimental data to support the leak rate calculations, but it never 
generated results that compared well with other software based on the same models (e.g. 
Leak Analysis of Piping–Oak Ridge). It was used in the European research project 
ATLASplus and its development was abandoned in 2021. A new implementation of the 
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same models in Python was initiated with a completely different approach for the solution 
of the physical models and the various finite element method (FEM) based dataset 
interpolations. The software is called LETO and it is currently undergoing steady 
development.  

2.1.3. NURBIT  
For facilitating the use of risk-informed in-service inspection (ISI) in Sweden, a structural 
reliability model was developed and implemented in the software package Nuclear RBI 
analysis Tool by Kiwa Technical Consulting AB (formerly Inspecta Technology AB and 
DNV Technical Consulting AB). The financial support for NURBIT development was 
provided by the Swedish Radiation Safety Authority and the Swedish nuclear industry. 
NURBIT Version 1.0 was released in 2001 (Brickstad and Zang, 2001). The latest, 
NURBIT Version 6.0, was released in 2021 (Shipsha et al., 2021).  

NURBIT evaluates both leak and rupture frequencies in piping that has SCC as the 
dominating damage mechanism. Leak and rupture frequencies can be combined with the 
probabilistic safety assessment (PSA) system barriers to generate the risk of conditional 
core damage. NURBIT provides a risk ranking procedure to select an efficient inspection 
programme and inspection intervals.  

The NURBIT software package includes the LBBPipe and PIFRAP codes, which contain 
the deterministic and probabilistic models, respectively. LBBPipe is based on an advanced 
deterministic model considering the whole sequence of crack initiation, subcritical growth 
of a surface crack and transition of a surface crack to a TWC. The model also accounts for 
leakage and TWC instability (i.e.  pipe rupture).  

PIFRAP is based on direct integration of different distributions associated with the 
considered probabilistic variables: crack length, yield strength, crack growth rate, leak 
detection limit and inspection detection capacity. Direct integration provides a very 
efficient and fast calculation. This method is, however, limited by the number of 
probabilistic parameters that can be used. Further development of NURBIT aims to 
implement Monte Carlo simulation to support a larger number of probabilistic variables.  

NURBIT Version 5.0 has been benchmarked and reviewed under an international project 
called Nuclear Risk-Based Inspection Methodology (NURBIM) for passive components 
(Brickstad, 2004; Saarenheimo and Simola, 2004). The NURBIM project included 
comprehensive studies for structural reliability model benchmarking and verification. A 
review of the PFM models and associated software packages was performed to identify 
strengths and weaknesses of the codes. In the PODRIS project (Simola et al., 2009), 
inspection reliability was investigated and calculational tools were benchmarked. 
Requirements on the probability of detection (POD) to allow for risk-informed ISI were 
formulated using NURBIT. In Gunnars et al. (2014), the risk reduction due to inspection 
was investigated with NURBIT. The investigation included a verification against results 
from Monte Carlo simulations. NURBIT was also used in the REDUCE project (Shipsha 
et al., 2016; Shipsha et al., 2019), where risk reduction through ISI was studied and 
sensitivity studies were performed.  

2.1.4. PEDESTRIAN  
The Probabilistic Evaluation and Deterministic Evaluation for Structural Integrity of Aging 
Nuclear Power Plants (PEDESTRIAN) code is developed by the Central Research Institute 
of Electric Power Industry (CREIPI). The latest version is summarised in the CRIEPI 
Report (Nagai, Sakai, and Yamamoto, 2023). PEDESTRIAN has been continuously 
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developed since 2016 for the evaluation of piping structural integrity (Hojo et al., 2016; 
Nagai, Miura, and Yamamoto, 2018).  

The PEDESTRIAN code can analyse the initiation of SCC, surface crack growth due to 
fatigue and SCC, and TWC growth. This code also includes models for WRS distribution, 
ISI, COD, leak rate and leak detection. The failure probabilities are calculated based on the 
Monte Carlo method. The unstable fracture criteria are plastic collapse and failure 
assessment diagram. The code also performs PFM analysis based on sampling without 
replacement.  

The PEDESTRIAN code is intended to be used in the future to streamline Japanese fitness-
for-service code and the Japanese LBB standard. A research application of the code is to 
evaluate the effect of the detection capability of ultrasonic testing engineers on the 
structural integrity of austenitic stainless steels pipe based on PFM analysis (Nagai, Miura, 
Shohji and Takada, 2017). The PEDESTRIAN code is validated by comparison with other 
codes (Hojo et al., 2016; Nagai et al., 2023).  

2.1.5. PASCAL-SP  
PFM Analysis of Structural Components in Ageing LWR – Stress Corrosion Cracking at 
Welded Joints of Piping (PASCAL-SP) was developed by the Japan Atomic Energy 
Agency to conduct research on probabilistic structural integrity assessment and seismic 
fragility assessment related to seismic loading of aged piping lines in nuclear power plants. 
The initial version was released in 2010 (Itoh et al., 2010) and Version 2.0 was released in 
2021 (Yamaguchi et al., 2021).  

PASCAL-SP can evaluate the failure probability of piping considering age-related 
degradation mechanisms such as IGSCC in welded joints of austenitic stainless steel piping 
in boiling water reactors, PWSCC in nickel-based alloy welded joints in PWRs, nickel-
based alloy SCC in welded joints in boiling water reactor piping, thermal embrittlement in 
cast stainless steel piping and fatigue. PASCAL-SP contains probabilistic evaluation 
models for crack initiation and growth due to age-related degradation mechanisms, leak 
rate calculation, leak detection, crack stability and detection of cracks through ISI. The 
modelled crack shapes include circumferential surface crack, circumferential idealised 
TWC, circumferential 360-degree crack, axial surface crack and axial idealised TWC. The 
loading conditions considered in PASCAL-SP are internal pressure, membrane and 
bending stresses, as well as WRS given by tabular form, polynomial distribution or Fourier 
cosine series. The incorporated SIF solutions are those prescribed in the Japan Society of 
Mechanical Engineers (JSME) Fitness-for-Service code, ASME Boiler and Pressure Vessel 
Code Section XI, and the universal weight function method using the influence coefficients 
from the same codes. In addition, a confidence level evaluation function is incorporated by 
considering both epistemic and aleatory uncertainties of probabilistic variables.  

PASCAL-SP can also evaluate seismic fragility (i.e.  failure probability of aged piping 
considering seismic events). It contains a crack growth evaluation model under small-scale 
yielding conditions for seismic cyclic loading as a design-basis event. Furthermore, 
PASCAL-SP contains a model which can evaluate crack growth under large-scale yielding 
conditions for excessive seismic cyclic loading as a beyond design-basis event.  

Verification and validation activities have been conducted, which primarily include 
benchmarking and comparison analyses. Some example papers related to the benchmarking 
analyses include Katsuyama et al.(2014), Arakawa et al. (2011), Li et al. (2014) and Mano 
et al. (2021).  
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2.1.6. PRAISE-CANDU  
Piping Reliability Analysis Including Seismic Events for Canada Deuterium Uranium 
reactor (PRAISE-CANDU) is a Monte Carlo-based PFM software that is primarily 
developed for nuclear piping systems. The initial version of the software was developed in 
2013 and is in compliance with Canadian Standards Association (CSA) Standard N286.7-
99 (CSA Standards, 1999). Version 2.1.1 was developed in 2022 and is in compliance with 
CSA Standard N286.7-16 (CSA Standards, 2016). It incorporates all the technical 
advancements in fracture mechanics models since the development of the initial version. 
Extensive verification and validation have been performed for PRAISE-CANDU.  

PRAISE-CANDU can model crack initiation and crack growth due to fatigue and SCC 
coupled with flow-accelerated corrosion. It can model both circumferential and axial crack 
orientations in a cylindrical structure, such as a pipe. PRAISE-CANDU also has the 
capability to separate inherent randomness (aleatory uncertainties) and lack of knowledge 
(epistemic uncertainties), by implementing a two-loop system.  

Some of the software design features include the following:  

• capability to perform both probabilistic and deterministic fracture mechanics 
analyses;  

• modular construction for ease of future changes;  

• consideration of both design and non-design loads;  

• time-dependent material properties;  

• inspection model that includes sizing uncertainty and repair;  

• consideration of wall thinning from the inside surface, such as flow-accelerated 
corrosion;  

• capability to solve a large number of realisations efficiently;  

• support for batch runs.  

Over the years, several benchmarking activities have been performed with other PFM codes 
as reported in Duan, Wang and Kozluk (2014); Somasundaram, Wang, Huang, and Duan 
(2021); IAEA (2021) and Heckmann et al. (2022). Good agreement of the PRAISE-
CANDU results was observed.  

2.1.7. PROLOCA  
PROLOCA development incorporated many advanced models from the code developers 
and their colleagues. This included the leak rate code used by many PFM codes (i.e.  
Seepage Quantification of Upsets In Reactor Tubes [Paul, Ahmad, Scott, Flanigan and 
Wilkowski, 1994]); the J-estimation scheme, LBB-ENG2 (Brust et al., 1995); and the 
introduction of importance sampling methods (Rudland, Scott, Kurth and Cox, 2009). 
Aside from providing many of the modules for the xLPR pilot study, PROLOCA has also 
been used in a wide variety of nuclear piping risk assessments.  

PROLOCA has been continually developed since 2008, when it was first released. The 
primary developer of the code has been Engineering Mechanics Corporation of Columbus 
(Emc2). From 2010 until 2023, PROLOCA had been supported by an international 
consortium of regulators and utilities. PROLOCA only models’ circumferential cracks; 
axial cracks are not included. This exclusion is because the PROLOCA technical advisory 
group knew that axial cracks do not contribute to the probability of rupture and wanted to 
target their resources at modelling cracking initiation, WRS and advanced sampling 
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methods. PROLOCA has six low-cycle fatigue models and five models for IGSCC and 
PWSCC. PROLOCA was the original model for the development of the transition crack 
model (Shim, Kurth and Rudland, 2013). PROLOCA has also retained the idealised 
transition models for the transition between surface and TWCs to compare with previous 
PFM results. TWC stability is handled by net-section collapse and the elastic-plastic 
estimation scheme LBB-ENG2 (Brust et al., 1995). PROLOCA also has two failure 
assessment diagram models. The failure assessment diagram results are always a separate 
indicator. The net-section collapse and LBB-ENG2 indicators are modelled conservatively 
in that whichever occurs first, defines instability.  

PROLOCA has models for service life mitigation. Mechanical Stress Improvement 
Process® is modelled. Overlay mitigation is also modelled, but untested. PROLOCA does 
not have a modular software design; it is a compiled code, and one must use the fracture 
mechanics models selected by the developers.  

The COD models are given in Young, Olson and Kerr (2012). The J-integral for surface 
cracks is based on ASME Section XI (ASME, 2010) and SINTAP/SAQ/02 (Zang, 1997) 
for TWCs. The SIF solutions for surface and TWCs are defined in the same standards.  

PROLOCA can use multiple sampling methods. While simple Monte Carlo sampling is 
used most often, a discrete distribution method is available for importance sampling. This 
method allows importance sampling to be performed without introducing weight functions. 
It also forms the basis for the adaptive sampling method where focussed sampling of areas 
of interest, specified by the user, can be performed (Kurth and Sallaberry, 2018).  

Because most of the deterministic models in xLPR Version 1 (Rudland and Harrington, 
2012) were taken from PROLOCA, it served as a benchmark for xLPR Version 2.0 
development. The PROLOCA framework has also been used for assessing aircraft 
widespread fatigue damage (Kurth and Bigelow, 1998). The predicted results were used in 
a blind comparison study for independent experimental results and found to be within 3% 
(Ahmed, Bakuckas, Awerbuch, Lau and Tan, 2007). It was also the foundation for the first 
PFM analysis for the US National Aeronautics and Space Administration shuttle training 
aircraft (Kurth and Woods, 1994). This analysis extended the life of the shuttle training 
aircraft until the shuttle programme was retired, saving the US National Aeronautics and 
Space Administration over USD 35 million.  

2.1.8. PROMETHEUS  
Probabilistic Methods for Understanding and Evaluating Structures (PROMETHEUS) was 
a programme written to provide additional quality assurance and debugging to support 
xLPR code development. Since then, PROMETHEUS development has continued with 
new deterministic models and has been applied for oil and gas pipelines, and aircraft 
structures. The primary developer of the code has been Engineering Mechanics Corporation 
of Columbus (Emc2).  

PROMETHEUS uses the same models as PROLOCA Version 7.3 for circumferential 
cracks. However, PROMETHEUS also includes the axial crack models from xLPR 
Version 2.0. In 2020, support for developing the axial crack models for nuclear piping was 
ended because axial cracks are not a significant contributor to the risk of rupture in nuclear 
piping systems. However, these models have been updated for the correct fracture models 
for axial cracks in oil and gas pipelines, where axial cracks are the dominant contributor to 
risk.  

PROMETHEUS does not have a modular software design; it is a compiled code so one 
must use the models included by the developers. However, there are nearly two dozen 
different models available. PROMETHEUS can use different models for corrosion and 
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fatigue crack growth, as well as crack stability. It employs a transition model from surface 
crack to TWC (Shim et al., 2013). It uses a tabular look up for probability of crack detection 
with user-supplied POD curves. PROMETHEUS also has models for service life 
mitigation. Mechanical Stress Improvement Process® is modelled. Overlay mitigation is 
modelled, but untested. Many of these capabilities were added for non-nuclear applications. 
The models used for the COD are described in Young et al. (2012). The J-integral for 
surface cracks is based on ASME Section XI (ASME, 2010) and SINTAP/SAQ/02 (Zang, 
1997) for TWCs. The SIF solutions for surface and TWCs are defined in the same 
standards. Finally, PROMETHEUS includes a leak rate detection model (Paul et al., 1994).  

One difference in PROMETHEUS from other PFM codes is that multiple sampling 
methods can be used. While simple Monte Carlo sampling is used most often, the discrete 
probability distribution method is available for importance sampling. This allows 
importance sampling to be performed without weight functions having to be introduced. It 
also forms the basis for the adaptive sampling method where focussed sampling of areas of 
interest, specified by the user, can be performed (Kurth and Sallaberry, 2018). Currently, 
cross entropy methods are being incorporated and probabilistic machine learning 
techniques are being developed.  

2.1.9. PROST   
The PROST code is developed by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS), 
a non-profit technical safety organisation headquartered in Cologne, Germany. 
Development started in 2002, concentrating on probabilistic fatigue crack growth 
simulations while participating in the NURBIM benchmark study (Schimpfke, 2004). Since 
then, the code has been extended mostly in the framework of reactor safety research 
projects funded by the German Federal Ministry of Economics.  

PROST can perform deterministic and probabilistic simulations of component integrity, 
based on fracture mechanics. Fatigue crack initiation, corrosive crack initiation, fatigue 
crack growth, SCC, ductile tearing and flow-accelerated corrosion can be considered as 
ageing mechanisms. The code is used for piping and reactor pressure vessel integrity 
applications, and it includes a selection of SIF and crack growth solution models. A special 
emphasis is placed on the efficient probabilistic computation of small leak and rupture 
probabilities by a variety of sampling techniques (Heckmann, Ma and Sievers, 2015). 
Besides ISI, PROST can simulate hydrostatic testing. Additional features include the 
optional consideration of complex load-time functions and sensitivity analysis methods 
(Heckmann et al., 2021). The code has a graphical user interface, and post-processing and 
visualisation tools.  

PROST development follows the software quality assurance measures plan according to 
the prescriptions of ISO  9 001, ISO  27 001, and IAEA guidelines (Das Deutsche Institut 
für Normung e.V. (DIN), 2015) (Bläsius et al., 2019). The code is available for external 
users on request and has licencees in different countries. Varius applications are discussed 
by Heckmann et al. (2022), Lingyun and Niffenegger (2022), Mao et al. (2022), and Mao 
and Niffenegger (2022).  

2.1.10. SACC  
The Safety Assessment of Components with Cracks (SACC) Version 4.0 code is based on 
experiment data and developed by the Swedish Company SAQ AB. The code can be used 
for evaluating components with cracks in nuclear power plants, evaluating corrosion crack 
growth, evaluating fatigue crack growth and for performing SIF analysis. SACC can 
evaluate components such as plates, pipes, and spherical and cylindrical pressure vessels 
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with different-sized cracks. In the R6 procedure (British Energy, 2004), the limiting 
condition of the structure is evaluated by referencing both fracture and plastic collapse 
criteria. Structural integrity relative to the limiting condition is evaluated by the means of 
a failure assessment diagram using these procedures.  

2.1.11. SIF-Master  
The SIF-Master code is developed and maintained by the limited liability company IPP-
Centre for deterministic and probabilistic brittle fracture evaluations. The SIF-Master code 
has been under continuous development since 2000 and has been used for crack evaluations 
in Ukraine by several organisations.  

Motivation for development of the SIF-Master code stemmed in part from IPP-Centre staff 
and industry interests in effectively predicting structural element integrity and durability 
with cracks during the destruction process, which is subject to control by SIFs, as well as 
assessing brittle fracture of pressure vessel strength in the crack zone and calculating crack 
failure probability. The code is based on an original, improved version of the weight 
function method for SIF calculation, which allows it to determine the SIF at any crack point 
under an arbitrary load specified by table. Beginning from Version 2.0, calculations are 
implemented according to the international standards API  579 and RCC-M. The code 
provides a simple calculation of the SIF for a given geometry defect and tracks the 
development of a crack over time based on load, stress, temperature or thermohydraulic 
input. In the latter case, it can directly limit the number of load cycles or set the limit crack 
size, after which the calculation stops.  

