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FOREWORD 

One of the International Atomic Energy Agency (IAEA) statutory objectives is to “seek to 

accelerate and enlarge the contribution of atomic energy to peace, health and prosperity throughout the 

world.” One way this objective is achieved is through a range of technical series publications. Two of 

these are the IAEA Nuclear Energy Series and the IAEA Safety Standards Series.  

According to Article III.A.6 of the IAEA Statute, the safety standards establish “standards of 

safety for protection of health and minimization of danger to life and property”. The safety standards 

include the Safety Fundamentals, Safety Requirements and Safety Guides. These standards are written 

primarily in a regulatory style and are binding on the IAEA for its own programmes. The principal users 

are the regulatory bodies in Member States and other national authorities.  

The IAEA Nuclear Energy Series comprises reports designed to encourage and assist research 

and development on, and application of, nuclear energy for peaceful uses. This includes practical 

examples to be used by owners and operators of utilities in the IAEA Member States, implementing 

organizations, academia, and government officials, among others. This information is presented in 

guides, reports on technology status and advances, and best practices for peaceful uses of nuclear energy 

based on inputs from international experts. The IAEA Nuclear Energy Series complements the IAEA 

Safety Standards Series. 

The successful deployment of advanced water cooled reactor (WCR) technologies includes the 

development of design certification probabilistic safety assessment (PSA) studies and reliability and 

integrity management (RIM) programmes for ageing management and in-service inspection. 

Considerations of piping reliability are essential elements of these PSA studies and RIM programmes. 

A well-recognized technical challenge in the development of probabilistic pipe failure metrics 

applicable to advanced WCRs is the scarcity, or lack of relevant operating experience data on which to 

base or inform the piping reliability parameter assessment. 

This Nuclear Energy Series publication provides a comprehensive review of good practices for 

the assessment of piping reliability parameters for advanced WCRs. With good practices is meant those 

processes and analytical tasks that would be expected in piping reliability analysis in order for the results 

to be realistic representations of piping structural integrity. Piping reliability is a very complex subject 

that for a very long time has been studied extensively and from various technical perspectives; e.g., 

from development of design rules to development of material degradation mitigation practices. To assist 

Member States in applying adequate methodologies to pipe failure rates analysis in advanced WCRs, 

the IAEA organized a three year coordinated research project entitled Methodology for Assessing Pipe 

Failure Rates in Advanced Water Cooled Reactors (2018−2021). Thus, this publication builds on 

technical insights that have been obtained using different state-of-the-art methodologies when applied 

in multiple analytical contexts and responding to the requirements of different national codes and 

standards.  

The IAEA received generous support from several Member States, in the form of experts and 

technical information, and wishes to express its appreciation for their valuable contributions. In 

addition, the IAEA wishes to express its gratitude to all experts who participated in the drafting and 

review of this publication. The IAEA officer responsible for this publication was T. Jevremovic of the 

Division of Nuclear Power.  
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1. INTRODUCTION 

1.1 BACKGROUND 

Piping integrity has been an important consideration throughout the development of the nuclear 

power plant (NPP) safety and reliability technologies. In 1963 the United States Atomic Energy 

Commission undertook a survey of piping failures for input to a primary coolant pipe rupture study [1]. 

Among the conclusions of the survey, “piping systems which have been designed and constructed 

within established code criteria will exhibit high reliability, and catastrophic, complete severance 

rupture appears unlikely to occur.” At the 1965 International Symposium on Fission Product Release 

and Transport under Accident Conditions [2] reference was made to “incipient failures” in the form of 

“significant cracks” having been discovered in the piping of the main primary coolant system in two 

USA reactors. These early observations have been under detailed scrutiny ever since in order to advance 

the piping reliability analysis methodologies [3−23]. 

Building on today’s state-of-knowledge, this publication addresses good practices for piping 

reliability analysis to develop advanced WCR pipe failure rates. Piping reliability and its quantitative 

assessment is one of several important aspects of probabilistic safety assessment (PSA) and enters into 

multiple areas of PSA implementation and application, including assessment of loss of coolant accident 

(LOCA) initiating event frequencies, moderate and high energy line break frequencies, and internal 

flooding initiating event frequencies. Practical applications of piping reliability models include risk-

informed safety classification for use in risk-informed repair/replacement activities, fitness-for-service 

assessments, risk-informed in-service inspection (ISI) programme development, and reliability and 

integrity management (RIM) programmes to optimize the selection of ISI locations and the 

implementation of non-destructive examination of piping. However, a well-recognized technical 

challenge is the scarcity, or lack of relevant advanced WCR specific operating experience (OPEX) data 

on which to base or inform piping reliability parameter assessment. 

The successful deployment of advanced WCR technologies includes the development of design 

certification PSA studies. These PSA studies must address piping reliability in multiple contexts. 

Lacking OPEX data for the advanced WCR piping systems – with their unique designs, materials and 

operating environments – there is not yet a consensus technical approach for how to develop new 

advanced WCR centric pipe failure rates. The term “centric” means that a derived pipe failure rate as 

much as possible reflects a specific piping system design characteristics and operating environment.  

To assist Member States in applying adequate methodologies to pipe failure rates analysis in 

advanced WCRs, the IAEA organized a three year coordinated research project entitled Methodology 

for Assessing Pipe Failure Rates in Advanced Water Cooled Reactors (CRPI31030) which took place 

from 2018 to 2021 with the participation of ten institutions from eight Member States. The TECDOC-

1988 on Technical Insights from Benchmarking Different Methods for Predicting Pipe Failure Rates in 

Water Cooled Reactors as a final report of this coordinated research project was published in 2021. It 

summarizes results of relevant benchmark examples and provides technical basis for establishing NPP 

piping reliability parameters [24]. This publication then builds on these technical insights developed 

using different state-of-the-art methodologies when applied in multiple analytical contexts and in 

responding to the requirements of different national codes and standards. 
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International organizations like the European Utility Requirements Organization and the 

American Society of Mechanical Engineers (ASME) are engaged in activities directed towards the 

establishment of technical requirements for the performance of PSA and structural integrity assessment 

for advanced WCRs. With respect to ISI of piping systems, ASME has rewritten parts of ASME Section 

XI (Rules for ISI of NPP Components) to account for lessons learned from ISI and risk-informed ISI 

as implemented for operating WCRs. The current edition of the ASME Boiler and Pressure Vessel Code 

Section XI was issued in 2019. Division 2 (Requirements for RIM Programmes for NPPs, BVPC-XI-

2-2019) of ASME XI documents the requirements for the creation of a RIM programme for advanced 

nuclear reactor designs [25]. The RIM process addresses the entire life cycle for all types of advanced 

WCRs as well as non-light water advanced NPPs. The RIM process requires a combination of 

monitoring, examination, tests, operation, and maintenance requirements that ensures each structure, 

system, and component (SSC) meets plant level risk and reliability goals that are selected for the RIM 

Programme. The RIM process consists of the following steps: 

⎯ RIM programme scope definition; 

⎯ Degradation mechanism assessment; 

⎯ Plant and SSC reliability target allocations originating from a plant specific advanced WCR 

PSA; 

⎯ Identification and evaluation of RIM strategies; 

⎯ Evaluation of uncertainties; 

⎯ RIM programme implementation; and 

⎯ Performance monitoring and RIM programme updates to account for new OPEX and piping 

design modifications. 

According to the new Division 2 of ASME Section XI, a reliability target is defined as “a 

performance goal established for the probability that an SSC will complete its specified function in 

order to achieve plant-level risk and reliability goals.” With respect to PSA, ASME and the American 

Nuclear Society are developing a new standard for the conduct of plant specific studies acknowledging 

the technical/analytical challenges associated with the lack of OPEX data for advanced WCRs. The new 

standard is referred to as the advanced light water reactor PSA standard [26]. 

Considerations of piping reliability enters into multiple aspects of advanced WCR safety and 

reliability. Pipe failure rates (or probabilistic failure metrics) are input to, for example, PSA models, 

RIM programme development, fitness-for-service assessments, and probabilistic analysis of pipe failure 

events to assess their risk significance. This publication addresses piping reliability analysis broadly. 

The scope of this publication is not limited to considerations of primary pressure boundary piping 

components (Safety Class 1 piping). Considerations of piping reliability for systems located outside the 

primary containment are also included. The advanced WCR piping material selections and piping 

system design philosophies imply higher or significantly higher levels of pressure boundary structural 

reliability. It is envisaged that probabilistic pipe failure metrics rates are at least an order of magnitude 

lower for advanced WCRs, as is indicated in Fig. 1, which has been adapted from [27]. Because of a 

lack of OPEX data on which to base a piping reliability analysis the resulting uncertainties would be 

expected to be significant. A technical challenge is to ensure that new piping reliability analyses are 

well documented and with sufficiently validated model inputs and outputs. 
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FIG. 1. LOCA frequencies in WCR versus advanced WCR [27]. 

1.2 OBJECTIVE 

The objective of this publication is to provide engineering reference guidance on applying 

adequate methodologies to pipe failure rates analysis in advanced WCRs. Addressed in this publication, 

the high level objective from the coordinated research project (CRPI31030) on Methodology for 

Assessing Pipe Failure Rates in Advanced Water Cooled Reactors was to provide Member States with 

an open access to a strong basis for establishing advanced WCR piping reliability parameters consistent 

with required standards and relevant deployable advanced WCRs. The guidance provided in this 

publication, describing good practices, represents expert opinion but does not constitute 

recommendations made based on a consensus of Member States. 

1.3 SCOPE 

This publication provides: 

⎯ Background on piping reliability analysis in different contexts, for example PSA, design 

certification PSA, operability or fitness-for-service assessment, ISI programme 

development and optimization as part of RIM; 

⎯ State-of-the-art information regarding piping reliability methodologies and their 

implementation; 

⎯ Technical insights into piping reliability analysis tools and techniques for advanced WCR 

applications; 
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⎯ Documentation on the advancement of the existing piping reliability analysis methods 

across the Member States to explicitly address the factor of influence of, for example, new 

metals, non-destructive examination technologies, and ageing effects on assessed pipe 

failure rates; 

⎯ Approaches on how to modify an existing set of piping reliability parameters originally 

developed for operating WCRs to be made applicable to advanced WCRs; 

⎯ Methodology for ageing factor assessment that utilizes the existing OPEX data. The 

methodology should account for the uncertainty in assessed increase or reduction in ageing 

factor as a function of plant age. The ageing factor assessment may include considerations 

of existing OPEX data, laboratory data, expert judgment, and results from applications of 

structural reliability models. 

1.4 STRUCTURE 

This publication provides guide on models and analysis methods and techniques for estimating 

advanced WCR pipe failure rates. Section 2 describes a high level summary of the piping OPEX from 

the late 1960s to the early 2020’s and addresses WCR as well as advanced WCR piping material 

degradation mechanisms. In Section 3, a seven step piping reliability analysis framework is introduced. 

Embedded in this framework are good practices that have evolved from practical analyses that have 

been informed by OPEX data, fracture mechanics, and results from the material sciences research and 

development (R&D). The details of this framework are presented in Sections 4 through Section 10. 

Suggested guidance on how to develop advanced WCR pipe failure rates are described in Section 11. 

The many different advanced WCR designs share a common piping system design philosophy in that 

they utilize materials that have a demonstrated high resistance to environmental degradation. The piping 

system layouts, fabrication and installation practices are evolutionary in that they favor structural 

robustness, simplicity, and good accessibility for visual and non-destructive examinations. The 

operating WCR plants have adopted proactive material ageing management programmes and state-of-

the-art ISI and degradation monitoring practices that will also be deployed for advanced WCRs. 

Therefore, a strong technical basis exists for developing current state-of-knowledge pipe failure rates 

that establish a good baseline for advanced WCR pipe failure rate estimation. Conclusions for continued 

research are provided in Section 12. Supporting information is presented in Annexes I though V, as 

follows: 

⎯ Annex I, Methodologies for Assessing Probabilistic Failure Metrics for Advanced WCRs; 

⎯ Annex II. Analysis Tools & Techniques; 

⎯ Annex III. Piping Reliability Data Resources; 

⎯ Annex IV. WCR Piping OPEX Summary; 

⎯ Annex V. Abstracts of Early Piping Reliability Analysis Studies. 

 

2. LESSONS LEARNED FROM WCR OPERATING EXPERIENCE 

2.1 PIPING RELIABILITY PRIMER 

Pipe failures are a result of complex interrelated processes influenced by the design and 

construction characteristics, material properties, environmental conditions, and external or internal 
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loading conditions. Failures happen due to hydraulic and mechanical conditions imposing excessive 

loadings upon a degraded (e.g. cracked or thinned) piping component. The study of piping OPEX from 

operating WCRs yields technical insights into the interactions of many structural reliability 

characteristics and influence factors. Those insights are of high relevance in informing the development 

and application of piping reliability models. 

Different types of piping reliability models have been developed. To varying degrees, all 

models rely on OPEX data and the statistics obtained from detailed evaluations of this data and 

experimental data. The quality, or validity, of analysis results rely on how well any relevant OPEX data 

has been acknowledged in the preparation of model inputs. For OPEX data to be as useful as feasibly 

possible, the failure event information is to be processed on the basis of a taxonomy on but not limited 

to the physics of material degradation and failure, fluid dynamics, fracture mechanics, piping system 

design, and welding technology. 

Developing a comprehensive pipe failure database represents therefore a multi-disciplinary task 

that yields database structures consisting of on the order of 100 database fields needed to correctly 

characterize the filed experience data. The data classification needs many hundreds of key words (or 

data filters) in order to capture a multitude of possible combinations of piping reliability attributes and 

influence factors. The types of information found in a database on piping operating experience are 

illustrated in Fig. 2. 

 

FIG. 2. Piping operating experience database structure and contents. 

High level summaries of the current knowledge base on the WCR and advanced WCR piping 

OPEX are given in Subsections 2.2−2.14. The knowledge base which is available to analysts that pursue 

advanced WCR piping reliability assessments has significant advantages relative to the prior state of 

knowledge that was available to analysts when the first generation WCR technologies were deployed 

several decades ago. Also, the current methodologies and computational tools that are available to 

support the quantification of structural reliability parameters have evolved. 

2.2 PIPING MATERIAL DEGRADATION 

The material degradation mechanisms that have caused pipe failure are summarized in this 

Subsection. Extensive piping material performance information exists, and it covers field experience 



 

6 

that has been obtained over a period of about six decades1 corresponding to more than 18,000 reactor 

years of operation [28−34]. Examples of how the WCR piping OPEX has evolved are shown in Table 

1 where the accumulated OPEX that was available in the early 1980s is compared with a current 

knowledge base. 

TABLE 1. EVOLUTION OF THE WCR PIPING OPEX 

Degradation Mechanism Plant Type 

S.H. Bush (1985) 

Error! Reference s

ource not found.  

OPEX as of 2021 

(Annex II & IV) 

Stress Corrosion Cracking 
BWR 47.9% 17.3% 

PWR 6.4% 6.3% 

Thermal Fatigue 
BWR 16.0% 0.9% 

PWR 7.7% 1.6% 

High Cycle Fatigue 
BWR 1.7% 6.4% 

PWR 7.1% 14.4% 

Erosion-Corrosion 1 
BWR 5,0% 1.8% 

PWR 1.4% 3.4% 

Erosion-Cavitation 
BWR 0.0% 0.7% 

PWR 0.0% 1.6% 

Flow-Accelerated Corrosion 
BWR 0.0% 6.5% 

PWR 0.0% 15.5% 

Flow Induced Vibration BWR & PWR 0.0% 0.7% 

Corrosion-Fatigue (Environmental 

Degradation) 

BWR 1.1% 0.1% 

PWR 1.1% 0.4% 

Corrosion (Multiple Mechanisms) 
BWR 0.0% 3.4% 

PWR 0.0% 19.0% 

Unknown Cause 
BWR 2.7% 0.0% 

PWR 1.9% 0.0% 

Total No. Events 350 11,500 

1 Reference [35] includes a single line item for “erosion-corrosion” in lieu of flow-assisted degradation, which 

includes four different types of wall thinning mechanisms; erosion-corrosion, erosion-cavitation, flow assisted 

corrosion and flow induced vibration. 

The interactions of applied mechanical stresses, operating environments (such as corrosion 

potential, flow conditions, pressure, temperature, humidity), and metallurgy (such as chemical and 

mechanical material properties) cause degradations and failures of piping material. The collected 

knowledge based on the operating WCRs points to the following categories of material degradation 

mechanisms and stressors (shown in Fig. 3): 

⎯ Corrosion fatigue, also known as environmental degradation; 

⎯ Corrosion attack, including microbiologically influenced corrosion, pitting, crevice corrosion, 

corrosion under insulation, galvanic corrosion, and graphitic corrosion; 

⎯ Design and construction defects representing a broad category that includes weld defects (or  

lack of fusion), inadequate or lack of coating, inadequate or lack of pipe supports, inadequate 

cathodic protection, inadequate heat tracing; 

 
1 The first large scale WCR was Dresden Unit 1 (ca. 190 MWe) in the U.S.A. It was an early design BWR, which was first 

connected to the grid on 15 April 1960. The reactor was permanently shutdown on 31 October 1978. 
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⎯ Flow-assisted material degradation  includes erosion, erosion-cavitation, erosion-corrosion, 

flow accelerated corrosion, and flow induced vibration or abrasive/fretting wear; 

⎯ Hydrogen embrittlement or hydrogen assisted cracking from long term exposure to high 

temperature and elevated hydrogen levels; 

⎯ High cycle and low cycle fatigue; 

⎯ Severe overloading caused by external impact (e.g. accidental heavy load drop on piping) or 

internal over pressurization through an hydraulic transient or hydrogen deflagration; 

⎯ Stress corrosion cracking (SCC), including intergranular and transgranular SCC. The SCC 

mainly affects stainless steels; and nickel-base materials given certain environmental and stress 

conditions. 

⎯ Thermal fatigue involves thermal stratification, thermal cycling, thermal striping, and thermal 

sleeve mixing. 

 

FIG. 3. WCR piping material degradation mechanisms. 

2.3 PIPE FAILURE MANIFESTATIONS 

The causes of piping degradations and failures are due to various damage or degradation 

mechanisms. Piping failure occurs due to synergistic effects involving operating environments and 

loading conditions. The WCR piping OPEX that is summarized in Fig. 3 is explored in further detail in 

Fig. 4; Annex III includes additional background information. There are two forms of pipe failure: 

⎯ Event driven failure. Mechanically stress driven, and it is attributed to conditions involving 

combinations of equipment failures (other than the piping itself, e.g., loose/failed pipe support, 
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leaking valve) and stress risers or unanticipated loading conditions (e.g., hydraulic transient or 

operator error that causes an inadvertent valve operation). Short-term degradation is sometimes 

used in lieu of event-driven degradation [36]; 

⎯ Failure attributed to time dependent environmental degradation. Defined by the conjoint 

requirements that include operating environment, material, and loading conditions. These 

conjoint requirements differ across the different types of piping system designs and are 

influenced by routing, material, diameter, wall thickness, method of construction/fabrications, 

etc. Similarly, pipe flaw incubation times and flaw growth rates differ across the many 

combinations of degradation susceptibility and operating environment. Non-destructive 

examination techniques usually detect an onset of material degradation before a crack 

propagates through a pipe wall. 

 

FIG. 4. Pipe failure manifestations.2 

A failure referred in Fig. 4 is any degraded condition with an operational impact and results in 

pipe repair or replacement. Determined by non-destructive examination techniques or metallographic 

examination, non-through-wall defects are characterized by the depth of a crack relative to the pipe wall 

thickness, orientation and length of a crack. National codes and standards define what is acceptable and 

not acceptable for continued operation. Through-wall defects are characterized by the size of a pipe 

wall penetrating flaw and the resulting mass or volumetric leak or flow rate. The downward arrows in 

Fig. 4 symbolize the potential synergistic effects of various damage and degradation mechanisms. As 

one example, various types of weld defects (e.g. lack of fusion, slag inclusions) tend to be a strong 

contributor to crack initiation sites that ultimately result in a SCC failure. As another example, thermal 

 
2 The vertical arrows indicate presence of synergistic effects. For example, thermal fatigue may cause crack initiation, and 

crack propagation may occur via intergranular stress SCC. As another example, a pre-existing weld defect could be the source 

of a SCC sequence. The fill-effects in the colorized horizontal bars are commensurate with the observed event populations; 

i.e. a strong fill corresponds ‘multiple’ events and a weak fill corresponds few major structural failures. 
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fatigue can cause crack initiation while a SCC mechanism can cause crack propagation in a pipe 

through-wall direction. The vertical arrows indicate presence of synergistic effects. For example, 

thermal fatigue may cause crack initiation, and crack propagation may occur via intergranular stress 

SCC. As another example, a pre-existing weld defect could be the source of a SCC sequence. The fill-

effects in the colorized horizontal bars are commensurate with the observed event populations, i.e. a 

strong fill corresponds multiple events and a weak fill corresponds few major structural failures. 

Certain combinations of metals/environment systems, localized loading or stress conditions, 

and methods of fabrication/installation have produced major structural failures while other 

combinations at most have resulted in relatively minor through-wall flaws. For example, stainless steel 

piping in primary water environments has not experienced any major structural failures caused by 

environmental degradation. On the other hand, carbon steel in wet steam, high temperature 

environments have experienced major structural failures. 

2.4 CORROSION MECHANISMS 

Corrosion is a naturally occurring phenomenon defined as the deterioration of a metals that 

results from a chemical or electrochemical reaction with its environment. Corrosion takes many 

different forms and is affected by numerous environmental factors. Three types of corrosion 

mechanisms are shown in Fig. 5. 

 

FIG. 5. The different types of corrosion mechanisms. 

Process piping (e.g. auxiliary cooling water systems) in a raw water environment is susceptible 

to microbiologically influenced corrosion produced by local environments there are various types 

(modes) of such corrosion: general corrosion, pitting, crevice corrosion, de-alloying, galvanic corrosion, 

intergranular corrosion, SCC, and corrosion fatigue. The growth of microbes is promoted by slowly 

flowing environments in providing a ready supply of nutrients (in particular, periodically flushed 

systems). Stagnant areas adjacent to flowing areas are particularly susceptible to microbiologically 

influenced corrosion. 
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Microbiologically influenced corrosion is relatively common in low temperature systems such 

as but not limited to fire water, service water and circulating water systems. It typically occurs in two 

general locations: on external surfaces where there is moisture and other materials, such as organic 

debris buildup, which contains nutrients suitable for bacterial or fungal growth and on internal surfaces 

in low temperature components; primarily where water is flowing slowly or is periodically flushed. 

Both conditions provide needed supply of nutrients for microbiological activity and growth. Corrosion 

of carbon and low alloy steel components by leaking borated water has caused significant corrosion 

problems for many PWR plants. Of the greatest concern is uniform corrosion referred to as wastage. 

2.5 DESIGN AND CONSTRUCTION DEFECTS 

Insights from root cause analyses of pipe failures point to the significance of human error (or 

organizational factor) contributions. Process industry incident statistics show that 20%−90% of all 

incidents are indirectly or directly caused by human error. Human errors are either latent or active. 

Effects of a latent error may lie dormant within a system for a long time, only becoming evident after a 

period of time when the condition caused by the error combines with other errors or particular operating 

conditions. An example of latent error affecting piping reliability is the design or construction error first 

revealed, say, several years after commercial operation began. Another example of latent human error 

affecting piping reliability is an ISI program that does not fully acknowledge relevant operating 

experience with a particular type of piping system. By contrast, effects of an active human error are felt 

almost immediately, e.g., water hammer due to improper post-maintenance restoration of a piping 

system. 

Many studies have been performed to assess the human error contributions to pipe failure. Hurst 

et al [37] analyzed pipe failures in the chemical process industry and showed that “operating error” was 

the largest immediate contributor to piping failure (30.9% of all known causes). Overpressure (20.5%) 

and corrosion (15.6%) were the next largest categories of known immediate causes. The other major 

areas of human contribution to immediate causes were human initiated impact (5.6%) and incorrect 

installation of equipment (4.5%). The total human contribution to immediate causes was therefore about 

41%. For the underlying causes of pipe failure, maintenance (38.7%) and design (26.7%) were the 

largest contributors. The largest potential preventive mechanisms were human factors review (29.5%), 

hazard study (25.4%) and checking and testing of completed tasks (24.4%). A key conclusion of the 

study was that about 90% of all failure events could have been prevented through adequate RIM 

processes, e.g. ISI, leak detection, application of mitigation processes to reduce or eliminate the 

potential for material degradation. 

2.5.1 Design and construction defects event sequence diagram 

Service-induced material degradation is a result of synergies among material properties, loading 

(e.g., stress riser), and environmental conditions. Through wall pipe flaws involve initiation and 

incubation. A pre-existing flaw can act as a stress riser causing a crack initiation and progressing 

through-wall direction if exposed to an adverse environment. The majority of pipe flaws that result in 

a corrective action (repair or replacement) are attributed to a readily identifiable active degradation 

mechanism or an off normal loading condition. 

A relatively small subset of all recordable or rejectable pipe failures involves a pre-existing 

defect that over long time grows and is detected through a surface examination (e.g., visual examination 

or liquid penetrant testing). The design and construction defects event sequence diagram (Fig. 6) shows 
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an example of how to classify weld flaws for which no active degradation mechanism is present. As an 

example, Safety Class 1 welds are subjected to pre-service inspection and rejectable flaws are repaired. 

There is some likelihood that a pre-existing flaw is not detected, however, an ISI may/may not detect a 

weld defect. If successfully detected, the weld defect is evaluated per ISI programme acceptance 

standards. Continued operation is possible if repair/replacement is performed, or some degradation 

mitigation is implemented. 

Under the assumption that a pre-existing flaw is discovered during an ISI but remains 

unmitigated (i.e. no repair is performed) then crack growth may occur given that it is subjected to an 

adverse operating environment (high temperature, corrosive, subject to high stresses) and the material 

is susceptible to degradation. The potential of through-wall cracking would be high if the conjoint 

requirements for degradation are met (Through-Wall Cracking Potential-H in Fig. 6). In developing an 

initiating event frequency model, pipe failure rates and rupture probabilities are derived for all piping 

components within the evaluation boundaries. 

 
FIG. 6. D&C event sequence diagram. 

A pipe failure rate estimation process considers all credible damage and degradation 

mechanisms that apply to an evaluation boundary. For locations without any readily identifiable damage 

or degradation susceptibility an assumption is made that a pre-existing weld flaw may exist and 

eventually grow in the through-wall direction. The flaw growth mechanism is termed low cycle fatigue 

and pressure loading and accounts for the effects of normal operation including cool-down and heat-

cycles. Therefore, a conditional failure probability (CFP) model is needed to resolve the low-cycle 

fatigue analysis cases. Highlighted in red colour, the two event sequences in Fig. 6 represent a high 

likelihood that pre-existing defect eventually grows and penetrates the outside pipe wall. 

2.5.2 Effect of welding processes on the material degradation susceptibility 

The mechanical properties and metallurgical characteristics of pipe welds are affected by 

welding processes such as type and speed of welding. Differential thermal expansion and contraction 

of the weld metal and parent material cause welding residual stresses. Fatigue and SCC require presence 

of tensile weld residual stresses. Crack initiation occurs with enough load cycles at a high enough tensile 
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stress. Some qualitative insights can be drawn from the WCR OPEX regarding the effect of welding 

processes on material degradation. The OPEX data distinguishes field weld failures from shop weld 

failures. This leads to the question whether field welds are less or as reliable as shop welds. It is a 

complicated task to assess the many factors that affect weld quality and failure propensity. 

Solution heat treatment is used for shop welds. It reduces or eliminates weld sensitization and 

residual stresses. Figures 7 and 8 illustrate the experience with field welds and shop welds. In BWR 

plants with external reactor recirculation loops, approximately 40% of the welds are shop welded. 

Except for pipe-to-safe-end welds (or terminal welds), all Safety Class 1 PWR reactor coolant system 

(RCS) hot leg, cold leg and surge line welds are shop welded. 

Investigations into intergranular SCC of main coolant circuit welds in high-power channel-type 

nuclear reactor (RBMK or Reaktor Bolshoy Moshchnosty Kanalny) plants have pointed to a 

significantly higher incident rate for welds in vertical pipe runs than horizontal pipe runs; Fig. 8. The 

reason given is that per the welding procedure specification at the time of construction required higher 

heat input than horizontal welds [38]. The higher heat input caused higher sensitization of the heat 

affected zones and higher weld residual stresses. 

 
FIG. 7. BWR primary system field and shop weld OPEX. 
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FIG. 8. RBMK primary system field and shop weld OPEX. 

The OPEX data also identifies the location of a failed weld in a pipe spool, e.g. pipe-to-pipe, 

elbow-to-pipe, safe-end-to-pipe. Figure 9 shows the location dependency of weld failures and reflects 

how different pipe stresses affect the integrity. 

 
FIG. 9. Weld OPEX as a function of in-line location and pipe size. 
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2.6 FATIGUE OF PIPING COMPONENTS 

Fatigue is the process of progressive localized permanent structural change occurring in 

material subjected to conditions which produce fluctuating stresses and strains at some point or points 

and which may culminate in crack or complete fracture after a sufficient number of fluctuations. There 

are four basic types of fatigue mechanisms: 1) corrosion fatigue (Section 2.7), 2) low cycle fatigue, 3) 

thermal fatigue, and 4) high cycle fatigue. Figure 10 summarizes the WCR OPEX involving pipe 

failures caused by fatigue mechanisms. Approximately 80% of WCR fatigue failures are due to high 

cycle vibration fatigue of small diameter butt welds and socket welds. 

The term low cycle fatigue is used to characterize crack growth in the pipe through-wall 

direction through applied stress and normally occurring cooldown/heat up cycles. An underlying 

assumption is that of a pre-existing weld flaw attributed to original construction, fabrication or welding 

defects missed by pre-service inspections and/or subsequent ISIs. The following conditions are to be 

met for an event to be classified as low cycle fatigue: no active environmental degradation mechanism 

can be identified, and the root cause evaluation points to presence of a weld flaw such as lack of fusion. 

 

FIG. 10. WCR pipe failures caused by fatigue mechanisms. 