SIF-Master has been designed, built, and tested under a software internal quality assurance 
programme and verified by external experts (SE NNEGC “Energoatom”, 2022). Code 
applications for reactor pressure vessels and piping are described in Dubyk (2019) and 
Orynyak, Zarazovskii, Batura, Borodii and Danil’chuk (2014).  

2.1.12. VTTBESIM  
The VTTBESIM code is continuously developed and maintained by the VTT Technical 
Research Centre of Finland Ltd. The properties of the latest version of the code, 
VTTBESIM Version 0.7, are summarised in an internal VTT report (Oinonen, A, 2023). 
The code has been under development since 2015, although development of its predecessor 
was started before 2004 (Cronvall, Männistö and Simola, 2007). The code is intended to be 
used at VTT both for customer projects and for research purposes.  

VTTBESIM was developed for calculating leaks and break probabilities of cylindrical 
piping components in nuclear power plants. Results obtained from the code are based on 
deterministic crack growth computations and subsequent stochastic analyses. Initial 
distributions of circumferentially oriented cracks, or cracks with constant dimensions, can 
be used as input data for the analyses. There is an efficient Latin hypercube sampling 
method incorporated into the code. The capabilities of the code include modelling of both 
SCC and fatigue crack growth. A parametric COD calculation from the literature has been 
incorporated as well. The leak rate through cracks is calculated with qualified, in-house 
software developed at VTT (Kurki, 2021). The effects of WRS, leak detection and periodic 
ISI can also be included in the PFM analyses. Additionally, the code incorporates the most 
common POD functions available from the literature. The quality assurance for 
VTTBESIM in terms of verification and validation (Oinonen, 2023) is based on 
comparisons of the results against the corresponding reference results obtained from the 
literature and reports on benchmark studies.  
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2.1.13. xLPR  
The Extremely Low Probability of Rupture (xLPR) code is jointly developed and 
maintained by the NRC’s Office of Nuclear Regulatory Research and EPRI. The latest 
major version is summarised in NRC NUREG-2 247, “Extremely Low Probability of 
Rupture Version 2 Probabilistic Fracture Mechanics Code,” issued August 2021 (NRC 
NUREG-2 247, 2021). The xLPR code has been under continuous development since 2009 
and has a global user base of over 30 organisations.  

The xLPR code is a feature-rich PFM code for piping applications. It provides regulators, 
industry, researchers and the public with quantitative capabilities to analyse the risks 
associated with nuclear power plant piping systems subject to active degradation 
mechanisms. The core capabilities of the code include modelling of fatigue crack initiation 
and growth, stress corrosion cracking initiation and growth, effects of WRS, seismic events, 
chemical and mechanical mitigation, in-service inspection, leak rates and leak detection. 
These capabilities are supported by multiple cracks in axial or circumferential orientations. 
The xLPR code employs a suite of advanced probabilistic features, including support for a 
wide range of available probability distributions for inputs, dual-loop sampling for 
separation of aleatory and epistemic uncertainties, and efficient sampling techniques, such 
as Latin hypercube sampling and importance sampling, as well as support for spatial 
variability and input correlation.  

The motivation for development of the xLPR code stemmed in part from NRC staff and 
industry interests in effectively managing PWSCC, a degradation mechanism that can 
occur in dissimilar metal welds in pressurised-water reactor primary coolant piping 
systems, and its implications for prior, deterministic leak-before-break analyses. This area 
marked the first regulatory applications of the xLPR code as described in NRC Technical 
Letter Report TLR-RES/DE/REB-2021-14-R1 (USNRC, 2022a). Other major areas of 
application by industry have been to study in-service inspection frequencies, as described 
in EPRI Technical Report 3 002 020 485 (EPRI, 2021a), and to inform loss-of-coolant 
accident frequency estimates, as described in EPRI Technical Update 3 002 020 358 (EPRI, 
2021b).  

The xLPR code was designed, built and tested under a rigorous software quality assurance 
programme based on the requirements in Title  10 of the Code of Federal Regulations, Part  
50, “Quality Assurance Criteria for Nuclear Power Plants and Fuel Processing” Appendix 
B (US Code of Federal Regulations, n.d.), and was implemented in accordance with the 
ASME NQA standard endorsed in NRC Regulatory Guide 1.28, Revision 4, “Quality 
Assurance Programme Criteria (Design and Construction) ”, issued June 2010 (NRC, 
Regulatory Guide  1.28, Rev. 4, 2010).  

2.1.14. Xpipe  
Xpipe is the fracture mechanics software developed and maintained by the Materials 
Testing Institute, University of Stuttgart (Germany), also denoted as MPA Stuttgart or just 
MPA. The first running version was released in 2006, and Xpipe’s capabilities have been 
continuously improved since. Initially, Xpipe was devised for implementing the failure 
assessment diagram in the R6 procedure (British Energy, 2004), while allowing the 
variation of a large set of parameters (e.g.  those related to crack and component geometry 
or material properties). These parameters, internally denoted as “scan items,” have different 
variation modes. That is, they can be varied in an equidistant (for parametric studies) or 
probabilistic (for Monte Carlo simulation) manner. In the latter case, scanned items can be 
connected to any technically relevant distribution function (i.e. the simulation values are 
governed by appropriately parameterised random number generators). In Xpipe, the 
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simulation sequence of a probabilistic scan item can be repeated on consecutive programme 
runs (comparable results), but it can also be pseudo-random depending on the specified 
“seed policy.” Lastly, scan items can be ordered hierarchically (grouped into so-called 
“scan levels”), thus allowing for multi-dimensional parametric studies (digital counter 
method).  

A main feature of Xpipe is the multitude of possible scenarios for calculation. There are 
many possible combinations of different SIF and limit load calculation rules, as well as 
component and crack geometries. Moreover, the original R6 method implementation has 
been extended with additional modules, such as: (a) embedded applications for calculating 
limit loads according to the KTA 3 206 nuclear safety code (Safety Standards of the 
Nuclear Safety Standards Commission [KTA], 2014), (b) leakage area and rate also based 
on KTA 3 206, and (c) crack growth (fatigue and SCC) and for performing probabilistic 
LBB analyses where all other modules can be accessed as required.  

Xpipe is widely used for fracture mechanics evaluations at MPA. It is also used by external 
entities. In addition to the industrial (most notably nuclear) area, Xpipe has also been 
successfully used in research activities, such as within the Euratom research and training 
programme Advanced Structural Integrity Assessment Tools for Safe Long Term 
Operation (P.T. Williams et al., 2021).  

Development and maintenance of Xpipe is a long-term, challenging process, and the 
development team is focussed on satisfying good software quality standards. The 
Certification Body of TÜV SÜD Management Service GmbH certifies that MPA Stuttgart 
has established and applies a quality management system for the development process 
according to ISO 9 001:2015 (Das Deutsche Institut für Normung e.V. [DIN], 2015).  

2.2. Participant survey  

A formal survey was prepared to collect information on the capabilities and analysis 
methods of each of the PFM codes. The responses to this survey were used to fulfil the 
primary objective of understanding differences in PFM software design. The responses 
were also used to define the individual benchmark problems.  

2.2.1. Survey design  
The survey questions focussed on various aspects of a PFM code: its deterministic models 
(e.g. models for crack initiation, crack growth, crack transition, COD, SIF, J-integral, crack 
stability, leak rate, loading and WRS), maintenance strategy (e.g. models for ISI, leak 
detection and mid-life condition changes), uncertainty treatment (e.g. supported 
distribution types and sampling schemes) and outputs. An overview of the PFM code 
capabilities is listed in Table 2.2, and the key elements of the PFM code are summarised in 
Section 2.2.1.  
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Table 2.2. PFM code core modelling capabilities 
Items  Participant 

Coverage  
LEI  

(SACC)  
KIWA  

(NURBIT)  
EMC2  

(PROMETHEUS)  
CRIEPI  

(PEDESTRIAN)  
VTT  

(VTTBESIM)  
KINS  

(PROLOCA)  
JAEA  

(PASCAL-SP)  
IPP  

(SIF-Master)  
MPA  

(Xpipe)  
NRG  

(DeMoT)  
PSI  

(PROST)  
GRS  

(PROST)  
NRC  

(xLPR)  
CEI  

(PRAISE-CANDU)  
SIA  

(BEYOND-PRAISE)  
Axial crack  67%    Yes  Yes        Yes  Yes  Yes    Yes  Yes  Yes  Yes  Yes  
Circumferential 
crack  100%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
Low-cycle 
fatigue  93%    Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
IGSCC  93%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes    Yes  Yes  Yes  Yes  Yes  
PWSCC  100%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
Non-idealised 
TWC  80%  Yes  Yes  Yes  Yes  Yes  Yes    Yes    Yes  Yes    Yes  Yes  Yes  
Leakage 
detection  100%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
Mid-life 
mitigation  53%      Yes      Yes  Yes        Yes  Yes  Yes  Yes  Yes  
Parallel 
computing  13%                        Yes  Yes      
Transition 
depth  100%  0.9a/t  0.9a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  0.8a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  0.95a/t  
Fatigue 
initiation  73%    Yes  Yes    Yes  Yes    Yes    Yes  Yes  Yes  Yes  Yes  Yes  
SCC initiation  93%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes    Yes  Yes  Yes  Yes  Yes  Yes  
Spatial 
discretization  60%      Yes      Yes    Yes  Yes  Yes  Yes    Yes  Yes  Yes  
Inspection-
tabular POD  100%  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
CFP on COD  93%    0%  50%  50%  50%  50%  0%  100%  100%  0%  0%  0%  50%  50%  50%  
WRS 
uncertainty  93%    Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  
Compliance 
with quality 
assurance 
standards  

73%    Yes      Yes    Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  Yes  



28 | NEA/CSNI/R(2024)5 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

2.2.2. Summary of responses  

2.2.2.1 Crack growth rate models  
Based on the survey responses, 14 of the 15 participants can analyse low-cycle fatigue or 
IGSCC problems, and all participants can analyse PWSCC. The Paris Law-based fatigue 
crack growth rate models are commonly implemented in the PFM codes. Most of the PFM 
codes also have multiple SCC growth models including tabular form, Paris Law-type, 
PWSCC-specific, and IGSCC-specific, and other types as listed in Table 2.3.  

Table 2.3. SCC growth rate models 

Participant  
(PFM Code)  Tabular Form  Paris Law  PWSCC  IGSCC  Other SCC  

LEI (SACC)  Yes  Yes  Yes  Not provided  Not provided  
KIWA (NURBIT)  Yes  Yes  Yes  Yes  Not provided  

EMC2 (PROMETHEUS)  Not provided  Yes  Yes (Rudland, 
2011)  

Yes (Holman 
and Chou, 1988)   

(Khaleel and 
Simonen, 2008)  

Not provided  

CRIEPI (PEDESTRIAN)  Not provided  Yes  Not provided  Not provided  Yes (JSME, 2012)  

VTT (VTTBESIM)  Not provided  Yes  Yes (ASME BPVC, 
2017)  Not provided  Not provided  

KINS (PROLOCA)  Not provided  Yes  Yes (Rudland, 
2011)  

Yes (Holman 
and Chou, 1988)   

(Khaleel and 
Simonen, 2008)  

Yes (Itoh, Li, 
Osakabe, Onizawa 

and Yoshimura, 
2012)  

JAEA (PASCAL-SP)  Not provided  Not 
provided  

Yes (JSME, 2008)   
(Mano, Yamaguchi, 
Katsuyama and Li, 

2019)  

Yes (JSME, 
2012)   

(Li and et. al, 
2014)  

Yes (JSME, 2015)  
(Nagase et al., 

2010)  

IPP (SIF-Master)  Not provided  Not 
provided  Not provided  Not provided  

Yes (Orynyak, 
Zarazovskii and 
Borodii, 2017)  

MPA (Xpipe)  Not provided  Yes  Not provided  Not provided  
Yes (Dillström, 
Gunnars, von Unge 
and Mångård, 2018)  

NRG (DeMoT)  Not provided  Not 
provided  Not provided  Not provided  Not provided  

PSI (PROST)  Not provided  Yes  
Yes (Jenssen et al., 

2002)   
(Bosch and Van 

Dyck, 2009)  

Not provided  

Yes (Grebner, 
Wang, Schmipfke 
and Sievers, 2010)  

(Hüttner, 2003)  

GRS (PROST)  Not provided  Yes  
Yes (Jenssen et al., 

2002)   
(Bosch and Van 

Dyck, 2009)  
Not provided  

Yes (Grebner et al., 
2010)  

(Hüttner, 2003)  

NRC (xLPR)  Not provided  Not 
provided  

Yes (EPRI, 2002)  
(EPRI, 2004)  
(EPRI, 2009)  
(EPRI, 2011)  

Not provided  Not provided  

CEI (PRAISE-CANDU)  Yes  Not 
provided  

Yes (Rudland, 
2011)  

Yes (ASME, 
2017)  No  

SIA (BEYOND-PRAISE)  Yes  Not 
provided  

Yes (Rudland, 
2011)  

Yes (ASME, 
2017)  No  
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2.2.2.2 SIF models  
SIF is the driving force of crack growth, although fatigue crack growth is driven by the SIF 
differences. Except for NURBIT, which uses several SIFs across the crack front, all other 
PFM codes use SIFs at key points: (1) inside surface and deepest point for surface cracks, 
and (2) inside and outside surface points for TWCs. Most codes use SIF models from codes 
and standards or the equivalent. The crack face pressure (CFP) is considered in the SIF 
calculation as either 100% or not at all. The SIF models and amounts of applied crack face 
pressure used by the different PFM codes are listed in Table 2.4.  

Table 2.4. SIF models 

Participant  
(PFM code)  Surface cracks  

CFP for 
surface 
cracks  

TWCs  CFP for 
TWCs  

LEI (SACC)  (ASME, 1994)  0%  (ASME, 1994)  0%  

KIWA (NURBIT)  (Dillström et al., 2018)  100%  
(Bergman and 

Brickstad, 1995) 
(Dillström et al., 

2018)  

0%  

EMC2 (PROMETHEUS)  (Xu, Scarth and Cipolla, 2013)  100%  (Zang, 1997)  100%  

CRIEPI (PEDESTRIAN)  (JSME, 2012)  100%  
(Takahashi, 2002)   

(Shim, Xu and 
Lee, 2014)  

100%  

VTT (VTTBESIM)  (ASME/API, 2016)  100%  (ASME/API, 
2016)  100%  

KINS (PROLOCA)  (Xu et al., 2013)  100%  (Zang, 1997)  100%  

JAEA (PASCAL-SP)  
(ASME, 2015)   

(Li, Doi, Hasegawa, Osakabe and Okada, 
2013)  

100%  
(Shim, Xu and 

Lee, 2014)   
(Sanders, 1983)  

100%  

IPP (SIF-Master)  

(ASME/API, 2016)  
(Brumovsky, 2008)  

(Orynyak and Borodii, 1994)   
(Zahoor, 1990)   

  

100%  
(ASME/API, 

2016)  
(Zahoor, 1989) 

100%  

MPA (Xpipe)  (Dillström et al., 2018) 100%  (Dillström et al., 
2018) 100%  

NRG (DeMoT)  (Bergman and Brickstad, 1995) 0%  
(France, Green, 

Sharples and 
Chivers, 1997) 

0%  

PSI (PROST)  (British Energy, 2004) 0%  (Zang, 1997) 0%  

GRS (PROST)  
(British Energy, 2004)   

(ASME, 2010)   
(AFCEN, 2010)   

(Busch, Petersilge and Varfolomeyev, 1995) 

100%  (Zahoor, 1989) 
(Zang, 1997)   

100%  

NRC (xLPR)  (Xu et al., 2013) 100%  (Zang, 1997)  100%  
CEI (PRAISE-CANDU)  (ASME/API, 2016)  100%  (Takahashi, 2002)  100%  

SIA (BEYOND-PRAISE)  (ASME/API, 2016)  100%  Not provided   100%  

 

2.2.2.3 Crack transition  
The crack transition model defines the depth at which a surface crack becomes a TWC and 
includes the crack recharacterisation method (e.g. based on equivalent length or equivalent 
area, or natural transition as shown in Figure 2.1). Most of the PFM codes naturally 
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transition a surface crack to a TWC when the surface crack depth reaches 95% of the pipe 
wall thickness, as shown in Table 2.5.  

Figure 2.1. Crack transition types 

 

Table 2.5. Crack transition models 
Participant  
(PFM code)  

Transition  
depth  

Recharacterisation 
type  

LEI (SACC)  0.9 a/t  Not provided   
KIWA (NURBIT)  0.9 a/t  Natural transition  

EMC2 (PROMETHEUS)  0.95 a/t  Natural transition  
CRIEPI (PEDESTRIAN)  0.95 a/t  Natural transition  

VTT (VTTBESIM)  0.95 a/t  Natural transition  
KINS (PROLOCA)  0.95 a/t  Natural transition  

 JAEA (PASCAL-SP)  0.95 a/t  Equivalent length  
IPP (SIF-Master)  0.95 a/t  Natural transition  

MPA (Xpipe)  0.8 a/t   Equivalent length  
NRG (DeMoT)  0.95 a/t  Not provided   
PSI (PROST)  0.95 a/t  Equivalent length  

Participant  
(PFM code)  

Transition 
Depth  

Recharacterisation 
type  

GRS (PROST)  0.95 a/t  Equivalent length  
NRC (xLPR)  0.95 a/t  Natural transition  

CEI (PRAISE-CANDU)  0.95 a/t  Natural transition  
SIA (BEYOND-PRAISE)  0.95 a/t  Natural transition  
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2.2.2.4 J-integral models  
A J-integral solution may be required when crack stability is evaluated using the elastic-
plastic fracture mechanics. The J-integral solution models for surface cracks and TWCs are 
summarised in Table 2.6.  

Table 2.6. J-Integral solutions 

Participant  
(PFM Code)  

Surface crack  TWC  

LEI (SACC)  (British Energy, 2004)  (British Energy, 2004)  

KIWA (NURBIT)  (Dillström et al., 2018)  
(Bergman and Brickstad, 1995)  

(Bergman and Brickstad, 1995) 
(Dillström et al., 2018)  

EMC2 (PROMETHEUS)  Not provided (Brust and Gilles, 1994) 
CRIEPI (PEDESTRIAN)  Not provided  Not provided  

VTT (VTTBESIM)  (Dillström et al., 2018)  (Dillström et al., 2018)  
KINS (PROLOCA)  Not provided (Brust and Gilles, 1994) 

JAEA (PASCAL-SP)  (Udagawa, Katsuyama, 
Yamaguchi, Li and Onizawa, 2015) (Zahoor, 1989) 

IPP (SIF-Master)  (Zahoor, 1989)  (Zahoor, 1989)  

MPA (Xpipe)  (Dillström et al., 2018)  
(Marie et al., 2007)  

(Dillström et al., 2018)  
(Marie et al., 2007)  

NRG (DeMoT)  Not provided  Not provided  

PSI (PROST)  
(Wang, 2010)   

(Ainsworth, 2012)   
(Rice, 1968)  

(Ainsworth, 2012) 
(Rice, 1968) 

(Wang, 2010)  

GRS (PROST)  (British Energy, 2004)   
(Ainsworth, 2012)  

(British Energy, 2004)   
(Ainsworth, 2012)  

NRC (xLPR)  Not provided  (Brust and Gilles, 1994)  
CEI (PRAISE-CANDU)  (Cho et al., 2011)  (Cho et al., 2011)  

SIA (BEYOND-PRAISE)  (Cho et al., 2011)  (Cho et al., 2011)  
 

2.2.2.5 Net-section collapse models  
The net-section collapse model is one of commonly used models for crack instability 
analysis. In this model, the maximum load of a cracked pipe is governed by the strength of 
the materials if the material exhibits fully ductile behaviour. The net-section collapse 
models for circumferential surface cracks and TWCs are summarised in Table 2.7.  

Table 2.7. Net-section collapse models 

Participant  
(PFM code)  Surface crack  TWC  

LEI (SACC)  (Bergman et al., 1997)  (Bergman et al., 1997)  
KIWA (NURBIT)  (Dillström et al., 2018)  (Dillström et al., 2018)  

EMC2 (PROMETHEUS)  (Li, Hasegawa, Onizawa and Cofie, 2010)  (Rahman and Wilkowski, 1998)   
(Rahman, 1998)  

CRIEPI (PEDESTRIAN)  (Li, Hasegawa, Onizawa and Cofie, 2010)  (Rahman and Wilkowski, 1998)   
(Rahman, 1998)  

VTT (VTTBESIM)  (ASME/API, 2016)  (ASME/API, 2016)  
KINS (PROLOCA)  (Li et al., 2010) (Rahman and Wilkowski, 1998) 
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Table 2.7. Net-section collapse models (Continued) 

Participant  
(PFM code)  Surface crack  TWC  

JAEA (PASCAL-SP)  (ASME, 2015)   
(Li et al., 2009)  

(ASME, 2015)   
(Li et al., 2009)  

IPP (SIF-Master)  (Orynyak, Ageiev and Radchenko, 2015)  
(ASME/API, 2016)  

(ASME/API, 2016) 
(Ranta-Maunus and Achenbach, 1980) 

(Zahoor, 1989)  
MPA (Xpipe)  (KTA-Geschaeftsstelle, 2014)  (KTA-Geschaeftsstelle, 2014)  

NRG (DeMoT)  (Lei et al., 2014)  (Lei et al., 2014)  
PSI (PROST)  (British Energy, 2004)  (British Energy, 2004)  

GRS (PROST)  (SINTAP, 1999)  (SINTAP, 1999)   
(KTA-Geschaeftsstelle, 2014)  

NRC (xLPR)  (Li et al., 2010)  (Rahman and Wilkowski, 1998)   
(Rahman, 1998)  

CEI (PRAISE-CANDU)  (Li et al., 2010)   
(Saxena, 1998)  

(Li et al., 2010)   
(Saxena, 1998)  

SIA (BEYOND-PRAISE)  (Cho et al., 2011)  (Cho et al., 2011)  
 

2.2.2.6 COD models  
A COD model is required for calculating the leakage from a TWC. Table 2.8 summarises 
the COD models used for circumferential TWCs.  

Table 2.8. COD models 

Participant  
(PFM code)  

Model  

LEI (SACC)  (Andersson et al., 1996)   
(Bergman, 1997)  

KIWA (NURBIT)  (Brickstad, 2000)   
(Dillstrom and Zang, 2007)  

EMC2 (PROMETHEUS)  (Young et al., 2012)  
CRIEPI (PEDESTRIAN)  (Paris and Tada, 1983)  

(Young et al., 2013)  
VTT (VTTBESIM)  (Young et al., 2012)   

(Young, Olson and Kerr, 2013)   
(Cox, Young and Scott, 2013)   

KINS (PROLOCA)  (Cox et al., 2013)   
(Kumar and German, 1988) 

(Young et al., 2013)   
 JAEA (PASCAL-SP)  (Paris and Tada, 1983)  

IPP (SIF-Master)  (Orynyak, Yakovleva and Dubik, 2012)  
(ASME/API, 2016)  

MPA (Xpipe)  (KTA-Geschaeftsstelle, 2014)  
(Wüthrich, 1983)  

Participant  
(PFM code)  

Model  

NRG (DeMoT)  (France et al., 1997)  
PSI (PROST)  (Kiefner, Maxry, Eiber and Duffy, 1973)  
GRS (PROST)  (KTA-Geschaeftsstelle, 2014)   

(Wüthrich, 1983)  
NRC (xLPR)  (Kumar and German, 1988)  
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Table 2.8. COD models (Continued) 

Participant  
(PFM code)  

Model  

CEI (PRAISE-CANDU)  (Young et al., 2012)   
(Young et al., 2013)   

(Cox et al., 2013) 
SIA (BEYOND-PRAISE)  (Young et al., 2012)   

(Young et al., 2013)   
(Cox et al., 2013) 

 

2.2.2.7 Leak rate models  
The leakage from a TWC is predicted using a leak rate model. A crack can be removed or 
arrested if the leakage exceeds the leak detection limit. Most of the codes incorporate a 
Henry-Fauske two-phase flow model (Henry and Fauske, 1971) for leak rate calculations, 
either implemented in the PFM code directly or using leak rate lookup tables generated 
from other leak rate codes such as Seepage Quantification of Upsets In Reactor Tubes, 
SQUIRT, (Rahman, Ghadiali, Paul and Wilkowski, 1995) or Leak Analysis of Piping–Oak 
Ridge, LEAPOR, (Williams and Yin, 2013). Table 2.9 summarises the various leak rate 
models used by the PFM codes.  

Table 2.9. Leak rate models  

Participant  
(PFM code)  Model  Implementation  

LEI (SACC)  
(Paul et al., 1994)   

(Kupperman, Sheen, Shack and 
Diercks, 2004) 

Direct call  

KIWA (NURBIT)  
(Paul et al., 1994) 

(Rahman et al., 1995)   
(Zang, 2007) 

Direct call  

EMC2 (PROMETHEUS)  (Williams and Yin, 2013) Direct call  

CRIEPI (PEDESTRIAN)  (Henry and Fauske, 1971) Direct call  

VTT (VTTBESIM)  (Henry, 1970) Direct call  

KINS (PROLOCA)  (Rahman et al., 1995)   
(Williams and Yin, 2013) Direct call  

JAEA (PASCAL-SP)  (Henry and Fauske, 1971)   
(Moody, 1966) Lookup table  

IPP (SIF-Master)  (Henry, 1970)  
(Henry and Fauske, 1971) Direct call  

MPA (Xpipe)  (KTA-Geschaeftsstelle, 2014) Direct call  

NRG (DeMoT)  (Henry, 1970) 
(Henry and Fauske, 1971) Direct call  

PSI (PROST)  (Pana and Müller, 1978) Lookup table  

GRS (PROST)  (Pana and Müller, 1978) Direct call  
Participant  

(PFM Code)  Model Implementation  

Participant  
(PFM Code)  Model Implementation  

CEI (PRAISE-CANDU)  (Rahman et al., 1995)   
(Williams and Yin, 2013) Lookup table  

SIA (BEYOND-PRAISE)  (Rahman et al., 1995)   
(Williams and Yin, 2013) Lookup table  
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2.2.2.8 WRS numerical implementations  
The numerical implementations for modelling WRS uncertainties for circumferential 
cracks fell into five basic categories:  

• implicit polynomial definition; 

• constant uncertainty band;  

• discrete data points and correlations;  

• Fourier series with distributed coefficients;  

• polynomial formulation with linear superposition.  

Sections 2.2.2.8.1 through 2.2.2.8.5 summarise each approach, respectively. Table 2.10 
summarises the various WRS implementations used by the PFM codes.  

Table 2.10. WRS implementations 

Participant  
(PFM code)  

Implicit 
polynomial 
definition  

Constant uncertainty 
band  

Discrete data 
points and 

correlations  
Fourier Series with 

distributed coefficients  
Polynomial 

formulation with 
linear superposition  

KIWA (NURBIT)    Yes        
EMC2 

(PROMETHEUS)      Yes      

CRIEPI 
(PEDESTRIAN)  

Yes          

VTT (VTTBESIM)  Yes          
KINS (PROLOCA)      Yes      
JAEA (PASCAL-

SP)        Yes    

IPP (SIF-Master)      Yes      
MPA (Xpipe)  Yes          
PSI (PROST)          Yes  

GRS (PROST)          Yes  

NRC (xLPR)      Yes      
CEI (PRAISE-

CANDU)  Yes          

SIA (BEYOND-
PRAISE)  Yes          

2.2.2.8.1  Implicit polynomial definition  
Ultimately, the residual stresses enter in the fracture mechanics models through the stress 
intensity factors. In typical analytical stress intensity factor solutions, the stresses are 
described by coefficients of a polynomial in 𝑢𝑢 of a maximal order. In such an 
implementation, it is natural to restrict the stresses to polynomials of that order, as is shown 
in the following equation of a maximal order of three:  

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) = � 𝜎𝜎𝑖𝑖WRS𝑢𝑢𝑖𝑖
3

𝑖𝑖=0
 

 
  

Equation 2-1  

Here, 𝜎𝜎𝑖𝑖WRS represents the polynomial coefficient with index 𝑖𝑖.  
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One definition of the WRS profile and its uncertainty is given by an implicit condition for 
the polynomial coefficients 𝜎𝜎𝑖𝑖WRS as presented by NRC and EPRI (Rudland, 2011). 
PEDESTRIAN, PRAISE-CANDU, and Xpipe use such a definition.  

There are four basic conditions that must be met in this approach. The first condition is that 
the stresses must be self-balancing, whereby the resulting axial force of the stresses is zero. 
This self-balancing condition can be expressed in an integral form as follows:  

0 =  ∫ (𝑅𝑅𝑖𝑖 + 𝑡𝑡𝑡𝑡)𝜎𝜎WRS(𝑢𝑢) 𝑑𝑑𝑑𝑑1
0   Equation 2-2  

  

The second condition is that the WRS at the inside surface, 𝜎𝜎i = 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢 = 0), must follow 
a normal distribution function. The third condition is that the neutral crossing or zero-point 
of the WRS profile, 𝑢𝑢0, where 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢0) = 0, must also follow a normal distribution 
function. Lastly, the fourth condition is that the stress on the outside surface must be 
simulated using a uniform random number that ranges between 0 and 0.5𝜎𝜎𝑖𝑖. As 
implemented in a Monte Carlo simulation, after drawing the random parameters 𝜎𝜎i and 𝑢𝑢0 
from the distribution functions, the polynomial coefficients 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 are fitted to match the 
conditions.  

2.2.2.8.2  Constant uncertainty band  
Another definition of the WRS profile and its uncertainty is given by a constant uncertainty 
band. NURBIT uses such a definition.  

The constant uncertainty band approach approximates the axial WRS by a polynomial of a 
given order and the self-balancing condition described previously. For this approximation, 
the uncertainty by location-independent shift which reproduces the 𝑢𝑢-averaged standard 
deviation, 𝑆𝑆̅, is given by the following equation:  

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) ≈ 𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) + 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆 ∙ 𝑆𝑆̅  Equation 2-3  

In this formula, 𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊 is the mean axial WRS and 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆 
 is a standard normally distributed (i.e. Gaussian) random variable. This rather simple 
formulation yields a WRS profile with uncertainty approximately the same as obtained 
from the implicit polynomial definition. However, each individual realisation is, in general, 
not self-balanced because the constant shift leads to an offset. This approach is therefore 
only statistically self-balanced (e.g. averaged over all the realisations), which is a much 
weaker condition.  

2.2.2.8.3  Discrete data points and correlations  
Yet another definition of the WRS profile and its uncertainty is given by discrete data points 
and correlations. PROLOCA, PROMETHEUS, SIF-Master, and xLPR use such a 
definition.  

This approach, which is described by Brust (Brust, 2016), uses information at 𝑁𝑁 discrete 
normalised radial points. Assuming a normal distribution function, for each point 𝑢𝑢𝑖𝑖 ∈
[0,1], 1 ≤ 𝑖𝑖 ≤ 𝑁𝑁, the WRS can be expressed as a normal distribution function as follows:  

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) ≈ 𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) + 𝑆𝑆̅  Equation 2-4  

𝑁𝑁 standard normally distributed (Gaussian) random variables 𝑥𝑥𝑖𝑖 ∼ 𝑁𝑁 describe the 
uncertainties. For continuous function, the discrete points can be interpolated. If applied 
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without any additional constraint, this formulation can produce strong local variations in 
the stresses. Also, it is not guaranteed that the resulting stress field is self-balanced. This 
problem can be circumvented by introducing correlations between the different Gaussian 
random variables described by a coefficient of correlation. Brust (2016) describes this 
procedure with a Cholesky decomposition.  

2.2.2.8.4  Fourier series with distributed coefficients  
An additional definition of the WRS profile uses a truncated Fourier cosine series with 
distributed coefficients as described by Mano, et al. (2020). PASCAL-SP uses such a 
definition. In this approach, a Fourier cosine series is employed to avoid strong local 
variations in the stresses and to satisfy the self-balancing condition more easily.  

2.2.2.8.5  Polynomial formulation with linear superposition  
The last definition of the WRS profile and its uncertainty is given by a polynomial 
formulation with linear superposition. PROST uses such a definition.  

To reduce the number of random parameters, it is possible to use the fact that the stress 
intensity factors are formulated in terms of polynomial coefficients, and linear-elastic 
fracture mechanics can support linear superposition of stresses. With 𝑁𝑁𝑠𝑠𝑠𝑠 single random 
variables with index 𝑗𝑗, 𝑥𝑥𝑗𝑗, where 𝑗𝑗 ≤ 𝑁𝑁𝑠𝑠𝑠𝑠, the stress profile with uncertainties can be 
written as a linear combination as follows:  

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) = ∑ 𝑥𝑥𝑗𝑗
𝑁𝑁𝑠𝑠𝑠𝑠
𝑗𝑗=0 𝜎𝜎𝑗𝑗(𝑢𝑢)  Equation 2-5  

 

A specific choice is to select the mean value WRS distribution as one of the terms and add 
the uncertainty-related deviations from this mean distribution as follows:  

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 = 𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊(𝑢𝑢) + ∑ 𝑥𝑥𝑗𝑗
𝑁𝑁𝑠𝑠𝑠𝑠
𝑗𝑗=1 𝜎𝜎𝑗𝑗(𝑢𝑢)  Equation 2-6  

 

The next step is to determine suitable polynomials and random variables in such a way that 
(a) the provided stress distribution and its uncertainties are optimally approximated, and 
(b) the self-balancing condition is fulfilled. The goal is first to find a set of suitable 
polynomials of given order which fulfil the self-balancing condition. Fortunately, the 
approach of linear superposition then conserves the self-balancing condition. The choice is 
not unique, and an appropriate linear independent basis in the polynomial space is required. 
As the self-balancing condition cannot be fulfilled with a single coefficient, the starting 
point is to use polynomials with only two non-zero coefficients, notated 𝜎𝜎[𝑖𝑖, 𝑗𝑗] = 𝑐𝑐𝑖𝑖𝑢𝑢𝑖𝑖 +
𝑐𝑐𝑗𝑗𝑢𝑢𝑗𝑗. In addition, a normalisation condition is used for convenience as follows:  

1 =  ∫ 𝜎𝜎𝑖𝑖2(𝑢𝑢)𝑑𝑑𝑑𝑑1
0   Equation 2-7  

 

The number of possible independent polynomials, 𝜎𝜎𝑖𝑖 , is limited by the maximal order of 
the polynomial. In principle, it is possible to work with a single polynomial as an 
approximation, but this approach has the disadvantage that the resulting uncertainties are 
zero at the nodes of 𝜎𝜎𝑗𝑗 . Instead, two base functions, 𝜎𝜎1 and 𝜎𝜎2, are used (i.e. 𝑁𝑁𝑠𝑠𝑠𝑠 = 2).  