The cyclic stresses resulting from changing temperature in a component or in the piping 

attached to the component causes thermal fatigue; it may include a relatively low number of cycles at a 

higher strain (such as plant operational cycles or injection of cold water into a hot nozzle) or due to a 

high number of cycles at low stress amplitude (as local leakage effects or cyclic stratification). There 

are several different thermal fatigue phenomena, including:  thermal stratification, thermal cycling, 

thermal striping, valve in-/out-leakage, and thermal sleeve mixing. 
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High cycle fatigue involves a high number of cycles at relatively low stress amplitudes 

(typically below the material’s yield strength but above the fatigue endurance limit of the material). The 

crack initiation phase is considered to be dominant, since crack growth is usually fairly rapid. High 

cycle fatigue may be due to vibration or pressure pulses or due to flow-induced vibration. 

2.6.1 Contributing factors to high cycle fatigue 

The following description follows details provided in [32]. Fatigue in piping can be induced by 

inadequate piping supports. The natural frequency of a piping system is influenced by the type and 

distance of piping supports such that tightly spaced restraints increase the piping system’s frequency 

while widely spaced restraints reduce it. Thus, the high frequency fatigue damage may result when an 

excitation source exists in the natural frequency range of the piping system causing the resonance of a 

piping system to happen. The main contributing factors are mechanical excitation mechanisms, 

cavitation excitation, and flashing.  

An example of mechanical excitation mechanism is the pressure pulsations in centrifugal 

pumps and positive displacement pumps occurring at frequencies that are multiples of the vane passing 

frequency. They occur in the range of acoustic frequencies and are continuous and propagate through 

the coolant medium just as sound is transmitted through air. Acoustically induced vibrations can be 

defined as vibrations induced by acoustic pressure waves generated by a noise source in the reactor, by 

a high speed or unsteady gas flow, or by interaction of gas flows and solid objects. These pressure 

waves propagate in the fluid system with the speed of sound and are strong enough to cause 

unacceptable vibrations [39−41]. If pressure pulsations happen to coincide with a structural frequency 

of the piping system, severe vibratory fatigue damage may take place in the system. 

The fluid pressure approaching its vapor pressure may cause cavitation excitation. Under such 

conditions, small fluctuations may induce formation of vapor pockets that when rapidly collapse they 

generate intense shock waves. The resulting pressure pulsation can cause severe piping vibration 

downstream of the component. Adding to severe vibrations, the collapse of the cavities impacts solid 

surface and removes material by mechanical erosion. 

Flashing occurs when the coolant temperature becomes higher than its saturation temperature 

at a given pressure and the coolant flashes into steam. This results in broadband pressure pulsations, 

causing vibration of the piping downstream of the flashing component and results in steam hammer 

phenomena. Because of this phenomenon, the control valves that are regulating the flow of 

oversaturated coolant into a vessel kept at lower pressure are located as close as possible to the vessel 

entry nozzle; this way the flashing may occur in the larger volume of the vessel and not in the piping. 

2.6.2 Fatigue induced electro-hydraulic control piping failures 

The electro-hydraulic control system is a non-safety system consisting of small diameter piping 

at high operating pressure; between 7 MPa and 15 MPa. The system is vital for power generation. A 

failure of this system can result in turbine/reactor trip or in preventing the start-up of a reactor. Turbine 

trip followed by reactor trip due to electro-hydraulic control circumferential pipe break are not 

uncommon occurrences [42]. A failure could also result in a main turbine over speed condition with 

turbine blade and/or rotor failure that generates missile hazards that could damage nearby safety related 

systems. The used circulating turbine fluid is triaryl phosphate esters that provides improved fire 
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resistance over hydrocarbon-based fluids, and thereby minimizes the risk for a fire due to a high pressure 

electro-hydraulic control fluid leaking onto a hot surface or other ignition source. 

The electro-hydraulic control fluid system consists of numerous runs of small diameter 

hydraulic piping and tubing to convey its hydraulic fluid to the valve actuators where it is needed. The 

piping material is typically type 304 stainless steel for the tubing and piping and type 316 stainless steel 

for the fittings. 

2.6.3 Socket weld integrity management 

There continues to be frequent occurrences of high cycle fatigue failures of socket welded 

connections in safety related piping systems. The use of socket welds in Safety Class 1 systems varies 

extensively across the WCR plants: from about fifty to five hundred welds in a WCR. 

There are significant country to country differences in codes and standards for the use of socket 

welds in safety-related piping. As an example, in 2002 the French Nuclear Safety Authority issued a 

directive concerning socket weld integrity (DGSNR-BCCN/OT/VF No. 020406) stating that socket 

welds not meeting the requirements for weld dimensions and/or weld integrity as specified in [43]. 

According to the U.S. Nuclear Regulatory Commission (NRC), for a one-time inspection to 

detect cracking in socket welds, the inspection is to be either a volumetric or opportunistic destructive 

examination that is performed when a weld is removed from service for other considerations (for 

example plant modifications). In case when more than one weld is removed, a sampling basis is used. 

These examinations provide additional assurance that either aging of small bore ASME Code Class 1 

piping is not occurring or the aging is insignificant, such that a plant specific aging management 

programme is not warranted and is applicable to small bore ASME Code Class 1 piping and systems 

less than DN100 and greater than or equal to DN25. 

2.7 CORROSION FATIGUE 

Corrosion fatigue or environmentally assisted fatigue is the behaviour of materials under cyclic 

loading conditions and in a corrosive, high temperature/high pressure operating environment. It is 

considered to be made up of a region (or life) associated with the formation of an engineering-sized 

crack and a region consisting of the growth of this crack up to component failure. One category relates 

to the cycling life for the formation of a fatigue crack in a smooth test specimen, the so-called S-N 

fatigue properties; (stress versus number of cycles). The second relates to the growth of a pre-existing 

crack. Laboratory test have shown that coolant water in light water cooled reactors (LWRs) can have a 

detrimental effect on both S-N fatigue properties and fatigue crack growth. Much lower failure stresses 

and much shorter failure times can occur in a corrosive environment compared to the situation where 

the alternating stress is in a non-corrosive environment. 

Corrosion fatigue is not to be confused with stress corrosion, which is crack initiation and 

growth under sustained load or residual stress. Corrosion fatigue is a mostly transgranular crack growth 

phenomenon. The corrosion fatigue fracture is brittle and the transgranular cracks are not branched. The 

corrosive environment can cause a faster crack growth and/or crack growth at a lower tension level than 

in dry air. Even relatively mild corrosive atmospheres can reduce the fatigue strength of aluminium 

structures considerably, down to 75%−25% of the fatigue strength in dry air. No metal is immune from 

some reduction of its resistance to cyclic stressing if the metal is in a corrosive environment. Control of 
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corrosion fatigue can be accomplished by either lowering the cyclic stresses or by various corrosion 

control measures. 

Results from laboratory tests generally reveal a detrimental effect of WCR coolant 

environments on the fatigue lives of specimens made from carbon steels, low alloy steels, austenitic 

stainless steels and nickel-base alloys. The parameters predominantly affecting the fatigue life of 

laboratory specimens are strain rate, temperature, dissolved oxygen concentration in the water and 

Sulphur content of the material, the latter of which is only applicable for carbon steels and low alloy 

steels. 

The detrimental effects of reactor environments on fatigue lives have been known for more than 

30 years. Reactor coolant pressure boundary components exposed to the reactor water environment 

have exhibited degradation due to environmentally enhanced fatigue in service. In all these cases, 

unacceptable component fabrication, material selection, or plant operation (and combinations of these) 

were identified as root causes leading to the degradation. Significant large scale, generic degradation 

due to environmental fatigue has not been observed in service even though environmental effects due 

to the impact of WCR coolant were not explicitly considered in current design rules. The U.S. NRC 

investigation of the risk associated with corrosion fatigue in the Fatigue Action Plan SECY−95−245 

issued in 19953 concluded that there was no inherent risk to core damage frequency for operating nuclear 

reactors, although increased probability of leakage indicates this issue requires management for 

extended plant operation. 

Limited observations of cracking due to corrosion fatigue stand in contrast to significant 

occurrences of SCC in stainless steels and nickel-base alloys, which have been observed more 

systematically in reactor coolant pressure boundary welds and reactor internals from LWR plant 

operational experience worldwide. 

The lack of significant observed degradation in plant components with regard to corrosion 

fatigue is attributed, at least in part, to the generally conservative design requirements adopted within 

the ASME Code and applicable regulations to keep the cumulative usage factor <0.1 for break exclusion 

locations. Margins in the design requirements appear to compensate for the detrimental environmental 

effects. 

Another consideration when comparing the environmental effects between laboratory and 

service components is the applied loading associated with pressure and thermal transients. Laboratory 

testing typically relies on simple mechanically controlled loading transients (e.g. artificially shaped 

waves) and may include some amount of compensation for the effects of more complex thermal 

transient loading. Additionally, plant components are often subjected to thermal transients with long-

lasting hold times at almost constant load or temperature corresponding to steady-state operating 

conditions which may lead to some strain recovery within the component. These differences may affect 

fatigue lives. 

 
3 Policy Issue, Completion of the Fatigue Action Plan (25 September 1995)  

https://www.nrc.gov/docs/ML0314/ML031480210.pdf 
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2.8 FLOW ASSISTED DEGRADATION 

The term flow assisted degradation encompasses several phenomena, all of which result in the 

degradation of piping through material loss. These phenomena include erosion, erosion-cavitation, 

erosion-corrosion, flow accelerated corrosion, and liquid droplet impingement erosion. Historically, the 

erosion-corrosion and flow accelerated corrosion terms were used interchangeably to describe similar 

material degradation processes. Both types of damage involve destruction of a protective oxide film on 

the inside pipe wall. The removal of the oxide film is generally referred to as the erosion process. This 

is followed by electrochemical oxidation, or corrosive attack of the underlying metal. The differences 

between erosion-corrosion and flow accelerated corrosion involve the mechanism by which the 

protective film is removed from the metal surface. In the erosion-corrosion process the film is removed 

mechanically from the surface. In contrast, in the flow accelerated corrosion process the oxide is 

dissolved or prevented from forming, allowing corrosion of the unprotected metal. Flow accelerated 

corrosion occurs in two-phase flow conditions (e.g., water droplets in steam or steam bubbles in water) 

as well as single phase flow conditions. The main distinguishing characteristics of the different flow 

assisted degradation mechanisms are summarized in Fig. 11. 

 

FIG. 11. Distinguishing characteristics of the different flow assisted degradation mechanisms. 

2.8.1 Erosion-cavitation 

Erosion-cavitation is the process of surface deterioration and surface material loss due to the 

generation of vapour or gas pockets inside the flow of liquid [44]. These pockets are formed due to low 

pressure well below the saturation vapour pressure of the liquid and erosion caused by the bombardment 

of vapour bubbles on the surface. Erosion-cavitation usually involves an attack on the surface by gas or 

vapour bubbles, creating a sudden collapse due to a change in pressure near the surface. Low pressure 

(below the saturated vapour pressure) is generated hydrodynamically due to various flow parameters, 

such as liquid viscosity, temperature, pressure, and nature of flow. This deterioration is initiated by a 

sudden surge of bubbles hammering the surface, resulting in deformation, as well as pitting. 

2.8.2 Erosion-corrosion and liquid droplet impingement erosion 

Erosion-corrosion is a mechanism of material loss by mechanical means due to impingement, 

abrasion or impact, etc., resulting from the movement of a liquid or gas over the surface of a metal 
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coupled with corrosion. This type of degradation is characterized by attack like small pits with bright 

surfaces free from corrosion products. These pits often have the form of a horseshoe with the nib 

pointing in the current direction. Erosion-corrosion may occur where the velocity of liquid is too high. 

Most exposed are places where there are effects of turbulence, e.g. joints, bends etc. The corrosion rate 

will accelerate if the liquid contains gas bubbles and/ or solid particles. Systems susceptible to erosion-

corrosion include raw water cooling systems, e.g. circulating water and service water systems. 

The liquid droplet impingement erosion is a subset of erosion-corrosion. Liquid droplets are 

often generated in piping that operates in a two-phase flow condition and is due to the entrainment of 

liquid water from the upstream and also by the heat transfer through the pipe wall. In the region behind 

the orifice and the valve in the pipeline, the velocity of the droplets is highly accelerated due to the 

contraction effect. This results in the occurrence of high impact pressure on the inner surface of the pipe 

due to the liquid droplet impingement. The impact pressure of the droplets increases as high as several 

hundred MPa, which is beyond the elastic limit of the pipe-wall material, so that the pipeline is often 

damaged by the impact pressure of droplets. In general, the liquid droplet impingement occurs on the 

dorsal side (extrados) of a bend or elbow, where the droplets cannot follow the steam flow due to the 

inertia of the droplets. 

2.8.3 Flow accelerated corrosion 

Flow accelerated corrosion leads to wall thinning (or metal loss) of steel piping exposed to 

flowing water or wet steam. The wall thinning is the result of the dissolution of the normally protective 

oxide layer formed on the surfaces of carbon and low alloy steel piping. The rate of metal loss depends 

on a complex interplay of several parameters including water chemistry, material composition, and 

hydrodynamics, but based on OPEX the metal loss can be as high as 3 mm/yr. Carbon steel piping 

components that carry wet steam are especially susceptible to flow accelerated corrosion and represent 

an industry wide problem. The major parameters and factors affecting flow accelerated corrosion are 

[43]: 

⎯ Effect of temperature. An important variable affecting the flow accelerated corrosion resistance 

of carbon and low alloy steels is temperature. Most of the reported cases of flow accelerated 

corrosion damage under single phase conditions have occurred within the temperature range of 

80°C−230°C, whereas the range is displaced to higher temperatures (140°C−260°C) under two 

phase flow. The exact location of the maximum wear rate changes with pH, oxygen content, 

and other environmental variables. Experience has shown that the wear rate is highest at around 

150°C and increases with fluid velocity. Furthermore, flow accelerated corrosion can occur in 

low temperature single phase systems under unusual and severe operating conditions. 

⎯ Effect of flow velocity. Flow rate of the liquid has been found to have a linear effect on the flow 

accelerated corrosion wear rate. As higher velocities are experienced, higher wear rates are 

expected. Since the enhanced mass transfer associated with turbulent flows is the fundamental 

process in the accelerated dissolution of the pipe wall protective oxide layer, the effect of flow 

is best described in terms of the mass transfer coefficient. 

⎯ Effect of fluid pH. Flow accelerated corrosion wear rates are strongly dependent on pH. In 

general, increasing the pH value reduces the wear. The flow accelerated corrosion wear rate of 

carbon steels increases rapidly in the pH range of 7−9 and drops sharply above pH=9.2. As the 

fluid becomes more acidic, more pipe wall losses are expected. The pH value can be affected 

by the choice of control agents (e.g., morpholine or ammonia) and by impurities in the water. 
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In two-phase flows the critical parameter is the pH of the liquid phase. This can be significantly 

affected by the partitioning of the control agent between the steam and liquid phase. 

⎯ Effect of oxygen. Flow accelerated corrosion rates are inversely affected by the amount of 

dissolved oxygen in the feedwater, and too low an oxygen level is harmful to carbon steel 

piping. The flow accelerated corrosion rate decreases rapidly when the water contains more 

than 20 ppb oxygen, but the precise oxygen level required to prevent flow accelerated corrosion 

depends on other factors such as pH and the presence of contaminants. In BWRs, hydrogen 

water chemistry can be applied with the main intention to suppress intergranular SCC 

susceptibility and crack growth rate. The flow accelerated corrosion rate has been measured in 

a laboratory test to be higher for a time period of 8 months after starting hydrogen water 

chemistry. After this time the flow accelerated corrosion rate appears to be similar to that in a 

reference normal water chemistry environment. Certain guidelines consider an oxygen level of 

20−50 ppb desirable for hydrogen water chemistry. Some plants do add oxygen in their 

feedwater when using hydrogen water chemistry, while others do not. The use of noble metals 

to reduce the quantities of hydrogen required to establish hydrogen water chemistry conditions 

has to date not had a more pronounced effect on flow accelerated corrosion than the application 

of hydrogen water chemistry itself. Main steam lines made of carbon steel are susceptible to 

flow accelerated corrosion in the steam phase because most of the oxygen, being a gas, remains 

in the steam phase and does not partition to the liquid. For the same reason injection of oxygen 

into the wet steam will not prevent flow accelerated corrosion. Injection of hydrogen peroxide 

has been explored as a possible mitigation for flow accelerated corrosion because most of the 

hydrogen peroxide partitions to the liquid phase and spontaneously decomposes into oxygen 

and water and thus, enriches the liquid phase with oxygen. However, although the flow 

accelerated corrosion rate is decreased, hydrogen peroxide injection is not as effective as a 

remedy towards flow accelerated corrosion as replacement of materials to low alloy steel 

(alloyed with chromium) or the presence of a stainless steel coating. 

⎯ Effect of alloy additions. The flow accelerated corrosion rate is highest in carbon steel piping 

with very low levels of alloying elements. The presence of chromium, copper and molybdenum, 

even at low percentage levels, reduces the flow accelerated corrosion rate considerably. The 

relative corrosion rate of steels is reduced by 80 % at a chromium content as low as 0.2%. The 

flow accelerated corrosion rate is decreased by a factor of 4 with the steel type 2%−1/4 % Cr 

and 1 % Mo (2−1/4 Cr- 1 Mo steel). Austenitic stainless steels are virtually immune to flow 

accelerated corrosion. 

⎯ The entrance effect. In the 1990s a new flow accelerated corrosion wear effect was identified. 

It is referred to as the leading edge effect or the entrance effect. This effect occurs when flow 

passes from a flow accelerated corrosion resistant material to a non-resistant (susceptible) 

material, which causes a local increase in the corrosion rate. This effect is normally manifested 

by a groove up or downstream of the attachment weld between the corroding and the resistant 

material. In one, relatively recent example significant wear was detected in an expander. 

Flow accelerated corrosion was considered to be a problem mainly in two phase flow systems. 

A first case of single phase flow accelerated corrosion induced pipe failure was reported in 1985 when 

Trojan NPP experienced catastrophic failure of a DN350 heater drain pump discharge pipe made of SA-

106 Grade B carbon steel. The failure caused the release of a steam-water mixture of approximately 

180°C into the turbine building. In addition to the fire suppression system actuation by heat sensors in 

the turbine building and damaged secondary plant equipment, one member of the operating staff 

received first and second degree burns on 50% of his body from the high temperature fluid. A second 
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case of single-phase flow accelerated corrosion induced pipe failure was reported in 1986 when a 

DN450 suction line to the main feedwater pump at Surry-2 failed in a catastrophic manner. The line 

temperature at this location was approximately 185°C, with a pressure of approximately 2.6 MPa. 

These two events are of historical significance. They demonstrated that significant flow 

accelerated corrosion induced pipe wall thinning can occur not only in wet steam lines (two phase flow 

conditions) but also under single phase flow conditions. From a flow accelerated corrosion management 

perspective, the two events raised questions about the effectiveness of the then existing (mid 1980’s) 

non-destructive examination programmes to monitor piping integrity for wall thinning and prevention 

of pipe failure. 

2.9 FLOW INDUCED VIBRATION AND FRETTING WEAR 

Flow induced vibration may lead to fatigue and loss of material due to fretting (or abrasive 

wear) [46, 47]. Flow induced vibration is the most important degradation mechanism affecting steam 

generator tubes and heat exchanger tubes. Piping systems are also affected by flow induced vibration, 

especially locations where there is inadequate supports or insufficient clearance (or gaps) between 

piping and adjacent components or structures. Examples of such material loss include: (a) interaction 

between reflective metal insulation end caps and piping (Figure 12), and (b) interaction between grating 

steel bars and piping. The latter form of interaction has resulted in significant pipe failures. 

 

FIG. 12. Pressurizer (PZR) spray line wear caused by flow induced vibration (reproduced from [48]). 

2.10 STRESS CORROSION CRACKING 

Stress corrosion cracking or environmentally assisted cracking is mainly observed in the weld 

deposit and heat affected zone and it is considered that it occurs due to synergistic effect of three factors 

of material, stress and environments. SCC may occur when a susceptible material is subjected to stress 

in a corrosive environment. One example of a scenario that might lead to SCC is one in which a 

weldment is sensitized due to high heat input, subjected to high local stresses such as welding residual 

stresses, and the weldment is subjected to a corrosive environment. Without mitigation, there are four 

types of SCC mechanisms that are acting on WCR piping: 



 

22 

⎯ Intergranular SCC of stainless steel; 

⎯ Primary water SCC, intergranular SCC that occurs during exposure of nickel-base alloys to 

high temperature PWR primary water; 

⎯ Transgranular SCC, including external chloride induced SCC of stainless steel;  

⎯ Strain induced corrosion cracking of high strength carbon steel. 

2.10.1 Intergranular stress corrosion cracking 

The intergranular SCC of stainless steels is time dependent type of material degradation 

phenomenon. Its morphology is associated with the temperature/time fabrication conditions that gave 

rise to thermal sensitization and the formation of chromium carbide precipitation (e.g. M23C6) and 

chromium depletion at the grain boundary. The reduction in chromium concentration adjacent to the 

grain boundary gives rise to a reduction in passivity and makes the material susceptible to intergranular 

SCC. The cracks originate from the water side of the pressure boundary. It is the BWR aqueous 

environment which is responsible for the corrosion factor in the cracking is illustrated in Fig. 13. 

 

FIG. 13. Intergranular SCC in weld heat affected zone (reproduced from [49]) 

Subsequent to the introduction of low carbon and stabilized grades of stainless steel, 

intergranular SCC has occurred in these materials that were clearly not in a sensitized condition. It has 

been shown that their susceptibility to intergranular SCC is due to cold work induced during fabrication. 

In many cases the initial cracking was found to be initially transgranular then changing to an 

intergranular cracking mode. The initial transgranular cracking is often associated with a surface layer 

of cold work induced by grinding.  

2.10.2 Primary water stress corrosion cracking 

The intergranular SCC of Ni base alloys is a time dependent type of material degradation 

phenomenon. Nickel base alloys, particularly alloy 600, and weld metals 82, 132 and 182, have proved 
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to be generically susceptible to intergranular SCC in normal specification PWR primary water systems. 

This is, commonly referred to as primary water SCC. The operational experience shows that the 

fabrication induced residual stresses have a large influence on primary water SCC in Alloy 600 weld 

metal. Examples of components affected include RCS hot leg (Fig. 14), cold leg, drain, and reactor 

coolant pump nozzle-to-safe end dissimilar metal welds. 

 

FIG. 14. V.C. Summer NPP RCS hot leg to reactor pressure vessel dissimilar metal weld cracking. 

Primary water SCC in the weld metal grows along the grain boundaries of columnar crystal 

dendrite packets. Initiation in the weld metal is often thought to be the result of typical and non-typical 

fabrication processes leading to locally high residual stresses, or surface stresses from, for example, 

grinding. To date it has been found that the susceptibility to SCC of nickel-base alloy weld metal is 

higher than that of the base metal. intergranular SCC of nickel-base alloys in BWRs is believed to be 

attributed to chromium depletion at grain boundaries, similar to intergranular SCC in thermally 

sensitized stainless steels. 

Alloy 600 (or InconelTM 600), a nickel-base metal, was developed in the 1950s for use as a 

construction material for NPPs. The material was qualified for use in NPPs because of its perceived 

resistance to SCC; it was viewed as an alternative to Type 304 or Type 316 austenitic stainless steels. 

An early (possibly the earliest) recorded instance of SCC of Alloy 600 material is that of the failed 

inspection tubes in the Swedish Ågesta Reactor4 in September 1964. 

Alloy 690, which has higher chromium content than Alloy 600, was developed in 1960s and 

has been widely used since the 1980s to replace Alloy 600 components in PWRs, beginning with thin 

walled steam generator tubes, and eventually including thick-section nozzle penetrations in reactor 

pressure vessel heads. This choice was made following numerous laboratory studies which confirmed 

the resistance to SCC in reactor coolant primary water for this alloy [50]. Alloys 52 and 152 are the 

higher Cr content nickel-base weld metals that are used for joining Alloy 690 components, and which 

are also used for weld overlays to mitigate the SCC susceptibility of Alloy 82 and 182 welds. To date, 

there are no known cases of in-service primary water SCC of Alloys 690, 52, and 152. 

 
4 A combined district heating and power reactor sited below ground near Stockholm, Sweden. The reactor was permanently 

shutdown in 1974. 
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2.10.3 Transgranular stress corrosion cracking 

The earliest indications of cracking in unirradiated austenitic stainless steels occurred in the late 

1960s in components where the temperature was <100°C and this was observed during storage and 

fabrication, and operation. The degradation mode was transgranular SCC on the outside surface of the 

pipe, as shown in Fig. 15. Transgranular SCC of austenitic stainless steels is mainly caused by chloride 

contamination, although other halide anions, such as fluorides, can as well induce it. The problem 

initiates on the outside surfaces of austenitic stainless steel components, mainly owing to a lack of 

adequate cleanliness. Wetting due to condensation or nearby water leaks can form an aqueous 

environment leading to transgranular SCC accompanied by pitting or crevice corrosion. Implementation 

of known procedures that ensure adequate surface cleanliness at all stages of construction and operation 

of NPPs is a continuing necessity and requires adequate management. 

Chloride induced transgranular SCC can take place in internal surfaces, generally in dead legs 

and stagnant regions due to the high probability of the simultaneous presence of chloride contamination 

and oxygen. The canopy seals that ensure the pressure boundary of threaded connections in the PWR 

control rod drive housings located in the reactor pressure vessel head is the location that has been rather 

frequently affected by transgranular SCC. Leaks from the canopy seals have caused serious boric acid 

corrosion of the upper head low alloy steel. 

 

FIG. 15. Transgranular SCC in the base metal of a pipe section (adopted from [51]). 

Transgranular SCC has also occurred from inner surfaces, mainly in pipe sections containing 

stagnant two phase coolant, where evaporation and concentration of chlorides can occur. Wetting due 

to condensation or nearby water leaks creates an aqueous environment leading to transgranular SCC, 

usually accompanied by pitting or crevice corrosion. The stress required for chloride induced 

transgranular SCC is relatively modest with its threshold close to the proportional yield strength of 

solution annealed austenitic stainless steels. Implementation of the known adequate procedures to 

ensure appropriate surface cleanliness at all stages of construction and operation of NPPs is a continuing 

necessity that requires careful management attention. 
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The external chloride induced SCC is transgranular SCC initiated on the outside surface of a 

component due to the presence of chloride in sea salt, coatings, etc. attached to the material surfaces 

and by perspiration. For external chloride induced SCC to take place several factors are usually present: 

high carbon content, tensile stress, moisture, heat, an aggressive chemical environment (e.g. chlorides 

or fluorides), and sensitized metal. Heat treatment or welding sensitizes the metal by depleting the 

chromium in the grains and forming chromium compounds at the grain boundaries. 

2.10.4 Strain induced corrosion cracking 

Strain induced corrosion cracking is used to refer to those corrosion situations in which the 

presence of localised dynamic straining is essential for crack formation to occur, but in which cyclic 

loading is either absent or restricted to a very low number of infrequent events. Strain induced corrosion 

cracking has been observed in pressurized components in German NPPs made of higher-strength ferritic 

carbon steel. This kind of degradation has caused circumferential cracking in feedwater nozzle regions 

and at welds and axial cracking in pipe bends but also in straight sections of thin walled piping in 

German BWRs. The use of fine grained steels such as WB35 and WB36 allowed the use of thinner 

walled piping without stress relief treatment of welds [52]. The features that aggravated the cracking 

susceptibility in these incidents, based on [53, 54], are as follows: 

⎯ Dynamic straining associated with, for instance, reactor start-up or thermal stratification during 

low feedwater flow or hot standby conditions are leading to a wide range of applied strain rates 

expecting to increase the crack propagation rate; 

⎯ High local stress at or above the high temperature yield stress in so influencing a lack of plastic 

constraint at the incipient crack tip; accordingly an anomalous increase in crack propagation 

rate occurs due to an effective increase in crack tip strain rate. In the failure analyses, such high 

local stresses were attributed to weld defects (e.g. misalignment of weld edges), piping fit-up 

stresses and, in some cases inadequate pipe support at elbows. The combination of this high 

stress adjacent to the weld and the high applied strain rate led to a distribution of multiple cracks 

around the circumference of the pipe that was no longer confined by the asymmetric azimuthal 

distribution of weld residual stresses;  

⎯ Oxidizing conditions, in combination with intermediate temperatures and potential anionic 

impurities may influence coolant conductivity and its pH within a crack. This combination of 

environmental factors was further intensified when during the reactor shut-down stagnant water 

was sometimes left exposed to air in horizontal portions of piping; pitting and general corrosion 

occurred under these low temperature conditions, where pits were observed to act as crack 

initiators during subsequent operating cycles. 

2.11 HYDRAULIC PRESSURE TRANSIENTS 

A water hammer is a phenomenon occurring in any piping system with valves used to control 

the fluid (or steam) flow; it occurs from starting and stopping of pumps, from the opening and closing 

of valves, from changes in flow direction or from water column separation and collapse [55−61]. It is a 

result of a pressure surge (high shockwave) that propagates through a piping system because fluid in 

motion is forced to change its direction or abruptly is forced to stop moving. This abrupt change in fluid 

momentum makes a shock wave to travel back and forth between the cause that created it and a 

resistance point in the system such as a restriction orifice, a valve downstream or a number of elbows 

in between. If the intensity of a shock wave is high, physical damage to the system can be expected.   
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Ideally, piping system is designed to absorb pressure transients or to attenuate them. Although the water 

hammer experience is extensive, relatively few water hammer events have resulted in catastrophic pipe 

failures. 

2.12 HYDROGEN COMBUSTION IN PIPING 

Hydrogen is used in WCR plants for primary water chemistry control and as coolant for electric 

generators. It is stored as high pressure gas in vessels and is supplied to the various systems in the 

auxiliary building, reactor building and turbine building through small diameter piping. Leaks or breaks 

in the piping can result in the accumulation of combustible or explosive mixture of air and hydrogen 

within a building structure. A hydrogen-oxygen gas mixture is called radiolysis gas if it is generated by 

dissociation of water under the influence of gamma and neutron radiation. Radiolysis gas can appear 

for example in safety relevant piping of NPPs. A summary of observed hydrogen ignition mechanisms 

is well described in [62]. 

In BWR plants the radiolysis gas is entrained in the main steam flowing to the condenser; there, 

it is exhausted and recombined to become water again. However, the radiolysis gas entrained in the 

steam flow, also reaches into plant components that are connected to the primary system. Under certain 

favorable conditions, the radiolysis gas can accumulate in areas of stagnant flow strongly favored by 

steam condensation or by evaporation due to a pressure drop. As the accumulated radiolysis gas is 

present at an ideal stoichiometric ratio, an accumulation of radiolysis gas may result in detonation. This 

presupposes that there is an ignition mechanism such as a pressure surge or heat up upon valve 

operation. 

Radiolysis gas also forms in the PWR core. Hydrogen is added to its primary coolant to 

optimize the water chemistry which increases bonding of oxygen resulting in practically no radiolysis 

gas present at an ideal stoichiometric ratio. Hydrogen is then released again together with other gases 

into coolant storage tanks. In order to avoid formation of explosive hydrogen/oxygen mixtures in these 

vessels, the vessel atmosphere is continuously purged with nitrogen. A unique aspect of VVER NPPs 

is the use of ammonia in the primary water, which decomposes in the reactor radiation field to form 

hydrogen and nitrogen. 

2.13 HYDROGEN EMBRITTLEMENT 

Hydrogen embrittlement or hydrogen assisted cracking involve the ingress of hydrogen into a 

component, an event that can seriously reduce the ductility and load-bearing capacity, cause cracking 

and catastrophic brittle failures at stresses below the yield stress of susceptible materials. Hydrogen 

embrittlement occurs in a number of forms, but the common features are an applied tensile stress and 

hydrogen dissolved in the metal. This form of material degradation has resulted in a break-before-leak 

type of pipe failure. Metallurgical analyses of failed components have found transgranular cleavage on 

the fracture surface, high hardness values in the region exposed to the process fluid, and a hydrogen 

rich environment, which are all consistent with hydrogen embrittlement. 

2.14 THERMAL AGEING EMBRITTLEMENT 

Cast austenitic stainless steels are used to produce pipe elbows for use in RCSs of WCRs. The 

cast components can suffer a loss in fracture toughness due to thermal ageing embrittlement after many 

years of service at temperatures in the range of 280°C−320°C. Thermal ageing of cast stainless steels 
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at these temperatures causes an increase in hardness and tensile strength and a decrease in ductility, 

impact strength, and fracture toughness of the material. There are no known failures (as in through wall 

leaks) that are attributed to thermal ageing embrittlement, however. 

The magnitude of the reduction of fracture toughness depends on the type of casting method, 

the material chemistry, and the duration of exposure at operating temperatures conducive to the 

embrittlement process [63−65]. Static castings are known to be more susceptible than centrifugal 

castings, high molybdenum content castings are more susceptible than low molybdenum content 

castings, high delta ferrite castings are more susceptible than low delta ferrite castings, and higher 

operating temperatures increase the embrittlement rate compared to the rate at lower operating 

temperatures (285°C). The extensive amount of fracture toughness data available for thermally aged 

cast austenitic stainless steels materials enables delta ferrite, molybdenum content, casting type, and 

service temperature history to be used as the bases for screening and evaluating components for 

operation beyond 40 years. 

 

3. PIPING RELIABILITY ANALYSIS FRAMEWORK 

3.1 OVERVIEW 

This Section presents a framework on how to organize a piping reliability analysis task. The 

framework has evolved over a period of multiple decades and it has benefitted from technical insights 

gained from practical applications performed in different contexts and by different analysts. The 

framework consists of seven steps (or activities) as shown in Fig. 16. An objective of the analysis 

framework is to promote consistency in how an analysis is organized, executed, and documented. The 

seven steps are as follows: 

1. Define the evaluation boundary. An evaluation boundary defines the piping system and its 

components (e.g. bends or elbows, pipes, tees, welds) for which reliability parameters are to be 

derived. This step is explained in Section 4. 

2. Identify the potential and observed degradation mechanisms. Degradation mechanism 

assessment is a formal, systematic process for identifying the possible degradation mechanisms 

and it is based on many decades of accumulated knowledge about the conjoint requirements for 

pipe degradations. This step is explained in more detail in Section 5. 

3. Extract and screen the OPEX data that corresponds to the evaluation boundary. Data driven 

models (DDM) of piping reliability rely on real-life observations of pipe degradation and failure 

over time. The pipe failure OPEX data to be extracted from a pipe failure database correspond 

to the evaluation boundary for which the reliability parameters are to be determined. However, 

regardless of selected quantification scheme the analyst is expected to examine the existing, 

relevant advanced WCR/WCR OPEX to determine if there is basis for reconciling model output 

with real data. Annex III provides supporting information with reference to possible sources of 

pipe failure and piping reliability data. Step 3 of the analysis framework is explained in more 

detail in Section 6. 

4. Select the strategy for performing an analysis. Based on a specific evaluation boundary, in this 

step the calculation case(s) and the specific reliability metrics are defined. Supporting 

engineering calculations are identified for the purpose of calculation case definition such as 
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specific pipe failure modes to be considered and with reference to potential spatial impacts as 

characterized by a zone-of-influence. Examples of engineering calculations include transient 

thermal-hydraulic analysis and simulation. Leak rate calculations are done on the basis of 

equivalent break size (EBS), crack opening displacement or crack opening area; [63, 64]. 

Section 7 includes a discussion on methodology selection criteria that are based on insights 

from practical applications as well as insights obtained from benchmark studies. The inter- and 

intra-comparison of the benchmark results as described in [24] provided information on 

strengths and limitations of different methodologies when applied to a common evaluation 

boundary. 

 

FIG. 16. Framework for performing piping reliability analysis. 

 

5. Perform the analysis by applying one or more methods and methods implementations; i.e. 

different data-driven methodology, Probabilistic Fracture Mechanics (PFM) methodology and 

physics based approach (I-PPoF). This step is explained in further detail in Section 7. 

⎯ Define input parameters; 

⎯ Document assumptions; 

⎯ Determine the types of sensitivity analyses to performed; 

⎯ Perform an integrated uncertainty analysis and validate the model output. 
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6. Synthesize the insights and results. Certain follow up (or sensitivity) studies may have to be 

performed once a base case set of probabilistic failure metrics has been obtained. Sections 8 

and 9 provide relevant information with respect to results validation and interpretation. 

7. Document the analysis. The documentation consists of assumptions, input parameters, model 

outputs, and results interpretation. End user requirements on an analysis affect how the results 

are processed and documented. This step is explained in further detail in Section 10. 

3.2 NOMENCLATURE 

A central aspect of the analysis framework is the importance of using a consistent terminology. 

Especially with respect to a) the definition of what constitutes a pipe failure, b) the minimum 

requirements to be placed on a state-of-the-art piping reliability model, c) differentiation between pipe 

failure rate, pipe failure frequency and pipe failure probability, and d) the different structural integrity 

management processes and how these could or to be addressed analytically. 

3.2.1 Pipe failure mode definitions 

In applying and comparing the results obtained from different piping reliability models the 

definition of what constitutes a failure becomes important. It is noted that ambiguity exists in the use of 

pipe failure mode terminology. Fundamentally, the term failure implies that the integrity of a pressure 

boundary is compromised. The manner in which pipe material degrades and the consequence of a 

degraded condition influences how structural reliability is modeled. 

The term pipe failure refers to a degraded pressure boundary. It can be a rejectable flaw or 

structural failure. The rejectable flaw does not meet the requirements of applicable national codes and 

standards. The structural failure directly impacts the NPP operation (e.g. safety system actuation with 

reactor trip), with potentially significant dynamic impacts on adjacent NPP structures, systems or 

components. The input parameters to analysis are the flaw location within a piping system, its size and 

orientation. When classifying OPEX data, the following terminology is used: 

⎯ Rejectable defect or flaw requiring repair or replacement: 

o Weld repair to provide a leak barrier 

o Code repair that involves radiography or ultrasonic examination to verify the integrity 

of a weld repair 

o Full structural weld overlay as means for arresting future crack growth 

o Replacement in-kind using same material and configuration 

o Replacement using new material 

o Replacement including re-routing using same material to alleviate pipe stress risers and 

minimize fatigue vulnerability. 

o Replacement including re-routing using new material to eliminate or minimize pipe 

stress risers and minimize fatigue vulnerability. 

⎯ Through-wall flaw, inactive leakage; detected during visual inspection. 

⎯ Through-wall flaw, active leakage; detected by leak monitoring system or during periodic 

walkdown inspection. 

The international and national codes and standards include details on pipe failure mode 

determination and the methodology to be applied when assessing the fitness for continued operation 

given a degraded piping pressure boundary. Crack growth is characterized as either subcritical/stable 
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crack growth or critical/unstable crack growth. A subcritical crack is a crack whose stress intensity 

factor is below the critical value. Typically, it is assumed fatigue cracks and stress corrosion cracks are 

related to the stress intensity factor, K, unless under extreme loading scenarios such as water hammer 

or beyond design basis accidents where large plastic deformation occurs. The stress intensity factor is 

used in fracture mechanics to predict the stress intensity near the tip of a crack caused by a remote load 

or residual stresses. If the energy available for an incremental extension of a rapidly propagating crack 

falls below the material resistance, the crack arrests. 

In PFM a leak is a wall-penetrating defect which is stable. A wall-penetrating defect which fails 

due to the applied loads is considered as a rupture with unstable crack growth rate 

In PSA the definition of the consequence of a pipe failure is very important, however questions 

like “what is the frequency of a pipe leak” or “what is the frequency of pipe rupture” are not meaningful. 

In probabilistic terms, the definition of a failure versus its consequences, affects the modeling approach 

as well as modeling of uncertainty. The consequence of a pipe failure can be characterized in terms of 

through-wall mass or volumetric flow rate, kg/s and m3/s, respectively. The size of a through-wall pipe 

flaw is also used and expressed in terms of an EBS or crack opening area. The EBS is calculated based 

on the engineering analyses that rely on fluid dynamics; in other words, considerations of the 

consequence of a potential pipe failure that determines how it is modeled and how the uncertainties are 

characterized, with an example shown in Fig. 17 developed based on information provided in [24]. 

 
FIG. 17. Frequency of pipe failure as a function of through-wall flow rate. 

Pipe failure frequencies are calculated for different initial flaw sizes, consequential through-

wall flow rates and accounting for the effectiveness of ISI through different assumptions about the 

probability of detecting a pre-existing flaw. As indicated in the figure, the OPEX data (i.e. number of 

https://en.wikipedia.org/wiki/Fracture_mechanics
https://en.wikipedia.org/wiki/Structural_load
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observed failures) that underlie the smaller consequences (<10 kg/s through wall flow rate) tends to be 

more robust than for the major, energetic structural failure event that produces through-wall flow rates 

greater than 100 kg/s. 

The crack opening area is a key element in fracture mechanics assessments [66, 67]. Estimates 

of the crack opening area for a postulated through-wall cracking can vary widely depending on how the 

crack is idealized, which crack opening model is used and what material properties are assumed. A wide 

range of published solutions is available for idealized notch-like cracks in simple geometry subject to 

basic loading (pressure, membrane and bending). Their accuracy varies with geometry (e.g. pipe 

diameter and pipe wall thickness), crack size, type of load and magnitude of load. 

3.2.2 Treatment of uncertainties 

The integrated consideration of uncertainty is a necessary element of any piping reliability 

analysis, irrespective of chosen methodology. The event sequence diagram in Fig. 18 is a simplified 

representation of the piping integrity risk triplet. It addresses what can go wrong, how likely it is to 

happen, and what are the consequences of a structural failure. Each element in the risk triplet is 

represented by a probability density function [68]. Or multiple probability density functions, depending 

on the desired or required level of granularity of an analysis. 

 

FIG. 18. Structural integrity risk triplet. 

Piping reliability analysis estimates the frequency of failure and conditional probability of 

failure. Depending on the objective of an analysis the term failure has different definitions, oftentimes 

colloquially referred to as breach, break, leakage or rupture. As previously indicated, in the context of 

structural integrity analysis and PSA applications any of these terms are meaningless unless further 

qualifications are provided. Of essence is the estimation of the frequency of a degraded structural 

integrity state as a function of its consequence in terms of the observed mass or volumetric through-

wall flow rates. From codes-and standards and regulatory perspectives, below are some examples of 

pipe failure consequences and their effect on decision making: 
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⎯ A through-wall leak originates from a crack or material loss that goes all the way through the 

pipe wall. If it is in safety related pipe the through wall leak need to be repaired and within 

specific time limits and according codes and standards. 

⎯ If the through-wall leak is in the primary coolant system and the coolant loss exceeds the 

detection limit of about 510-3 kg/s a stepwise approach with action levels are to be 

implemented by the plant. The plant-specific technical specifications include details on the leak 

detection limits. 

⎯ If the through-wall leak is in a moderate-energy piping system, the applicable codes-and-

standards may include options for a applying a temporary repair. 

A common practice in presenting the analysis results is as a frequency (y axis) versus 

consequence (x axis); e.g. through wall leak rate or EBS. A higher frequency is normally associated 

with smaller size piping or smaller EBS, and less uncertainty. There is not a universally accepted 

presentation format, however. Numerous studies have been performed to investigate the relationship(s) 

between pipe diameter and the calculated frequency of pipe failure. Advanced PFM methods, 

probabilistic physics of failure methods and/or statistical models could be applied to obtain insights into 

this matter. 

3.2.3 Structural integrity management 

The structural integrity of piping components and systems is monitored and managed through 

mandated and voluntary RIM programmes. The mandated programmes reflect good engineering 

practices, OPEX insights, and material science and structural reliability advancements, and national 

codes and standards. The voluntary or owner defined RIM programmes augment the mandated (or 

codified) programmes to account for plant-specific operating conditions and unique piping design 

features. Examples of RIM activities are: 

⎯ Scheduled, periodic visual inspections and walk-down inspections; 

⎯ Means for detecting and locating pressure boundary leakage; e.g. flow monitoring, mass 

balance calculation, heat sensors, visual inspection; 

⎯ Fatigue monitoring; e.g. vibratory fatigue and thermal fatigue loads; 

⎯ Monitoring of material degradation such as pipe wall thinning caused by flow accelerated 

corrosion, erosion-cavitation, erosion-corrosion, microbiologically influenced corrosion; 

⎯ Non-destructive examination using different technologies including eddy current, radiography, 

and ultrasound; 

⎯ Non-destructive examination qualification; personnel and technology; 

⎯ Water chemistry control; including primary and secondary-side water, cooling water; 

⎯ Pipe stress improvement using different technologies including full structural weld overlays, 

induction heat stress improvement, mechanical stress improvement process. 

The effects of RIM on structural integrity is always accounted for in piping reliability analysis; 

either explicitly or implicitly. Some RIM processes are implemented to detect flaws in piping before an 

active degradation mechanism produces a leak. Other RIM processes are implemented to mitigate or 

prevent future material degradation. 
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3.3 MEANING OF LEAK AND FAILURE 

The investigation of pipe failure rates involves assessing the occurrence of failures. That is 

significant and measurable losses of structural integrity associated with defects, and with adverse effects 

to the safety and reliability of an NPP. The perceived and intended meanings of pipe failure definitions 

are addressed in more detail in this report section. Most prominent failures in piping systems are 

differentiated as leaks or ruptures. Oftentimes the exact meaning of these terms is not discussed further. 

However, these terms appear in different contexts and are therefore not interchangeable, which 

motivates a further examination of these commonly used terms. The four distinguishable fields in the 

following are: 1) the plant safety analysis, as done in PSA and thermal hydraulic simulations, 2) the 

structural mechanics analysis, 3) leak-before-break assessment, and 4) the actual plant operation 

together with the operational experience. 

It is easier to start the discussion with the rupture. A double ended guillotine break has a very 

clear definition; it involves a complete separation of two pipe ends. This is a design assumption 

considered for the design capacity of the emerging core cooling system. A leak, in turn, is a reduced 

cross section, from thermal hydraulic perspective; it can be given as a fraction of the maximum, or 

directly as a cross section. Related to this is the specification of a leak by the expected leak rate (at 

operating conditions), which allows to quantify and compare the different leak sizes. This treatment is 

motivated by the fact that the reactor cooling system’s behavior in the case of a coolant loss rate is the 

object of interest. 

From the structural mechanics analysis perspective, failure is associated with a spontaneous 

structural degradation when the material strength cannot withstand the loads and stresses. Three types 

of failure are relevant for piping: 

⎯ Failure of an intact pipe; 

⎯ Failure of a pipe with a surface flaw; 

⎯ Failure of a pipe with a through-wall defect. 

Spontaneous failures of intact pipes are known to occur from overpressure or water hammer 

and take the form of extended axial bursts, but the mechanical aspects are entirely covered by design 

rules. More emphasis is on the analysis of defects in pipes for failure analysis, since highly reliable 

components show a safe behavior even in the presence of defects. Within all possible defects present in 

metallic piping, crack like defects are of special interest, since sharp tips of cracks lead to stress 

concentrations, and failure correspond to an uncontrolled rapid growth of a crack if the stress 

concentration exceeds the material strength. For surface flaws, this means that the flaw grows until a 

leak is formed, and the result is then a crack-like wall penetrating defect. If this assessment is repeated 

with a wall-penetrating defect, the result would be an instable growth of the flaw through the pipe, 

which is then associated with rupture. The practical endpoint of the instable growth is usually not 

investigated, since this relies also to the stresses and their relaxation in the material: It is possible that a 

double ended guillotine break is the result, but it would also qualify for a rupture if there remains a 

(small) connection between the pipe ends. The leak before break assessment is a procedure implemented 

in a number of standards as an additional safety demonstration [69, 70]. A central idea is that a small, 

local leak, which is not a threat to cooling the reactor, can be a precursor for a larger breach in the piping 

pressure boundary. Moreover, a small leak is potentially easier to detect than a surface flaw, since leak 

monitoring systems in a plant enable additional opportunities for the identification. Hence, a leak in the 
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leak-before-break context is assumed to have a leak rate in the order of the plant’s detection threshold, 

which is often assumed to be around 0.061 kg/s (or about 1 gpm). The rupture instead is something with 

a much larger leakage rate, where the stability of the local leak cannot be assumed any more. The 

adverse scenarios are that a local leak forms, its leak rate is too small to be detected until it becomes 

unstable, or if a surface flaw directly leads to a large rupture without an intermediate stable leak phase. 

The natural definition of leak is basically any loss of tightness, which might be due to damages 

of structures. Typical situations of leakage identification comprise increased sump rates, increased 

radioactivity, inventory loss, or boric acid deposits in case of PWRs. In contrast to the thermal-hydraulic 

approach and the leak-before-break assessment, the actual mass flow rate in actual leaks often can only 

be estimated roughly. A rupture, instead, would be associated with an event where the failure is 

immediately recognized, together with the consequences for the further operation (see Fig. 19). 

 

(a) Small leak                                                            (b) Rupture5 

FIG. 19. (a) Small leak versus (b) rupture. 

In summary, the terms failure, leak and rupture are commonly used in different relevant 

backgrounds, with slightly different implications. While the thermal-hydraulic plant analysis and the 

leak-before-break assessment have the associated mass flow rate in the focus, the topological changes 

of flaws are central for the structural mechanics point of view. The definition by the event consequences 

is common to the operational standpoint and the probabilistic safety analysis. Although the definitions 

are not identical and the characteristics and differentiations vary, it is justifiable to use the simplified 

terminology within this report. 

3.4 PRACTICAL ANALYSIS INSIGHTS 

Piping reliability analysis can be computationally intense. As an example, in order to derive 

input to a PSA model, numerous calculation cases are defined to adequately cover the full range of 

different evaluation boundaries, degradation mechanisms, and consequences of a pipe failure. Similarly, 

to address the uncertainty of the failure probability, large amount of sensitivity studies and uncertainties 

analyses have to be performed. These are most computationally intense. Each calculation case is defined 

in terms of the desired model output. For example, pipe failure frequency versus consequence of a 

 
5 Image artistically modified from NEA report: NEA/CSNI/R(2003)13:  
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=NEA/CSNI/R(2003)13&docLanguage=En  

https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=NEA/CSNI/R(2003)13&docLanguage=En
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certain magnitude usually characterized in terms of the size of a pressure boundary breach or the 

through-wall mass or volumetric flow rate. In the early PSA studies the different types of LOCA 

initiating events were given as small, medium and large LOCA; e.g., 9.5 mm < small LOCA ≤ 35.5 mm 

EBS (i.e. diameter of circular hole), and 35.5 < medium LOCA ≤ 115 mm EBS. In support of a relatively 

recent WCR LOCA initiating event frequency estimation project as many as 50 unique calculation cases 

had to be defined, for which up to 500 pipe failure reliability parameter distributions were generated to 

fully address the “structural integrity risk triplet [71]. 

4. EVALUATION BOUNDARY 

4.1 DEFINITIONS 

An evaluation boundary defines the piping system and its components (e.g. bends or elbows, 

pipes, tees, welds) for which reliability parameters are to be derived. The evaluation boundary definition 

is a first formal analysis activity of any piping reliability analysis task. The output from this task is 

necessary for specifying the analysis requirements (i.e. the input data and supporting engineering 

analyses) and the associated calculation cases. 

4.2 INFORMATION SOURCES 

Examples of required evaluation boundary information sources include process flow diagrams 

or piping and instrumentation diagrams6, ASME Section XI (or equivalent) ISI programme plans, flow 

accelerated corrosion monitoring programme plans, general arrangement (or layout) drawings7, and 

isometric drawings. There are three types of isometric drawings: 1) fabrication isometrics, 2) ISI 

isometrics, and 3) stress analysis isometrics. A fabrication isometric drawing consists of three sections. 

A main graphic section which is three dimensional representation of a pipeline route within a building 

structure, and it includes the following information: 

⎯ Pipeline number; usually an alfa-numeric designator that includes a system identifier and the 

nominal pipe size; 

⎯ Process flow direction; 

⎯ Pipe support locations; 

⎯ Piping component locations (e.g., bends, elbows, tees, branch connections);  

⎯ Weld locations; the weld identifiers include reference to field weld and shop weld. 

A title bar at the bottom of a drawing includes pipe line details such as line number, line size, 

insulation, operating and design pressure and temperatures, and pressure testing method. A section on 

the left or right side of the drawing consists of a bill-of-material (or parts list) section for the portion of 

a line shown in isometric graphic. It includes the following information: 

⎯ Component description e.g. long-radius elbow, 45-degree elbow, butt weld, etc; 

 
6 A piping and instrumentation diagram is a detailed diagram which shows the piping, tanks, and vessels in the process flow, 

together with the instrumentation and control devices (e.g. check valves, flow control valves, isolation valves, and pressure 

relief valves). 
7 An arrangement drawing shows the layout of a piping system and the connections to other SSCs such as pumps, tanks, valves. 
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⎯ Component material and designation8; e.g. carbon steel type ASTM A-106 Gr. B, stainless steel 

1.4436; 

⎯ Nominal size; pipe diameter and wall thickness; 

⎯ Welding process specification; 

⎯ Method of fabrication; e.g. welding technique, post-weld heat treatment, and 

⎯ Number of pipe spools (or pipe sections). 

An ISI isometric drawing (Fig. 20) is a simplified version of a fabrication drawing. It includes line 

number(s) and the volumetric examination locations by weld identification numbers, weld details and pipe 

restraint locations as defined in an ISI programme plan. 

 
FIG. 20. Typical ISI isometric (adopted from widely published isomeric piping drawings). 

 
8 A corresponding material specification sheet provides the chemical and mechanical properties. 
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FIG. 21. Typical fabrication isometric (adopted from widely published isomeric piping drawings). 

The ISI isometric drawings sometimes are referred to as ISI programme plan zone drawings. A stress 

analysis isometric drawing is similar to a fabrication isometric drawing (Fig. 21), but it includes 

additional information relating to pipe support locations and how the supports respond to excessive or 

unusual piping displacements and loads. Included on a stress analysis isometric are the node numbers 

for which stress analyses have been performed. A piping layout drawing, or general arrangement 

drawing (Fig. 22) shows all major equipment, it is north/south and east/west orientation, and all piping 

leading to and from equipment are developed by piping designers. All main piping items (pumps, 

valves, fittings, etc.), instrumentation, access ladders, and platforms are shown. The layout drawing 

usually shows a plan (top) view with elevations (side) and sectional drawings with piping dimensions 

and details including line numbers, size, specification, the direction of flow, etc. to help the piping 

designers to extract all necessary information for isometric or fabrication drawing preparation. 
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FIG. 22. An example of a piping layout drawing. 

4.3 IN-SERVICE INSPECTION PROGRAMMES 

The ISI programme plans document the inspection schedules and identify the components to 

be inspected, and how. An important part of the plans are the equipment drawings and isometric 

drawings. These drawings give the identification numbers and locations of welds, supports and other 

items that require periodic examination. Examples of other items include locations that have been 

known to be susceptible to a specific degradation mechanism such as thermal fatigue. A typical ISI 

programme plan includes safety class 1, 2 and 3 components. The information contained in these 

programme plans give the input to pipe failure rate exposure term determination, including a basis for 

assessing the plant-to-plant variability in weld populations. 
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4.4 FLOW ACCELERATED CORROSION PROGRAMME PLANS 

Flow-accelerated corrosion is known to affect carbon steel and low alloy steel piping 

components that operate in single-phase and two-phase flow conditions, with operating temperature 

over 100°C, and low levels of dissolved oxygen. Predictive methodologies have been developed to 

determine flow accelerated corrosion wear rates (i.e. material loss) and to determine remaining service 

life for each component included in an inspection programme. A typical flow accelerated corrosion 

programme plan includes a flow accelerated corrosion database which gives details of the locations 

within a piping system that are susceptible to pipe wall loss caused by the chemical dissolution of the 

normally protective oxide layer formed on the surfaces of carbon and low alloy steel piping. Examples 

of piping system details in a flow accelerated corrosion database include: 

⎯ System name; 

⎯ Pipe line inside diameter and description (e.g. feedwater pump warm-up line, low-pressure 

heater drain, high pressure heater vent); 

⎯ Nominal diameter and wall thickness; 

⎯ Material designation and chemical composition; 

⎯ Operating pressure & temperature; 

⎯ Component type (e.g. long-radius bend, 90° elbow, expander); 

⎯ Inspection data; e.g. date of first inspection, date of the most recent inspection; 

⎯ Operating hours; 

⎯ Flow at full-power operation; e.g. continuous, intermittent; 

⎯ Type of fluid; e.g. steam, water/steam, water. 

Querying a flow accelerated corrosion database yield summaries of the number of susceptible 

components organized by system, component type, diameter, wall thickness and material, etc. This 

information supports high energy line break analyses. A typical flow accelerated corrosion programme 

covers the following systems: 

⎯ Main Steam including high pressure turbine exhaust; 

⎯ High pressure extraction steam; 

⎯ Low pressure extraction steam; 

⎯ Condensate; 

⎯ Feedwater; 

⎯ Moisture separator drains and vents; 

⎯ Feedwater heater drains and vents; 

⎯ Feedwater pump bypass; 

⎯ Steam dump to condenser. 

The technical details of flow accelerated corrosion susceptible locations are documented in 

databases from which component population data can be obtained. For example, the number of 90° 

elbows in a given system and of a specific diameter, wall thickness and material composition. 

4.5 ORGANIZATION OF PIPING SYSTEM DESIGN INFORMATION 

The level of effort for defining an evaluation boundary is function of the scope of an analysis. 

The scope may be limited to a uniquely defined single location within a specific piping system pressure 
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boundary such as a high pressure safety injection branch connection on the cold leg of the RCS. When 

the scope of the analysis is to develop an initiating event frequency model for PSA the evaluation 

boundary definition involves a detailed isometric drawing review to identify all possible pipe break 

locations. All pipe break location is to be identified and evaluated for susceptibility to material 

degradation. Plants for which an approved risk-informed ISI programme plan has been implemented 

have additional relevant information sources that support the definition of an evaluation boundary. The 

risk-informed ISI programme documentation includes detailed weld lists organized by plant system, 

line inner diameters, diameter, weld type, material, and operating conditions. Also included are the 

results of a degradation mechanism analysis performed for each inspection location. The degradation 

mechanism analysis considers the local operating conditions including chemical additives, flow 

conditions, pressure and temperature, and potential for thermal stratification and water hammer. 

4.6 ADVANCED PIPING DESIGN AND ANALYSIS 

Advanced computer-aided design and computational fluid dynamics tools are used in the design 

of advanced WCRs. The former tool provides for interactive layout of piping in 3D computer models. 

The computer models allow for determining possible pipe-to-pipe interference, pipe-to grating 

interference, personnel access for routine visual inspection and non-destructive examination, equipment 

removal spaces, and construction access. Computer-aided design allows for automated generation of 

isometric drawings and bills of material for piping fabrication and installation. Many computer-aided 

design systems include interfaces with pipe stress analysis software systems and piping fabrication 

equipment such as numerically controlled pipe bending systems. 

Computational fluid dynamics tools are used extensively in the visualization and analysis of 

dynamic effects of high energy pipe breaks and simulation of water hammer phenomena and resulting 

pipe stresses. It is a predictive tool as well as a tool for analyzing how and why a pipe failure occurred 

[72, 73]. 

 

5. DEGRADATION MECHANISMS & FAILURE MODES 

5.1 MATERIAL DEGRADATION ASSESSMENT 

The synergistic effects of off-normal operating and environmental conditions, and unusual or 

extreme loading conditions influence a metallic piping degradation and failures. The triplet ‹material, 

environment, loading› represents the conjoint requirements for pipe degradation. Sometimes, subtle 

changes in any of physical parameters embedded in this triplet, such as but not limited to pH, corrosion 

potential, H2 content, temperature, flow rate, carbon content, or post weld heat treatment, can have a 

profound effect on the pipe degradation and its failure propensity. Therefore, piping reliability analysis 

is expected to reflect on basic understanding of the roles of, for example, metallurgy, water chemistry 

and pipe stresses in the achievement of high structural reliability. This principle is summarized in the 

scheme of conjoint factors defining material degradation, as shown in Fig. 23. 

Degradation mechanisms of material can be classified in groups. While the aim of this chapter 

is not to the physics of material degradation, it is instructive to consider a classification scheme as 

outlined in Fig. 24. 
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FIG. 23. Conjoint factors defining material degradation. 

 

FIG. 24. Degradation mechanism classification scheme. 