The remaining task is to determine the random variable which scales the polynomials in 
such a way that the uncertainties in the stress around its mean value are optimally matched. 



NEA/CSNI/R(2024)5 | 37 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

For obtaining this scaling, the variance, 𝑉𝑉, is computed based on the expected value, 𝐸𝐸, on 
each discrete normalised radial point, 𝑢𝑢𝑖𝑖 , as follows:  

𝑉𝑉�𝜎𝜎(𝑢𝑢𝑖𝑖)� = 𝐸𝐸(𝜎𝜎2(𝑢𝑢𝑖𝑖)) − 𝐸𝐸2(𝜎𝜎(𝑢𝑢𝑖𝑖))  Equation 2-8  
 

For independent, centred normal variables 𝑥𝑥1 and 𝑥𝑥2, this equation can be written as 
follows:  

𝑉𝑉�𝜎𝜎(𝑢𝑢𝑖𝑖)� = 𝜎𝜎12(𝑢𝑢𝑖𝑖)𝑉𝑉(𝑥𝑥1) + 𝜎𝜎22(𝑢𝑢𝑖𝑖)𝑉𝑉(𝑥𝑥2)  Equation 2-9  
 

This equation can be read as 𝑁𝑁𝑠𝑠𝑠𝑠 determination equations for 𝑉𝑉(𝑥𝑥1) and 𝑉𝑉(𝑥𝑥2) on the 
right-hand side, while the left-hand side is given by the case description and the coefficients 
given by the two polynomials derived above, evaluated at the specified 𝑢𝑢𝑖𝑖  points. The 
optimal variances can be obtained by a numerical fit. In this example, the functions 𝜎𝜎1 =
𝜎𝜎[0,1] and 𝜎𝜎2 = 𝜎𝜎[1,2] are chosen. For the numerical values of the pipe dimension, the 
functions read as: 𝜎𝜎1(𝑢𝑢) = −0.639 + 1.220 𝑢𝑢 and 𝜎𝜎2(𝑢𝑢) =  −1.434 𝑢𝑢 + 2.112 𝑢𝑢2, 
where the coefficient values have been rounded.  

2.2.2.9 Acceptance criteria  
PFM acceptance criteria can vary significantly with the intended application. For example, 
the use of PFM results to optimise inspection scope and frequency would require a different 
acceptance criterion than the use of PFM results to disposition detected flaws for fitness-
for-service purposes. When the participant questionnaire was prepared, only limited PFM 
piping applications had been accepted by regulatory bodies. Acceptance criteria will likely 
evolve over time through more PFM code applications by both industry and regulatory 
bodies. Hence, both short- and long-term acceptance criteria data were solicited from the 
participants.  

Organisations from 11 countries provided their short-term acceptance criteria. These 
responses fell into the following categories:  

• PFM must be performed for the nuclear power plant to provide as comprehensive 
a picture of safety as possible. This is the approach in Sweden, according to KIWA.  

• PFM is used to support or supplement deterministic fracture mechanics. This 
response was received from SNC in Canada, VTT in Finland, GRS in Germany and 
NRG in the Netherlands.  

• PFM is used in general structural integrity assessments. This response was received 
from LEI in Lithuania, PSI in Switzerland and IPP in Ukraine.  

• For reactor coolant loop piping, a representative value for the probability of fluid 
system pipe rupture which would qualify as “extremely low” would be on the order 
of 10−6 per reactor year when all rupture locations are considered in the fluid system 
piping or portions thereof (USNRC, 1987). This response was received from the 
NRC in the United States.  

Organisations from three countries provided responses to the long-term acceptance criteria 
as follows:   

• According to CEI, although acceptance criteria are under development in Canada, 
they will heavily depend on the intended applications. If the objective is to 
demonstrate pressure boundary integrity of ASME Class 1 piping (e.g. flaw 
disposition), then the concept of extremely low probability (e.g. 10-6 annual failure 



38 | NEA/CSNI/R(2024)5 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

frequency) might be acceptable. For applications to support Level 3 defense-in-
depth (safety analysis focussed on prevention of core damage or large release), the 
acceptance criteria could be back calculated from the core damage frequency or 
large release frequency.  

• According to PSI, although acceptance criteria are under development in 
Switzerland, they will heavily depend on the intended applications. To ensure the 
structural integrity of SA-508 Grade 1 piping and nozzles (e.g. flaw disposition), 
the concept of extremely low probability (e.g. 10-9 failure frequency) could be 
acceptable to the regulator.  

• According to the NRC, in the United States, Regulatory Guide 1.174 Revision 3 
(USNRC, 2018) provides approaches for developing risk-informed applications for 
licensing basis changes that consider engineering issues and apply risk insights. As 
part of the supporting engineering analysis, the licensee should evaluate the 
proposed licensing basis change regarding the principles of maintaining 
consistency with the defense-in-depth philosophy, maintaining sufficient safety 
margins, and ensuring that proposed increases in core damage frequency, and large 
early release frequency, are small and consistent with the intent of the NRC’s Safety 
Goal Policy Statement. In addition, Regulatory Guide 1.245 (USNRC, 2022b) 
describes a framework to develop the contents of a licensing submittal when 
performing PFM analyses in support of regulatory applications.  

2.3. Problem design  

The benchmark problem was designed to provide a meaningful, quantitative comparison 
of the PFM codes involved in the study. A harmony of the code-to-code capabilities 
relevant to leak-before-break evaluations was selected based on the responses to the 
participant survey. This approach exercised the following general physical models:  

• crack growth rate;  

• SIFs;  

• COD;  

• crack transition;  

• crack stability;  

• leak rate;  

• ISI.  

The basic benchmark problem was then defined as a fictitious butt-weld fabricated from 
Unified Number System W86 182 (American Welding Society Classification ENiCrFe-3) 
(ASME, 2013), commonly called “Alloy 182” in a pressurised-water reactor coolant 
system. The weld was subject to normal operating loads (e.g. pressure, deadweight and 
thermal expansion) and WRS imposed during fabrication. A single, inside surface-breaking 
crack was assumed to be present in the weld. The crack was oriented circumferentially (i.e. 
in a plane parallel to the transverse section of the pipe), and it had an idealised, semi-
elliptical shape. Figure 2.2 depicts the geometry of the pipe and crack along with other 
analysis parameters, such as the pipe outside diameter, 𝐷𝐷𝑜𝑜; pipe wall thickness, 𝑡𝑡; pipe 
inside radius, 𝑅𝑅𝑖𝑖; radial crack half-length at the inside surface, 𝜃𝜃𝑖𝑖; absolute crack half-
length at the inside surface, 𝑐𝑐𝑖𝑖; absolute crack depth in the 𝑥𝑥-direction, 𝑎𝑎; SIF at the deepest 
through-wall point for inside surface-breaking cracks, 𝐾𝐾𝑎𝑎; and SIF at the inner crack tip, 
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𝐾𝐾6. For cracks that penetrated through the pipe wall, 𝐾𝐾𝑎𝑎 also represents the SIF at the 
outside surface crack tip. The crack growth mechanism was PWSCC.  

Figure 2.2. <Benchmark problem geometry  

 
To the extent possible, the inputs were fixed so that comparisons of the results would reveal 
code-to-code implementation differences that could have an influence on the predicted 
results. Many of the inputs were defined either for convenience or simplicity to 
accommodate the range of capabilities of the various codes involved or to reduce 
computational requirements; however, certain inputs may be generally representative of 
components in service. Accordingly, the results are only intended to be used to make 
decisions concerning future PFM code development and applications, and not to make 
decisions concerning actual components in service. The basic benchmark problem was 
analysed both deterministically and probabilistically through a suite of numbered 
benchmark problems as described in Section 3. Appendix B contains the detailed 
specifications for these problems. The geometric and loading information is summarised 
below.  

The pipe outside diameter, 𝐷𝐷𝑜𝑜, was specified as 380 mm and the pipe wall thickness, 𝑡𝑡, as 
40 mm. The size of the initial crack was defined with an absolute crack half-length at the 
inside surface, 𝑐𝑐𝑖𝑖, of 3 mm and an absolute crack depth in the 𝑥𝑥-direction, 𝑎𝑎, set to 1.5 mm, 
which gave a 4:1 crack aspect ratio. The centre of the crack was located at top-dead centre 
of the pipe.  

The normal operating stresses were specified as follows: operating pressure, 𝑃𝑃, of 15.5 
MPa, primary axial membrane stress, 𝜎𝜎𝑚𝑚, of 0.117 MPa and primary bending stress, 𝜎𝜎𝑏𝑏, 
of 30.05 MPa. Figure 3.1 shows a plot of the two axial welding residual stress, 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊, 
profiles that were considered.  
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3. Results and discussion 

 

3.1. Deterministic comparisons  

3.1.1. Introduction  
Although the ultimate objective of the study was to compare the PFM codes 
probabilistically, the benchmark problem was first analysed deterministically. This 
approach was incremental and served as an important point of reference to inform the more 
complex probabilistic comparisons, which are presented in Section 3.2.  

There were three deterministic problems (DPs), which were designated DP-01 through 
DP-03. The goals of each problem were as follows:  

• DP-01 – assess calculations performed by the codes’ SIF, crack growth, COD, leak 
rate and crack stability models; 

• DP-02 – assess the same models as DP-01 but with a more realistic WRS profile;  

• DP-03 – assess the same models as DP-01 without WRS;  

The key differentiator among DP-01 through DP-03 was the WRS profile because it is the 
primary driver of PWSCC. DP-01 included a simplistic, linear WRS profile with a tensile 
region between the normalised distance through the pipe wall, 𝑥𝑥/𝑡𝑡, of 0 and 0.5. This WRS 
profile was chosen because it was straightforward to implement. DP-02 included a more 
complex WRS profile defined by a third-order polynomial equation that was adapted from 
the “WRS2” profile in the literature (Rudland, Shim and Csontos, 2008). DP-03 was given 
no WRS throughout the depth of the pipe wall; however, the bending stress was doubled to 
ensure that rupture occurred in the given period. Figure 3.1 illustrates the WRS profiles.  

Figure 3.1. Axial WRS profiles 
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A suite of results was selected and analysed to understand the differences among the PFM 
code deterministic calculations. These results included the point values for the estimates of 
the time-to-leak, 𝑡𝑡𝐿𝐿, time-to-rupture, 𝑡𝑡𝑅𝑅, and the time between leak and rupture, 𝑡𝑡𝐿𝐿−𝑅𝑅. 
Further insights were gained by analysing the following normalised values related to the 
calculated crack geometry: 𝑎𝑎 𝑡𝑡⁄ ; the radial crack half-lengths at the inside and outside 
surfaces, respectively 𝜃𝜃𝑖𝑖 and 𝜃𝜃𝑜𝑜, which were normalised by 𝜋𝜋 (i.e.  half the circumference 
of the pipe); and the CODs at the inside and outside surfaces, respectively 𝛿𝛿𝑖𝑖 and 𝛿𝛿𝑜𝑜, which 
were normalised by the corresponding absolute crack half-lengths at the inside and outside 
surfaces, respectively 𝑐𝑐𝑖𝑖 and 𝑐𝑐𝑜𝑜. The absolute values of 𝛿𝛿𝑖𝑖, 𝛿𝛿𝑜𝑜, 𝐾𝐾1𝑎𝑎, 𝐾𝐾1𝑏𝑏 and leak rate, LR, 
were also analysed. However, not all participants provided data for 𝛿𝛿𝑖𝑖 and data for 𝛿𝛿𝑖𝑖, 𝛿𝛿𝑜𝑜, 
and LR. Additionally, results from DeMoT and PASCAL-SP were only provided for DP-
01.  

Analyses of the deterministic results were conducted to establish trends and identify key 
modelling differences. Some of the participants had access to two PFM codes. To avoid 
duplicating these results in the aggregate analyses, the PROLOCA results were taken from 
the KINS submission. Although GRS and PSI both used PROST, they selected different 
analysis options. For this reason, both submissions were considered in the aggregated 
analysis. Beyond these considerations, it is acknowledged that there are biases present in 
the aggregated statistical analyses because of known similarities among certain codes. For 
instance, PROLOCA, PROMETHEUS and xLPR share some of the same developers. 
Formal correction of the biases presented by these similarities was not performed, but 
pursuit of such corrections (e.g. weighting the results of each PFM code) may be useful 
when the final conclusions from the benchmark study are drawn.  

3.1.2. Results  

3.1.2.1 DP-01  
Figure 3.2 shows the time evolution of the ratio of the inside crack half-length and half-
circumference. All the codes except DeMoT follow similar paths for the first 20 months 
before divergences start. The inside crack half-length growth hits a plateau in codes such 
as xLPR, PROMETHEUS, SIF-Master and PROLOCA before accelerating to rupture 
between 35 and 45 months. NURBIT does not experience this plateau and grows the crack 
more quickly than the other codes, while also having the longest inside crack half-length at 
the point of rupture. SACC and Xpipe have the slowest growing inside crack half-lengths.  
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Figure 3.2. Ratio of inside crack half-length to half-circumference for DP-01 

 
 

Figure 3.3 shows the time evolution of the ratio of the outside crack half-length and half-
circumference. There was more variation in the outside crack half-length ratio than in the 
inside crack half-length ratio because each crack penetrated the through-wall at different 
points in time. Most of the codes ended with an outside crack half-length ratio of 0.5 with 
about a 10-month variation in the time of rupture from 35 to 45 months. Exceptions include 
DeMoT, whose outer crack half-length ratio at rupture was 0.22, and SACC, which 
continued growing the crack slowly until 57 months. PEDESTRIAN, PASCAL-SP, Xpipe, 
SACC, DEMOT and PROST first recorded an outside crack half-length ratio larger than 
0.1 upon initiation. 

Figure 3.3. Ratio of outside crack half-length to half-circumference for DP-01 
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Figure 3.4 shows the time evolution of the relative crack depth for each PFM code. Most 
of the codes transition from a surface crack to a TWC when a/t is 0.95. The exceptions are 
Xpipe, which transitions at a/t of 0.8, and NURBIT and SACC, which transition at a/t of 
0.90. The PFM codes clustered the emergence of a TWC in the 20- to 25-month range. The 
outliers include NURBIT and Xpipe, which employ the earlier crack transition points.  

Figure 3.4. Ratio of crack depth to pipe wall thickness for DP-01 

 
 

Figure 3.5 shows the leak rate over time across all the PFM code predictions. While Xpipe 
was the first to result in a leak due to early development of a TWC, it had the slowest 
increase in leak rate. In most codes, the leak rate accelerated until the point of rupture. 
However, PROMETHEUS and PROLOCA experienced local plateaus of relatively stable 
leak rate for several years before a very rapid increase up to the point of rupture. PASCAL-
SP and NURBIT each saw early, rapid accelerations in the leak rate. 
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Figure 3.5. Leak rates for DP-01 

 
 

Figure 3.6 shows the COD predictions at the inside surface. NURBIT, PASCAL and 
PROST (GRS) were outliers because they predicted an increasing COD up to the point of 
rupture in the 30- to 40-month range, like with their leak rate predictions. PROMETHEUS 
and PROLOCA had local COD plateaus like in their leak rate predictions, though less 
pronounced. DeMoT had a much smaller COD relative to the other PFM codes than when 
comparing leak rates. 

Figure 3.6. COD at the inside surface for DP-01 
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Figure 3.7 shows the evolution of COD normalised to the half-length at the inside surface. 

Figure 3.7. Normalised COD at the inside surface for DP-01 

 
 

Figure 3.8 shows the COD predictions for the outside surface. The results follow the same 
trends as the COD predictions at the inside surface, but with slight increases in magnitude 
due to the longer circumference on the outside surface. 

Figure 3.8. COD at the outside surface for DP-01 
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Figure 3.9 shows the evolution of COD normalised to the half-length at the outside surface. 
SIF-Master is an outlier.  

Figure 3.9. Normalised COD at the outside surface for DP-01 

 
 

Figure 3.10 shows the time evolution of the SIF at the inside surface crack tip 𝐾𝐾𝑏𝑏. All the 
PFM codes followed similar trends before the crack transitioned to a TWC. At that point, 
the SIFs dropped sharply. PEDESTRIAN, Xpipe, PASCAL-SP, and SACC differed from 
the other PFM codes by not dropping to a near-zero SIF. Instead, they had more modest 
drops. PROST (GRS) diverged from this pattern with a sharp increase in SIF; however, 
PROST (PSI) had the typical drop. 
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Figure 3.10. SIF at the inside surface crack tip for DP-01 

 
 

Figure 3.11 shows the time evolution of 𝐾𝐾𝑎𝑎 for the deepest point of a surface crack and, 
when the crack is through-wall, at the outside surface crack tip except for DeMoT which 
did not record 𝐾𝐾𝑎𝑎 until TWC. Like with the 𝐾𝐾𝑏𝑏 in Figure 3.10, 𝐾𝐾𝑎𝑎 for all the other PFM 
codes followed the same path until the crack transitioned to a TWC. Afterwards, all the 
PFM codes predicted an increase in 𝐾𝐾𝑎𝑎.PEDESTRIAN, Xpipe and SACC experienced 
more modest increases in 𝐾𝐾𝑎𝑎 , similar to their modest decreases in 𝐾𝐾𝑏𝑏. PROST (GRS), 
PROST (PSI) and PASCAL-SP did not record 𝐾𝐾𝑎𝑎 values after transition. 

Figure 3.11. SIF at the deepest point of the surface crack and at the outside surface crack 
tip for DP-01 
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3.1.2.2 DP-02 
Figure 3.12 shows the time evolution of the ratio of inner crack half-length and half-
circumference (θi/π) for DP-02. Note the DP-02 simulations occurred over a significantly 
longer period than the DP-01 simulations because of the change in WRS profile. For all 
PFM codes, crack growth in the length direction is linear until the point of rupture. 
PROMETHEUS, xLPR and PRAISE-CANDU predicted a short acceleration in crack 
length growth just before rupture, when the crack became a through-wall crack. NURBIT 
and PROST (GRS) are the only codes that predicted crack growth across the entire inside 
circumference of the pipe. 

Figure 3.12. Ratio of inner crack half-length to half-circumference for DP-02 

 
Figure 3.13 shows the time evolution of the ratio of outer crack half-length and half-
circumference (θo/π). Most of the PFM codes predicted crack emergence on the outside 
surface in the 150-to-200-month range, followed by rapidly increasing crack length to 
rupture. NURBIT is an outlier, with the crack emerging through-wall near the 400-month 
mark, nearly 100 months after the crack covered the entirety of the inside circumference. 
SACC, PROST (GRS), PROST (PSI) and VTTBESIM did not record outside surface crack 
lengths. The group of ratios from PROMETHEUS, xLPR and PROLOCA were closely 
aligned, while PRAISE-CANDU and Beyond-PRAISE were closely aligned in a separate 
grouping. 
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Figure 3.13. Ratio of outside surface crack half-length to half-circumference for DP-02 

 
 

Figure 3.14 shows the time evolution of relative crack depth (a/t) for each PFM code. The 
cracks grew in the depth direction roughly along the same path until the relative crack depth 
reached between 0.4 and 0.5. At this point, the WRS starts to become less compressive 
after reaching the local maximum compressive stress. In this period, Xpipe, VTTBESIM 
and SACC showed the most decelerated crack growth and hence had the longest periods of 
slowed crack depth growth. When the crack depth grows beyond 0.6, where the WRS 
becomes fully tensile, the PFM codes predict an acceleration in crack growth, except for 
the PROST (PSI) and PROST (GRS) simulations, which predicted ruptures before this 
point. 



50 | NEA/CSNI/R(2024)5 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

Figure 3.14. Ratio of crack depth to pipe wall thickness for DP-02 

 
 

Figure 3.15 shows the leak rate predictions over time. For the PFM codes that recorded 
results for this quantity of interest, the trends mirror those for crack length growth on the 
outside surface. Leakage starts when a crack penetrates through-wall with the leak rate 
increasing exponentially. 

Figure 3.15. Leak rate for DP-02 
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Figure 3.16 shows the COD at the inside surface (δi) from transition to TWC to rupture. 
The results group similarly to the outside surface crack length results. That is, 
PROMETHEUS, xLPR and PROLOCA have similar results, while the results from 
PRAISE-CANDU and Beyond-PRAISE were similar to each other. 

Figure 3.16. COD at the inside surface for DP-02 

 
 

Figure 3.17 shows the results for COD at the outside surface (δo). The outside surface COD 
trends follow the same trends as the inside surface COD, only with slighter larger COD 
values. SIF-Master appears to show a brief decrease in the COD when the crack appears 
on the outside surface. The outside surface COD for NURBIT is also smaller than the inside 
surface COD in contrast to the other recorded results. 



52 | NEA/CSNI/R(2024)5 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

Figure 3.17. COD at the outside surface for DP-02 

 
 

Figure 3.18 shows the time evolution of the SIF at the inner diameter crack tip (Kb). The 
PFM codes predicted similar values for 𝐾𝐾𝑏𝑏 until the cracks transitioned to a TWC. At the 
point of through-wall cracking, the 𝐾𝐾𝑏𝑏 experienced a sudden drop followed by large 
increase as the cracks grew to rupture. This behaviour was attributed to simplifying 
assumptions used in the modelling of the crack transition process. NURBIT and SACC 
terminated when the inside surface crack lengths covered the entire inside circumference, 
while PROST (GRS), PROST (PSI) and VTTBESIM did not record a large increase in 𝐾𝐾𝑏𝑏 
before rupture. 

Figure 3.18. SIF at the inside surface crack tip for DP-02 
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Figure 3.19 shows the time evolution of 𝐾𝐾𝑎𝑎 for the deepest point of a surface crack and, 
when the crack is through-wall, at the outside surface crack tip. For all the PFM codes, 𝐾𝐾𝑎𝑎 
followed a similar path of maintaining a relatively low value until the crack started to 
transition to a TWC, at which point 𝐾𝐾𝑎𝑎 rapidly rises until the point of rupture. As was the 
case for other quantities of interest, the SIF trends started to diverge around the 140-month 
mark with the same outlier predictions (i.e. SACC, NURBIT, PROST [GRS] and Xpipe). 
A log-scale plot of the SIFs is presented in Figure 3.20. 

Figure 3.19. SIF at the deepest point of the surface crack and outside surface crack 
tip for DP-02 
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Figure 3.20. Log-scale plot of SIF at the deepest point of the surface crack and outside 
surface crack tip for DP-02 

 

 

3.1.2.3 DP-03 
Figure 3.21 shows the time evolution of the ratio of inner crack half-length and half-
circumference (θi/π) for the DP-03. Without WRS, all the PFM codes predicted near-
identical crack growth paths. These predictions start to diverge just after 120 months, when 
surface-to-through-wall crack transition begins. 

Figure 3.21. Ratio of inside surface crack half-length to half-circumference for DP-03 
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Figure 3.22 shows the time evolution of the ratio of outside surface crack half-length and 
half-circumference (θo/π) for DP-03. The figure shows that the modelled crack transitions 
to a TWC during the 4-month period between 123 and 127 months. This level of agreement 
was not found in the DP-01 and DP-02 predictions, which had non-zero WRS profiles. Like 
in these problems, NURBIT generated a TWC first and was the last to rupture. PROST had 
the largest initial outside surface crack length after fully transitioning to a TWC. Coupled 
with a relatively faster crack growth rate, PROST predicted an earlier rupture. 

Figure 3.22. Ratio of outside surface crack half-length to half-circumference for DP-03 

 
Figure 3.23 shows the time evolution of relative crack depth (a/t) for each PFM code. There 
was good agreement among the predictions with most achieving a TWC by around 120 
months. Xpipe and VTTBESIM lagged slightly behind the rest of the codes, whereas 
NURBIT grew ahead. 

Figure 3.23. Ratio of crack depth to pipe wall thickness for DP-03 
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Figure 3.24 shows the predicted leak rate over time across all PFM codes. Most of the codes 
first recorded a leak rate when the crack penetrated through-wall. NURBIT detected a leak 
ten months sooner than the rest of the PFM codes, though for NURBIT the leak rate was 
two orders of magnitude lower than the next lowest prediction. In fact, NURBIT 
consistently had the lowest leak rate, with the exception of SIF-Master for a brief period. 

Figure 3.24. Leak rate for DP-03 

 

Figure 3.25 shows the time evolution of the COD at the inside surface (δi) beginning from 
the initiation of a TWC to rupture. While PEDESTRIAN recorded the largest leak rates 
among the PFM codes, here it recorded one of the lowest CODs apart from NURBIT, 
VTTBESIM and SIF-Master. 
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Figure 3.25. COD at the inside surface for DP-03 

 

Figure 3.26 shows the COD at the outside surface (δo). As seen in the result for DP-01 and 
DP-02, the outside surface COD largely follows the same trend as the inside surface COD, 
with slight increases in magnitude due to the longer circumference on the outside surface.  

Figure 3.26. COD at the outside surface for DP-03 

 

Figure 3.27 shows the time evolution of the SIF at the inside surface crack tip 𝐾𝐾𝑏𝑏. Without 
the influence of WRS, the value of 𝐾𝐾𝑏𝑏 is much smaller compared with results for 𝐾𝐾𝑏𝑏 from 
DP-01 and DP-02, which had non-zero WRS profiles. The characteristic drop in 𝐾𝐾𝑏𝑏 is still 
seen with the transition to a TWC. PROST predicted the highest initial SIF after 
transitioning to a TWC, which likely led to the faster crack growth rate. 
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Figure 3.27. Time-dependent SIF at the inside surface crack tip for DP-03 

 
Figure 3.28 shows the relationship between the inside surface crack length and the 𝐾𝐾𝑏𝑏 . 

Figure 3.28. Length-dependent SIF at the inside surface crack tip for DP-03 

 

Figure 3.29 shows the time evolution of 𝐾𝐾𝑎𝑎 at the deepest point of a surface crack and, 
when the crack is through-wall, at the outside surface crack tip. Like 𝐾𝐾𝑏𝑏, the values for 𝐾𝐾𝑎𝑎 
remained small as compared to DP-01 and DP-02 when the crack was still a surface crack 
due to the lack of WRS. There is a sudden increase in 𝐾𝐾𝑎𝑎 when the transition to TWC 
begins because of simplifying assumptions used in the modelling of the crack transition 
process. 
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Figure 3.29. SIF at the deepest point of the surface crack and outside surface crack tip for 
DP-03 

 

3.1.3. Summary 

3.1.3.1 Effect of SIF solution and CFP 
Figure 3.30 compares several surface crack growth predictions for DP-02 using a 
customised version of PROST. Three SIF solutions: ASME (2017), Busch, et al. (1995) 
and British Energy (2004); and two CFPs were studied. The results indicate that there is a 
much stronger influence from the CFP and a moderate influence from the SIF solutions. 
Investigations using PRAISE-CANDU in Figure 3.31 further demonstrate the importance 
of the CFP.  
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Figure 3.30. Effects of different SIF models and CFPs on surface crack growth for DP-02 

 

Figure 3.31. Effects of CFPs on surface crack growth for DP-02 

 

3.1.3.2 Effect of WRS Profile 
Figure 3.32 compares the box-and-whisker plots of the time-to-leakage (tL), time-to-
rupture (tR), and time from leakage to rupture (tLR) for the three deterministic problems. 
The deterministic comparisons showed good agreement among most of the PFM codes on 
tL and tR using a simplistic, linear axial WRS profile in DP-01 (DP-03 can be viewed as a 
special case of DP-01 with no WRS). However, switching the axial WRS profile to a third-
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order polynomial equation in DP-02 with two tensile-to-compressive stress changes had a 
significant impact on the predictions. Using this more complex WRS profile, the 
predictions for the same quantities of interest were bimodal, with one group of codes 
predicting break-before-leak behaviour and the other group predicting LBB behaviour. The 
differences underscore the axial WRS profile as an important set of inputs to the PFM 
assessment. Analysis of the crack length and depth data attributed some of the key 
variations to the crack transition and SIF models. Also, large variations were observed in 
the leak rate predictions, which were attributed to differences in the SIF, COD, crack 
transition and leak rate models. The insights from these deterministic comparisons were 
used to inform development and analysis of the probabilistic benchmark problems 
presented in Section 3.2. 
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Figure 3.32. Effects of WRS profile on LBB behaviour 
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3.2. Probabilistic comparisons 

3.2.1. Introduction 
The probabilistic comparisons were the primary goal of the study. Here, the benchmark 
problem was probabilistically analysed with the PFM codes by introducing uncertainties in 
key input parameters, such as the crack growth rate and WRS. The probabilities of leak and 
rupture as a function of time were then compared, accounting for the effects of LD and ISI. 
The interpretations of the probabilistic comparisons assessed scatter among the PFM code 
predictions. These interpretations were supported by enhanced understanding of the 
different modelling approaches as gleaned from the deterministic benchmark comparisons 
presented in Section 3.1. 

There were eight probabilistic problems (PPs), which were designated PP-01 through 
PP-07 and PP-045. The goals of each problem were as follows: 

• PP-01 – assess uncertainty in the crack growth rate;  

• PP-02 – assess uncertainty in the crack growth rate with the effects of LD at kg/s; 

• PP-03 – assess uncertainty in the WRS profile; 

• PP-04 – assess uncertainty in the WRS profile with the effects of LD at 0.063 kg/s; 

• PP-045 – assess uncertainty in the WRS profile with the effects of ISI; 

• PP-05 – assess uncertainty in the WRS profile with the effects of LD at 0.063 kg/s 
and ISI; 

• PP-06 – assess uncertainty in the crack growth rate and WRS profile with the effects 
of LD 0.063 kg/s and ISI; 

• PP-07 – assess uncertainty in the crack growth rate with no WRS. 

 

Table 3.1 summarises the PPs. Most of the PPs are effectively extensions of DP-02 into 
probabilistic space, except for PP-07, which was an extension of DP-03. 

Table 3.1. Probabilistic benchmark problems 

• Problem No. • Uncertainties 
modelled Detection effects Derived from 

• PP-01 • Crack growth rate None DP-02 
PP-02 Crack growth rate Leakage PP-01 
PP-03 WRS None DP-02 
PP-04 WRS Leakage PP-03 

PP-045 WRS ISI PP-03 
PP-05 WRS ISI, Leakage PP-04 
PP-06 Crack growth rate, WRS ISI, Leakage PP-05 
PP-07 Crack growth rate None DP-03 

A lognormal distribution was used in the specified crack growth rate model to simulate 
crack growth rate uncertainty. To further explore the influential effects of WRS, most of 
the PPs included WRS uncertainties. As discussed in Section 2.2.2.8, numerical 
implementations for modelling WRS uncertainties fell into several categories. Different 
sets of inputs were needed to accommodate the various implementations. For those codes 
implementing the implicit polynomial definition, the normal distribution for 𝜎𝜎i was 
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specified by the parameters for mean 𝜇𝜇 =  378 MPa and standard deviation 𝜎𝜎 = 50 MPa, 
and the normal distribution for 𝑢𝑢0 was specified by the parameters 𝜇𝜇 = 0.15 and 𝜎𝜎 = 0.03. 
Using these inputs in PRAISE-CANDU, 100 000 WRS profiles were generated. The data 
was then provided to the participants to analyse, to support development of inputs for the 
remaining implementations. This approach ensured consistency in the WRS inputs (with 
the limitations described in Section 2.2.2.8). Figure 3.33 illustrates the WRS uncertainties 
from four of the different numerical implementations. 

Figure 3.33. Scatter in WRS generated by different numerical implementations 

 
For the probabilistic comparisons, the scope of results was reduced and tailored to the 
probabilistic space by focussing only on the mean probabilities of first leak (through-wall 
penetration), 𝑝𝑝(𝐿𝐿) and rupture by net-section collapse, 𝑝𝑝(𝑅𝑅), as generated by the PFM 
codes over an assumed 60-year period of component service. Again, the analyses were 
primarily conducted using statistical measures and plots of the data to establish trends and 
identify key modelling differences. The results and analysis from these probabilistic 
benchmark problems reflect the same biases as noted in Section 3.1.1. 

3.2.2. Results 

3.2.2.1 PP-01 
Figure 3.34 and Figure 3.35 show the probabilities of leak and rupture respectively for each 
of the PFM codes for PP-01, where the crack growth rate was randomly sampled and there 
were no ISI or leak rate detection effects. Most of the PFM codes follow a similar path with 
at least ten percent leak and rupture probabilities after 120 months. NURBIT is the 
exception in this case with its lower prediction, which is also consistent with the 
deterministic results in Figure 3.14 where NURBIT predicted a longer time-to-leakage. 
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Figure 3.34. Probability of leak over time for PP-01 

 

Figure 3.35. Probability of rupture over time for PP-01 

 

3.2.2.2 PP-02 
Figure 3.36 and Figure 3.37 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-02. This problem had the same parameters as PP-01 except with 
leak rate detection included. Leak rate detection was shown to substantially reduce the 
probability of rupture as expected. In fact, PEDESTRIAN, PASCAL-SP, PRAISE-
CANDU, PROST(PSI), PROMETHEUS and xLPR did not record any occurrences of 
rupture, while SIF-Master shows a reduction of nearly two orders of magnitude. 
PROST(GRS) and VTTBESIM show no impact of leak rate detection. This outcome was 
expected since these PFM codes predicted break-before-leak behaviour in the DP-02 
analyses. 
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Figure 3.36. Probability of leak overtime for PP-02 

 

Figure 3.37. Probability of rupture over time for PP-02 

 

3.2.2.3 PP-03 
Figure 3.38 and Figure 3.39 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-03. Here, the source of uncertainty was in the WRS profile rather 
than the crack growth rate. There is large scatter in the rupture probabilities. SIF-Master 
was an outlier because it predicted leakage in all its samples but also had the lowest 
probability of rupture. The probabilities of leak and rupture reach an apparent plateau after 
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360 months, where there are significantly fewer pipe ruptures in the remainder of the 
operating period than in the first 360 months.  