Step 2 of the piping reliability analysis framework is concerned with the identification of 

degradation mechanisms that have the potential to act on specific evaluation boundaries. Degradation 

mechanism assessment is a systematic process for identifying the possible degradation mechanisms and 

it is based on many decades of accumulated knowledge about the conjoint requirements for pipe 

degradations. A process on how to perform degradation mechanism analysis is outlined in the non-

mandatory Appendix R of ASME Section XI [74]. In the context of RIM, a degradation mechanism 

analysis considers the following conditions: 

⎯ Design characteristics, including material, pipe size and wall thickness, component type and 

other attributes related to the system configuration (e.g. routing, pipe supports); 

⎯ Fabrication practices, including welding and heat treatment; 

⎯ Operating conditions, including temperatures and pressures, fluid conditions (e.g., stagnant, 

laminar flow, turbulent flow), fluid quality (e.g., primary water, raw water, dry steam, chemical 

control), and service environment (e.g., humidity, radiation); 

⎯ Industry-wide service experience with the systems being evaluated; 
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⎯ Results of preservice, in-service, and augmented examinations, and the presence of prior repairs 

in the system; and 

⎯ Degradation mechanism analysis is performed by comparing design and operating conditions 

at various locations throughout the piping system to the attributes and criteria in Table 2. The 

design and operating conditions are obtained from various sources, including plant operating 

procedures, design transient analyses, service experience, piping arrangement drawings, piping 

and instrumentation drawings, and isometric drawings. The piping and instrumentation 

drawings are used to identify the general layout of the piping system, while the arrangement 

drawings and isometrics identify the piping spatial configuration and weld locations. Generally, 

the degradation mechanism analysis is performed at each weld location in a pipe system. 

TABLE 2. SUMMARY OF FIRST IN-KIND MATERIAL DEGRADATION DISCOVERIES  

Material degradation 

mechanism 

Time period when first discovered in service 

Notes / References 1965

-69 

1970

-74 

1975

-79 

1980

-84 

1985-

89 

1990

-94 

1995

-99 

C
o

rr
o

si
o

n
 M

ec
h

an
is

m
s 

Corrosion – 

General 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

Widespread in NPPs 

but subjected to 

monitoring 

programmes. 

Susceptible systems 

include raw water 

piping systems and 

below ground / buried 

piping systems.  

Corrosion Under 

Insulation 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

A recognized problem 

for more than 60 years. 

The first corrosion 

under insulation -

related standard was 

issued in 1971; 

ASTM-C692. 

Corrosion – 

Crevice 
☐  ☒ ☐ ☐ ☐ ☐ 

Both forms of material 

degradation were 

identified after a few 

years after start of 

commercial operation 

Corrosion – 

Pitting 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Dealloying – 

Selective 

Leaching 

☐ ☐ ☐ ☐ ☒ ☐ ☐ 

Some plants use Al-

Bronze piping in raw 

water service. 

Selective leaching was 

identified at these 

plants in the mid-

1980s. 

Galvanic 

Corrosion 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

“Bi-metallic” 

corrosion has been 

recognized for 

hundreds of years. 

Some plants continue 

to experience this form 

of degradation where 

partial piping 

replacements are 

made. For example, 

welding of high alloy 

stainless steel to 

carbon steel flange 

without installing 

galvanic protection. 

Graphitic 

Corrosion 
☐ ☐ ☐ ☒ ☐ ☐ ☐ 

Beaver Valley Unit 1 

(PWR) experienced a 
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TABLE 2. SUMMARY OF FIRST IN-KIND MATERIAL DEGRADATION DISCOVERIES  

Material degradation 

mechanism 

Time period when first discovered in service 

Notes / References 1965

-69 

1970

-74 

1975

-79 

1980

-84 

1985-

89 

1990

-94 

1995

-99 
fire water system pipe 

break on 8-Sep-1982. 

The failure occurred in 

a section of below 

ground cast iron 

(ANSI 21.6) piping. 

Microbiologicall

y Influenced 

Corrosion 

☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Initial academic 

research about 

microbiologically 

influenced corrosion 

started in the 1930s. 

Many NPPs that were 

commissioned in the 

late 1960s experienced 

microbiologically 

influenced corrosion 

failures after a few 

years in commercial 

operation. 

F
lo

w
-A

ss
is

te
d

 

 D
eg

ra
d

at
io

n
 

Erosion ☐ ☒ ☐ ☐ ☐ ☐ ☐ Most if not all 

commercial WCRs 

have experienced the 

three forms of erosion 

mechanisms. Erosion 

and erosion-corrosion 

is a problem in carbon 

steel piping. Erosion-

cavitation can degrade 

carbon steel and 

stainless steel. 

Erosion-

Cavitation 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Erosion-

Corrosion 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Flow Accelerated 

Corrosion 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

Big Rock Point (BWR) 

experienced several 

extraction steam flow 

accelerated corrosion 

failures in the 1966 to 

1970 timeframe 

(ORNL/NSIC-202). 

Another early flow 

accelerated corrosion 

event was recorded in 

1971 when a DN100 

elbow in the HPCI 

system failed at 

Dresden-2 (BWR). 

Flow accelerated 

corrosion – 

Entrance Effect 

(Leading Edge 

Effect) 

☐ ☐ ☐ ☐ ☒ ☐ ☒ 
First reported in the 

1990s. 

Liquid Droplet 

Impingement 

Erosion 

☐ ☐ ☐ ☒ ☐ ☐ ☐ 

Salem Unit 2 (PWR) 

experienced a liquid 

droplet impingement 

erosion failure on 7-

July-1983. 

F
at

ig
u

e 

Corrosion 

Fatigue 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

First reported for La 

Crosse demonstration 

BWR in 1970; Proc. 

Investigation of 

Corrosion Failures In 

Nuclear Reactor 
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TABLE 2. SUMMARY OF FIRST IN-KIND MATERIAL DEGRADATION DISCOVERIES  

Material degradation 

mechanism 

Time period when first discovered in service 

Notes / References 1965

-69 

1970

-74 

1975

-79 

1980

-84 

1985-

89 

1990

-94 

1995

-99 
Component, III Inter-

American Conference 

on Materials 

Technology August 

14-17, 1972. 

High Cycle 

Fatigue 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

A high cycle fatigue 

failure was reported 

on 23-Feb-1967 at the 

German plant KRB-I-

A (Gundremmingen-

A); a dual-cycle BWR 

Low Cycle 

Fatigue 
☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Robinson-2 (PWR) 

reported a low-cycle 

fatigue failure on 20-

Dec-1972 

Thermal 

Stratification, 

Cycling & 

Striping 

☒ ☐ ☐ ☐ ☐ ☐ ☐ 

The Ågesta heavy 

water reactor in 

Sweden experienced a 

thermal fatigue failure 

of a mixing tee in 

1966. The reactor was 

in operation between 

1964 and 1974. 

S
tr

es
s 

C
o

rr
o

si
o

n
 C

ra
ck

in
g

 

External chloride 

induced SCC 
☐ ☐ ☒ ☐ ☐ ☐ ☐ 

Several German plants 

experienced ECSCC 

of small diameter 

stainless steel lines in 

the 1975-1985 

timeframe; 

NEA/CSNI/R(2010)1

5 

Intergranular 

SCC 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

First reported in 1965. 

Several experimental 

and prototype reactors 

experienced 

intergranular SCC 

prior to 1965. 

Primary water 

SCC – Alloy 

600/82/182 

☐ ☒ ☐ ☒ ☐ ☐ ☐ 

Primary water SCC of 

steam generator tubes 

was first detected in 

Germany 1972. 

Cracking in thick 

section wrought Alloy 

600 nozzles was first 

detected in PWR 

pressurizer nozzles in 

the 1980’s. 

Strain Induced 

Corrosion 

Cracking 

☐ ☐ ☒ ☐ ☐ ☐ ☐ 
Reported in Germany 

in the 1975−1985 

time-frame. 

Transgranular 

SCC 
☒ ☐ ☐ ☐ ☐ ☐ ☐ 

Several experimental 

and prototype reactors 

experienced 

transgranular SCC in 

the 1960s. 
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5.2 FAILURE MODES OF PIPING 

The modes (or types) of pipe failures depend on the conjoint requirements for material 

degradation, and they include axial or circumferential cracking (non-through-wall and through-wall), 

wall thinning, pinhole size leaks, and axial splits. Large water hammer pressure transients can result in 

a complete (100%) ductile pipe rupture. For cracks the crack propagation path can be circumferential, 

axial or they can take on a curvilinear relationship (e.g. initially circumferential and eventually 

assuming a mostly axial direction). Figure 25 gives examples of relationships between pipe failure mode 

and degradation mechanism. 

 

FIG. 25. Relationships between pipe failure mode and degradation mechanism. 

Determining the possible consequences (i.e., geometry of a through-wall cracking and the 

resulting mass flow rate) of a degraded condition is not a straightforward problem. While insights from 

OPEX and experimental work are valuable, in applying a piping reliability model some form of 

extrapolation is needed. However, this scheme of relationships enables to identify relevant mechanisms 

at a specific location, or in turn identify and count specific failure-relevant locations within a plant 

system. This is the starting point for data-driven or mechanistic analyses of expected failure rates. The 

national codes and standards for operability determination and fitness-for-service analysis provide 

further details on the determination of pipe failure mode and with respect to the analysis method for a 

flawed pipes. Depending on piping material and method of fabrication or installation, an analysis 

method for determining fitness for continued operation a limit load is controlled by plastic collapse, 

elastic-plastic fracture mechanics, or linear elastic fracture mechanics. 

5.3 DEGRADATION MECHANISMS APPLICABLE TO ADVANCED WCRs 

This Section addresses the dominant material degradation mechanisms that are applicable to an 

advanced WCR and how to determine whether projected degradation mechanisms would be different 

from those experienced in the WCR operating environments. These are complex questions that have 

received extensive coverage in numerous R&D efforts [75−81]. Assessments of the conjoint 

requirements for material degradation in advanced WCRs should be based on a formal degradation 
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mechanism analysis that acknowledges the current material science state-of-knowledge as well as any 

relevant OPEX insights. 

The principal WCR piping materials are: austenitic stainless steels, cast-austenitic stainless 

steels, nickel-base alloys, low-alloy steels and carbon steels. The same basic material types are being 

used in advanced WCRs. Summarized in Table 4 are the known WCR material degradation mechanisms 

and when first discovered. This evaluation is based on the international OPEX. No new degradation 

mechanisms have been discovered in the past two decades. Some degradation mechanisms have been 

discovered in locations originally assumed to be immune, however. Also, some new materials have 

been developed by the steel producers and subsequently applied as replacement for the original as-

installed piping material. Examples includes Alloy 690 and super-austenitic (or high alloy) stainless 

steels. Both types were originally developed in the 1970s but with relatively limited application in the 

commercial nuclear industry until the 1980s. The WCR material degradation mechanisms also apply to 

the advanced WCRs. What matters the most in determining the possible severity of these mechanisms 

to advanced WCR operating environments is the effectiveness of the mitigation practices and the quality 

of RIM programmes that are implemented to minimize leakages. This is also a consequence of the 

“Plan-Do-Check-Act” cycle for the improvement of ageing mechanism as described by the IAEA 

Safety Guide SSG-48 [82]. In other words, the factor-of-improvement that can be achieved in material 

degradation susceptibility is to be established and applied appropriately in the piping reliability models.  

The factor-of-improvement reflects the reduction in a mechanistic degradation property, such 

as crack growth rate, initiation frequency, or fatigue endurance. Some examples are provided as follows: 

⎯ Carbon steels are extensively present in balance of plant piping systems such as in the high and 

low pressure elements of the main steam system, extraction steam system, condensate, 

feedwater, feedwater heater drains and vents piping. Flow assisted degradation, mainly flow 

accelerated corrosion, caused extensive pipe failures in the 1970s and 1980s. Replacing the 

flow accelerated corrosion susceptible carbon steel with low alloy steel or stainless steel has 

resulted in a factor improvement over 10 times with respect to material degradation resistance 

[45]; 

⎯ Alloy 600 is used extensively in PWR NPPs. Material science community determined in the 

1960s that this alloy was susceptible to SCC in certain high temperature environments. The first 

primary water SCC events in commercial PWR NPPs were reported in the mid-1980s (Table 

2). Alloy 690 was determined to be the preferential replacement material. To date there are no 

known Alloy 690 failures and the factor-of-improvement (with respect to crack growth rate) is 

considered to be much greater than 10 [83]. 

⎯ Carbon steels are used extensively in raw water cooling systems. The rate of corrosion failures 

has remained high where carbon steel piping is still in use. High alloy austenitic stainless steels 

were especially developed for corrosive environments and were first introduced as replacement 

material for service water piping in the early 1980s. The high alloy stainless steel has resulted 

in a factor-of-improvement ˃˃ 10 with respect to material degradation resistance [84]. 

Factor-of-improvement measures can be determined on the basis of OPEX data, experimental 

test data, and/or expert elicitation. A strong technical basis does exist for adjusting WCR pipe failure 

rates using factor-of-improvements to account for the projected improvements in advanced WCR piping 

pressure boundary integrity. 
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6. EXTRACT AND SCREEN OPERATING EXPERIENCE DATA 

6.1 OBJECTIVES 

Reviews of OPEX with piping systems have been ongoing ever since the first commercial NPPs 

came on line in the 1960’s [1, 3]. In 1975 the U.S. NRC established a first Pipe Crack Study Group 

charged with the task of evaluating the significance of SCC in BWRs and PWRs [79−80]. Extracting, 

screening and analyzing this OPEX were key activities of the work by the Pipe Crack Study Group. As 

another example, major condensate and feedwater piping failures due to flow accelerated corrosion 

resulted in national and international initiatives similar to that of the Pipe Crack Study Group [83−86]. 

Lessons learned through systematic evaluations of OPEX data were important inputs to the 

development of mitigation strategies to prevent recurrence of pipe failures. Irrespective of the technical 

approach, some form of OPEX data is used either implicitly or explicitly to inform or validate the 

models and/or the results. The process of extracting and screening OPEX data involves either 

developing a new database or accessing an existing data resource and to apply database query statements 

according to the reliability model input data needs. A query is a request for certain event populations, 

for action on data, or for both. It may be defined by for example assessing how many socket weld 

failures occurred in branch connections in PWR volume control systems during calendar years 2010 

through 2020. 

6.2 DATA QUALITY 

The usefulness of any component failure data collection depends on the way by which a stated 

purpose is translated into database design specifications and requirements for data input and validation, 

access rules, support and maintenance, and quality assurance. In order to meet the data quality 

objectives coding format is developed and it is usually documented in coding guideline. It builds on 

established pipe failure data analysis practices and routines that acknowledge the unique aspects of 

passive component reliability in heavy water reactor and light water reactor operating environments 

(e.g., influences by material properties, water chemistry, temperature, pressure). For an event to be 

considered for inclusion in the event database, it undergoes an initial screening with an objective to go 

beyond the abstracts of event reports ensuring that only events according to the work scope definition 

are included in the database. This screening process sometimes is not straightforward. As one example, 

a PWR unit in 2016 experienced what initially appeared to be a minor reactor coolant pressure boundary 

leakage on a high pressure safety injection line. On closer evaluation, the leak was located on a seal 

weld of a threaded small diameter connection and the leakage path was via the threads and not through 

the pipe wall. Therefore, the leakage was not a reactor coolant pressure boundary leakage per ASME 

XI definition. Subsequently this event was not selected for inclusion in the database. 

Data quality is affected as soon as the field experience data is recorded at a NPP, interpreted, 

and then entered into a database system. The field experience data is recorded in different types of 

information systems such as the action requests, work order systems, via ISI databases and outage 

summary reports, as well as the licensee event reports or reportable occurrence reports. Therefore, the 

details of a degradation event or failure tend to be documented to various levels of technical detail. 

Building a database record containing a full event history frequently involves extracting information 

from several sources. The term data quality is an attribute of the processes that have been implemented 

to ensure that any given database record (including all of its constituent elements, or database fields) 
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can be traced to the source information. The term also encompasses fitness-for-use, meaning that the 

database records should contain sufficient technical detail to support database applications. 

6.3 SOURCES OF PIPE FAILURE DATA 

Examples of pipe failure data resources are summarized in Annex III. The data resources are 

of three different types: 

⎯ Type 1. A database developed especially for piping reliability analysis tasks. Based on a detailed 

piping reliability taxonomy which may consist of more than 800 data filters (or key words) in 

order to support data extraction, screening and analysis. An example of such a taxonomy is 

found in [91]; 

⎯ Type 2. General purpose OPEX database from which information about pipe failures can be 

extracted. An example is the NEA (Nuclear Energy Agency)/IAEA Incident Reporting System 

database; 

⎯ Type 3. Piping reliability parameter databases (or handbooks) that include tabulations of pipe 

failure rates with uncertainty distributions. 

6.4 DATABASE ACCESSIBILITY 

Access to OPEX data is important to the performance of piping reliability analysis tasks. 

However, accessing the available OPEX data is potentially a complex matter since there are no open 

source pipe failure databases. While several databases exist that are dedicated to pipe degradation and 

failures, these databases are either restricted or proprietary and have been developed and maintained 

over long periods of time. An example of a restricted database is the OECD (Organization for Economic 

Cooperation and Development)/NEA CODAP (Component Operational Experience, Degradation and 

Ageing Programme) database which has specific rules for data access [92]. CODAP is a web-based 

SQL9 database which was established in 2002. Details on how to gain access to this database can be 

found on the OECD NEA website.  

The completeness of databases refers to the completeness of the event-specific technical 

information. It also refers to the completeness of the event populations so that there is an assurance that 

all relevant events are captured in a database. The processes and procedures for maintaining pipe failure 

databases vary significantly. Figure 26 shows examples of database infrastructure considerations versus 

possible the expectations that may be imposed on database structure and content. 

 

 
9 Structured Query Language (SQL) is a domain-specific language used in programming. 
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FIG. 26. Database infrastructure requirements vs. applications. 
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7. METHOD SELECTION 

7.1 THE CONTEXTS AND DOMAINS OF PIPING RELIABILITY ANALYSIS 

The selection and application of a piping reliability methodology is conditioned by the objective 

of an analysis and the domain in which the outcomes of an analysis are to be applied. It is a three-tiered 

selection and application process that acknowledges the general context of an analysis, end-user 

expectations and requirements, and relevant national codes and standards. Table 3 gives examples of 

three different piping reliability analysis contexts: 1) PSA including design certification PSA of new 

reactor designs, 2) codes and standards, and 3) risk-informed operability determination and probabilistic 

fitness-for-service assessment. Table 4 gives examples of different pipe failure rate analysis 

requirements. Both tables apply to operating advanced WCRs as well as the evolving (conceptual to 

final) design phases of a proposed advanced WCR. 

TABLE 3. EXAMPLES OF PIPING RELIABILITY ANALYSIS CONTEXTS 

Objective(s) Analysis Objective Description 
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LOCA initiating event 

frequencies 

Quantification of location specific LOCA frequencies 

as a function of EBS or through wall flow rate. The 

analysis addresses multiple sensitivity cases to account 

for different leak detection and RIM strategies. 

High energy line break initiating 

event frequencies 

Quantification of location-specific high energy line 

break frequencies inside and outside the containment. 

The analysis addresses safety-related and non-safety-

related high energy line break scenarios. 

Internal flooding initiating event 

frequencies (internal flooding 

PSA) 

Quantification of internal flooding scenarios attributed 

to pipe failure. Pipe failure frequencies account for all 

potential flood sources; safety related -and non-safety-

related piping, including fire water piping system. 

Support system failure initiating 

event frequencies 

Examples include loss of cooling (open and closed-

loop cooling systems), loss of instrument air, and 

failure of electro-hydraulic control system. 

Estimation of pipe failure 

frequency due to hydrogen 

deflagration 

Nuclear power plants use hydrogen to cool turbine 

generators and also to condition the primary circuit 

coolant. 
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RIM programme development 

for a new advanced WCR 

Quantification of reliability targets for different ISI 

locations. 

RIM programme development 

for an existing advanced WCR 

Same as for “New advanced WCR” except that updates 

may have to be performed to account for new OPEX or 

design modifications. 
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Risk informed 'significance 

determination' 

Application of plant-specific PSA to determine the risk 

significance of a degraded or failed piping component. 

The analysis involves quantifying piping reliability 

prior to the discovery of a degraded/failed component 

as well as quantifying piping reliability in light of the 

new OPEX. 

Structural evaluation of flawed 

piping component 

An analysis based on probabilistic structural reliability 

modelling is performed to determine whether a flawed 

component is suitable for continued operation; e.g. 

until next planned outage of sufficient length to 

accommodate a repair or replacement. 
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TABLE 4. EXAMPLES OF PIPING RELIABILITY ANALYSIS REQUIREMENTS 
PSA Task Description Piping Reliability Modeling Requirements 

Initiating 

Event 

Frequency 

LOCA due to primary 

coolant pipe failure  

The exact definition of LOCA is a function of plant design, including 

emergency core cooling system makeup capability. Engineering 

calculations support the plant-specific classification of the different 

sets of LOCA frequencies that are needed. The LOCA frequency 

calculation accounts for degradation mechanisms and all the locations 

within the primary pressure boundary that potentially could produce a 

LOCA of certain magnitude. The PSA model input can be in the form 

of a cumulative pipe failure frequency versus the through-wall mass 

flow rate or EBS. The analysis acknowledges locations that were 

stress relieved during construction or at later dates to mitigate possible 

SCC effects. Consideration of RIM (e.g. leak detection and ISI) is an 

explicit analysis requirement. 

Main steam line break 

inside and outside the 

containment 

Assessment of location-specific pipe failure rates. Engineering 

analyses support the definition of calculation cases followed by 

detailed reviews of piping arrangement drawings and isometric 

drawings. The analysis addresses dynamic pipe break effects and the 

spatial impact of consequential actuation of fire protection sprinklers 

that results in in full flow from fire protection system pumps into the 

turbine building. 

Feedwater line break inside 

and outside the containment 

Internal 

Flooding 

Initiating 

Event 

Frequency 

Assessment of all possible 

sources of internal flooding 

caused by pipe failure 

Internal flooding PSA is concerned with pipe failure locations inside 

the reactor building, auxiliary building, service building and turbine 

building. pipe failure rates are developed for multiple systems, pipe 

sizes, locations within a plant, and operating environments 

The domains of piping reliability analysis refer to the intended utilization of analysis results. 

There are three types of end-users of results in support of: 1) regulations, 2) operations, and 3) reactor 

design; Fig. 27. In a regulatory domain a piping reliability analysis may be performed in response to 

new regulatory requirements, to make changes to an existing licensing basis, or to assess the risk 

significance of pipe failure. In an operational domain a piping reliability analysis may be performed to 

optimize ISI and ageing management programs (e.g. adding or removing inspection locations), or to 

assess the risk-significance of a leaking piping component. Finally, in the reactor design domain a 

piping reliability analysis would support the evaluation of different piping system design concepts, or 

the development of a RIM programme. 

 

FIG. 27. Three domains of piping reliability analysis.  
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Associated with respective domain are different end-user requirements. These requirements are 

found in regulations (high-level), regulatory guides (specific), and codes and standards. The 

requirements provide details on the scope of validation of methods, inputs and outputs, documentation, 

and peer review. 

7.2 PIPING RELIABILITY METHODOLOGIES 

The state-of-the-art piping reliability methodologies fall into three general categories; 1) DDM, 

2) PFM, and 3) I-PPoF that incorporate aspects of DDM and PFM in an integrated probabilistic physics-

of-failure modeling approach. The three categories share common elements (Fig. 28) that account for 

what is known about structural integrity in different operating environments, through OPEX, 

experimental data and engineering analyses. The methodologies account for different types of materials, 

availability of data, and the effects of RIM on structural integrity, including the role of ISI, leak 

detection, stress improvement processes and ageing management. 

 

FIG. 28. Different piping reliability analysis methodologies & their common elements. 

Expert elicitation is sometimes used to develop additional qualitative and quantitative 

information on a specific technical aspect of the structural integrity of a certain piping configuration, 

[93]. The objective of an expert elicitation is to express a state of knowledge in terms of a probability 

distribution which is input to a piping reliability analysis. An implementation of DDM, PFM or I-PPoF 

involves the use of computational tools; open-source and/or proprietary software tools. The practical 

implementation of respective method tends to be computationally intensive and requires planning, 

quality assurance of input parameters, definition of sensitivity cases, results interpretation and detailed 

documentation to enable an independent review. For advanced WCRs the availability of relevant data 

influences the methods selection process as well as the methods implementation. 

Details of the three different methodologies are provided in Annex I. Each methodology may 

be applied synergistically whereby outputs from one method provide input to another method. For 

example, conditional failure probabilities calculated using PFM can be used as input to data-driven 

models. Or output from data-driven models can be used to calibrate PFM models against OPEX data. 

Sometimes expert judgment (i.e. through an expert elicitation process) is used to support an application 
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by providing justifications for certain assumptions. When selecting methodology, the following 

considerations apply [94]. 

⎯ Modeling of material degradation. The consideration of physics of material degradation and 

failure can be implicit or “explicit. An overly simplified statistical analysis of pipe failure would 

mask the relationships among the probabilistic failure metrics, physical failure mechanisms, 

and underlying physical factors (e.g., material properties, geometry, operating environment). 

On the other hand, and explicit consideration is obtained by using a physics based model of 

pipe flaw initiation and propagation. 

⎯ Failure characterization. DDM estimates the probabilistic failure metrics on the basis of OPEX 

data and engineering analyses (e.g., degradation mechanism analysis, assessments of the 

effectiveness of degradation mitigation) and with or without performing fracture mechanics 

analyses. In contrast, PFM and I-PPoF estimate the probabilistic failure metrics by comparing 

the cumulative damage (as a function of time) with the endurance level of the component being 

analyzed. 

⎯ Types of physical models. Correlation based models rely on engineering correlations derived 

by fitting an analytical functional form to experimental data. Mechanistic models numerically 

solve governing equations derived from theoretical laws of physics (e.g., conservation laws 

consisting of continuity, momentum conservation, and energy balance). An integration of 

correlation-based and mechanistic models utilizes the combination of correlation-based and 

mechanistic models. 

⎯ Modeling of RIM processes. The reviewed studies under no/implicit consideration of RIM 

processes in Fig. 29 either did not address the influence of RIM (e.g., only physical degradation 

is modeled) or implicitly considered the RIM impact through statistical analyses of empirical 

data collected from repairable systems without separating the RIM impact from the physical 

degradation impact. In the studies under explicit incorporation of RIM processes, the 

relationship between the probabilistic failure metrics and the RIM parameters such as the time 

to repair, probability of detection, and inspection intervals, was captured explicitly through a 

model. 

The DDM is implicit with respect to the incorporation of physics of failure, while the PFM and 

I-PPoF explicitly incorporate the physicality aspect such as crack initiation and crack propagation. As 

described in this publication, the DDM includes an explicit consideration of RIM processes since a 

Markov model extension is used to compute the impact of different RIM strategies. Therefore, the DDM 

methodology can be considered as Category (A.1.2) in Fig. 29. The DDM has a commonality with the 

I-PPoF methodology in terms of the nature of the coupling between physical degradation and RIM 

processes as both methods use a renewal process model for the coupling; however, they differ in 

whether the incorporation of physics is implicit v.s. explicit. 

Both PFM and I-PPoF use the damage-endurance analysis for failure characterization and the 

integration of correlation-based models and mechanistic models for physical degradation modeling. 

Associated with Criterion #4, both PFM and I-PPoF explicitly consider RIM processes. Therefore, PFM 

and I-PPoF can be considered as Category (B.2.3.2) in Fig. 29. Yet, comparing PFM and I-PPoF, there 

are three key differences worth noting. First, the I-PPoF methodology combines finite element analysis 

for detailed thermo-mechanical analysis with crack-initiation and crack propagation models, while the 

PFM methodology is able to use validated mechanistic models and computing-efficient analytical 

solutions. Second, the modeling of interactions between physical degradation and RIM processes 

differs. PFM mainly uses discrete event simulation, where degradation and failure mechanisms are 
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simulated over time using physics based models, and the RIM processes such as ISI and leak detection 

are considered when the simulation time or physical condition reaches the predefined threshold. In 

contrast, I-PPoF uses renewal process models to account for the interactions between physical 

degradation and RIM processes, where the degradation transition rates are estimated from physics-

based models while the RIM transition rates are estimated from an RIM work process model. Third, the 

I-PPoF method accounts for the effects of different crack depths and the time for crack growth, by 

decreasing the number of surface crack stages to one. This approach implies that the crucial interaction 

of crack growth and inspection intervals, which is a key question for PFM, cannot be covered in the I-

PPoF approach. 

 

FIG. 29. Categorization of studies on estimation of probabilistic failure metrics. 

7.3 APPLICABILITY OF THE DIFFERENT METHODOLOGIES 

The question on how to select an appropriate methodology is not strictly technical regarding 

validity and peer recognition, availability of data and computational tools, to mention some. It also 

relates to the resource requirements for implementation such as but not limited to tools development, 

training of analysts, project schedule constraints, and data availability. The results and analysis insights 

have to be fit-for-use and the underlying documentation should be of sufficient quality to facilitate an 
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independent peer review. Drawing on practical analysis insights and results, an assessment of the 

feasibility of applying a certain methodology to a certain type problem is given in Table 5. 

TABLE 5. THE RANGES OF APPLICABILITY 

Application 

Category 
Intended Application 

Feasibility of Piping Reliability Methodology 
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Definition and prioritization of ISI 

locations 
High High TBD 

Update of RIM programme to 

address new OPEX 
High High TBD 

Optimization of inspection 

locations by accounting for leak 

detection and probability of 

detection 

High High TBD 

ISI/Codes & Standards Relief Request Support 

Impact of deferred inspection one 

or more inspection intervals 
High High TBD 

Impact of deferred hydrostatic 

pressure testing  
High High TBD 

Acceptability of temporary repair 

vs. codes & standards repair 
N/A High TBD 
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Demonstration of "very low" 

probability of failure - maximum 

allowable CFP 

High High TBD 

Leak-before-break applications Moderate or N/A High TBD 

Fitness-for-service assessment N/A High TBD 

Flaw tolerance analysis N/A High TBD 

ASME XI Code Case applications N/A High TBD 

Risk significance determination High Moderate Moderate 

Different formulations of DDMs have been used since the dawn of applied risk and reliability 

analysis. These early formulations relied on non-nuclear industry data on pipe failures and limited WCR 

data [1, 3, 4, 12]. The PFM has its roots in theoretical studies that were performed in the 1970s [95]. 