Figure 3.38. Probability of leak over time for PP-03 

 

Figure 3.39. Probability of rupture over time for PP-03 

 

3.2.2.4 PP-04 
Figure 3.40 and Figure 3.41 show the probability of leak and rupture, respectively, for each 
PFM code for PP-04, which is identical to PP-03, except that it includes the effects of leak 
detection. Since leak detection does not prevent initial leakage, the probabilities of leakage 
are identical to the PP-03 results. However, leak detection has a pronounced reduction in 
the number of ruptured events with the rupture probabilities dropping by an order of 
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magnitude for most of the PFM codes. The onset of rupture was also delayed. For instance, 
PROLOCA and xLPR did not predict any ruptures until after 360 months. 

Figure 3.40. Probability of leak over time for PP-04 

 

Figure 3.41. Probability of rupture over time for PP-04 
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3.2.2.5 PP-045 
Figure 3.42 and Figure 3.43 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-045, which builds upon PP-03 by including the effects of ISI only. 
Beyond-PRAISE, PROLOCA, PRAISE-CANDU and xLPR saw large decreases ranging 
from 1/4 to 1/8 of their values from PP-03. The Xpipe results were relatively unchanged, 
with only small decreases in the probabilities of leak and rupture. There are abrupt changes 
in slopes at the inspection intervals (i.e. at 60 months and every 120 months thereafter). 
These abrupt changes are most pronounced in the VTTBESIM results.  

Figure 3.42. Probability of leak overtime for PP-045 

 

Figure 3.43. Probability of rupture over time for PP-045 
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3.2.2.6 PP-05 
Figure 3.44 and Figure 3.45 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-05, which is built upon PP-04 by including the effects of ISI. There 
is an immediate reduction in probability of leaking from all the PFM codes because of the 
inspections. Compared to PP-04, the combination of leak detection and ISI led to an 
additional reduction in the probability of rupture for all the PFM codes. PRAISE-CANDU 
sees the largest reduction in the probability of rupture with ISI. 

Figure 3.44. Probability of leak over time for PP-05 

 

Figure 3.45. Probability of rupture over time for PP-05 
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3.2.2.7 PP-06 
Figure 3.46 and Figure 3.47 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-06, which builds upon PP-05 by including uncertainty in the crack 
growth rate like in PP-01 and PP-02. The first instances of rupture began earlier than in PP-
05, and the final probabilities of leak and rupture increased only slightly by the 720-month 
mark.  

Figure 3.46. Probability of leak over time for PP-06 

 

Figure 3.47. Probability of rupture over time for PP-06 
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3.2.2.8 PP-07 
Figure 3.48 and Figure 3.49 show the probabilities of leak and rupture, respectively, for 
each PFM code for PP-07 where there was no WRS, leak detection or ISI. Only the crack 
growth rate was sampled from a distribution in this problem. Most of the PFM codes 
followed the same time evolution of leak and rupture probabilities. The probability of 
rupture prediction from VTTBESIM plateaus around 0.87 while the rest of the PFM codes 
are at or near 100% probability of rupture at the 720-month mark. 

Figure 3.48. Probability of leak over time for PP-07 

 

Figure 3.49. Probability of rupture over time for PP-07 
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3.2.3. Summary 
The deterministic comparisons of the PFM codes revealed some challenges in consistent 
predictions of the leak-before-break behaviour of the benchmark problem, especially when 
a more complex WRS profile was used. Other differences were observed in the SIF, COD, 
crack transition and leak rate models. However, when the benchmark problem was 
extended into the probabilistic space, uncertainties in the crack growth rate and WRS were 
found to lessen the differences in the physical models. However, there are still two to three 
orders of magnitude difference in the probability of rupture predictions in Figure 3.41 (PP-
04), Figure 3.45 (PP-05) and Figure 3.47 (PP-06). Accuracy of the predictions was not 
considered in this study. 

3.2.3.1 Reconcile LBB with PFM 
Figure 3.50 compares the results of DP-02 with those of PP-03 and PP-04. In the 
deterministic problem, if the time from leakage to rupture is greater than zero (the 
operator’s response time is ignored), then LBB behaviour is demonstrated. The PFM codes 
that predicted break-before-leak behaviour in DP-02 also predicted higher rupture 
probabilities in PP-03. Comparing PP-03 with PP-04, LD significantly reduces the 
probability of rupture, but the effect varies dramatically across the different PFM codes.  
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Figure 3.50. Reconcile LBB with PFM 

 
Figure 3.51. Effect of POD curves on probability of rupture in selected probabilistic problems using PRAISE-CANDU 
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3.2.3.2 Effect of POD curves 
POD is an important factor in the ISI models. The POD can be affected by the inspection 
procedure, personnel and equipment. Another influencing factor in the ISI model is the 
inspection frequency. Figure 3.51 illustrates the effect of the POD on reducing the 
probability of rupture as calculated by PRAISE-CANDU. The inspection frequency is 
assumed to be once every 120-month interval starting from the 60th month. Three POD 
curves were compared: (1) arbitrary benchmark POD as defined in Appendix B, (2) MRP-
262 (EPRI, 2017) and (3) PARENT (PNNL, 2019).  

The MRP-262 curve is superior to the benchmark POD curve over the entire normalised 
crack depth. Not surprisingly, it resulted in lower probabilities of rupture in both PP-045 
and PP-05. The interesting comparison is between the MRP-262 and PARENT POD 
curves. In both PP-045 and PP-05, the PARENT POD curve results in lower probabilities 
of rupture, even when the POD curve is lower than the MRP-262 curve for a normalised 
crack depth of less than 0.4. It is generally accepted that establishing an accurate POD for 
shallow cracks (i.e. smaller a/t values) is more challenging than for deeper cracks. If the 
quantity of interest that designers wish to reduce is the probability of rupture, then the 
results of using the PARENT POD curve as shown in Figure 3.51 demonstrate that having 
a highly accurate POD curve for deeper cracks is more important than having a relatively 
higher POD curve for shallow cracks. 

3.2.3.3 Effect of different ISI implementations 
Implementation of the ISI models varies among the PFM codes. Some codes, such as xLPR, 
consider the POD as a post-processing operation and, therefore, performed outside the 
simulation time loop. Other codes, such as PRAISE-CANDU, include the POD calculations 
inside the simulation time loop. Also, there are differences in when the POD is sampled. 
Taking PRAISE-CANDU, for example, if the POD is sampled once at the beginning of the 
simulation, a crack (with the same size) missed in the first inspection will also be missed 
in subsequent inspections. This is a dependent implementation of the inspection model. The 
POD could also be sampled at the time of each inspection, such that a crack (with the same 
size) missing in the first inspection might be detected in subsequent inspections. This is an 
independent implementation of the model. xLPR adopts different definitions of dependent 
and independent implementations as described in Schmitt (2016).  

Figure 3.52 compares the results from xLPR and PRAISE-CANDU for the estimated 
probability of rupture for PP-05. Both codes demonstrate that the independent ISI 
implementation substantially reduces the probability of rupture; however, the effect is more 
pronounced in the xLPR results.  
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Figure 3.52. Dependent vs independent ISI on probability of rupture for PP-05 

 

3.2.3.4 Effect of inspection frequency 
Figure 3.53 presents a simple investigation on the effect of the inspection frequency and 
the time of first inspection on the probability of rupture using PRAISE-CANDU with 
independent ISI implementation for PP-045. As expected, later inspections (shown by the 
red curve) result in the largest probability of rupture. If the inspections start at the same 
time (e.g. at the 60th month), the effect of the inspection interval (i.e. 120-month vs. 180-
month) is insignificant. These observations are attributed to the fast growth of cracks in the 
period before inspection. 
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Figure 3.53. Effect of inspection frequency for PP-045 

 

3.2.3.5 Effect of LD 
Figure 3.54 compares the probability of rupture predictions for PP-03 (without LD and ISI), 
PP-04 (with LD only), PP-045 (with ISI only) and PP-05 (with both LD and ISI). These 
four problems otherwise have the same input. The results were calculated using 
PRAISE-CANDU with independent ISI implementation, with benchmark POD curve and 
inspection frequency. At the end of operation (i.e. the 720th month), PP-03 has the largest 
probability of rupture, followed by PP-045, PP-04 and PP-05. It can be concluded from 
these results that LD is more effective in reducing the probability of rupture than ISI, for 
the current benchmark problems. 
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Figure 3.54. Effect of LD 

 

3.2.3.6 Calculation of annual frequency 
The acceptance criteria described in Section 2.2.2.9 are based on an annual frequency. In 
addition, Sallaberry et al. (2021) state that, “The system-level rupture probability estimate 
was considered acceptable if it was less than 1×10-6 ruptures per year, which is comparable 
to a frequency of 1×10-6 ruptures per reactor year consistent with the basis for the General 
Design Criterion (GDC) 4 rulemaking.” Hence, for some applications, there is a need to 
convert the probability calculated from a PFM code to an annual frequency.  

In accordance with Sallaberry et al. (2021), the equation used to estimate that at least one 
event occurs over a period of T years for a homogeneous Poisson process of annual 
frequency 𝜆𝜆 is as follows: 

𝜆𝜆 = −
ln(1 − 𝑝𝑝)

𝑇𝑇
 Equation 3-1 

The resulting annual frequency is relative to the period considered (i.e. from 0 to T years) 
and assumes homogeneity. If the rate of probability of the event changes over time, then 
the annual frequency would also change. For example, the annual frequency over the period 
of 0 to 60 years may be different than the annual frequency over the period of 40 to 60 
years. For this reason, the frequency calculated using Equation 3-1 is an average annual 
frequency.  

A Taylor series expansion of Equation 3-1 gives the following estimate for 𝜆𝜆: 

𝜆𝜆 = −
ln(1 − 𝑝𝑝)

𝑇𝑇
=
𝑝𝑝 + 𝑝𝑝2

2 + 𝑝𝑝3
3 +⋯+

𝑝𝑝𝑛𝑛
𝑛𝑛 +𝑜𝑜(𝑝𝑝𝑛𝑛)

𝑇𝑇
≅
𝑝𝑝
𝑇𝑇

+ 𝑜𝑜(𝑝𝑝) Equation 3-2 

For low probability values (e.g. 1×10-3 or less), the higher order terms, o(p), provide a 
negligible contribution and can be ignored.  
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An alternate equation for calculating the annual frequency over period Ta-Tb is given by 
Heckmann et al. (2021) as follows:  

𝜆𝜆𝑇𝑇𝑎𝑎,𝑇𝑇𝑏𝑏 =
𝑝𝑝(𝑇𝑇𝑎𝑎)− 𝑝𝑝(𝑇𝑇𝑏𝑏)

(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑏𝑏)[1 − 𝑝𝑝(𝑇𝑇𝑎𝑎)] 
Equation 3-3 

When the period Ta-Tb is one year, Equation 3-3 can be simplified as follows: 

𝜆𝜆𝑇𝑇𝑎𝑎,𝑇𝑇𝑎𝑎+1 =
𝑝𝑝(𝑇𝑇𝑎𝑎 + 1) − 𝑝𝑝(𝑇𝑇𝑎𝑎)

[1 − 𝑝𝑝(𝑇𝑇𝑎𝑎)]  Equation 3-4 

The result is called the instantaneous frequency to distinguish it from the average frequency 
calculated from Equation 3-1. Strictly speaking, Equation 3-3 is a failure rate because it 
represents the normalised instantaneous or point estimate of the frequency. 

Figure 3.55 compares the average rupture frequency calculated using Equation 3-2 for PP-
05 and PP-06. Both xLPR and PRAISE-CANDU adopted a dependent ISI implementation 
and predicted a similar trend and average frequency of around 1×10-4 at the 60th year.  

Figure 3.55. Average rupture frequency for PP-05 and PP-06 

 
Figure 3.56 compares the incremental rupture frequency using Equation 3-4 for PP-05 and 
PP-06. Both xLPR and PRAISE-CANDU adopted a dependent ISI implementation and 
predicted similar trends. The rupture frequency was approximately 1×10-4 at the 60th year, 
the same as the average rupture frequency shown in Figure 3.55. Compared to the plots in 
Figure 3.55, the agreement between xLPR and PRAISE-CANDU is improved. Another 
feature of the plots in Figure 3.56 is the more jagged curves, which exhibit obvious drops 
in the rupture frequency at each inspection (i.e. at the 5th, 15th, 25th, 35th, 45th and 55th years).  
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Figure 3.56. Instantaneous rupture frequency for PP-05 and PP-06 

 
 

Figure 3.57 compares the instantaneous rupture frequency between dependent and 
independent ISI implementations calculated using PRAISE-CANDU. Consistent with the 
observations from Figure 3.52, the independent ISI implementation results in lower rupture 
frequency.  
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Figure 3.57. Comparison of instantaneous rupture frequency for PP-05 and PP-06 
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4. Summary and recommendations 

 

The PFM benchmark activity sought to address the following five objectives: 

1. to understand differences in PFM software design; 

2. to benchmark deterministic fracture mechanics models; 

3. to evaluate the effectiveness of LD in reducing failure probabilities; 

4. to reconcile deterministic LBB and PFM results; 

5. to evaluate the importance of two risk-significant parameters, such as ISI and WRS, 
in affecting failure probabilities. 

To the first and second objectives, the participant survey, along with the deterministic and 
probabilistic benchmark problem comparisons, greatly enhanced the participants’ 
understanding of the differences in PFM software design and the effects of those design 
choices in several key quantities of interest. It is noted that there are considerable 
differences among the codes in the treatment of CFP, the implementation of WRS, the 
calculation of SIFs for both surface cracks and TWCs, and the calculation of the CODs. 
The effects of these different models were evident in the deterministic problem 
comparisons. Analysis of the crack length and depth data attributed some of the differences 
to the crack transition and SIF models. Large variations were observed in the leak rate 
predictions, which were attributed to differences in the crack transition, SIF, COD and leak 
rate models. However, when the benchmark problem was extended into the probabilistic 
space, uncertainties in the crack growth rate and WRS were found to lessen the differences 
in the physical models. However, there are still two to three orders of magnitude difference 
in the probability of rupture predictions in Figure 3.41 (PP-04), Figure 3.45 (PP-05) and 
Figure 3.47 (PP-06). Because the accuracies of the predictions were not considered in this 
study, it is recommended that the PFM codes be validated against experimental and field 
data, as available.  

To the third objective, the probabilistic benchmark problems explicitly modelled the effects 
of ISI and LD on the probabilities of leak and rupture. LD was shown to be highly effective 
in reducing piping component failure probabilities. The effects of LD were included in 
PP-02 and PP-04 as extensions of PP-01 and PP-03, respectively. The inclusion of LD 
reduced the mean probability of rupture to practically zero for many of the codes in PP-02, 
and it reduced the mean probability of rupture in PP-04. Likewise, the effects of ISI were 
included in PP-045, which was an extension of PP-03. Including ISI reduced the mean 
probability of rupture in PP-045. These comparisons show that LD was more effective than 
ISI at reducing the probability of rupture for the benchmark problems considered in this 
activity. Considering the effects of both LD and ISI as demonstrated in PP-05, the 
probability of rupture was reduced the most. Due to differences in the ISI model 
implementations, and because the results may be sensitive to some key parameters such as 
the POD curves and inspection schedule, it is recommended that these areas be considered 
for further benchmarking.  

The fourth objective was to reconcile deterministic and probabilistic LBB approaches. Both 
approaches generally use the same physical models, so the main difference lies in the inputs 
to the models: single-valued, intentionally biased estimates in the deterministic approach 
versus ranges of ideally non-biased estimates in the probabilistic approach. The marked 
reduction in rupture probabilities reinforces the core tenet of LBB that a sufficiently tough 
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pipe-to-pipe weld will produce a detectable amount of leakage before it catastrophically 
fails. In this sense, deterministic and probabilistic LBB approaches are harmonious. 
However, probabilistic LBB approaches have the advantage of modelling the time-
dependent aspects of a problem with explicit representations of uncertainties. These 
enhancements provide increased insights for decision makers and can be used, for example, 
as inputs to a probabilistic safety assessment.  

The fifth objective was to evaluate the importance of two risk-significant parameters. One 
set of parameters pertains to the ISI model. The effects of the POD curve in reducing leak 
and rupture probabilities varied significantly depending on how the ISI model was 
implemented in the PFM code. Two methods, average frequency and instantaneous 
frequency, were compared for converting the leak or rupture probabilities into annual 
frequencies for use in probabilistic safety assessment or probabilistic risk assessment. The 
instantaneous frequency is effective in revealing the effects of various mitigations, such as 
ISI. Another set of risk-significant parameters pertain to the axial WRS profile. It was 
shown through the deterministic comparisons that the WRS profile can influence the basic 
leak-before-break behaviour prediction of a PFM code. 

Further activities could be explored: (1) to benchmark different implementations of the ISI 
models, sampling algorithms and sensitivity analysis methods, (2) to validate PFM results 
against available field data, (3) to apply PFM codes for new plant designs, such as small 
modular reactors and fourth-generation reactors, and (4) to develop a best practices 
document to guide PFM code developers and users in areas such as selecting appropriate 
fracture models, determining input distributions and selecting sampling algorithms. This 
fourth item should be given the highest priority. 
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Appendix A. Participant questionnaire  

This appendix contains the questionnaire sent to participants to understand the design and 
capabilities of their PFM codes. The responses were used to define the benchmark problem 
and interpret the results. CEI’s responses are provided for illustrative purposes.  
 