Physics-of-failure models of reliability were first proposed in the early 1960s. However, application of 

physics-of-failure concepts in structural reliability is a relatively recent development [96]. 

Table 5 provides an implied reference to the current, state-of-the-art implementations of 

respective modeling concept. Each concept has evolved significantly in recent years. The following 

nomenclature is used: 

⎯ Feasibility. Recognized through the combination of peer review, extent of user experience, 

availability of data and computational tools, and in recognition of resource constraints to 

produce realistic results. It is also concerned with the feasibility of successfully applying a 

methodology by an analyst that has not been directly associated with the methods development. 

o High. Demonstrated to be relevant to a given analytical context. An application can be 

completed within the constraints of a given project schedule. 
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o Moderate. In principle, the methodology is relevant, but its feasibility is contingent on 

having highly experienced analysts in order to produce meaningful results. 

o Low. Applicability of the methodology is unproven or could be technically challenging, 

requiring additional R&D. 

o TBD (to-be-determined or unproven). Primarily, the methodology has been used in an 

academic or R&D domain.  

O N/A (not applicable). The methodology is not applicable or is not intended for a certain 

type of application, e.g. fitness-for-service evaluation in support of an ISI relief request. 

The following general findings can be drawn from benchmark studies such as the ones 

described in [24], the risk-informed ISI methodology benchmark [97], numerous PFM benchmark case 

studies including nuclear risk-based inspection methodology [98, 99], as well as from the broader field 

of NPP applied risk and reliability analysis [100]: 

⎯ DDM feasibility. Demonstrated as a feasible approach for assessing location-specific pipe 

reliability parameters and for a relatively complete set of advanced WCR piping systems (both 

safety- and non-safety related), degradation mechanisms, and operating environments. 

However, the DDM applications require computational techniques and tools especially 

developed for piping reliability assessments. The DDM generates probability density functions 

of the main variables and a total probability density function which describes the mode of pipe 

failure and a spectrum of consequences of failure, e.g. in terms of through-wall flow rates. 

Access to OPEX data is an intrinsic and essential aspect of the methodology. The DDM has 

been used extensively in support of PSA, design-certification PSA of advanced reactors, 

internal flooding PSA, risk-informed ISI development, RIM programme development for 

advanced reactors, and risk-informed operability determination. 

⎯ PFM feasibility. Demonstrated as a feasible approach for assessing location-specific pipe 

reliability parameters for primarily Safety Class 1 piping system locations susceptible to SCC 

or fatigue mechanisms. The PFM computer code development continues to be supported by 

national and international R&D and benchmark studies. A strength of PFM is its ability to 

support parametric studies to determine the effect of for example assumptions about weld 

residual stress properties, crack growth rates, and material properties. The PFM method 

generates probability density functions of the main variables and a total probability density 

function which describes the mode of failure and the consequences of failure. The PFM method 

has been used in risk-informed ISI programme development and it is frequently used in support 

of fitness-for-service evaluations. A summary of the current status of PFM is found in [101]. In 

the USA, a Regulatory Guide for PFM applications has been issued to aid licensees in preparing 

submittals of PFM calculation results [102]. A regulatory review process would include the 

process for establishing model input parameters, software tool validation, and the extent by 

which the results reflect observations from operational experience evaluations [103]. 

⎯ I-PPoF feasibility. This approach has been tested in R&D environments. To simulate pipe 

degradation and failure, analysis procedures are developed and implemented for each 

degradation mechanism to propagate a flaw under prevailing loading conditions to predict the 

pipe failure frequency. An implementation of the I-PPoF approach involves an integration of 

multiple modules, including the use of finite element methodology for the determination of 

stress distribution parameters, ASTER®, COMSOL® or MATLAB® computing environments 

for crack propagation evaluation, a human reliability analysis based model for the RIM 

activities (e.g., ISI, leak detection, repair/replacement), and renewal process models for 

quantification of state transition frequencies (crack initiation-to-crack growth-to-leakage) 
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accounting for interactions between the physical degradation and the RIM activities. Different 

types of multi-physics computational environments have been applied to piping reliability; e.g. 

[104−109]. Exploratory applications have been in areas such as ageing PSA and design-

certification PSA as well as for modeling of specific material degradation mechanisms. In 

theory, the I-PPoF approach applies to all combinations of structural materials and operating 

environments. 

The additional details on comparative analyses and benchmark case studies are found, for example, in 

[110−112]. 

7.4 METHODOLOGY SELECTION CRITERIA 

Before initiating an analysis, several factors need to be considered that will guide the selection 

of a methodology and how to structure an implementation which is appropriate to the needs of an 

analysis. A careful planning will help to ensure that the outputs ultimately fit the needs and are 

appropriate to the intended audience, and that the analysis can be reasonably completed within resource 

constraints (e.g. schedule, data availability, analyst experience levels). 

The selection criteria to be considered include: a) how to organize an analysis and to define the 

requirements to be placed on an analysis task, b) requirements with respect to analysis tools to be used, 

and c) methodological considerations. High level requirements are included in Table 6 and these 

requirements reflect the following aspects of piping reliability analysis: 

1. Analysis specification. This was discussed in Sections 3, 4 and 5 of this report. How well does 

a certain methodology apply to a given evaluation boundary? Multiple evaluation boundaries 

will have to be addressed when performing a system level analysis, e.g. PSA initiating event 

frequencies that are attributed to a pipe failure. End-user requirements determine the format for 

documenting the results. End-user categories include: 

⎯ PSA analysts performing initiating event frequency assessments and internal flooding risk 

assessments; 

⎯ Regulatory staff performing reviews of fitness for service assessments, and 

⎯ Plant operators performing fracture mechanics evaluations of the integrity of a piping 

component with an embedded flaw (e.g. non-surface connected crack). 

2. Complexity of the problem to be solved. 

3. Skill levels and training needed. How easy is it to implement a certain methodology? 

4. Transparency of the analysis flow and ease of peer review. 

5. Methodology implementation requirements; e.g. special tools needed. 

6. Validity. Has methodology been peer reviewed and applied to similar problems? 

7. Input data requirements, and resources needed for data processing and interpretation. Multiple 

sets of input data are required and supporting engineering analyses may have to be performed. 

The implementation of a methodology takes on many different forms. Also, different analysis 

techniques and tools are applied in the implementation of the respective methodology. As an example, 

with respect to applications of PFM, the following requirements and approaches are proposed [98]: 

Requirements: 

1. The PFM theory and technical basis to be published and independently reviewed; 
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2. The PFM model and the associated software to address  relevant degradation mechanisms; 

3. The PFM model and the associated software to be able to assess failure leak event and rupture 

frequencies; 

4. Sensitivity study using the PFM model and the associated software to be presented, addressing 

relevant degradation mechanism with failure probabilities for small leaks to ruptures to be 

evaluated for variations of input parameters and to be consistent with expectations and the PFM 

theory assumptions; 

5. Sample calculations to be presented where the assigned input parameters are described and 

sources of the data assignments provided. The probability distributions and internally assigned 

parameters in the PFM software have to be documented together with the limitations of the 

PFM software. 

Approaches: 

1. The PFM software to be benchmarked and report prepared and independently reviewed for the 

relevant material degradation mechanism against at least one other open-source PFM software;  

2. The PFM software to be benchmarked against OPEX using actual plant failure frequencies. For 

damage mechanisms with no ruptures, leak frequencies may be used for the comparison. 

3. Hardwired formulations to be avoided as well as the risk of a software misuse. Formulations of 

input data (type of probability distribution and its random properties) to be decided by user 

giving a possibility of using a deterministic input for the variables. 

4. The PFM software to enable user to extract control variables from the results such that a user 

is able to check the solutions and understand the results. Examples of control variables for a 

cracking damage mechanism are: 

⎯ Initial crack sizes, crack shapes during the sub-critical growth and critical crack sizes at 

leak and rupture; 

⎯ Time to leak and rupture; 

⎯ Stress intensity factors and J-integrals; 

⎯ Crack opening areas and leak flow rates for through-wall cracks. 

5. The influence of inspections to be included in the structural reliability models and the associated 

software in order to quantify risk reductions from repeated inspections; 

6. Leak-before-break events to be modeled when considering and evaluating the rupture 

probabilities. In this context an adequate model of crack opening areas, leak flow rates and leak 

flow rate detection are significant. 

7. The used software to be clearly identified. It is desired that new information or better modelling 

assumptions be continuously incorporated into the structural reliability models and the 

associated software so that the generated results may replicate the best current knowledge. 

The NUREG-1829 Expert Elicitation project [23] included a limited exercise to reconcile 

predicted weld failure rates with the reported service experience. The failure mode considered was 

perceptible leakage; e.g. visible moisture on the outside diameter pipe wall. PFM calculations using the 

WinPRAISE computer code generated predictions about the weld failure rate for different assumptions 

about the normal operating stresses (NO). A DDM was used to derive weld failure rates from OPEX 

data, shown in Fig. 30. The controlling parameters (e.g. weld residual stresses) of the PFM model were 

calibrated against the DDM results, responding to the question how to reach agreement between the 

results of two different approaches to the estimation pipe failure frequency 
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FIG. 30. Results of a DDM/PFM reconciliation task. 

The methodology selection criteria are closely linked to the context of an analysis and the end-

user domain, including the expectations that are placed on it, i.e. expected outcomes, results and 

insights. Itemized below are some of the modeling issues to be considered in the selection of an 

appropriate methodology as presented in Table 6: 

⎯ Explicit versus implicit incorporation of physics of failure. The controlling parameters of most 

piping material degradation mechanisms are well understood. As an example, the susceptibility 

of piping to flow accelerated corrosion is controlled by: a) temperature, b) flow conditions (e.g. 

single- or two-phase flow, turbulent versus laminar flow), c) fluid pH value, d) fluid oxygen 

content, e) alloy additions, and f) piping geometry. In view of the very extensive OPEX data, 

would it be beneficial to develop a physics-of-failure model of flow accelerated corrosion as 

part of the piping reliability modeling effort? Regardless of the chosen methodology, physics-

of-failure is always implicitly accounted for in piping reliability analysis. 

⎯ If physics-of failure is explicit, the question is what the degree of realism in physics of failure 

is. This becomes an issue for known forms of material degradation for which limited-to-no 

OPEX data is available. Such an example is thermal ageing embrittlement of cast austenitic 

stainless steels piping components such as elbows. In a high temperature operating environment 

thermal ageing embrittlement causes a reduction in fracture toughness. Extensive research on 

thermal ageing embrittlement has been conducted and this form of material degradation is 
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monitored through ageing management programmes. This research has included mechanical 

testing of components that have been removed from WCRs after many years of operation. 

⎯ RIM processes are explicitly incorporated. Implicit consideration of RIM (e.g. leak detection, 

ISI, pipe stress improvement) is always within the scope of an analysis, regardless of selected 

methodology. Many practical applications require explicit consideration of impact on reliability 

from changes to an existing RIM process. The factors that tend to be the most important are 

method and frequency of leak detection, non-destructive examination reliability (i.e. probability 

of detection), and pipe stress improvement. 

⎯ If RIM processes are explicitly incorporated, the question is what the degree of realism is. An 

analyst is expected to have a deep knowledge of RIM, national codes and standards, and RIM 

qualification protocols. The analyst needs also to be aware of the RIM failure experience data, 

including reasons why RIM has failed to prevent a failure. Reference [42] gives examples of 

RIM failures; how and why they occurred. 

⎯ The validation approach. Validation is a crucial component of the analysis to ensure that the 

developed models represent the real system behavior with an adequate level of accuracy and 

realism. There are two forms of validation: empirical validation and computational benchmark. 

The empirical validation compares the model outputs or predictions with the empirical and 

observational data to check if the model outputs are consistent with reality. The computational 

benchmark compares the outputs from different computational models with each other to 

identify their discrepancies when applied for the same problem. 

⎯ The integrated treatment of uncertainty is implemented. The question to ask is what are the 

types of uncertainty that are considered and what is the quantification approach. The treatment 

is to be consistent with existing guidelines [113−120]. 

⎯ Number of parameters that are treated probabilistically (i.e. characterized by a probability 

density function). This is a function of the computational tools that are used to implement a 

methodology. Developing the appropriate distribution parameters could require a significant 

effort including the performance of engineering analyses. 

TABLE 6. HIGH LEVEL METHODOLOGY SELECTION CRITERIA CONT. 

Selection Criteria 
Piping Reliability Methodology 

DDM PFM I-PPoF 

Analysis Specification 

Ease-of-implementation assuming an experienced 

analyst 

MODERATE-

TO-COMPLEX 

MODERATE

-TO-

COMPLEX 

COMPLEX 

Resources needed for input data preparation & 

supporting engineering analyses 
HIGH HIGH HIGH 

Availability of open access tools YES 1 YES 1 YES 1 

Proprietary tools with need for training YES YES YES 

Detailed, integrated treatment of uncertainties YES (YES) 2 YES 

Time to implement methodology MODERATE MODERATE HIGH 

Needs for technical support MODERATE (HIGH) 3 HIGH 

Ease of technology transfer MODERATE MODERATE MODERATE 

Ease of results interpretation MODERATE 4 MODERATE 
4 MODERATE 4 

Required User Proficiency Level / Skill Levels 

Entry-level / early career engineer – with tutoring as 

applicable 
(YES) (YES) (YES) 
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TABLE 6. HIGH LEVEL METHODOLOGY SELECTION CRITERIA CONT. 

Selection Criteria 
Piping Reliability Methodology 

DDM PFM I-PPoF 

Practicing engineer with 10+ years of relevant 

industry experience (materials, structures, operations, 

PSA) 

YES YES YES 

Expert in risk & reliability and/or fracture mechanics PREFERRED PREFERRED PREFERRED 

PSA Peer Review Endorsement 

Meets applicable PSA standards requirements YES -- -- 

Recipient of "Good Practice" note YES 5 -- -- 

Specificity w.r.t. plant design, piping design YES YES YES 

Integrated treatment of uncertainty YES (YES) 2 YES 

Quality of documentation YES YES YES 

Level of realism of results YES YES YES 

Comparing results against acceptance criteria YES YES YES 

Analysis Tools & Documentation of Implementation Requirements 

Feasibility of own implementation of methodology (HIGH) MODERATE MODERATE 

Training Tools/Documentation YES YES YES 

Proprietary tools and license requirements NO YES NO 

Training recommended YES YES YES 

Validity 

Does a selected methodology support all types of 

evaluation boundaries; beyond Safety Class 1 

locations? 

YES NO (YES) 

Extent by which methodology has supported 

practical applications 
HIGH HIGH LOW 

OPEX reconciliation N/A (YES) (YES) 

Input Data Requirements 

Material properties (chemical & mechanical) (NO) 6 YES YES 

Pipe stress analysis reports NO YES YES 

P&ID, fabrication isometric drawings, ISI isometric 

drawings, stress analysis isometrics 
YES (YES) (YES) 

OPEX data YES (YES) (YES) 

Degradation mechanism analysis YES (YES) (YES) 

Notes: 

1. With reference to DDM, a user 

implementation is feasible using MS-Excel 

and open access tools (GoldSim, MatLab, 

etc. but usually with some limitations 

attached w.r.t. usage). With reference to 

PFM, examples includes the Piping 

Reliability Analysis Including Seismic 

Events (PRAISE) and xLPR PFM codes. 

2. Deterministic input is/or can be used. 

3. A parenthesis means that if an application is 

performed by the code developer the level of 

support needed would be low-to-moderate, 

otherwise some form of training would be 

required. 

4. The computer code implementation of each 

methodology generates extensive results 

summaries that require post-processing. 

 

5. For example, refer to U.S. PSA Peer Review 

Guidelines; e.g. U.S. NRC Regulatory Guide 

RG 1.200; 

⎯ https://www.nrc.gov/docs/ML2023/ML

20238B871.pdf 

6. Implicitly accounted for in OPEX databases. 

The DDM accounts for different material 

grades. PFM & I-PPoF explicitly account for 

the chemical and mechanical property data. 

https://www.nrc.gov/docs/ML2023/ML20238B871.pdf
https://www.nrc.gov/docs/ML2023/ML20238B871.pdf
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8. VALIDATING PROBABILISTIC OUTPUTS 

8.1 BASIC CONSIDERATIONS 

Invariably, piping reliability analyses produce frequency of failure being < or << 10-4 per piping 

component and ROY, and sometimes with large uncertainties. Some form of validation against different 

modeling approaches is warranted to determine the level of realism that has been achieved. In order to 

establish a meaningful basis for comparing results obtained using different methodologies it becomes 

necessary to start by defining the specific figures of merit that are to be calculated. In the context of 

PSA and risk-informed applications piping reliability typically is considered as part of the initiating 

event frequency modeling element. The PSA parameter of interest can be expressed in the form of a 

cumulative pipe break frequency versus a set of consequence threshold values expressed by an EBS 

with dimension of mass flow rate [kg/s] or a corresponding diameter of the hole in the pipe wall [mm] 

that would produce a certain flow rate. Therefore, the pipe failure mode of concern could involve a 

spectrum of consequences, from small through-wall leaks up to a major structural failure such as a 

double-ended guillotine break. Embedded in an analysis are multiple sets of input parameters that 

account for the effects of different degradation mechanism on structural integrity, the effectiveness of 

ISI and leak detection, the effectiveness of degradation mitigation techniques, and the chemical and 

mechanical properties of the material. 

The process for validating probabilistic outputs is a function of a selected technical approach 

that is used to calculate the reliability metrics, regulatory requirements, and applicable codes and 

standards. An underlying assumption in validation processes is that the implementation of calculation 

algorithms has been independently verified and documented. The validation step is concerned with how 

selected input parameters are justified, the sensitivity of results to the different assumptions that are 

used to establish the technical bases for input parameters, and the treatment of uncertainties. 

8.2 PROBABILISTIC ACCEPTANCE CRITERIA 

Developing probabilistic acceptance criteria for pipe failure frequencies and conditional failure 

probabilities is a complex, lengthy process. It involves top-down/bottom-up considerations and the 

development of consensus guidelines on methods implementation. A top-down consideration could be 

a system level reliability target, and a bottom-up consideration could be component-specific RIM 

processes that need to be applied in order to meet a system level reliability target. The processes for 

establishing acceptance criteria and the acceptability of methodology and its implementation are closely 

intertwined. Regulatory frameworks, and international and national codes and standards for fitness for 

service assessment, operability determination and PSA influence this development process. Embedded 

in it are requirements for what constitutes acceptable methodologies to be used in meeting the 

acceptance criteria and development of frameworks for how to conduct a peer review of piping 

reliability analyses [121−125]. 

Probabilistic acceptance criteria are used to guide or inform decisions involving, for example: 

⎯ Acceptability for continued operation for another fuel cycle, given a pre-existing, non-leaking 

pipe flaw; 

⎯ Acceptability of changing an existing ISI programme; 

⎯ Acceptability of a new RIM programme; 
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⎯ Acceptability of the risk posed by a degraded piping component. 

An objective of an acceptance criterion is to assess probabilistic results against it. For example, 

if it can be demonstrated that the assessed pipe failure frequency as represented by a probability density 

function is less than a certain value, then justification may exist for a favorable decision. Within the 

intent of an assessment, complications arise because of the uncertainties in the reliability metrics. 

8.2.1 Defence-in-depth considerations 

Acceptance criteria for probabilistic evaluations is to carefully consider the intent of the 

evaluation with respect to the concept of defence-in-depth (DiD). The five DiD levels that are discussed 

in the IAEA Specific Safety Requirements No. SSR-2/1 [126] are summarized in Table 7. 

TABLE 7. THE IAEA LEVELS OF DID 

Level Purpose Requirements 

1 Prevent deviations from normal operation 

and the failure of items important to safety 

The plant be soundly and conservatively sited, 

designed, constructed, maintained and 

operated in accordance with quality 

management and appropriate and proven 

engineering practices 

2 

Detect and control deviations from normal 

operational states in order to prevent 

anticipated operational occurrences at the 

plant from escalating to accident conditions 

The provision of specific systems and features 

in the design, the confirmation of their 

effectiveness through safety analysis, and the 

establishment of operating procedures to 

prevent such initiating events, or otherwise to 

minimize their consequences, and to return 

the plant to a safe state 

3 

Inherent and/or engineered safety features, 

safety systems and procedures be capable of 

preventing damage to the reactor core or 

preventing radioactive releases requiring off-

site protective actions and returning the plant 

to a safe state 

Engineered safety features and accident 

procedures 

4 

Mitigate the consequences of accidents that 

result from failure of the third level of 

defence in depth 

Preventing the progression of such accidents 

and mitigating the consequences of a severe 

accidents 

5 

Mitigate the radiological consequences of 

radioactive releases that could potentially 

result from accidents. 

The provision of adequately equipped 

emergency response facilities and emergency 

plans and emergency procedures for on-site 

and off-site emergency response 

If the objective of a probabilistic evaluation is to demonstrate that an in-service failure of a 

component containing a detected flaw is unlikely, the acceptance criteria are to provide a level of 

confidence comparable with the margins established in the original design code. This would be an 

example of a DiD Level 1 assessment that would be comparable to a traditional deterministic structural 

integrity evaluation of a flaw. The determination of an appropriate acceptance criterion for such 

applications is not a trivial task since nuclear design codes for pressure boundary components typically 

do not establish probabilistic safety margins. For this reason, the application of probabilistic evaluations 

for the evaluation of detected flaws is currently limited in the nuclear industry. 

Deterministic safety margins in design codes establish limits on design loads and material 

resistance parameters to ensure a low likelihood of component failure. There is an inherent, and usually 

unquantified, probability of failure associated with those safety margins. The objective of the 
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development of a probabilistic acceptance criterion for component structural integrity applications 

focus on establishing a probabilistic criterion that would generate similar safety margins. This is 

illustrated in Fig. 31 [127]. 

 
FIG. 31. Deterministic and probabilistic based design safety margins (adapted from [127]). 

Guidance on the development of acceptance criteria for DiD Level 1 may be obtained through 

an examination of civil structure design codes. For example, the American Society of Civil Engineers 

(ASCE) Standard, ASCE 7-16 [127], specifies target annual probability of failures for general structural 

design based on different reliability indices for different risk categories for 50 year service lives, 

excluding loads from extraordinary events such as earthquake or tsunami” to “excluding earthquake, 

tsunami, flood and loads from extraordinary events. These target annual probabilities of failure range 

from 1.25×10-4 per year for failures that do not occur suddenly and pose a low risk to human life, down 

to 1×10-7 per year for sudden failures that pose a high risk to human life. The probabilistic criteria in 

civil design codes normally limit both the annual probability of failure as well as the cumulative lifetime 

probability of failure. This is useful for systems or components subject to aging. The annual failure 

probability limits the year-over year change to ensure the rate of degradation remains acceptable. The 

annual targets are calculated assuming a specified operating life (50 years in the case of ASCE 7-16).  

The combination of the annual failure probability and the specified operating life limits the end-

of-life cumulative probability of failure. Similarly, European Standard EN 1990:2002 [128] provides 

annual and 50-year probability of failure targets. The annual targets range from 1.310-5 to 1.010-7 and 

the 50-year targets range from 4.8×10-4 to 8.5×10-6 depending on the consequences of a failure. 

The Electric Power Research Institute (EPRI) report MRP-362 [129] suggests an approach to 

quantify the annual probability of failure inherent in the deterministic design margins for an ASME 

Section III Class 1 pressure boundary component. The report was prepared to support the development 

of the ASME Section XI Code Case N-838, “Flaw Tolerance Evaluation of Cast Austenitic Stainless 

Steel Piping” [130]. For a given Service Level transient, an annual probability of failure of 1×10-6 was 

Probabilistic 

safety margin 
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derived considering the probability of exceeding the material flow strength in piping containing the 

allowable flaw sizes in Table C-5310-1 of ASME Section XI. It is important to note that the Code Case 

defines target flaw sizes for the qualification of nondestructive examination tools and is not intended 

for use in flawed piping assessments. However, this is potentially a useful example to demonstrate how 

probabilistic acceptance criteria might be developed to maintain consistency with deterministic design 

requirements.  

There are several examples of nuclear industry PFM evaluations using acceptance criteria 

derived or proposed based on the impact of a component failure on the core damage frequency (CDF) 

using DiD Level 3 considerations. 

The inter-dependence between pipe failure and CDF is described in Reference [131]. When the 

output from a PFM code corresponds to an annual Safety Class 1 total pipe rupture frequency less than 

110-6 per year the U.S. NRC’s Regulatory Guide 1.174 criterion for acceptable increases in core 

damage frequency could be seen as satisfied [133]. Furthermore, the authors of [132] recognize the 

inherent uncertainties in piping reliability and that the pipe rupture frequency is represented by a 

probability density function and that “the acceptance criterion of 110-6 failures per year was developed 

with the understanding that it is to be assessed against the 95% confidence level of mean results. When 

an analysis yields results that are close to the acceptance criteria it may be necessary to further address 

uncertainty.” 

The U.S. NRC has implemented a significance determination process to determine the risk 

significance of degraded or failed components. The methodology for assigning risk metrics to 

operational event and inspection findings is presented in [132−134]. The significance determination 

process uses change in core damage frequency (ΔCDF) and change in large early release frequency 

(ΔLERF) as risk metrics. This process provides an initial screening to identify those regulatory 

inspection findings that do not result in a significant increase in plant risk and thus need not be analyzed 

further (a “green” finding). Remaining inspection findings, which may have an effect on plant risk, are 

subjected to a more thorough risk assessment. The final outcome of the review, evaluating whether the 

finding is green, white, yellow, or red, is used to determine further regulatory actions that may be 

needed. The colors assigned to significance determination process findings are defined as follows: 

⎯ Red (or high safety significance) when change in risk (ΔCDF) is greater than 110-4; 

⎯ Yellow (or substantial safety significance) when change in risk is in the range of 110-5 < ΔCDF 

≤ 110-4; 

⎯ White (or low to moderate safety significance) when change in risk is in the range of 110-6 < 

ΔCDF ≤ 110-5; 

⎯ Green (or very low safety significance) when ΔCDF < 10-6 or when ΔCDF << 10-6. 

Calculating the change in risk given pipe failure can be done using the following equations: 

ΔCDF = Σi ΔFi  CCDPi                                                   (1) 

ΔFi = Δf × CFPi                                                                (2) 

Δf = fNew - fOld                                                                 (3) 
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The assumption is that a pipe failure (e.g. small leak) is a precursor to a LOCA of category i 

(small to very large), depending the magnitude of failure if a rapid flaw propagation occurs. These 

equations represent the change in CDF following a discovery of a flawed pipe. The failure could be a 

significant crack that was missed during ISI or it could be an active through-wall leak that necessitates 

a reactor shutdown. The definition of respective term of the equations above is given in Table 8. 

TABLE 8. INPUT PARAMETERS TO CHANGE-IN-RISK CALCULATION 

Parameter Definition 

ΔCDF 
Change in CDF due to occurrence of degraded Safety Class 1 piping component. Could be 

a non-through-wall defect (e.g. circumferential crack) or minor leakage 

ΔFi 
Change in frequency of category i LOCA initiating event frequency due to occurrence of 

degraded condition. 

Δf Change in pipe failure frequency due to the discovery of a new degraded condition 

fNew 
Plant-specific failure frequency based on the state-of-knowledge immediately after 

discovery of a degraded condition 

fOld 
Plant-specific failure frequency based on the state-of-knowledge before discovery of a 

degraded condition 

CFPi CFP that the new degraded condition led to a category i LOCA 

CCDPi Conditional core damage probability given a category i LOCA 

The Nuclear Structural Integrity Working Group has proposed back calculating a target 

reliability of initiating events from the CDF as a possible method for the development of probabilistic 

acceptance criteria [135]. A detailed description of the concept is not provided in the Working Group 

document, but reference is made to a technical paper [136]. 

It is recognized that methods that use the CDF and the related risk metrics as the basis for 

deriving a probabilistic acceptance criterion for the assessment of a component may not provide a 

reliability target sufficient that is sufficient to meet the structural integrity objectives of the component 

design code (DiD Level 1). Referring to Eq. (2), the contribution of the initiating event to the CDF is a 

function of the initiating event frequency and the CCDP. If the CCDP is high and the CDF contribution 

is limited to a low value, the resulting initiating event frequency will also be low. In such scenarios, it 

could be possible to generate a reliability target sufficient that is sufficient to ensure a very low 

probability of component failure during the intended operating life that would align with the intent of 

the design code. For example, for a PWR reactor vessel assessment, a rupture of the reactor vessel 

would likely generate a CCDP close to 1.0. Therefore, limiting the CDF contribution to a low value 

would result in a low allowable failure frequency. In contrast, the rupture of an individual pressure tube 

in a CANDU reactor core would result in a much lower CCDP because of the small diameter of the 

tube and mitigating safety systems. If the CCDP is low, a relatively high pressure tube failure frequency 

could still generate a low CDF contribution. While relatively high pressure tube failure frequencies may 

not impact plant safety as quantified by the effect on the CDF, it would not be desirable to operate a 

primary heat transport system with a high potential for primary heat transport system failures. 

8.2.2 Definition of failure limit state 

When establishing acceptance criteria from PFM applications it is important to ensure that the 

definition of failure is clearly defined, especially if results of different assessments will be combined or 

compared for risk-informed decision making. For example, consider the information from three 

different PFM applications summarized in Table 9. While all three applications propose the use of the 
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same numerical value, 110-6, the definitions are different in each case. There are three key observations 

arising from the comparison: 

⎯ The EPRI MRP-362 criteria [129] uses an annual probability, while other examples in Table 

16 use annual frequencies. As discussed in Section 8.2.3, annual probability and frequency are 

not equivalent reliability parameters by definition. These parameters are only approximately 

equivalent for special cases established using annual timescale and when the numerical values 

are small. 

⎯ The EPRI MRP-362 criteria apply to an evaluation of a single crack subject to a single service 

level load. For the NUREG-1874 [137] and future xLPR [138] applications, the acceptance 

criteria would be compared to a summation of frequencies for all individual flaws in the system, 

considering all loading scenarios. 

⎯ The definition of a failure for the NUREG-1874 criteria is the propagation of a crack through 

the wall thickness. The evaluation does not consider the stability of the through-wall cracking. 

The criteria for the EPRI MRP-362 and proposed xLPR applications allow for the consideration 

of through-wall cracking stability. 

As a result of the differences associated with these three observations, the acceptance limits for 

these three examples would generate different reliability targets. 

TABLE 9. COMPARISON OF ACCEPTANCE CRITERIA PROPOSED FOR DIFFERENT PFM 

APPLICATIONS 

Proposed 

Application 
Intent of Application 

Numerical 

Acceptance 

Criteria 

Definition of Acceptance 

Limit 

EPRI MRP-362 

Evaluate design-intent probability 

of rupture for ASME Class 1 cast 

austenitic stainless steels Piping 
1.010-6 

Annual probability of 

rupture per crack for a 

Service Level load 

NUREG-1874 

Demonstrate probability of failure 

of a Class 1 reactor pressure vessel 

due to pressurized thermal shock is 

extremely low 

1.010-6 

Annual frequency of 

occurrence of through-wall 

cracking cumulative for all 

welds in the vessel 

xLPR 

Demonstrate probability of failure 

of Class 1 piping with dissimilar 

metal welds is extremely low 
1.010-6 

Annual frequency of 

rupture cumulative for all 

susceptible welds in an 

NPP 

8.2.3 Selecting an appropriate reliability parameter 

When defining acceptance criteria for a probabilistic assessments, consideration should be 

given to the selection of the appropriate reliability parameter. The information below is not intended to 

provide a comprehensive review of reliability theory but illustrates some of the concepts that should be 

considered when developing acceptance criteria. 

The examples discussed previously used annual failure probabilities, failure frequencies and 

cumulative lifetime probabilities. Reliability assessments are generally classified into one of two 

categories, assessments for non-repairable or repairable systems (a system may be an individual 

component or combination of components depending on the problem definition) [138]. Non-repairable 

systems are those which are concerned with first failure. After a system failure is observed an end-state 

is reached and it is impossible to return to service. In such scenarios, mission reliability or the annual 

probability of failure over a specified interval are appropriate reliability metrics [139]. Failure rate or 
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failure frequency are reliability metrics that apply to repairable systems. After equipment failure is 

experienced a corrective action can be implemented (i.e. repair or replacement) so the equipment can 

be returned to operation. 

For non-repairable systems, the mission is the defined evaluation interval for the assessment. If 

the mission is defined as the lifetime of the system from the start of operation at time t = 0 to a specified 

end-of-life date then the mission probability of failure equates to the cumulative lifetime probability of 

failure. For a cumulative failure distribution function Ft(t), the mission probability of failure for any 

interval (t1, t2) can be denoted Pf(t1, t2). In the non-repairable problem definition Pf(t1, t2) is to be 

conditioned to account for the non-zero probability of failure up to time t1 using: 

𝑃𝑓(𝑡1, 𝑡2) =
𝐹𝑡(𝑡2)− 𝐹𝑡(𝑡1)

1− 𝐹𝑡(𝑡1)
                                                                  (4) 

The mission reliability, Rt(t1, t2) is calculated using: 

𝑅𝑡(𝑡1, 𝑡2) = 1 − 𝑃𝑓(𝑡1, 𝑡2) =  
1− 𝐹𝑡(𝑡2)

1− 𝐹𝑡(𝑡1)
                                             (5) 

If the mission time is 1 year, Eqs. (4) and (5), the annual probability of failure and the annual 

reliability is calculated. 

The potential significance of the conditioning effect for a hypothetical probabilistic assessment 

for non-repairable system which generates the cumulative distribution function is shown in Fig. 32. 

Using Eq. (4), the mission probability of failure calculations is summarized in Table 10 for the 5−10 

year interval and the 25−30 year interval. The mission probability of failure accounts for the higher 

likelihood of a failure occurring between years 25 and 30 given it has survived up to year 25. 

 

FIG. 32. Cumulative distribution function for a hypothetical probabilistic assessment for a non-repairable 

component. 
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TABLE 10. MISSION PROBABILITY OF FAILURE CALCULATIONS FOR THE EXAMPLE 

DEPICTED IN FIG. 32. 

t1 t2 Ft(t1) Ft(t2) Ft(t2) – Ft(t1) Pf(t1, t2) 

5 10 0.020 0.150 0.130 0.132 

25 30 0.800 0.930 0.130 0.650 

When Ft(t1) is very low, then Pf(t1, t2) ≈ Ft(t2) − Ft(t1), but the mission probability of failure can 

be significantly underestimated and the mission reliability significantly overestimated if that is not the 

case. In many nuclear industry PFM applications, the objective is to demonstrate that probability of 

failure remains very low over the expected operating life of the component, so Ft(t1) is often very small. 

As a result the conditioning effect in Eqs. (6) and (7) may be insignificant, but this is not be assumed 

without confirmation for a specific application. 

For repairable systems, the failure rate or failure frequency is defined as the expected number 

of failures per unit time. At time t, the failure rate, η(t), can be calculated based on [140, 141], for a 

probability density function for the mean time between failures, X, represented by fx(t), as follows: 

𝜂(𝑡) =  𝑓𝑋(𝑇) +  ∫ 𝜂(𝑡 − 𝑥)
𝑡

0
𝑓𝑋(𝑥)𝑑𝑥                                      (6) 

The homogenous Poisson process model is widely used to model recurring events [136]. 

Parameter X is an exponential random variable and the distribution of the number of failures, N(t), 

follows the Poisson distribution, where: 

𝑃[𝑁(𝑡) = 𝑘] =  
(𝜆𝑡)𝑘𝑒−𝜆𝑡

𝑘!
                                                       (7) 

The expected number of failures is a function of the failure rate and time, E[N(t)] = λt and the 

failure rate is a constant value, η(t) = λ. Because the failure rate is constant, the homogenous Poisson 

process model is not appropriate for modelling equipment subject to aging related degradation where 

the failure rate is expected to increase with time. However, for highly reliable equipment λ tends to be 

small and the probability of failure in time, t, can be approximated as Pf(t) ≈ λt leading to the often used 

assumption that the annual probability of failure Pf(t = 1) ≈ E[N(t = 1)]. The validity of this assumption 

has to be verified for a specific application if it is adopted as the basic for acceptance criteria for 

probabilistic assessments for repairable equipment. If ageing effects are significant failure, other 

probability models which permit non-constant failure rates, such as the Weibull model, are considered. 

The failure rate, λ(t), for a Weibull model can be calculated as follows: 

𝜆(𝑡) =  
𝛽

𝜐
(

𝑡− 𝛾

𝜐
)

𝛽−1
                                                          (8) 

where β is the shape parameter, υ is the scale parameter and γ is the location parameter for the 

distribution. For β < 1, the failure rate would decrease with time, for β = 1, the failure rate would be 

constant with time and for β > 1, the failure rate would increase with time. 

8.2.4 Summary 

Development of acceptance criteria for probabilistic evaluations of the risk associated with the 

failure of NPP components is not a trivial task. When acceptance criteria are based on the effect that a 
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component failure has on the CDF, this may not provide sufficient operational reliability targets for all 

pressure boundary components. Inconsistent definitions of the failure limit state can present challenges 

in comparing the risk associated with different component failures or combining component failure 

probabilities for a system. The selection of the appropriate reliability target needs to account for the 

nature of the modelled system. Advancement of the application of PFM in the nuclear industry would 

benefit from a strategic and systematic review of appropriate acceptance criteria and adoption of the 

criteria in industry codes and standards. 

8.3 SENSITIVITY ANALYSIS AND INFLUENCE PARAMETER RANKINGS 

Sensitivity analysis and importance ranking can be utilized to help improve the validity of 

piping reliability models. These types of evaluations are performed in order to: (a) analyze the impact 

of each input parameter and modeling assumption on the magnitude of the pipe reliability estimate 

(reliability importance); and (b) analyze the contribution of each input parameter and modeling 

assumption to the total epistemic uncertainty of the pipe reliability estimate (uncertainty importance). 

The reliability importance can demonstrate how the pipe reliability model responds to a perturbance of 

individual input parameters and modeling assumptions; hence, it can help the analyst better understand 

the model behavior and detect abnormal response that may indicate an error in input data or models. 

The uncertainty importance can suggest, if the validity of the pipe reliability estimation needs to be 

improved, which input data and/or modeling assumptions are prioritized for further refinements. 

In the DDM approach, sensitivity analyses are performed at different levels of an analysis. A 

sample-based uncertainty method is used to assess variations and uncertainties for each key parameter. 

In preparing the input parameter sets, different assumptions about the prior state of knowledge (i.e. prior 

failure rate distributions) are tested in order to assess the effect of a chosen prior on the posterior failure 

rate distribution. In the analysis of the effect of RIM on the probabilistic failure metrics, sensitivity 

studies are performed by varying the value of the probability of detection and leak detection intervals. 

In developing a CFP model, the parameters of the Beta distribution may be obtained using different 

technical approaches, including expert elicitation and PFM. 

PFM simulates the behavior of cracked structures and transfers uncertainties from input 

parameters to a failure frequency, expressed in terms of probability density function. The assessment 

of the rupture probability of highly reliable piping can be obtained. For the appropriate probabilistic 

modelling of a structure including the uncertainties, but also for the analysis of PFM application cases, 

the question is what input parameter has higher impact on computed failure probability, and which have 

minor impacts. This question is related to sensitivity measures or importance factors of the input 

parameters and their ranking based on their influence [143, 144]. The following are the methods for the 

ranking of relevant influence parameters [24, 145]: 

⎯ Amplification ratio. The amplification is useful for identifying basic variables that have a strong 

effect on the resulting estimate of failure probability. 

⎯ Direction cosine method. This method is based on the position of the most probable failure 

point, and it provides a measure of the sensitivity or importance of the failure probability to the 

corresponding random variable 

⎯ Degree of separation. The mean value (i) and the standard deviation (i) are estimated from 

all realizations sampled in the simulation rather than those of user-defined input distributions. 
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⎯ Separation of uncertainty method. A two loop PFM code architecture for the treatment of the 

uncertainties allows for separate treatment of the aleatory and epistemic uncertainties. 

⎯ Sample-based uncertainty method. At least three levels are considered for each parameter based 

on the anticipated variations and uncertainties: Low/Baseline/High, where baseline represents 

the original parameter set, Low numerically smaller, and High numerically higher values – 

alternatively, the Low/High nomenclature can refer to the expected structural performance or 

risk. 

The I-PPoF framework conducts sensitivity analyses with respect to both reliability and 

uncertainty importance of input parameters. For the reliability importance, local sensitivity methods can 

be used since their interpretations with respect to the model’s behavior are straightforward and can be 

visualized. For the uncertainty importance, I-PPoF utilizes the cumulative distribution function based 

moment-independent global method due to its capability of accounting for uncertainties associated with 

the model input and outputs as well as the non-linearity and interactions among input parameters inside 

the model. For instance, Beal et al. [146] conducted local sensitivity analyses using the tornado diagram 

and spider plot techniques to study the reliability importance of the RIM input parameters and a global 

sensitivity analysis to identify the uncertainty importance of those input parameters. Beal et al included 

a global sensitivity analysis for uncertainty importance as one of the steps in the probabilistic validation. 

In their algorithm, if the epistemic uncertainty for the pipe reliability estimation does not satisfy the 

probabilistic acceptance criteria, the global sensitivity analysis is conducted to identify input data and 

modeling assumptions that are the dominant sources of epistemic uncertainties and be refined to reduce 

the overall uncertainty.  

8.4 EXPERIMENTAL WORK AND MODEL VALIDATION 

An objective of experimental work is to solve knowledgebase gaps in materials science and 

fracture mechanics. The experimental work includes laboratory tests, computer simulations (e.g. 

acoustic-structural simulation, coupled computational fluid dynamics and structural simulation), and 

large scale tests of mock-ups subjected to different environments (pressure, temperature, chemistry 

parameters) and loading conditions. The results from the experimental work can be essential in the 

characterization of uncertainties in input parameters. This becomes especially important when 

analyzing situations for which there is no OPEX data available on which to base the input parameter 

selections. This subsection has a narrow scope. It highlights some of the outcomes from the extensive 

research to determine the susceptibility of certain nickel-base alloys to SCC in a high temperature 

environment; specifically, the performance of Alloy 690 and its weld metals Alloy 52 and 152 in a 

PWR primary system operating environment. Selected chemical and mechanical properties of nickel 

base materials are summarized in Table 11. 

In a PWR primary system water environment, intergranular SCC in wrought nickel base 

materials is commonly referred to as primary water SCC (PWSCC). The predominant nickel base alloys 

in WCRs are Alloy 600 and Alloy 690. The former was developed in the 1950s and the latter in the 

1960s, and with full scale production beginning in the 1960s and 1970s, respectively. The occurrence 

of PWSCC in high purity water has been extensively studied since the first reported observation in 

laboratory tests performed at the Commissariat à l'Énergie Atomique in 1959 [147, 148]. These tests were 

performed on Alloy 600 material. Alloy 600 nevertheless became a preferred alloy when the WCRs 

were designed and constructed in the 1960−1990 timeframe. The first Alloy 600 PWSCC events in 

operating plants were reported in the early 1980s.  
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TABLE 11. SELECTED CHEMICAL & MECHANICAL PROPERTIES OF ALLOYS 600 & 690. 

Mechanical Properties 

Temperature 
Alloy 690 Alloy 600 

Yield Strength Tensile Strength Yield Strength Tensile Strength 

°F °C ksi MPa ksi MPa ksi MPa ksi MPa 

1000 565 45.5 314 105.5 727 28.5 196 84.0 579 

1200 650 46.1 318 108.5 748 26.5 183 65.0 448 

1400 760 46.5 321 103.5 714 17.0 117 27.5 190 

Chemical Properties 

Nickel  58%  72% 

Chromium 27.0 - 31.0% 14 - 17% 

Iron 7.0 - 11.0% 6.0 -10.0% 

Carbon 0.05% max. ≤ 0.15% 

The OPEX data on PWSCC is extensive. There have been on the order of two hundred Alloy 

600 failures involving significant part through-wall cracking or through-wall cracking of piping 

components, and an even larger number of PWSCC failures of non-piping passive components. 

Excluding steam generators, for piping and non-piping passive components, the overall failure 

population exceeds 500 events. One of the insights that has been obtained from this experience is that 

some of the PWSCC cases occurred after relatively long incubation times (> 100,000 equivalent full 

power hours). Alloy 690 and its weld metals (Alloy 52 and 152) was developed to resist SCC, and it 

has almost universally been the preferred replacement for Alloy 600/82/182. As of this writing, there 

are no known failures after several decades of field experience with Alloy 690. Without OPEX data, 

the question is how can the resistance of Alloy 690 to primary water SCC be characterized? Crack 

initiation data are obtained from laboratory tests that are based for example on the constant extension 

rate tensile technique [149]. The applied strain rates depend on the test objectives and other 

experimental variables. There are different technical approaches to determine the factor of improvement 

for this alloy relative to Alloy 600: 

⎯ Weibull analysis of Alloy 600 cumulative fraction of cracking by end of a test period, and 

Weibayes (or Bayesian Weibull) analysis of Alloy 690 specimens that did not develop cracking 

by end of a test period. In the Weibayes analysis assumptions are made about the slope 

parameter based on judgment, e.g. the slope parameter for Alloy 690 may be assumed to be the 

same as for Alloy 600. This technique is explained in [149]; it assumes that ample test data is 

available to support the statistical analysis. 

⎯ With insufficient test data, the factor of improvement is calculated as the fraction of the Alloy 

690 test time to the time of first cracking in an Alloy 600 specimen [149]. 

8.4.1 Alloy 690 research programmes (years 1985−2020) 

In a laboratory setting, experimental tests are intended to replicate the environment that the 

materials are exposed to in an operating reactor. Because the incubation period of an environmental 

degradation mechanism may last for several years under typical operating conditions, laboratory tests 

are accelerated. Two techniques are generally used: an increased temperature and/or an increase in the 

applied stress. Standardized test protocols have been developed in order to ensure that test results 

performed by different laboratories are comparable. Reference [147] identifies more than 70 test 

protocols. Alloy 690 test programs have been ongoing since the mid-1980s [150−154]. The many 
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international test programs have involved hundreds of tests using different standards and different types 

of specimens. Because of the multitude of test variables, the analysis and interpretation of results of 

these programs is a complex undertaking. 

A methodology for evaluating the test data has been developed by Material Research Program 

(MRP) of the EPR). Organized by the MRP, the results of an international primary water SCC Crack 

Growth Rate Expert Panel were published in 2018 [154]. The expert panel compiled a database of over 

five hundred Alloy 690 crack growth rate data points and over one-hundred-and-thirty Alloy 52/152 

CGR data points from seven research laboratories These data points were evaluated and scored for data 

quality and assessed to determine the effects of parameters such as temperature, crack tip stress intensity 

factor yield strength, and crack orientation. According to this expert panel, the recommended 

conservative factors of improvement are 38 for Alloy 690 versus Alloy 600, and 324 for Alloys 52/152 

versus Alloys 82/182. Figure 33 presents a summary of two of the data sets evaluated by the expert 

panel; one data set with a 600 MPa yield strength and another with a 12% cold worked limit. In a 

subsequent revision, the recommended conservative factors of improvement were given as 48 for Alloy 

690 and 231 for Alloy 52/152 [154]. 

 
FIG. 33. Alloy 690 vs. Alloy 600 factor of improvement according to MRP-386. 

8.4.2 Estimates of Alloy 690 versus Alloy 600 factor of improvement 

Covering multiple decades of experimental work, extensive published information on the Alloy 

690-to-Alloy 600 factor of improvement determination exists. The published work covers the different 

methods for factor of improvement determination, a wide array of test methods, test specimens and test 
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variables. Active research remains ongoing and is conditioned by: (a) as of yet (year 2021) no evidence 

of Alloy 690/52/152 failures in the field, and (b) an increasing number of NPPs entering into periods of 

long-term operation (> 40 years). A factor of improvement is not arbitrarily selected. Selected values 

are to acknowledge the current state-of-knowledge, including the uncertainties in factor of improvement 

determination. In evaluating factor of improvement estimates the analyst is to differentiate thick-walled 

specimen data from thin-walled specimen data, as well as Alloy 690 from Alloy 52/152 specimen data. 

 

9. INTERPRETING RESULTS 

9.1 RESULTS PRESENTATION 

The format for how to document results depends on the objectives of an analysis, including the 

relevant codes and standards requirements. As a minimum, a tabular summary of the results are to be 

presented that includes a characterization of the uncertainty in a calculated piping reliability parameter; 

i.e., mean, median, 5th percentile, 95th percentile and range factor which is defined as (95th/5th)0.5. 

Graphical summaries can be in the form of the cumulative failure rate (or frequency) as a function of 

pipe break size (Fig. 34) or through-wall flow rates, or it can be in the form of a hazard function, e.g. 

annual pipe failure frequency versus ROY, Figs. 35 and 36. A hazard function can be viewed as a 

probability density function divided by the survival function; or the instantaneous frequency of failure 

within a narrow time frame. 

 
FIG. 34. System-level small diameter piping reliability results presentation. 
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FIG. 35. An example of system-level piping reliability results presentation. 

 
FIG. 36. An example of piping component level results presentation. 
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Presenting results in terms of frequency versus break sizes implies two different underlying 

assumptions. A first assumption is a double ended guillotine break only type of failure, meaning that if 

through-wall cracking develops the system pressure would cause the crack to propagate into a full 

double-ended guillotine break. Under the first assumption the higher failure frequency is attributed to a 

greater likelihood of double ended guillotine breaks on small diameter pipes. A second assumption is 

referred to as the continuum failure model in which an EBS of any size up to and including a double 

ended guillotine break can occur on any pipe. In this model, the higher frequency associated with small 

breaks is attributed to the combination of double ended guillotine break s on small diameter pipes and 

small EBS on large pipes. 

9.2 RISK CHARACTERIZATION OF PIPE FAILURES 

As an introduction to Sections 9.3 and 9.4 this Section speaks of a pipe failure event analysis 

to illustrate how a risk characterization of a failed pipe can be performed and how the reliability metrics 

relate to and challenge probabilistic acceptance criteria. The intent of a risk characterization can be to 

quantify the change in CDF due to a pipe failure that is discovered during routine plant operation. The 

basic elements of a risk characterization process are illustrated in Fig. 37. 

 
FIG. 37. Risk characterization process. 

Probabilistic failure metrics for risk characterizations include the CCDP and change in core 

damage frequency, ΔCDF [154]. Different national codes and standards for risk characterization exist. 

In this example, the CCDP is used as a measure of the core damage frequency at the time of the 

occurrence of a pressure boundary failure (PBF), e.g. if a pipe failure were to produce a loss-of-coolant 

accident: 

CDF|PBF = f PBF  CCDP|PBF                                                           (9) 

ΔCDF = ΔfPBF  CCDP|PBF                                                              (10) 
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ΔfPBF = fPBF-After − fPBF-Before                                                (11) 

9.2.1 Risk significance of pipe failures 

The risk characterization process is exemplified by using a fictitious high cycle fatigue failure 

of a high pressure safety injection line connected to the primary pressure boundary piping in a PWR 

plant. The evaluation boundary of interest is shown in Fig. 38. The event is assumed to have occurred 

during normal plant operation, resulting in a controlled plant shutdown. A risk significance evaluation 

was performed after the fact. 

 

FIG. 38. Location of through-wall weld flaw (adopted from [155]). 

The inside diameter of the pipe that leaked was 54 mm. The PSA model of the plant in which 

the pipe failure occurred classified a Safety Class 1 pipe failure having an EBS between 10 mm and 35 

mm as a small LOCA, and EBS between 35 mm and 110 mm as a medium LOCA. Had the affected 

high pressure safety injection line suffered a double ended guillotine type of break the effective break 

size would be about 75 mm. Therefore, the high cycle fatigue failure was characterized as a precursor 

to a small or medium LOCA. The risk significance of the high cycle fatigue failure would be that it 

altered the plant-specific state of knowledge about the frequency of a small LOCA or medium LOCA 

initiating event. 

In this example the approach to characterizing the risk significance of the leak event is to 

express the risk significance in terms of the change in CDF due to the leak event. A DDM is applied to 

calculate the relevant probabilistic failure metrics for the evaluation boundary; i.e. the pipe failure rate 

before and after the incident and the corresponding conditional failure probability. 

Pipe failure rate estimates derived from OPEX are shown Table 12. Comparing the plant 

specific estimates before and after the leak event occurred, it is seen that the impact of the leak event is 

an increase in the high pressure safety injection line failure frequency of about 15%. Neither of the 26 
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high pressure safety injection line failures nor in any of the PWR pipe failures in the OPEX database, 

were the failures more severe than a relatively large leak ( 0.8 kg/s). In order to produce a small LOCA 

as defined in plant-specific PSA models the failure would need to have an EBS of about 10 mm or 

larger (i.e.  7 kg/s). To produce a medium LOCA a break would have to exceed 110 mm in EBS (i.e. 

 100 kg/s). 

TABLE 12. ESTIMATES OF HIGH PRESSURE SAFETY INJECTION LINE FAILURE RATE 

HPI Failure Frequency Case 

OPEX 

Failure 

Count 

Exposure 

[ROY] 

Gamma Distribution Parameters 

  Mean 5%tile 95%tile 

All PWR data pooled 26 6,342 0.5 122 4.110-3 1.710-5 1.610-2 

PWR data excluding the plant 

where the failure occurred 
19 6,220 0.5 164 3.110-3 1.310-5 1.210-2 

Old – Bayes update before 

the leak event – plant-specific 
6 120.1 6.5 284 2.310-2 1.010-2 3.910-2 

New – Bayes update after the 

leak event – plant-specific 
7 121.6 7.5 285 2.610-2 1.310-2 4.410-2 

In this example the results of the LOCA Frequency Expert Elicitation Study (NUREG-1829) is 

used as the basis for the CFP [23]. This reference includes tabulations of LOCA frequencies for different 

systems and break sizes. In this example a reverse engineering approach is applied as follows: 

⎯ Obtain the LOCA frequency distribution from NUREG-1829; 

⎯ Using the DDM, calculate a corresponding pipe failure rate; 

⎯ Derive a CFP as 
𝐿𝑂𝐶𝐴 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑃𝑖𝑝𝑒 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑅𝑎𝑡𝑒
 

A target LOCA frequency distribution is obtained by combining the geometric mean of the 

expert elicitation results10 with the results of a DDM-derived LOCA frequency distribution from 

Appendix D of NUREG-1829 [23]. This then become the mixture distribution as shown in Table 13. 

Next the target LOCA frequencies are converted into CFP distributions using the failure rate 

distributions from the DDM-derived results and after fitting the LOCA frequency distributions and 

failure rate distributions to lognormal distributions. Using this approach, the following relations are 

established: 

𝑚𝑒𝑑𝑖𝑎𝑛𝐶𝐹𝑃 =
𝑚𝑒𝑑𝑖𝑎𝑛𝑇𝐿𝐹

𝑚𝑒𝑑𝑖𝑎𝑛𝐹𝑅
                                                             (12) 

𝑅𝐹𝐶𝐹𝑃 = 𝑒1.645𝜎𝐶𝐹𝑃                                                                 (13) 

𝜎𝐶𝐹𝑃 = √(
𝑙𝑛𝑅𝐹𝑇𝐿𝐹

1.645
)2 − (

𝑙𝑛𝑅𝐹𝐹𝑅

1.645
)2                                                   (14) 

The evidence in this example was 26 high pressure safety injection pipe failures involving 

cracks and leaks and 0 failures involving LOCAs. The Bayes’ update was performed using priors from 

 
10 Nine expert panel members produced nine different sets of LOCA frequency estimates that were obtained using different 

methods, including DDM and PFM. The results are available from https://adams.nrc.gov/wba/ (ML080560011). 

https://adams.nrc.gov/wba/
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Table 14 and the binomial distribution for the likelihood function with the evidence of 0 ruptures out of 

26 pipe failures. The resulting posterior CFP distributions are given in Table 15. 

TABLE 13. HIGH PRESSURE INJECTION LINE LOCA FREQUENCIES FROM NUREG-1829 

Distribution 

LOCA 

Category 

(NUREG-1829) 

Break 

Size [mm] 
Mean 5%-tile 50%-tile 95%-tile 

Geometric Mean of 

NUREG-1829 [23] 

1 ≥ 15 1.310-5 6.410-7 5.510-6 4.710-5 

2 ≥ 40 4.610-6 1.510-7 1.610-6 1.710-5 

3 ≥ 75 7.210-7 1.510-8 2.110-7 2.810-6 

Base Case Results 

Appendix D of 

NUREG-1829 

1 ≥ 15 1.610-5 2.610-7 3.910-6 6.110-5 

2 ≥ 40 2.310-6 3.310-8 5.410-7 9.010-6 

3 ≥ 75 9.210-7 1.310-8 2.110-7 3.610-6 

Mixture Distribution 

of Experts and 

NUREG-1829 

Appendix D Results 

1 ≥ 15 1.410-5 3.910-7 4.710-6 5.310-5 

2 ≥ 40 3.510-6 5.510-8 9.810-7 1.410-5 

3 ≥ 75 8.110-7 1.410-8 2.110-7 3.110-6 

TABLE 14. CUMULATIVE CFP DISTRIBUTIONS FOR HPI PIPE 

Distribution 
LOCA 

Category 
EBS [mm] 

CFP Distribution Parameters 

Mean 5%-tile Median 95%-tile 

Prior Distribution for 

CFP 

1 ≥ 15 1.210-2 5.810-3 1.010-2 1.810-2 

2 ≥ 40 3.010-3 5.310-4 2.110-3 8.410-3 

3 ≥ 75 6.510-4 1.110-4 4.510-4 1.810-3 

Posterior Distribution 

Using 0 ruptures in 26 

pipe failures 

1 ≥ 12 1.110-2 5.710-3 9.910-3 1.710-2 

2 ≥ 40 2.810-3 5.110-4 2.010-3 7.610-3 

3 ≥ 75 6.310-4 1.110-4 4.510-4 1.810-3 

TABLE 15. CHANGE IN PLANT-SPECIFIC LOCA FREQUENCIES 

Break Size 

[mm] 

LOCA Frequencies Prior to Leak Event LOCA Frequencies After Leak Event 

Mean 95%-tile Mean 95%-tile 

15 2.410-4 4.910-4 2.810-4 5.510-4 

40 6.410-5 1.910-4 7.310-5 2.210-4 

75 1.510-5 9.910-5 1.710-5 5.010-5 

9.2.2 Acceptability of risk characterization results 

The results for the change in CDF due to changes in the state of knowledge before and after the 

occurrence of the fictitious pipe failure are shown in Fig. 39. Indicated in this figure are the results of 

three different calculation cases that were defined using different CFP assumptions. 

The base case mean estimate of the change in CDF was estimated to be about 5×10-7 per year. 

It was based on the target LOCA frequency approach. An alternative calculation case used PFM 

calculations to generate CFP prior distributions. For illustrative purposes only, a simplified approach 

used an arbitrarily assumed CFP so that the upper bound estimate would be in excess of the risk 

criterion. This leads to a question of what is the most appropriate way of justifying results and what are 

the underlying assumptions. 
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FIG. 39. Change in CDF due to a leak event. 

9.3 SENSITIVITY ANALYSIS 

Sensitivity analysis is the study of how uncertainty in the output of a model can be apportioned 

to different sources of uncertainty in the model input [113−119], [145]. Using the example in Section 

9.2.1, the model output parameters are influenced by assumptions about the prior pipe failure rate 

distribution (minor effect in the example) and the CFP model assumptions. The example based the CFP 

model on expert elicitation input and PFM. 

9.4 UNCERTAINTY ANALYSIS 

Uncertainty is defined as the representation of the confidence in the state of knowledge about 

the parameter values and models used in representing piping reliability. Uncertainty analysis focuses 

on identifying and quantifying the sources of uncertainty in the results of an analysis. The sources of 

uncertainty that are relevant to structural reliability analysis can be classified into two categories: 1) 

aleatory uncertainties; being associated with physical uncertainty or randomness and, 2) epistemic 

uncertainties; being associated with understanding or knowledge. Aleatory uncertainty refers to the 

natural randomness associated with an uncertain quantity and is often termed Type I uncertainty in 

reliability analysis. Aleatory uncertainty is quantified through the collection and analysis of data. The 

observed data may be fitted by theoretical distributions, and the probabilistic modelling may be 

interpreted in the relative frequency sense. Epistemic uncertainty reflects the lack of knowledge or 

information about a quantity and is often termed Type II uncertainty in reliability analysis. Key aspects 

of uncertainty treatment in structural reliability analysis are summarized below. 
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9.4.1 Aleatory vs. epistemic uncertainty 

Aleatory uncertainty is attributed to inherent randomness, natural variation, or chance outcomes 

in the physical world; in principle, this uncertainty is irreducible because it is assumed to be a property 

of nature. Aleatory uncertainty is sometimes called random or stochastic variability. 