Lead 
Investigator  

Name:  Xinjian Duan  
Email:  Xinjian.Duan@snclavalin.com  

Organisation:  Candu Energy Inc., a Member of SNC Group  
  

General 
Description of 
the PFM Code  

Name:  PRAISE-CANDU  
Version and 

Release Date:  
2.1 in 2020  

Supported 
Operating 

System(s):  

Windows 64-bit OS (Windows 7 & 10)  

Applicable Quality 
Assurance 

Standards and 
Versions:  

CSA N286.7-16  
  
ASME NQA-1-2008/A2009  
  
10 CFR Part 50, Appendix B  
  
10 CFR Part 21  

Public or 
Proprietary:  

Proprietary  

Coding 
Language(s):  

C#  

Support for 
Parallelised 
Processing:  

No, but multiple runs with different random seeds can be performed independently. There is no limitation on the 
number of CPUs.   

Time Step:  1 month default, but can be adjusted by the user   
Supported Crack 

Orientation(s):  
Axial and circumferential   

Supported Crack 
Shape(s):  

95% part-through-wall crack transition to non-idealised through-wall crack  

  
Spatial 

Discretisation:  
To be defined by the user (~2-inch per segment)  

General 
References:  

Duan X., Wang M., Kozluk M.J., Benchmarking PRAISE-CANDU 1.0 with Nuclear Risk Based Inspection 
Methodology Project Fatigue Cases, Journal of Pressure Vessel Technology, April 2015, Vol. 137.  
Wang M., Duan X., Kozluk M.J., Benchmarking PRAISE-CANDU 1.0 with xLPR 1.0, Paper Number: PVP2013-
98010, PVP2013, Paris, France.  

  
Damage 

Mechanisms 
Modeled  

Type 1:  Low cycle fatigue and High cycle fatigue  
Type 2:  IGSCC  
Type 3:  PWSCC  
Type 4:  FAC  
Type 5:  Fatigue + SCC + FAC  
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Lead 
Investigator  

Name:  Xinjian Duan  
Email:  Xinjian.Duan@snclavalin.com  

Organisation:  Candu Energy Inc., a Member of SNC Group  
  

 

Stress Intensity 
Factor Solutions  

Axial Surface 
Cracks:  

ASME FFS-1, 2016 June  

Axial Through-
Wall Cracks:  

Article C-7420, Appendix C of ASME BPVC XI 2017  

Circ. Surface 
Cracks:  

ASME BPVC Section XI 2017 and ASME FFS-1 2016 June  

Circ. Through-
Wall Cracks:  

Y. Takahashi, Evaluation of Leak-Before-Break Assessment Methodology for Pipes with a Circumferential 
Throughwall Crack. Part I: Stress Intensity Factor and Limit Load Solutions, International Journal of Pressure 
Vessels and Piping, Vol. 79, 2002, pp. 385-392.  

  
J-Integral  Axial Surface 

Cracks:  
A. Zahoor, EPRI Report NP-6301, Volume 3, 1991  

Axial Through-
Wall Cracks:  

Kim, Y.S., Huh, N.S., Park, Y.J., Kim, Y.J., Elastic-Plastic J and COD Estimates for Axial Through-wall Cracked 
Pipes, Intl J Pressure Vessels and Piping, 79, 451-464, 2002.  

Circ. Surface 
Cracks:  

D.H. Cho et al., Advances in J-integral Estimation of Circumferentially Surface Cracked Pipes, Fracture & Fatigue of 
Engineering Materials & Structures, Volume 34, Issue 9, 643-743, 2011.  
Additional modifications to interpolate between the tension and bending J-solutions   

Circ. Through-
Wall Cracks:  

A. Zahoor, EPRI Report NP-6301, Volume 1, 1989  

  
Crack Opening 
Displacement 

Models  

Circ. Through-
Wall Cracks:  

Young, B. A., Olson, R. J. and Kerr. M, Advances in COD Equations: Circumferential Through-Wall Cracks, Paper 
No. PVP2012-78181, Pressure Vessels and Piping Conference, Toronto, Canada, 15-19 July 2012.  

Axial Through-
Wall Cracks:  

Benson, M.L., Young, B.A., Shim, D.J. and Burst, F.W., Crack Opening Displacement Model for Through-Wall 
Axial Cracks in Cylinders, ASME PVP 2013, PVP2013-98008.  

  
Crack Stability 

Models  
Axial Surface 

Cracks:  
A. Zahoor, EPRI Report NP-6301, Volume 2, 1990  
  
A. Saxena, Nonlinear Fracture Mechanics, CRC Press, Boca Raton, Florida, 1998.  

Axial Through-
Wall Cracks:  

A. Zahoor, EPRI Report NP-6301, Volume 2, 1990  
  
A. Saxena, Nonlinear Fracture Mechanics, CRC Press, Boca Raton, Florida, 1998.  

Circ. Surface 
Cracks:  

Y. Li, K. Hasegawa, K. Onizawa, N.G. Cofie, Prediction of Collapse Stress for Pipes with Arbitrary Multiple 
Circumferential Surface Flaws, Journal of Pressure Vessel Technology, Vol. 132, 2010, (paper number 061204).  
A. Saxena, Nonlinear Fracture Mechanics, CRC Press, Boca Raton, Florida, 1998.  

Circ. Through-
Wall Cracks:  

Y. Li, K. Hasegawa, K. Onizawa, N.G. Cofie, Prediction of Collapse Stress for Pipes with Arbitrary Multiple 
Circumferential Surface Flaws, Journal of Pressure Vessel Technology, Vol. 132, 2010, (paper number 061204).  
A. Saxena, Nonlinear Fracture Mechanics, CRC Press, Boca Raton, Florida, 1998.  

  
Uncertainty  Type 1:  Aleatory for some random variables  

Type 2:  Epistemic for some random variables  
Type 3:  Combined aleatory and epistemic for some random variables  

  
Crack Initiation 

Models  
Fatigue:  NUREG/CR-6583/6717/6721/6909  

SCC:  Power law for PWSCC and IGSCC  
  
Y.S. Garud, SCC Initiation Model and its Implementation for Probabilistic Assessment, Proceedings of the ASME 
2010 Pressure Vessels and Piping Division, Paper PVP2010-25468, Bellevue, Washington, July 2010.  

 
 
 
 

Lead Investigator  Name:  Xinjian Duan  
Email:  Xinjian.Duan@snclavalin.com  

Organisation:  Candu Energy Inc., a Member of SNC Group  
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Crack Growth Models  Fatigue:  R-dependent Paris Law  
  
Tabular input of da/dN  
  
ASME Code Case N-643-2  

SCC:  PWSCC:  
D.L. Rudland, C. Harrington, xLPR Version 1.0 Report: Technical Basis and Pilot 
Study Problem Results, USNRC ADAMS report number ML110660292, 2011 
February.  
  
IGSCC:  
Nonmandatory Appendix C, Analytical Evaluation of Flaws in Piping, ASME BPVC 
XI, 2017.  

  
Circ. Crack Transition Models  Stress Intensity Factor Solutions:  Shim, D.J., Kurth, R., and Rudland, D., Development of Non-Idealized Surface to 

Through-Wall Crack Transition Model, Paper No. PVP2013-97092, ASME 2013 
Pressure Vessels and Piping Conference, Volume 6A: Materials and Fabrication, 
Paris, France, 14-18 July 2013.  

Crack Opening Displacement:  Young, B. A., Olson, R. J. and Kerr. M, Advances in COD Equations: 
Circumferential Through-Wall Cracks, Paper No. PVP2012-78181, Pressure 
Vessels and Piping Conference, Toronto, Canada, 15-19 July 2012.  

Axial Crack Transition Models  Stress Intensity Factor Solutions:  Shim, D.J., Park, J.S. and Rudland, D., Nonidealized Surface to Through-Wall 
Crack Transition Model for Axial Cracks in Cylinders, J. Pressure Vessel Technol 
138(1), 011203, 2015.  
Shim, D.J., Rudland, D., and Park, J.S., Surface to Through-Wall Crack Transition 
Model for Axial Cracks in Pipes, Paper No. PVP2014-28048, ASME 2014 
Pressure Vessels and Piping Conference, Volume 6A: Materials and Fabrication, 
Anaheim, California, United States, July 20–24, 2014.  

Crack Opening Displacement:  Benson, M.L., Young, B.A., Shim, D.J. and Burst, F.W., Crack Opening 
Displacement Model for Through-Wall Axial Cracks in Cylinders, ASME PVP 
2013, PVP2013-98008.  

  
Loads and Stresses  Axial Cracks:  Pressure  

Circ. Cracks:  Pressure, force, moment  
Capability to differentiate primary load from secondary loads in the stability 
evaluation  
Seismic load to be included for stability only if it is less than 3Sm  
WRS contributes to crack initiation and surface crack growth, ignored in through-
wall crack growth and stability  
  
NB-3650 of ASME Section III 2010 to calculate peak axial stress  

  
WRS Profile  Type 1:  Deterministic in tabular form  

Type 2:  Polynomial  
Type 3:  Linear, circumferential variation  
Type 4:  Linear axisymmetric  

Treatment of Uncertainty:  Bounding profile from multiple measurements  
Multiple analyses with different WRS profiles  

  
In-service Inspection  Detection:  Tabular or logistical form  

Sizing:  Linear relationship  
 
 
 

Lead Investigator  Name:  Xinjian Duan  
Email:  Xinjian.Duan@snclavalin.com  

Organisation:  Candu Energy Inc., a Member of SNC Group  
  

 

Statistical Considerations  Supported Input Distributions:  Normal, lognormal, Weibull, triangular, uniform, tabular/discrete  
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Supported Sampling 
Algorithms:  

Simple random sampling  

Leak Rate  Model:  Independent of PFM code. Any qualified leak rate codes could be used to 
generate the tabular input (leak rate as a function of break size/crack opening 
area). This overcomes the limitations of any particular code.  

Type of Implementation:  Tabular form calculated using any qualified leak rate software   
Mid-simulation Condition Changes  Type 1:  WRS  

Type 2:  Water Chemistry  
  

Acceptance Criteria  Short-Term:  PFM is used to support deterministic fracture mechanics in general structural 
integrity assessment  

Long-Term:  Although acceptance criteria are under development, they will heavily depend 
on the intended applications. If the objective is to demonstrating pressure 
boundary integrity of Class 1 piping (e.g. flaw disposition), the concept of 
extremely low probability (such as 10-6 failure frequency) might be acceptable.   
For applications to support Level 3 defence-in-depth (safety analysis focussed 
on prevention of core damage or large release) acceptance criteria could be 
back calculated from CDF or LRF.  

  
Outputs  Default:  Accumulative probability of a spectrum of break sizes defined in terms of Flow 

Area (FA)  
Debug Modes:  Random samples for all key variables for each realisation  

Crack size when transitioning into a through-wall crack  
Number of cracks at the time of rupture  
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Appendix B. Benchmark problem specifications  

Introduction  
 

This appendix specifies the inputs and outputs for the probabilistic fracture mechanics code 
benchmark for piping applications. The benchmark study includes deterministic and 
probabilistic benchmark problems, which are specified in detail in the “Deterministic 
Problems” and “Probabilistic Problems” sections of this appendix, respectively. The 
“Introduction” section introduces the benchmark problem. The “Results Analysis and 
Reporting” section describes how the results will be analysed, reviewed and reported.  

Basic problem description  
 
The benchmark problem is a fictitious butt-weld fabricated from Alloy 182 in a pressurised-
water reactor coolant system. The weld is subject to normal operating loads (i.e. pressure, 
deadweight and thermal expansion) and weld residual stress, and is susceptible to primary 
water stress corrosion cracking.  
 
Limitations  
 
The benchmark problems are designed to provide a meaningful quantitative comparison 
among the various codes involved in the benchmark study. Certain inputs may be generally 
representative of components in service. However, many inputs have been selected either 
for convenience or simplicity, to accommodate the range of capabilities of the various codes 
involved in the study, or to reduce computational requirements. Accordingly, the results 
should only be used to make decisions concerning future code development and 
applications activities. The results should not be used to make decisions concerning actual 
components in service.  
 

Deterministic problems  
 

Scope and objective 
 
Three deterministic problems (designated DP-01 through DP-03) are included as follows:  

• DP-01 – assess calculations performed by the codes’ stress intensity factor, crack 
growth, crack opening displacement, leak rate and crack stability models; 

• DP-02 – assess the same models as DP-01 but with a more realistic weld residual 
stress profile;  

• DP-03 – assess the same models as DP-01 without weld residual stress as an input 
to the models.  

Inputs  
 
Table B.1. Defines the inputs for DP-01 through DP-03  
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Table B.1. Deterministic problem inputs 

Problem number Input number Input variable Value or setting 
DP-01 DP-01-I-01 Simulation time 

increment 
0.1 month (or the next closest, larger value as supported 
by the individual code) 

DP-01-I-02 Simulated component 
lifetime  

5 years (or until point of rupture by net section collapse) 

DP-01-I-03 Number of initial cracks 1 
DP-01-I-04 Crack orientation Circumferential 
DP-01-I-05 Initial crack location π/2 radians (top dead centre, inside diameter surface-

breaking) 
DP-01-I-06 Initial crack depth 1.50E-3 m 
DP-01-I-07 Initial crack half-length 3.00E-3 m 
DP-01-I-08 Pipe outside diameter 0.38 m 
DP-01-I-09 Pipe wall thickness 0.04 m 
DP-01-I-10 Operating temperature 320 °C 
DP-01-I-11 Operating pressure 15.5 MPa 

DP-01-I-12A Applied primary axial 
membrane stress, 
excludes pressure 

contributions 

0.117 MPa 

- or - 
DP-01-I-12B Applied primary axial 

force(s), excludes 
pressure contributions 

Any combination of user-defined forces is acceptable 
provided the method in which they are combined within the 
individual code produces the same axial stress as specified 
in Input DP-01-I-12A.   
 
For example: 
 

DP-01-I-12A =
𝐹𝐹𝑥𝑥𝐷𝐷𝐷𝐷+𝐹𝐹𝑥𝑥𝑁𝑁𝑁𝑁𝑁𝑁

𝐴𝐴
 

, where 𝐹𝐹𝑥𝑥𝐷𝐷𝐷𝐷  and 𝐹𝐹𝑥𝑥𝑁𝑁𝑁𝑁𝑁𝑁 are the applied axial forces due 
to deadweight and normal thermal expansion, respectively, 
and 𝐴𝐴 is the cross-sectional area of the pipe metal (i.e., the 
area of the ring defined by the outer and inner radii) as 
calculated from Inputs DP-01-I-08 and DP-01-I-09.  Setting 
𝐹𝐹𝑥𝑥𝐷𝐷𝐷𝐷 =  0 𝑘𝑘𝑘𝑘 and 𝐹𝐹𝑥𝑥𝑁𝑁𝑁𝑁𝑁𝑁 = 5 𝑘𝑘𝑁𝑁, then: 
 

0 + 5 𝑘𝑘𝑘𝑘
0.0427 𝑚𝑚2 ∙ 1000 = 0.117 𝑀𝑀𝑀𝑀𝑀𝑀 
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Problem number Input number Input variable Value or setting 
DP-01-I-13A Applied primary bending 

stress, excludes 
pressure contributions 

30.05 MPa 

 
- or - 

DP-01-I-13B Applied primary bending 
moment(s), excludes 

pressure contributions 

Any combination of user-defined moments is acceptable 
provided the method in which they are combined within the 
individual code produces the same bending stress as 
specified in Input DP-01-I-13A.  
 