Epistemic uncertainty is attributed to the lack of knowledge about events and processes. In 

principle, this uncertainty is reducible because it is a function of information. Epistemic uncertainty is 

sometimes called, subjective or internal uncertainty, and divides into two major sub-categories: model 

uncertainty and parameter uncertainty. When combined with the aleatory uncertainty, the epistemic 

uncertainty parameters provide a basis for quantitatively estimating the uncertainty bounds for a specific 

reliability parameter. The combined uncertainty parameters represent both the irreducible and event 

driven issues that associated with any given analysis case. This uncertainty contribution comes from 

the knowledge of the analyst integrating the information about material degradation and determining 

the likelihood of major pipe failure challenging the safety of a plan. As information about the pipe 

failure context, and the knowledge about possible influences of RIM increases the epistemic uncertainty 

decreases. 

9.4.2 Material degradation and uncertainty analysis 

Each methodology, DDM, PFM and I-PPoF, includes detailed considerations of uncertainty. 

For each application the uncertainty distributions are skillfully crafted, thus reflecting the knowledge 

and experience of the analyst and the overall material degradation state-of-knowledge. The latter aspect 

is always going to be challenged by peer reviewers and the material science experts; what are the 

justifications, how do assumptions impact the results, and are the results reasonable? The design and 

construction (fabrication, welding, and installation) of piping systems respond to codes and standards 

requirements, regulations, and specific operating environments. An uncertainty distribution reflects 

piping design information, material properties and empirical data as shown in Fig. 40. 

 

FIG. 40. Piping materials uncertainty characterization process. 

A process for translating the abstract uncertainty concepts into practical guidelines for piping 

reliability analysis begins with the fundamentals. That is, deep knowledge of piping design principles, 

material degradation, and the empirical data associated with piping in the different operating 

environments. The treatment of uncertainty differs according to the type of piping system for which 

probabilistic failure metrics are estimated. There are four types of piping systems: 
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1. Primary system piping connected to the reactor pressure vessel. The predominant materials are 

stainless steels, carbon steel clad with stainless steel, and nickel-base alloys. The conjoint 

requirements for material degradation are well known. Nevertheless, pipe flaws sometimes 

develop in locations believed to be immune to degradation. 

a. Parametric uncertainty relates to the uncertainty in the frequency of crack initiation and 

propagation. This uncertainty is influenced by welding processes, material selection, 

NDE techniques (e.g. extent and type of surface preparation for NDE), and stress 

improvement processes. It is also influenced by the known degradation susceptibilities 

of different materials. For example, the shape of the uncertainty distribution is different 

for an evaluation boundary with ample field experience data as opposed to 

experimental data only [24]. 

b. Modeling uncertainty means the uncertainty in the conditional failure probability. 

Different models yield different answers, potentially with significant impact on the 5th, 

50th and 95th percentiles of the pipe failure frequency. The modeling of long term effects 

of high temperature and high pressure on fracture toughness could have a significant 

impact on the shape of an uncertainty distribution. The modeling uncertainty could be 

an important influence on results interpretation when a probabilistic acceptance 

criterion applies. 

c. Completeness uncertainty addresses whether an analysis account for all material 

degradation scenarios. For example could multiple degradation mechanisms interact to 

cause a slow or rapid crack propagation? Access to relevant empirical data is important, 

and physics-of-failure models can provide valuable insights into the completeness 

uncertainty. 

2. Piping connected to the primary system piping, providing chemistry control, level control, 

pressure control, safety injection, and residual heat removal, and ensuring containment 

integrity. The predominant materials are stainless steels and nickel-base alloys. The piping 

consists of large-, medium- and small-diameter piping that are exposed to different operating 

environments; e.g. intermittent flow and stagnant flow conditions. Some sections of the piping 

are within the primary system pressure boundary; the majority of the piping is outside of the 

primary pressure boundary. Depending on the evaluation boundary, different RIM processes 

apply. 

a. The parametric uncertainty is influenced by the functionality of a system as well as the 

routing of piping for which probabilistic failure metrics are sought; i.e. local flow 

conditions. 

b. The modeling uncertainty accounts for pressure, temperature and flow conditions as 

well as the types of surveillance testing which is performed to verify operability of 

standby safety systems. The configuration of an evaluation boundary could determine 

whether a susceptibility to thermal fatigue exists [24]. 

c. .For this class of systems the completeness uncertainty should acknowledge 

possibilities for gas intrusion and voiding in sections of piping normally isolated from 

the primary pressure boundary. Less-than-adequate post maintenance and surveillance 

testing procedures could make piping susceptible to over-pressurization given an 

automatic system actuation signal. A water hammer load could exceed allowable 

stresses. 

3. Support system piping that provides cooling water to safety-related equipment, spent fuel pool 

cooling and fire protection water supply. The plant-to-plant variability in the piping system 

designs is significant. The RIM process implementations vary significantly as well. The 
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predominant materials are carbon steel and stainless steel, but high-alloy stainless steel and 

high-density polyethylene materials are also used. 

a. The parametric uncertainty is addressed through a screening of the empirical data to 

account for different operating environments and plant-to-plant variability in piping 

system designs. 

b. Model uncertainty means that different conditional failure probability models are used 

to reflect variability in the process medium corrosion potential, low operating 

temperature and pressure, and multiple degradation mechanisms. 

c. Completeness uncertainty includes consideration of the conjoint requirements for 

degradation absent any OPEX but with availability of limited experimental data. 

Susceptibilities to hydraulic transients such as water hammer could have a very 

significant impact on the uncertainty in the calculated probabilistic failure metrics. 

4. Balance of plant piping systems that are needed for power conversion; i.e. high pressure and 

temperature piping for converting thermal energy to mechanical and electric energy. Advanced 

WCRs use carbon steels selectively, and low-alloy steels and stainless steels in wet steam 

environments. The empirical data for the different combinations of materials and operating 

environments is very extensive. RIM processes have been especially developed for these piping 

systems. 

a. As for the support system piping, the parametric uncertainty is addressed through a 

detailed screening of the empirical data to account for different operating environments 

and plant-to-plant variability in piping system designs. 

b. Model uncertainty is addressed using conditional failure probability models developed 

for the different combinations of materials and process media (dry steam, wet steam, 

condensate and feedwater). 

c. For the completeness uncertainty extensive computer simulation data exists that 

correlates different piping geometries and operating environments with the 

susceptibility to flow-assisted degradation. Water hammer loads acting on piping 

locations that are not susceptible to flow assisted degradation has strong impact on the 

shape of uncertainty distributions. In advance boiling water reactors, the use of 

hydrogen water chemistry could enhance the propensity for flow assisted degradation. 

 

10. DOCUMENTATION 

10.1 OBJECTIVES 

The objective of Step 7 of the Analysis Framework is to produce a traceable description of the 

processes used to develop the quantitative assessments of piping reliability. The objective of an analysis 

determines the depth of the documentation to be provided. Regulatory requirements and guidelines and 

relevant codes and standards determine or influence the scope and depth of the documentation. The 

users of the analysis results should be defined, including requirements for peer review. Applicable 

regulatory requirements should be identified. The analysis documentation should be organized to ensure 

that the information and data are scrutable, which means that the assumptions, input/output data, models 

selected, etc. are clearly stated. 
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10.2 DOCUMENTATION GUIDELINES 

The processing of the information in Step 6 (Synthesize the Insights and Results) includes the 

output of Step 6 and the cumulative output of all previous steps of the analysis framework. The 

documentation is to give a traceable record of the analysis; from Step 1 through Step 6. Proposed 

documentation guidelines are found in Tables 16 and 17. 

TABLE 16. SUGGESTED MINIMUM CONTENT OF DDM ANALYSIS DOCUMENTATION 

Item Item Suggested Minimum Content to Facilitate Effective Review 

1 DDM Software In cases that a sufficiently similar software is not available to perform a 

meaningful benchmarking comparison, propose a way to give sufficient 

access to the software, for example through an informal review meeting 

2 Models Document the model or models to a sufficient level of detail that a 

competent analyst already familiar with the relevant subject area could 

independently implement the model(s) 

Provide a basis for all significant aspects of the model(s), including why 

the selected models are sufficiently reliable for the intended application, 

with identification of important uncertainties or conservatisms 

Document any algorithms or numerical methods needed to implement 

the model(s) 

Discuss any significant assumptions, approximations, and 

simplifications, including their potential impacts on the analysis 

3 Inputs Document the inputs in detail, including specifying their values, 

including the statistical distributions used to characterize the 

uncertainties 

Provide the basis for the input values used, including why the input basis 

is considered sufficiently reliable for the application 

Document the process for retrieving and classifying the OPEX data.  

Document the basis for pipe failure rate exposure terms 

Present the method and basis for treating epistemic and aleatory 

uncertainties 

4 Input Importance and 

Sensitivity Studies 

Document an assessment of input importance, with the objective to 

identify the subset of inputs that have the greatest impact on the analysis 

results or conclusions 

Document the basis for how the prior distribution are defined. The 

documentation should include an assessment of the sensitivity of results 

to choice of prior distribution 

5 Verification and 

Validation 

Identify any applicable quality assurance programme, plan, and/or 

procedures, as well as the quality assurance standards met 

Include a basic description of the measures for quality assurance, 

including verification and validation of the DDM software as applied in 

the subject report 

Document any benchmarking activities performed for the DDM 

software 

6 Uncertainties Summarize the overall Monte Carlo sampling structure (or other 

probabilistic treatment) and simulation framework, including their basis 

Include a summary discussion of key uncertainties or biases stemming 

from assumptions and simplifications to make real-world phenomena 

tractable, based, at a minimum, upon qualitative assessment 

7 Acceptance Criteria Document the probabilistic acceptance criteria and their bases. 
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TABLE 17. SUGGESTED MINIMUM CONTENT OF PFM ANALYSIS DOCUMENTATION 

[157] 

Item Item Suggested Minimum Content 

1 Information Made 

Available to Reviewer 

The analyst should have a plan for making the PFM software and 

supporting documents available to enable the review of PFM analysis.  

1.1 PFM Software In cases that a sufficiently similar PFM code is not available for 

Reviewer to perform a meaningful benchmarking comparison, propose 

a way to give sufficient access to the PFM software, for example 

through an informal review meeting 

1.2 Supporting Documents As appropriate, the supporting technical and quality assurance 

documents and procedures for the PFM software should be available for 

examination by Reviewer in an in-person review meeting 

2 Models Document the model or models to a sufficient level of detail that a 

competent analyst already familiar with the relevant subject area could 

independently implement the model(s) 

Provide a basis for all significant aspects of the model(s), including why 

the selected models are sufficiently reliable for the intended application, 

with identification of important uncertainties or conservatisms 

Document any algorithms or numerical methods needed to implement 

the model(s) 

Discuss any significant assumptions, approximations, and 

simplifications, including their potential impacts on the analysis 

3 Inputs Document the inputs in detail, including specifying their values and 

whether they are treated as deterministic or probabilistic (and if 

probabilistic, document the distribution from which the inputs are 

sampled) 

Provide the basis for the input values used, including why the input basis 

is considered sufficiently reliable for the application 

Document use of interpolation, extrapolation, and truncation schemes, 

as well as curve fitting of data 

Document the approach for treatment of correlation or statistical 

independence of inputs, along with the corresponding basis for the 

approach 

Ensure that selected or sampled inputs remain consistent and physically 

valid if inputs are dependent on each other, e.g., due to physical 

processes. 

Present the method and basis for treating epistemic and aleatory 

uncertainties 

4 Convergence Explicitly demonstrate convergence for all temporal and spatial 

discretizations, as well as statistical convergence of the Monte Carlo 

simulation 

5 Input Importance and 

Sensitivity Studies 

Document an assessment of input importance, with the objective to 

identify the subset of inputs that have the greatest impact on the analysis 

results or conclusions 

Revisit the most important inputs and discuss how the values or 

distributions for the most important inputs were confirmed to be treated 

appropriately 

6 Verification and 

Validation 

Identify the applicable quality assurance programme, plan, and/or 

procedures, as well as the quality assurance standards met 

Include a basic description of the measures for quality assurance, 

including verification and validation of the PFM software as applied in 

the subject report 

Include confirmation that the verification and validation cover the 

ranges of input values considered in the submittal 

Document any benchmarking activities performed for the PFM software 

7 Uncertainties Summarize the overall Monte Carlo sampling structure (or other 

probabilistic treatment) and simulation framework, including their basis 
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TABLE 17. SUGGESTED MINIMUM CONTENT OF PFM ANALYSIS DOCUMENTATION 

[157] 

Item Item Suggested Minimum Content 

Include descriptions of the pseudo-random number generation, 

sampling methods, sampling frequencies, and applied spatial or 

temporal discretization 

Discuss the basis for any conservative treatments of input values or 

models 

Include a summary discussion of key uncertainties or biases stemming 

from assumptions and simplifications. 

8 Acceptance Criteria Document the probabilistic acceptance criteria and their basis, for 

example a previous established precedent. Document sensitivity studies 

that address how the 95th percentile of the failure frequency varies with 

assumptions associated with input variables. 

10.3 END USER EXPECTATIONS ON DOCUMENTATION 

Included in this section are two examples of end-user requirements on the documentation of 

piping reliability analysis results that are intended for probabilistic fitness-for-service analyses and PSA 

applications. An end-user defines the scope of an analysis as well the format for how results are 

documented. A first example of end-user requirements is the U.S. Nuclear Regulatory Commission 

Regulatory Guide 1.245, a second example is the proposed regulatory guide DG-1382, a third example 

is the FRANX software developed by the Electric Power Research Institute, and a fourth example is the 

R-Book developed by the Nordic PSA Group. 

10.3.1 U.S. NRC Regulatory Guide 1.178 Revision 2 

Regulatory Guide 1.178 describes an approach to what is acceptable to the NRC for developing 

risk-informed in-service inspection (RI-ISI) programs [158]. Developing a RI-ISI program involves a 

determination of the pipe failure potential of individual pipe segments or welds within a piping system. 

The pipe failure potential is assessed using PFM or other methods. Section 2.1.5 of the regulatory guide 

1.178 states the following: 

“When implementing probabilistic fracture mechanics computer programs that 

estimate structural reliability and are used in risk assessment of piping, or other 

analytic methods for estimating the failure potential of a piping segment, some of the 

important parameters that the analysis needs to assess include the identification of 

structural mechanics parameters, degradation mechanisms, design limit 

considerations, operating practices and environment, and the development of a data 

base or analytic methods for predicting the reliability of piping systems. Design and 

operational stress or strain limits are assessed. This information is available to the 

licensee in the design information for the plant. The loading and resulting stresses or 

strains on the piping are needed as input to the calculations that predict the failure 

probability of a piping segment. The use of validated computer programs, with 

appropriate input, is strongly recommended in a quantitative RI-ISI program because it 

may facilitate the regulatory evaluation of a submittal. The analytic method should be 

validated with applicable plant and industry piping performance data.”] 

“To understand the impact of specific assumptions or models used to characterize the 

potential for piping failure, appropriate sensitivity or uncertainty studies is to be 
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performed. These uncertainties include, but are not limited to, design versus 

fabrication differences, variations in material properties and strengths, effects of 

various degradation and aging mechanisms, variation in steady-state and transient 

loads, availability and accuracy of plant operating history, availability of inspection 

and maintenance program data, applicability and size of the data base to the specific 

degradation and piping, and the capabilities of analytic methods and models to predict 

realistic results. Evaluation of these uncertainties provides insights to the input 

parameters that affect the failure potential and, therefore, require careful 

consideration in the analysis.” [158] 

10.3.2 Structured method for preparing PFM analysis documentation 

The U.S. Nuclear Regulatory Commission has developed a graded approach to how to 

document the results of PFM analyses that are performed in support of decision-making. As defined by 

the IAEA, a graded approach “means a structured method by which the stringency of control to be 

applied to a product or process is commensurate with the risk associated with a loss of control” [159]. 

This graded approach is described in Regulatory Guide 1.245 [160], with supporting technical 

information documented in NUREG/CR-7278 [161]. The proposed regulatory Guide represents a 

regulator’s perspective on how to document PFM studies, and it is an expansion of a proposed approach 

documented in an industry white paper from 2019 [157]. The contents of the proposed regulatory guide 

are as follows: 

⎯ Chapter 1: Introduction and Background; 

⎯ Chapter 2: Contents of PFM submittal. This chapter includes a description of a structure 

approach and recommended contents of PFM submittal; 

⎯ Chapter 3: Analytical Steps in a PFM Submittal, includes descriptions of the steps and actions 

that may be taken as part of developing a PFM study, in support of developing the contents of 

a PFM submittal; and 

⎯ Chapter 4: Methods used in PFM analysis, detailed descriptions of individual statistical analysis 

methods that may be used in a PFM study, and useful in performing the steps and actions 

described in NUREG/CR-7278 [161]. 

10.3.3 EPRI-FRANX software for internal flooding PSA 

Internal flooding PSA (IF-PSA) refers to probabilistic treatment of flooding inside a NPP as a 

result of pipe failure [162]. A typical internal flooding PSA models a large number of flood scenarios 

and they account for all piping systems that potentially can contribute to internal flooding. Hundreds of 

flood scenarios are accounted for, each with a unique flooding initiating event represented by a pipe 

failure frequency. Developed by the Electric Power Research Institute, the FRANX computer software 

enables the definition of flood scenarios and the quantification of flood risk [163]. The program 

manages the list of scenarios that need risk calculations and manages the mapping of plant components 

to the elements of the PSA model that are affected by the scenario. Next, pipe failure frequency 

parameters are assigned each scenario. 

The internal flooding pipe failure frequency parameters are imported to the FRANX software 

as Excel files or CSV files that for each evaluation boundary lists the cumulative pipe failure frequency 

as a function of pipe size, type of operating medium, operating pressure, EBS, and the estimated 

through-wall flow rates. Included are the uncertainty distributions, or range factors; i.e., 95th/5th. In 
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this case, the data comes from a source such as [164], and the software can calculate the cumulative 

pipe failure frequencies for user defined EBS and through-wall flow rates at a given operating pressure. 

10.3.4 R-Book by Nordic PSA Group 

The Nordic PSA Group was established as common forum for the discussion of issues related 

to PSA, with focus on the R&D needs. The group has funded a series of projects directly linked to the 

OECD/NEA database projects. In 2005 the group launched the ‘R-Book’ project to provide PSA 

practitioners with access to piping reliability parameters. A planning effort was launched in order to: 

⎯ Review pipe failure databases to identify the technical features that considered important to to 

the R-Book development; 

⎯ Review of methods for piping reliability parameter estimation; 

⎯ Development, distribution and evaluation of a questionnaire that addressed user requirements 

on the planned R-Book (content, including level of detail, and updating philosophy). Input from 

the international PSA community was sought; and 

⎯ Development, distribution and evaluation of a questionnaire that addressed the availability and 

access to piping exposure term data (piping system design information including weld counts 

and pipe length information organized by system, size, material, process medium, safety 

classification). 

The final version of the R-Book was published in 2011 (Fig. 41.). Only an electronic version 

of the R-Book has been issued. It consists of a password protected CD with the project files structured 

as follows (also see Fig. 42): 

⎯ Summary report (WORD-file and Probability Density Function); Nordic PSA Group 

Report 04-007:01 [165, 166]. The report summarizes the data processing routines: from 

extracting event population data from the CODAP database, via definition of relevant 

exposure term data (i.e. the number of reactor-operating-years that produced a certain event 

population times the number of welds susceptible to a certain degradation mechanism), to 

the definition of calculation cases, and to the execution of a certain calculation. 

⎯ Theory Manual. This document contains an overview of the general calculation format, 

including a technical basis for how to define exposure terms specific to a certain calculation 

case; e.g. pipe failure in BWR reactor recirculation piping susceptible to intergranular SCC, 

failure of dissimilar-metal reactor recirculation piping welds, etc. 

⎯ For each of the 26 systems a file folder with the following system-specific computer files: 

o Text file (WORD and Probability Density Function formats) summarizing the 

underlying degradation mechanism analysis (degradation mechanism assessment 

results), input data (event population data and corresponding exposure term data), 

results summary, and a discussion on how to use the R-Data results; 

o Data Processing & Results Summary; Microsoft® Excel files; 

o Oracle Crystal Ball® reports for each calculation case; depending on system, up to 

24 individual Excel files. These “reports” enable a user to not only reproduce a 

certain application but also to perform different types of sensitivity analyses 

depending on an intended application. 
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The total file-size is ca. 90 Mb (compressed archive format), which is made up from a total of 

96 independent and related files. All piping reliability calculations are based on OPEX data for the 

period 1970−2007. 

 

FIG. 41. R-Book report cover. 
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FIG. 42. R-Book content and structure. 
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11. ADVANCED WCR PIPE FAILURE RATES 

11.1 BASIC CONSIDERATIONS 

The methodologies that are described in this report are reactor technology neutral. They can be 

applied to any WCR and advanced WCR piping system reliability analysis. A lack of OPEX data could 

complicate the derivation of pipe failure rates for advanced WCR applications. The DDM approach 

may be viewed as inappropriate, and in applying the PFM or I-PPoF methodologies the confidence in 

the results may be questioned; i.e. very low failure frequencies much lower than 1.010-6 per ROY and 

location, and with large uncertainties. How much confidence is there in the probability density functions 

that have been developed to be representative of the piping structural integrity risk triplets ‘What can 

happen’, ‘how likely is it to happen’, and ‘what are the consequences if it does happen’ The methods 

and techniques described in this report are applicable to advanced WCRs. However, the validation of 

results may require additional research or enhancements to existing calculation routines. 

It is important to recognize what the differences are between the piping system designs of 

advanced WCR and WCRs. Details on the evolution of the BWR, CANDU, PWR and VVER designs 

are found for example in [167−170]. The piping system designs for advanced WCRs build on lessons 

learned from more than five decades of WCR design, commissioning and operation, and they 

acknowledge current codes and standards. Illustrated in Fig. 43 is a conceptual scheme for how to derive 

advanced WCR centric pipe failure rates () and pipe failure frequencies, that conceptually correspond 

to CFP.11 The term centric means that a failure rate reflects a specific set of advanced WCR operating 

environments, material properties and loading conditions. The conceptual scheme consists of elements 

‘A’ through ‘F’: 

A. Material degradation insights. The left-most part of the scheme in Fig. 43. The WCRs currently 

in operation were designed and commissioned in the 1960−1980 time frame. An extensive body 

of pipe failure data was generated during this period. The root cause evaluations, including non-

destructive and destructive examinations, produced a deep understanding of the conjoint 

requirements for material degradation. Subsequent advances in material science and RIM 

technologies aided the development of strategies for how to mitigate piping material 

degradation in certain operating environments. 

B. Proactive material degradation mitigation. By the late 1980s the plant operators had 

implemented major engineering changes to enhance the structural integrity of piping systems. 

These changes addressed the conjoint requirements for material degradation; improved water 

chemistry control, use of better materials and application of stress improvement techniques. For 

many WCR piping systems OPEX for the period 1990 to 2020 differs substantially from the 

period 1965 to 1990. These differences are well understood. 

C. Learning process. A Bayesian implementation of the DDM enables the derivation updated 

(posterior) pipe failure rates that acknowledge the material degradation “learning effects”. For 

example, the extensive pre-1990 OPEX can be used to develop prior pipe failure rate 

uncertainty distributions that are updated using the post-1990 OPEX [171]. Conceptually 

simple to do, but nevertheless should be formalized by applying the piping reliability analysis 

framework. Illustrated in Fig. 44 are results of a before-and-after assessment of OPEX to 

 
11 In this Section the term  represents pipe failure “precursors” and the term CFP represents the frequency of a pipe failure 

of certain magnitude. CFP is the conditional pipe failure probability. 
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determine the factor-of-improvement from implementing degradation mitigation processes. 

This analysis was done in support of the CRP and addresses intergranular SCC factor-of-

improvements in a BWR primary system operating environment. 

D. Advanced WCR prior pipe failure rates & pipe failure frequencies. It is technically feasible to 

develop informed advanced WCR pipe failure rates on the basis of the existing WCR OPEX. 

The material types and RIM strategies that are considered for advanced WCR application are 

well vetted and proven to be effective in material ageing management. Applying the piping 

reliability analysis framework, a combination of methodologies, and using the insights gained 

from [24] should yield results that can withstand a formal peer review process. 

E. Advanced WCR posterior pipe failure rates. As the advanced WCR OPEX becomes available 

it becomes technically feasible to update the advanced WCR apriori failure rates. Or, to develop 

new prior pipe failure rate uncertainty distributions. 

F. Advanced WCR pipe failure frequencies. Implementing elements A through E yields the input 

parameter for the development of advanced WCR pipe failure frequencies. The CRP 

Benchmark report gives additional details on how to address the analysis of advanced WCR 

pipe failure rate. 

 

FIG. 43. Conceptual scheme for the derivation of advanced WCR centric pipe failure rates. 
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FIG. 44. Example of pipe failure rates before-and-after mitigation of degradation susceptibilities. 

 

11.2 APPLICABILITY OF WCR PIPING OPEX TO ADVANCED WCR 

This Section discusses what differentiates the advanced WCR piping system designs from the 

WCR piping system designs. The first commercial WCR designs were developed in the mid-1950s. The 

WCR piping system designs evolved significantly over the next several decades and in response to new 

regulatory requirements, national codes and standards, and operational insights. A WCR commissioned 

in the 1970s has undergone many piping system design changes, and the lessons learned from the WCR 

experience have been transferred to the advanced WCR piping system design philosophies: 

⎯ Less Safety Class 1 piping; fewer welds, improved access for inspection inside the containment. 

o Elimination of certain Safety Class 1 piping and large diameter reactor pressure vessel 

nozzles; e.g. no external reactor recirculation piping in Generation III/III+ BWRs. 

Elimination of piping between the steam generator and reactor coolant pumps in Gen 

III/III+ PWRs. 

o Fewer similar-metal welds in PWR RCS hot legs and cold legs. 

o Elimination of Safety Class 1 socket welds. 

⎯ Use of FAD resistant balance-of-plant piping; e.g. high pressure steam piping. 

⎯ Improved support system piping designs. 

⎯ Use of corrosion resistant raw water piping material; e.g. high alloy stainless steel or high 

density polyethylene materials. 
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An overview of typical WCR and advanced WCR piping selections is given in Table 18. While 

some WCR plants operate with unmitigated and/or mitigated nickel-base materials, advanced WCRs 

use SCC resistant nickel base alloys. Instead of carbon steels or 300 series austenitic stainless steels in 

raw water environments, it is projected that most advanced WCRs would have corrosion resistant 

stainless steel piping or plastic piping (e.g. high density polyethylene piping). 

TABLE 18. TYPICAL WCR AND ADVANCED WCR PPIPING MATERIAL SELECTIONS 

System Group 
Typical Material Selections 

WCR advanced WCR 

Primary Coolant System 

Stainless steel clad carbon steel 

(e.g. CE and B&W), cast 

austenitic stainless steels elbows, 

seamless austenitic stainless steel 

piping, Alloy 600/82/182 

dissimilar metal welds 

Cast austenitic stainless steels 

(ferrite content < 20 FN), seamless 

austenitic stainless steel piping, 

Alloy 690/52/152 dissimilar metal 

welds 

Emergency Core Cooling 
300-Series austenitic stainless 

steel 

300-Series austenitic stainless 

steel 

Reactor Auxiliary Systems 
Carbon steel, 300-Series austenitic 

stainless steel 

Carbon steel, 300-Series austenitic 

stainless steel 

Safety-related raw water cooling 

system 

Carbon steel, 300-Series austenitic 

stainless steel, super-austenitic 

Stainless Steel 

Super-austenitic stainless steel, 

HDPE (buried pipe sections) 

Below ground service water and 

fire water system piping 
Carbon steel, cast iron, HDPE 

Stainless steel, super-austenitic 

stainless, HDPE 

Feedwater &steam system piping 
Carbon steel, low-alloy steel, 

stainless steel) 
Low-alloy steel, stainless steel 

 

From the point of view of applicability of WCR piping OPEX to advanced WCRs, a notable 

observation concerns the effectiveness of degradation mitigation practices, Tables 19 and 18 [92].  

The existing WCR OPEX enables evaluations of piping degradation susceptibilities before and 

after a specific mitigation process or technology has been applied; i.e. a factor-of-improvement 

assessment. 
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TABLE 19. EFFECT OF AGEING MANAGEMENT ON MATERIAL IN SCC AND FATIGUE SUSCEPTIBLE ENVIRONMENTS 

Degradation Mechanism 

 
Material(s) 

Operating 

Environment(s) 

WCR OPEX Domain 

Advanced WCR OPEX Domain 

WCR OPEX Domain / Proactive 

Ageing Management 

Steps Taken to Manage / Mitigate 

Degradation (Post-1980s) 
Ageing Management Effect on OPEX 

S
tr

es
s 

C
o

rr
o

si
o

n
 C

ra
ck

in
g

 

External chloride 

induced SCC 
Stainless steel – multiple grades Multiple 

Improved fabrication practices, 

cleanliness, pipe surface 

decontamination 

Inconclusive (i.e. not possible to make 

clear distinction between the “early-life 

OPEX” vs. long-term OPEX) 
Transgranular 

SCC 

Intergranular 

SCC 

Unstabilized Austenitic 

Stainless Steel BWR primary water 

(hydrogen water 

chemistry, NMCA) 

Improved water chemistry control, 

application of stress improvement 

process (e.g. MSIP, peening), use of 

SCC-resistant material, application of 

FSWOL, minimize number of welds) 
Significant reduction noted in SCC 

incident rates 

Stabilized Austenitic Stainless 

Steel 

Alloy 82/182 

Primary water 

SCC 
Alloy 600/82/182 

High temperature 

PWR primary water 

Use of SCC-resistant material (e.g. 