For example: 
 

DP-01-I-13A =
𝑅𝑅𝑜𝑜𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒

𝐼𝐼
=

𝑅𝑅𝑜𝑜�𝑀𝑀𝑥𝑥
2+𝑀𝑀𝑦𝑦

2+𝑀𝑀𝑧𝑧
2

𝜋𝜋�𝑅𝑅𝑜𝑜
4−𝑅𝑅𝑖𝑖

4�
4

 

, where 𝑀𝑀𝑥𝑥, 𝑀𝑀𝑦𝑦, and 𝑀𝑀𝑧𝑧 are the sum of all the moment 
contributions about the x-, y- and z- axes, respectively, and 
𝑅𝑅𝑜𝑜 and 𝑅𝑅𝑖𝑖 are the outer and inner radii of the pipe as 
calculated from Inputs DP-01-I-08 and DP-01-I-09.  Setting 
𝑀𝑀𝑥𝑥 = 0 𝑘𝑘𝑘𝑘𝑘𝑘, 𝑀𝑀𝑦𝑦 = 70 𝑘𝑘𝑘𝑘𝑘𝑘, and 𝑀𝑀𝑧𝑧 = 70 𝑘𝑘𝑘𝑘𝑘𝑘, 
then: 
 
0.19 𝑚𝑚 ∙ �(0 𝑘𝑘𝑘𝑘𝑘𝑘)2 + (70 𝑘𝑘𝑘𝑘𝑘𝑘)2 + (70 𝑘𝑘𝑘𝑘𝑘𝑘)2

𝜋𝜋[(0.19 𝑚𝑚)4 − (0.15 𝑚𝑚)4]
4 ∙ 1000
= 30.05 𝑀𝑀𝑀𝑀𝑀𝑀 

DP-01-I-14 Yield strength, weld and 
base materials 

316.5 MPa 

DP-01-I-15 Ultimate strength, weld 
and base materials 

542.4 MPa 

DP-01-I-16 Elastic modulus, weld 
and base materials 

196 800 MPa 

 Stress-strain model, 
weld and base materials 

𝜀𝜀
𝜀𝜀0

=
𝜎𝜎
𝜎𝜎0

+ 𝛼𝛼 �
𝜎𝜎
𝜎𝜎0
�
𝑛𝑛
 

where the input values are defined as follows: 
DP-01-I-17 𝜖𝜖0 0.001608 
DP-01-I-18 𝜎𝜎0 316.5 MPa 
DP-01-I-19 𝛼𝛼 1.2436 
DP-01-I-20 𝑛𝑛 5.5349 
DP-01-I-21 Through-wall depth 

transition point from 
idealized through-wall 

crack 

95% (if the individual code allows it to be set by the user) 

DP-01-I-22 Weld residual stress Linear model, where: 𝑥𝑥 is the through-wall depth as 
measured from the inside diameter, 𝑡𝑡 is the pipe wall 
thickness, and 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 is the residual stress, defined by the 
following pairs: 

𝑥𝑥/𝑡𝑡 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 (MPa) 
0.00 400 
0.04 368 
0.08 336 
0.12 304 
0.16 272 
0.20 240 
0.24 208 
0.28 176 
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Problem number Input number Input variable Value or setting 
0.32 144 
0.36 112 
0.40 80 
0.44 48 
0.48 16 
0.52 -16 
0.56 -48 
0.60 -80 
0.64 -112 
0.68 -144 
0.72 -176 
0.76 -208 
0.80 -240 
0.84 -272 
0.88 -304 
0.92 -336 
0.96 -368 
1.00 -400 

 Crack growth model 
𝑎̇𝑎 = �𝑒𝑒

−𝑄𝑄𝑅𝑅�
1
𝑇𝑇−

1
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

�
� 𝛼𝛼𝛼𝛼𝐾𝐾𝛽𝛽 

, where the input values are defined as follows: 
DP-01-I-23 𝑄𝑄 130 kJ/mol 
DP-01-I-24 𝑅𝑅 8.314E-03 kJ/mol-K 
DP-01-I-25 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟  598.15 K 
DP-01-I-26 𝛼𝛼 2.16E-12 (m/s)/(MPa-

m^0.5)^1.6 
DP-01-I-27 𝑓𝑓 1.0 
DP-01-I-28 𝛽𝛽 1.6 

 Leak rate model Henry and Fauske with extensions by Abdollahian and 
Paul, where the input values are defined as follows: 

DP-01-I-29 Global surface roughness, 
𝜇𝜇𝐺𝐺  

113.9 μm 

DP-01-I-30 Local surface roughness, 
𝜇𝜇𝐿𝐿 

16.86 μm 

DP-01-I-31 Factor for local waviness 
producing flow path 

deviations from straight, 
𝐾𝐾𝐺𝐺+𝐿𝐿 

1.243 

DP-01-I-32 Factor for global flow path 
deviation from straight, 𝐾𝐾𝐺𝐺  

1.009 

DP-01-I-33 Local number of turns in 
flow path per unit length, 

𝜂𝜂𝑡𝑡𝑡𝑡 

5940 m-1 

DP-01-I-34 Discharge coefficient,𝐶𝐶𝐷𝐷 0.95 
DP-01-I-35 Crack opening shape Ellipse 
DP-01-I-36 Applied crack face 

pressure in crack 
opening displacement 

model 

50% of DP-01-I-11 (if the individual code allows it to be set 
by the user) 

DP-02 DP-02-I-01 through DP-02-I-21 Correspond with DP-01-I-01 through DP-01-I-21 



NEA/CSNI/R(2024)5 | 103 

BENCHMARK ON PROBABILISTIC FRACTURE MECHANICS FOR PIPING APPLICATIONS (PFM BENCHMARK) FINAL REPORT  
      

Problem number Input number Input variable Value or setting 
DP-02-I-22 Weld residual stress Polynomial model, where: 𝑥𝑥 is the through-wall depth as 

measured from the inside diameter, 𝑡𝑡 is the pipe wall 
thickness, and 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 is the residual stress, defined by the 
following equation: 
 

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 =  −3590.8746 �
𝑥𝑥
𝑡𝑡�

3
+ 6803.6618 �

𝑥𝑥
𝑡𝑡�

2

− 3496.2573 �
𝑥𝑥
𝑡𝑡� + 377.96 

DP-02-I-23 through DP-02-I-36 Correspond with DP-01-I-23 through DP-01-I-36 
DP-03 DP-03-I-01 through DP-03-I-12 Correspond with DP-01-I-01 through DP-01-I-12 

DP-03-I-13A Applied primary bending 
stress, excludes 

pressure contributions 
 

60.0 MPa 

- or - 
DP-03-I-13B 

 
 

Applied primary bending 
moment(s), excludes 

pressure contributions 

Any combination of user-defined moments is acceptable 
provided the method in which they are combined within the 
individual code produces the same bending stress as 
specified in Input DP-03-I-13A. See example for DP-01-I-
13B for further details. 

 
 
 

DP-03-I-14 through DP-03-I-21 Correspond with DP-01-I-14 through DP-01-I-21 
DP-03-I-22 

 
Weld residual stress 

 
No weld residual stress applied. For example, where: 𝑥𝑥 is 
the through-wall depth as measured from the inside 
diameter, 𝑡𝑡 is the pipe wall thickness, and 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 is the 
residual stress, the stress is defined by the following 
equation: 
 

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 =  0.0 �
𝑥𝑥
𝑡𝑡� 

DP-03-I-23 through DP-03-I-36 Correspond with DP-01-I-23 through DP-01-I-36 

Outputs 
The results listed in Table B.2 for DP-01 through DP-03 shall be reported using the 
respective template files (e.g. “DP-01 Results Template.xlsx”). The file with results shall 
be named in accordance with the following format: “[problem number] [organisation] 
[code].xlsx,” for example: “DP-01 NRC xLPR.xlsx”. 
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Table B.1 Deterministic problem outputs 

Problem number Output number Type Description 
DP-01 DP-01-R-PV01 Point value Time in fractional months to point of first leak (through-

wall penetration) 
DP-01-R-PV02 Point value Time in fractional months to point of rupture by net-

section collapse 
DP-01-R-TH01 Time history dataset Abscissa: Time in fractional months 

 
Ordinate: Ratio of inner crack half-length to half-
circumference 

DP-01-R-TH02 Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Ratio of outer crack half-length to half-
circumference 

DP-01-R-TH03 Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Ratio of crack depth to pipe wall thickness 

DP-01-R-TH04 Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Leak rate in kg/s 

DP-01-R-TH05(Optional) Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Crack opening displacement at the inside 
diameter in m 

DP-01-R-TH06(Optional) Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Crack opening displacement at the outside 
diameter in m 

DP-01-R-TH07(Optional) Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Stress-intensity factor at the inside diameter 
crack tip in MPAYesm (crack shape symmetry 
assumed) 

DP-01-R-TH08(Optional) Time history dataset Abscissa: Time in fractional months 
 
Ordinate: Stress-intensity factor at the deepest point of 
the surface crack and outside diameter crack tip in 
MPAYesm (crack shape symmetry assumed) 

DP-02 DP-02-R-PV01 and 
DP-02-R-PV02 

Correspond with DP-01-R-PV01 and DP-01-R-PV02 

DP-02-R-TH01 through 
 DP 02-R-TH08 

Correspond with DP-01-R-TH01 through DP-01-R-TH08 

DP-03 DP-03-R-PV01 and 
DP-03-R-PV02 

Correspond with DP-01-R-PV01 and DP-01-R-PV02 

DP-03-R-TH01 through 
 DP 03-R-TH08 

Correspond with DP-01-R-TH01 through DP-01-R-TH08 

 

Probabilistic problems 

Scope and objective 
Eight probabilistic problems (designated PP-01 through PP-07 and PP-045) are included as 
follows: 

• PP-01 – based on DP-02 and introduces uncertainty in the crack growth rate;  
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• PP-02 – based on PP-01 and includes the effects of leak rate detection at 0.063 kg/s; 

• PP-03 – based on DP-02 and introduces uncertainty in the weld residual stress 
profile; 

• PP-04 – based on PP-03 and includes the effects of leak rate detection at 0.063 kg/s; 

• PP-045 – based on PP-03 and includes the effects of in-service inspection; 

• PP-05 – based on PP-04 and includes the effects of in-service inspection; 

• PP-06 – based on PP-05 and introduces uncertainty in the crack growth rate; 

• PP-07 – based on DP-03 and introduces uncertainty in the crack growth rate. 

Inputs 
Table B.3 defines the inputs for PP-01 through PP-07 and PP-045. 
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Table B.3. Probabilistic problem inputs 

Problem number Input number Input variable Value or setting 
PP-01 PP-01-I-01 Simulation time 

increment 
1 month 

PP-01-I-02 Simulated component 
lifetime  

60 years 

PP-01-I-03 through PP-01-I-21 Correspond with DP-02-I-03 through DP-02-I-21 
PP-01-I-22 Correspond with DP-02-I-22 (i.e. 3rd order polynomial profile is used) 

 Crack growth rate model 
𝑎̇𝑎 = �𝑒𝑒

−𝑄𝑄𝑅𝑅�
1
𝑇𝑇−

1
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

�
� 𝛼𝛼𝛼𝛼𝐾𝐾𝛽𝛽 

, where the input values are defined as follows: 
PP-01-I-23 𝑄𝑄 130 kJ/mol 
PP-01-I-24 𝑅𝑅 8.314E-03 kJ/mol-K 
PP-01-I-25 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟  598.15 K 
PP-01-I-26 𝛼𝛼 2.16E-12 (m/s)/(MPa-m^0.5)^1.6 
PP-01-I-27 𝑓𝑓 Distribution 

type 
Lognormal 

Geometric 
mean (eμ) 

1.0 

Geometric 
standard 

deviation (eσ) 

1.632 

- or - 
Mean of log-
transformed 

data (μ) 

0 

Standard 
deviation of 

log-transformed 
data (σ) 

0.4895 

PP-01-I-28 𝛽𝛽 1.6 
PP-01-I-29 through PP-01-I-36 Correspond with DP-02-I-29 through DP-02-I-36 

PP-01-I-37 Sampling method Simple random 
PP-01-I-38 Sample size Determined by analyst to demonstrate adequate 

convergence at the end of the simulated component 
lifetime for all problem outputs 

PP-02 PP-02-I-01 through PP-02-I-38 Correspond with PP-01-I-01 through PP-01-I-38 
PP-02-I-39 Leak rate detection 

capability 
0.063 kg/s (1.0 gpm), no uncertainty 

PP-03 PP-03-I-01 through PP-03-I-21 Correspond with PP-01-I-01 through PP-01-I-21 
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Problem number Input number Input variable Value or setting 
PP-03-I-22A Weld residual stress, 

polynomial model 
Mean Polynomial model, 

where: 𝑥𝑥 is the through-
wall depth as measured 
from the inside diameter, 
𝑡𝑡 is the pipe wall 
thickness, and 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 is 
the residual stress, 
defined by the following 
equation: 
 
𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊

=  −3590.8746 �
𝑥𝑥
𝑡𝑡�

3

+ 6803.6618 �
𝑥𝑥
𝑡𝑡�

2

− 3496.2573 �
𝑥𝑥
𝑡𝑡�

+ 377.96 
Weld Residual 

Stress at the Inside 
diameter 

(𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 𝑎𝑎𝑎𝑎 𝑥𝑥 = 0) 

Distribution 
Type 

Normal 

Mean 378 MPa 
Standard 
deviation 

50 MPa 

Point of through-
wall depth with no 

WRS 
(x at 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊 = 0) 

Distribution 
type 

Normal 

Mean 0.15 
Standard 
deviation 

0.03 

- or - 
PP-03-I-22B Weld residual stress, 

tabular input 
𝑥𝑥/𝑡𝑡 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊, Mean (MPa) 𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊, 

Standard 
deviation 

(MPa) 

Distribution 
type 

0.00 378 50.1 Normal 
0.04 247 40.6 Normal 
0.08 137 45.7 Normal 
0.12 46 54.8 Normal 
0.16 -26 62.0 Normal 
0.20 -82 66.0 Normal 
0.24 -123 66.4 Normal 
0.28 -151 63.5 Normal 
0.32 -165 57.8 Normal 
0.36 -169 49.9 Normal 
0.40 -164 40.5 Normal 
0.44 -150 30.7 Normal 
0.48 -130 22.9 Normal 
0.52 -105 21.1 Normal 
0.56 -75 26.8 Normal 
0.60 -44 36.2 Normal 
0.64 -11 45.9 Normal 
0.68 21 54.6 Normal 
0.72 52 61.5 Normal 
0.76 79 65.9 Normal 
0.80 102 67.4 Normal 
0.84 118 65.7 Normal 
0.88 127 61.2 Normal 
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Problem number Input number Input variable Value or setting 
0.92 127 55.1 Normal 
0.96 117 51.3 Normal 
1.00 95 57.2 Normal 

- or - 
PP-03-I-22C Weld residual stress, 

developed from data 
Analyst develops code-specific inputs from data in the file, 
“WRS for PP-03.xlsx,” which is provided separately. 

PP-03-I-23 through PP-03-I-28 Correspond with DP-02-I-23 through DP-02-I-28 
PP-03-I-29 through PP-03-I-38 Correspond with PP-01-I-29 through PP-01-I-38 

PP-04 PP-04-I-01 through PP-04-I-38 Correspond with PP-03-I-01 through PP-03-I-38 
PP-04-I-39 Leak rate detection 

capability 
0.063 kg/s (1.0 gpm), no uncertainty 

PP-05 PP-05-I-01 through PP-05-I-39 Correspond with PP-04-I-01 through PP-04-I-39 
 PP-05-I-40 In-service inspection 

schedule 
Inspections occur at years 5, 15, 25, 35, 45 and 55 

 Probability of detection 
(POD) model 

𝑃𝑃𝑃𝑃𝑃𝑃 �
𝑥𝑥
𝑡𝑡� =

⎩
⎪
⎨

⎪
⎧ 𝑒𝑒𝛽𝛽0+𝛽𝛽1�

𝑥𝑥
𝑡𝑡�

1 + 𝑒𝑒𝛽𝛽0+𝛽𝛽1�
𝑥𝑥
𝑡𝑡�

0 ,
𝑥𝑥
𝑡𝑡 <

𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  

 ,
𝑥𝑥
𝑡𝑡 ≥

𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  

, where 𝑥𝑥 is the through-wall depth as measured from the 
inside diameter, and 𝑡𝑡 is pipe wall thickness. 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the 
detection threshold depth, and 𝛽𝛽0 and 𝛽𝛽1 are the slope 
and intercept parameters defined as follows: 

PP-05-I-41 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  0.10 

PP-05-I-42 𝛽𝛽0 0.01 
PP-05-I-43 𝛽𝛽1 3.00 

- or - 
PP-05-I-44 POD, tabular input 𝑥𝑥/𝑡𝑡 POD 

0.00 0.00 
0.05 0.00 
0.10 0.58 
0.15 0.61 
0.20 0.65 
0.25 0.68 
0.30 0.71 
0.35 0.74 
0.40 0.77 
0.45 0.80 
0.50 0.82 
0.55 0.84 
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Problem number Input number Input variable Value or setting 
0.60 0.86 
0.65 0.88 
0.70 0.89 
0.75 0.91 
0.80 0.92 
0.85 0.93 
0.90 0.94 
0.95 0.95 
1.00 0.95 

PP-045 PP-045-I-01 through PP-045-I-38 Correspond with PP-03-I-01 through PP-03-I-38 
PP-045-I-39 Leak rate detection 

capability 
None 

PP-045-I-40 through PP-045-I-44 Correspond with PP-05-I-40 through PP-05-I-44 
PP-06 PP-06-I-01 through PP-06-I-22 Correspond with PP-05-I-01 through PP-05-I-22 

PP-06-I-23 through PP-06-I-28 Correspond with PP-01-I-23 through PP-01-I-28 to introduce uncertainty in the crack 
growth rate 

PP-06-I-29 through PP-06-I-44 Correspond with PP-05-I-29 through PP-05-I-44 
PP-07 PP-07-I-01 through PP-07-I-22 Correspond with DP-03-I-01 through DP-03-I-21 

PP-07-23 through PP-07-28 Correspond with PP-01-I-23 through PP-01-I-28 
PP-07-29 through PP-07-36 Correspond with DP-03-I-29 through DP-03-I-36 

PP-07-37 and PP-07-38 Correspond with PP-01-I-37 and PP-01-I-38 
 

Outputs 
The results listed in Table B.4. for PP-01 through PP-07 and PP-045 shall be reported using 
the corresponding template file (e.g. “PP Results Template.xlsx”). The file with results 
shall be named in accordance with the following format: “PP [organisation] [code].xlsx,” 
for example: “PP CEI PRAISE-CANDU.xlsx”. 

Table B.4. Probabilistic problem outputs 

Problem number Output number Type Description 
PP-01 PP-01-R-CP01 Cumulative probability 

dataset 
Abscissa: Time in fractional months 
 
Ordinate: Mean cumulative probability of first leak 
(through-wall penetration) 

PP-01-R-CP02 Cumulative probability 
dataset 

Abscissa: Time in fractional months 
 
Ordinate: Mean cumulative probability of rupture by net-
section collapse 

PP-02 through 
PP-07 and PP-045 

Same as PP-01 

Results analysis and reporting 

The organisers shall compile all the results and analyse them using appropriate statistical 
techniques. Observations and recommendations will be drafted and presented for review 
by the participants. After participant review, the results of the collective effort shall be 
published in a publicly available report, which may be referenced in future works. 
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