Alloy 690/52/152), application of stress 

improvement process, application of 

FSWOL. 

F
at

ig
u

e 

High cycle 

fatigue (small 

diameter lines) 

Multiple Multiple 

Elimination of socket welds, fatigue 

monitoring, improved piping 

configuration, installation of vibration 

dampers 

Inconclusive 

Low-cycle fatigue Multiple Multiple 

Improved piping configuration (e.g. 

added supports), enhanced welding 

technology 

Inconclusive 

Thermal Fatigue Multiple Hot/cold fluid mixing 

Fatigue monitoring, improved non-

destructive examination technology, 

improved system operating procedures, 

piping system re-configuration 

“Somewhat” inconclusive 

Corrosion Fatigue Multiple 
High temperature 

environment 

Re-configuration of piping (e.g. PWR 

Feedwater nozzle configuration) 

Inconclusive (only limited OPEX 

exists, most of which are from the 

1970s to early 1980s) 

Environmental 

Fatigue 
Multiple 

High temperature 

environment 

Fatigue monitoring, improved plant 

operating procedures 

Relationship between field experience 

and experimental & theoretical work 

yet to be determined. 



 

96 

TABLE 20. EFFECT OF AGEING MANAGEMENT ONMATERIAL PERFORMANCE IN FAD-SUSCEPTIBLE &CORROSIVE ENVIRONMENTS 

Degradation Mechanism 

 
Material(s) 

Operating 

Environment(s) 

WCR OPEX Domain 

Advanced WCR OPEX Domain 

WCR OPEX Domain / Proactive 

Ageing Management 

Steps Taken to Manage / Mitigate 

Degradation 
Ageing Management Effect on OPEX 

F
lo

w
 A

ss
is

te
d

 D
eg

ra
d

at
io

n
 Erosion-Cavitation Multiple Multiple 

Piping system reconfiguration, improved 

system operating procedures 

Inconclusive - a function of the 

effectiveness of knowledge transfer 

Erosion-Corrosion Carbon steel Multiple Use of erosion-corrosion resistant materials Inconclusive 

Flow Assisted 

Corrosion 
Carbon steel, low alloy steel 

High energy 

piping, single or 

two phase flow 

conditions 

Use of flow accelerated corrosion resistant 

material, implementation of flow 

accelerated corrosion monitoring 

programme, improved secondary-side 

water chemistry. 

Significant reduction noted for flow 

accelerated corrosion induced 

degradation leading to leaks or ruptures 

Liquid Droplet 

Impingement Erosion 

Low alloy steel, stainless 

steel 

Reconfiguration of piping, improved 

operating procedures / operational 

strategies (e.g. base load vs. load following) 

Inconclusive; the relationships between 

extended power uprate and liquid 

droplet impingement erosion 

susceptibility to be determined. 

C
o

rr
o

si
o

n
 

Corrosion - General 

Al-Bronze, Carbon steel, 

stainless steel (e.g. 300-

Series) 

Raw water (e.g. 

brackish, lake, 

pond, river, sea) 

Chemical treatment of water, use of 

corrosion resistant material incl. non-

metallic material, reconfiguration of piping, 

application of composite repair 

technology12, installation of cathodic 

protection system, etc. 

Inconclusive - however, high alloy 

austenitic stainless steels (e.g. AL-

6XN®, 254-SMO® & 654-SMO®) and 

high-density polyethylene materials 

appear to perform very well in raw 

water environments 

Crevice Corrosion 

Dealloying - 

Selective Leaching 

Galvanic Corrosion 

Microbial Corrosion 

 

 
12 For more information, see for example https://adams.nrc.gov/wba/ (Accession No. ML20014E476; “30 to 96-inch Pipelines Upgrade Case Study: Navigating Safety Related Pipeline Upgrades 

with CFRP” & ML20014E506, “Carbon Fiber Reinforced Plastic (CFRP) Repair – Future Applications and R&D Gaps”). 

https://adams.nrc.gov/wba/
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11.3 APPLICABILITY OF THE ANALYSIS FRAMEWORK 

The purpose of the piping reliability analysis framework is to ensure that the objectives of an 

analysis are translated into specifications for the required input parameters as well as for the 

quantification scheme. If done in sufficient detail, the unique advanced WCR piping reliability 

attributes and influence factors are defined such that OPEX data screening criteria are obtained. Possible 

but surmountable complications are envisaged when addressing new types of piping materials, 

including advanced structural alloys and non-metallic materials. High density polyethylene piping is 

increasingly being used in corrosive operating environments. The failure modes of plastic piping differs 

from metallic piping. This affects the methodology selection element of the CRP framework. PFM and 

I-PpoF would apply to plastic piping, assuming that due consideration is given to the unique high 

density polyethylene failure modes; e.g. creep and slow crack growth. 

Figure 45 illustrates the results of an analysis to assess the expected performance of DN100 

piping of different materials in a raw water environment. The plant system of concern is the service 

water system for which extensive WCR OPEX is available. A typical original material of choice was 

carbon steel, which is susceptible to microbiologically influenced corrosion in some raw water 

environments. In order to reduce the incident rate of corrosion failures, extensive piping replacement 

were made using 300-Series stainless steel. However, this material proved to be more-or-less equally 

susceptible to microbiologically influenced corrosion as carbon steel. The analysis behind the results in 

Figure 61 considered three analysis cases: 

1. Carbon steel, DN100 piping in lake water environment. A DDM approach was used to derive 

pipe failure rates based on the U.S. OPEX. This analysis is documented in [162]. 

2. High alloy stainless steel materials were introduced in the late 1970s. Relative to the standard 

Series 300 stainless, these materials have substantially higher chromium, molybdenum and 

nitrogen content. They are commonly referred to as high performance stainless steels because 

of their high resistance to crevice corrosion and pitting corrosion. An enhanced DDM approach 

was used to derive DN100 pipe failure rates for high performance stainless steel piping in a 

lake water environment. In this approach a mixture distribution probability matrix was 

developed to assign probability weights to different hypotheses about the corrosion resistance 

of high performance stainless steel. The methodology incorporated relevant OPEX data [84] 

documents the methodology. 

3. At some WCR plants, continued issues with pinhole leaks, pitting, and other localized forms of 

pipe wall degradation due to microbiologically influenced corrosion have resulted in the 

replacement of portions of the original Service Water carbon steel piping with high density 

polyethylene piping. This material has demonstrated a high resistance to abrasion and 

biofouling and it is immune to general corrosion. Several advanced WCR plants use high 

density polyethylene material for safety and non-safety related piping including fire water 

system piping and service water piping. Reference [172] documents the results of an analysis 

which builds on laboratory test data to establish relationships between applied stress and failure 

time. A Weibull analysis of the test data yielded failure rates as a function of the age of the test 

specimens as shown in Fig. 46. These results were used to develop prior high density 

polyethylene pipe failure rates versus age and for different operating pressures. 
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FIG. 45. Failure rates for DN100 piping in a raw water environment. 

 

FIG. 46. High density polyethylene vs. carbon steel pipe failure rates.  
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11.4 STRATEGIES FOR UPDATING PIPE FAILURE RATES 

In PSA an often raised question is whether generic pipe failure rate estimates should be updated 

using plant specific OPEX data. The term generic pipe failure rates refers to published, peer reviewed 

results that are available in the public domain. Large uncertainties and moderately low failure rates 

associated with piping, influence that the performance of NPP specific Bayes’ updates is not usually 

performed. This is because usually there is insufficient NPP specific evidence to justify such a 

procedure. It has always been assumed that there would be only very small changes in pipe failure rate 

estimates if this type of Bayes’ update were to be performed. In order to perform a technically sound 

Bayes’ update of pipe failure rates the following questions arise: 

⎯ Is NPP specific data for failures and exposures collected and analyzed in a manner consistent 

with the treatment of generic data in generic pipe failure rate estimates available within the 

public domain reports or industry reports; 

⎯ Is there a significant plant to plant-to-plant or site-to-site variability in the pipe failure rate 

data that is reflected in the generic distributions. Figure 47 shows a wind rose diagram 

presenting the site-to-site variability in in raw water cooling system pipe failure experience. 

⎯ Whether NPP specific data need to be removed from the generic data in thus avoiding over 

counting the same evidence at two places. This is a generic issue in Bayes’ updating with NPP 

specific data; it is usually ignored by assuming that the contribution to generic distributions 

from any specific NPP is small. This might not be true in the pipe failure rate case especially 

if a NPP in question has an unusually high pipe failure incidence rate when compared to the 

rest in the industry. 

 

FIG. 47. Site-to-site variability in raw water cooling system pipe failure experience. 
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To support this investigation, a limited analysis was performed to evaluate Circulating Water 

and Service Water pipe failure rates using U.S. OPEX. The two system were selected on the basis of 

their importance in some WCR internal flooding PSA studies. The hypothetical OPEX for PWR plants 

is compared with that of plant NPP-‘X’ for which plant-specific estimates are sought. The results are 

found in Tables 21 and 22 raise several questions regarding the process for data specialization. It is a 

topic for further research. 

TABLE 21. SEPARATION OF PLANT ‘X’ FROM THE TOTAL PWR CIRCULATING WATER 

PIPE FAILURE EVENT DATA 

Plant Population Failures ROYs 
Exposure Term 

[ROY-m.] 

Failure Rate Point 

Estimate 

[1/ROY-m.]. 

All PWR Plants 43 3960 376,586 1.110-4 

Plant ‘X’ 9 84 7,988 1.110-3 

All less ‘X’ 34 3876 368,598 9.210-5 

 

TABLE 22. SEPARATION OF PLANT-SPECIFIC DATA FROM TOTAL PWR SERVICE 

WATER PIPE FAILURE DATA ON SMALL LEAKS 

Plant Population Failures  ROYs 
Exposure Term 

[ROY-m.] 

Failure Rate Point 

Estimate 

[1/ROY-m.] 

Total PWR 

SW Sea Water 
114 707 1,359,118 8.410-5 

Plant ‘X’ 20 84 161,479 1.210-4 

Total Plant 

Population less ‘X’ 
94 623 1,197639 7.910-5 

11.5 AGEING FACTOR ASSESSMENT PRINCIPLES 

Opportunities to identify and evaluate temporal trends and potential effects of ageing on piping 

integrity are enabled by two important factors; 1) systematic and continuous OPEX data collection and 

evaluation, and 2) systematic and successive application of analysis methods and techniques to explore 

OPEX data in a formalized manner and to a common problem. It is not feasible to identify ageing trends 

on the basis of OPEX data alone. A statistical analysis may provide indications of possible trends in 

piping material performance. But it is very challenging analytical task that requires access to a 

comprehensive database, which needs to be screened in order to address the many different factors that 

affect a data collection and analysis process. That is, accounting for changes in reporting routines and 

ageing management processes; Fig. 48 is a snapshot of piping OPEX at the end of calendar year 2020. 

It shows the number of pipe failures normalized against the plant population in a given plant age 

interval. Additional analyses are needed in order to obtain reasonable quantitative assessments of ageing 

factors, if any. 

The next Section includes a brief historical perspective on relevant research activities during 

the past twenty-five years. Also included are some results of a long-term project to assess pipe failure 

rates and temporal trends. There are multiple technical approaches to the analysis of age dependent pipe 

failure rates. Before attempting a rigorous assessment, it is recommended that as a first step to perform 

simple visual tests of graphical plots of failure data to obtain insights into temporal trends and possible 

ageing trends. 
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FIG. 48. Pipe failure trends.13 

Identifying trends in pipe failure rates is a complex undertaking. Data homogeneity, data 

completeness, and data analysis processes impact the insights regarding trends. The results as presented 

in Fig. 48 are affected as much by the data collection process, the completeness and quality of the data, 

as they are affected by the technical approach that is used when binning the OPEX data; e.g. small 

versus large time intervals. 

11.5.1 Research into ageing factor assessment 

Research into materials ageing has been ongoing for about fifty years. Reviews of service 

experience data have been important to this research [173]. For example, in 1975 the U.S. NRC 

established a first Pipe Crack Study Group charged with the task of evaluating the significance of SCC 

in BWR) [85] and PWR plants [86]. Service experience reviews were an important aspect of the work 

by the Pipe Crack Study Group. As another example, major failures of condensate and feedwater piping 

(e.g., Trojan in 1985 and Surry in 1986) due to flow accelerated corrosion resulted in similar initiatives 

to learn from service experience and to develop mitigation strategies to prevent recurrence of flow 

accelerated corrosion induced pipe failures [87−90]. 

In the United States, the NRC sponsored the Nuclear Plant Aging Research programme during 

1985−1994 to collect information about aging phenomena. Mainly, this programme collected a large 

body of qualitative information on plant aging and the potential effects on plant safety. The Nuclear 

Plant Ageing Research collected information has supported the formulation of the License Renewal 

 
13 As of April 2021, the operating experience in this chart includes small, medium and large diameter piping of all safety 

classes as well as non-safety piping. 
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Rule (10 CFR Part 54, 1995), and it has been utilized in subsequent NRC-sponsored ageing PSA 

feasibility studies, ageing PSA. 

In the report NUREG/CR-5378 [174], a methodology was presented for how to identify and 

quantify age-dependent failure rates of passive components. Central to this approach was the detailed 

data analysis of component history data, including evaluation of failure trends. The chosen example is 

an auxiliary feedwater system and flow accelerated corrosion induced pipe failure. The calculated age-

dependent CDF remained virtually constant across the selected age-span. It was a simplistic approach 

that since has been tried in other R&D efforts and with similar results and insights. Adding basic events 

that represent passive component aging effects tend not to produce any significant impact on the 

calculated risk metrics. 

The report NUREG/CR-6157 [175] surveyed the NRC-sponsored work on the aging of SSCs 

and the ageing PSA information sources. The report NUREG/CR-5632 [176] documented a proposed 

ageing PSA structure in which aging effects are included in an existing PSA model through a so called 

compound plug-in calculation. In this approach a selected ageing effect, flow accelerated corrosion in 

feedwater piping, was modelled by using a load-capacity probability calculation. Next, the flow 

accelerated corrosion piping failure event was inserted in a fault tree that modelled the loss of feedwater 

initiating event. The compound plug-in module computed the feedwater piping failure probability due 

to flow accelerated corrosion and as a function of operational time. The compound modelling concept 

is frequently used in PSA. It means that modelling is performed outside a PSA software platform and 

model integration is implemented during the PSA model quantification process. 

In 2004 a Network on the Use of PSA for Evaluation of Aging Effects to the Safety of Energy 

Facilities (EC JRC IE Ageing PSA Network) was established within the framework of the JRC FP-6 

institutional Project No. 3131 Analysis and Management of Nuclear Accidents. Network Meetings have 

been organized in Paris (2005), Bucharest (2006), Prague (2008) and Gösgen-Däniken (2010). The 

paper by Rodionov, Atwood, Kirchsteiger and Patrik [177] includes a summary of case studies that 

were performed within the framework of the Ageing PSA Network to demonstrate statistical approaches 

to quantify component aging factors, [178, 179]. The work of the Network concluded in 2010.14 

11.5.2 Temporal trends 

The term temporal trend describes change of descriptive failure statistics (mean, upper/lower 

bound) over time. They may be due to aging, such as change in the physical properties of piping material 

(examples of thinning or cracking), or due to changing reporting routines, and data collection processes. 

In other words, any temporal trends that are identified through a statistical analysis may primarily reflect 

the process that was implemented to collect OPEX data. 

The term cohort effect when used in piping reliability analysis, it describes variations in 

observed structural integrity factors (such as onset of crack initiation and subsequent crack growth) as 

a function of operating time, plant age, plant design generation, and degradation mitigation 

implementation strategies (e.g. full structural weld overlay, peening, induction heating stress 

improvement). The commercial NPP designs have evolved, and the reactor units designed in 1960s and 

commissioned in early 1970s exhibit quite different service experience histories than reactors designed 

and commissioned at later stages. Particularly strong cohort effects are relating to intergranular SCC of 

 
14 https://publications.jrc.ec.europa.eu/repository/search gives a full list of the APS Network reports. 

https://publications.jrc.ec.europa.eu/repository/search
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BWR primary system unirradiated stainless steel piping. Those BWR units commissioned in the 1960s 

and 1970s had a high intergranular SCC incidence rates; they have been attributed to an inadequate 

recognition of the relationships between the operating environments (water chemistry), material 

characteristics (carbon content) and stress conditions. The Safety Class 1 BWR intergranular SCC 

OPEX is summarized in Figure 68. This OPEX was subdivided into five classes [180]: 

1. Intergranular SCC-1 (demonstration NPPs or Generation I) caused by inadequate water 

chemistry control during the early plant life are found in first generation BWRs. These reactor 

units were brought online in the 1960s.  

2. Intergranular SCC-2 (Generation II Early) caused by inadequate water chemistry control during 

the early plant life found in the second BWR design generation commercialized in early 1970s. 

Several units have entered into an extended period of operation. 

3. Intergranular SCC-3 (Generation II Midi) corresponds to the third BWR design generation. 

Multiple intergranular SCC-mitigation projects were implemented in the latter part of the 

1980s. 

4. Intergranular SCC-4 corresponds to two specific BWR nuclear steam system supplier design 

generations (SWR69 and SWR72) that utilized stabilized austenitic stainless steel materials. 

This class is limited to German NPPs for which intergranular SCC mitigation consisted of a re-

design of the primary piping systems. This effectively eliminated the susceptibility to 

intergranular SCC. 

5. Intergranular SCC-5 (Generation II Late) corresponds to BWR designs for which intergranular 

SCC mitigation consideration was an integral part of the original piping design and NPP 

operating practices. 

 

FIG. 49. Intergranular SCC incident rates. 
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When performing successive analyses of OPEX data, an approach to the determination of 

temporal trends is to screen the data according to an assessed temporal change factor (TCF), which is 

defined as: 

TCF = λ(Pi) / λRef                                                                                                              (15) 

where: 

λ(Pi) pipe failure rate for time period Pi 

λRef  pipe failure rate for a reference period (or base case) 

Successive analysis means that a model of piping reliability is consistently applied to an 

evaluation boundary over a long time. Reference [181] presents the results of a multi-year (2005 to 

2018) project to develop piping reliability parameters for use in internal flooding PSA. The project 

produced four editions of an internal flooding PSA piping reliability data handbook using a 

systematically applied DDM approach. The first edition used a data collection on pipe failures observed 

during calendar years 1970 to 2004 (Period P1). Subsequent editions updated the previously derived 

pipe failure rates to account for new OPEX; Periods P2 (2008) through P4 (2015). These successive 

analyses enabled the evaluation of trends in the calculated pipe failure rates. 

As a data screening tool, the temporal change factor concept can give insights into possible 

trends. The temporal change factor accounts for many different influences, including the potential 

change in material properties, changes in data collection processes, changes in reporting processes and 

requirements, changes in ISI requirements, etc., as shown in Table 23. 

TABLE 23. SCREENING FOR ADVERSE TRENDS 

TCF Period(s)  Interpretation Impact on Pipe Failure Frequency 

< 1 P2, P3, 

P4 (1970-

2020) 

Effective flow accelerated 

corrosion aging management. 

No significant trend change 

anticipated beyond 2020. FAC-

free WCR piping performance is 

achievable. 

Applies to flow accelerated corrosion 

susceptible steam cycle piping systems. 

Extensive OPEX data available. Most flow 

accelerated corrosion susceptible WCR 

piping systems have been replaced with 

material resistant to flow-assisted wall 

thinning. 

> 1 but < 2 All No adverse trend noted in the 

OPEX. 

Insufficient data to support ageing factor 

assessments. Alternatively, existing aging 

management programmes sufficiently 

effective to prevent adverse trends. Simple 

update; average across chosen time period 

> 2 P2 & P3 or 

All 

Indicative of ageing of piping 

material 

Results of formal ageing factor assessment 

could be factored into failure rate 

calculations. 

Developing methods for ageing factor analysis is motivated by needs to account for time-

dependent piping material degradation as NPPs enter into periods of extended or long-term operation. 

The objectives of ageing factor assessments are to account for: 

⎯ Ageing plant fleet. The question to ask is how effective is an existing ageing management 

programme with respect to long-term material performance. Explicitly, a detailed 

identification and assessment of temporal trends would generate insights into effectiveness 
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of material ageing management and support to determine whether event recurrence patterns 

exist. 

⎯ Renewal processes. Piping systems are routinely replaced-in-kind or upgraded by replacing 

original material with material known or assumed to be resistant to degradation. 

⎯ New OPEX data. The OPEX with metallic passive components is continuously being 

updated. Is the data collection processes sufficiently complete to support quantitative ageing 

factor assessment? 

⎯ Enhancements in RIM. NPP life extension together with applications of non-destructive 

examination techniques and inspection qualification processes continue to evolve. 

Embedded in the OPEX data are effects of non-destructive examination and changes in the 

reporting of pipe failures. Is the OPEX data that has been collected from plants in a period 

of extended operation (> 40 years) a reflection of the improvements with respect to RIM 

implementation or could it be a result of unanticipated changes in material performance? 

Results from the successive analyses offer insights regarding possible ageing factor assessment 

methodologies. The frequency of service water system pipe failures has exhibited a distinct trend over 

the lifetime of the operating fleet of PWRs and BWRs in the USA. For the first 20 years of plant life, 

the frequency of pipe failures in this system is seemed to be fairly constant. The failure frequency 

appears to be significantly higher in the next ten years of plant age and in the 4th decade the failure 

frequency is even higher. 

The safety-related service water piping system has the potential of producing flood sources for 

flood-induced initiating events in an internal flooding PSA. This system is of interest in internal 

flooding PSA because it is found in many potential flood areas within a plant. The system has the 

potential to deliver large flood rates and flood volumes as a result of a pipe rupture.  

11.5.3 Coarse pipe failure rate adjustment factors 

Age-dependent pipe failure rate estimation can be performed according to different analysis 

strategies to obtain piping reliability parameters as function of the age of an affected pipe section at the 

time of its observed failure, or as a function of the temporal changes in the piping OPEX. An example 

of the latter analysis strategy is to calculate the pipe failure rate for different time periods that correspond 

to the different revisions of the internal flooding PSA piping reliability data handbooks developed by 

EPRI, Fig. 50 [181]. 

There are other factors that may contribute to the observed increases besides aging. These 

include changes in inspection and reporting practices, implementation of the maintenance rule, and the 

fact that the OPEX database has been undergoing a continual update process. As reported in [181], 

many of the changes in inspection and reporting practice were confined to Period 1 but changes that 

occurred over that thirty year period may have indeed tended to suppress the calculated average failure 

rates during those periods. 

In order to make a coarse adjustment to the baseline internal flood frequencies to account for 

aging effects, aging factors can be obtained using a curve fit approach. A simplified technical approach 

to aging factor assessment utilizes the calculated pipe failure rates for the periods P1−P4 (1970−2015). 

Each of the periods is representative of the accumulated OPEX against an average BWR and PWR fleet 

age. 
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FIG. 50. Trends in pipe failure rates over three contiguous time periods. 

The estimated pipe failure rates for each calculation case are used as anchor values when plotted 

against the average plant age for periods P1 through P3, and with additional calibration values 

calculated for selected time periods. In Microsoft® Excel a best-fit curve and equation are added to the 

four (P1−P4) calibration points, enabling the calculation of age dependent pipe failure rates. In this 

analysis a log-linear power model of aging was used. The aging factor was calculated as: 

𝐴𝐹 =  
𝐴𝑔𝑒 "𝑖"

𝐴𝑔𝑒 "1970−2020"
                                                                    (16) 

where: 

𝐴𝑔𝑒 "𝑖" pipe failure rate in time interval “i”; e.g. 2016-2020 

𝐴𝑔𝑒 "1970−2020"average pipe failure rate over the entire observation period 

Some plant-specific PSAs have shown internal flooding to be a significant contributor to CDF 

[182]. Internal flooding is a special class of common cause initiating events. A pipe break can cause an 

initiating event (e.g. loss of system function) and impair the capability of multiple components and 

structures to perform safety functions due to submergence or water spray. Raw water cooling water 

piping systems are of particular interest in internal flooding evaluations. The source of the cooling water 

is the ultimate heat sink; e.g. lake water, river water or sea water. Assessing the pipe break frequency 

as a function of break size or flood rate is a key step in the derivation of internal flood initiating event 

frequencies. 
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Assuming a NPP has entered into long term operation, an analysis of age-dependent pipe failure 

rates may be considered. Furthermore, assuming that internal flooding has been determined to be a 

major contributor to the CDF, the question is what type of data specialization should be considered for 

a pipe failure rate to be reflective of the operating environment, type of material, and the age of the 

piping. Conditional on the availability of relevant pipe failure date, the following steps may be 

contemplated: 

⎯ Organize the data set by: 

o Pipe diameter; 

o Type of ultimate heat sink; 

o Type of raw water cooling system. The system may supply cooling water to a single 

heat load (e.g. component cooling water system) or multiple heat loads; 

o Event data; 

o Age of the pipe at the time of failure. 

⎯ Perform an initial trend analysis by: 

o Bin the pipe failure population according to the year in which a failure was observed 

and in suitable intervals; e.g. 3-year (1971−73, 1974−76, etc.) or  five year intervals 

(1971−75, 1976−1980, etc.); 

o For each bin, compute the exposure term (number of ROYs times the length of the 

piping that is susceptible to material degradation); 

o For each bin, determine the average age of the plant population that produced the pipe 

failure population. 

⎯ For each bin and analysis case, calculate the temporal pipe failure rate; 

⎯ Use a Microsoft® Excel line of best-fit through the scatter plots of failure rate vs. plant age and 

a log-linear power model to determine the scale and shape factors;  

⎯ For each calculation case determine the ageing factor 𝐴𝐹. 

There are additional analysis steps to consider. For example, some or perhaps several of the 

early life analysis bins may contain zero failures. This implies that a prior failure rate distribution is to 

be developed. An application of the 𝐴𝐹 approach to internal flooding initiating event frequencies also 

is to recognize the ageing management programs that are in place to address piping material 

degradation.. 

 

12. CONCLUSIONS  

12.1 STRATEGIES FOR ADVANCED WCR PIPE FAILURE RATES ESTIMATION 

The seven-step piping reliability analysis framework is equally applicable to WCR and 

advanced WCR NPPs. The purpose of the framework is to ensure that the objectives of an analysis are 

translated into specifications for the required input parameters and the quantification scheme. The 

framework emphasizes the importance of using a consistent terminology and recognition of the end-

user requirements on an analysis with respect to the probabilistic failure metrics, documentation and 

quality assurance. When applied with sufficient rigor, the unique advanced WCR piping reliability 

attributes and influence factors are defined such that appropriate model input parameter selections and 

OPEX data screening criteria are obtained. 
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Possible but surmountable complications are envisaged when addressing new types of piping 

materials, including advanced structural alloys and non-metallic materials. High density polyethylene 

piping is increasingly being used in corrosive operating environments. The failure modes of plastic 

piping differs from metallic piping. This affects the methodology selection element of the framework. 

A lack of OPEX data could complicate the derivation of pipe failure rates for advanced WCR 

applications. The DDM approach may be viewed as inappropriate, and in applying the PFM or I-PPoF 

methodologies the confidence in the results may be questioned. In other words, very low failure 

frequencies, << 1.010-6 per ROY and location, and with large uncertainties. How much confidence is 

there in the probability density functions that have been developed to be representative of the piping 

structural integrity risk triplets becomes a question. The methods and techniques that are described in 

this publication are applicable to advanced WCRs. However, the validation of results may require 

additional research or the development of modifications to existing calculation routines. 

It is important to recognize what the differences exist between the piping system designs of 

advanced WCRs and the preceding reactor designs. The piping system designs for advanced WCRs 

build on the lessons learned from more than five decades of WCR operation, and they reflect current 

codes and standards, and new RIM processes. A conceptual scheme is presented for how to derive 

advanced WCR centric pipe failure rates. The term centric means that a failure rate reflects a specific 

set of advanced WCR operating environments, material properties and loading conditions. This scheme 

has multiple elements described as follows: 

A. Material degradation insights. The WCRs that are currently in operation were designed and 

commissioned in the 1960−1980 time frame. An extensive body of pipe failure data was 

“generated” during this period. Subsequent advances in material science and RIM technologies 

aided the development of strategies for how to mitigate piping material degradation in certain 

operating environments. 

B. Proactive material degradation mitigation. By the late 1980s the plant operators had 

implemented major engineering changes to enhance the structural integrity of piping systems. 

These changes addressed the conjoint requirements for material degradation; improved water 

chemistry control, use of better materials and application of stress improvement techniques. For 

many WCR piping systems OPEX for the period 1990−2020 differs substantially from the 

period 1965−1990. The differences are well understood. 

C. Learning process. A Bayesian implementation of the DDM supports the derivation updated 

(posterior) pipe failure rates that acknowledge the material integrity learning effects. For 

example, the extensive pre-1990 OPEX can be used to develop prior pipe failure rate 

uncertainty distributions that are updated using the post-1990 OPEX. Conceptually simple to 

do, but nevertheless should be formalized by applying the piping reliability analysis framework. 

D. Advanced WCR prior pipe failure rates. It is technically feasible to develop informed advanced 

WCR pipe failure rates on the basis of the existing WCR OPEX. The material types and RIM 

strategies that are considered for ADVANCED WCR application are well vetted and proven to 

be effective in material ageing management. 

E. Advanced WCR posterior pipe failure rates. As the advanced WCR OPEX becomes available 

it becomes technically feasible to update the advanced WCR a priori failure rates. Or, to develop 

new prior pipe failure rate uncertainty distributions. 
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12.2 INSIGHTS FROM THE APPLICATION OF DIFFERENT METHODS 

The IAEA-TECDOC-1988 [24] documents the insights into applicability of different 

methodologies that are a base guide when applying them for piping reliability analysis of the advanced 

WCRs: 

⎯ Implementations of the three families of methods can be computationally intense necessitating 

pre-planning of the computations, and the post-processing of results tended to be time-

consuming; 

⎯ Regardless of the selected methodology, the successful implementation depends on the 

experiences that had been obtained by the analysts from previously performed practical 

applications;  

⎯ The value and importance of OPEX data and experimental data could not be overstated as all 

methods benefit from and require some form of information on material performance and pipe 

failures; 

⎯ The PFM suffers from the tail sensitivity problem, which means that the computed probabilistic 

failure metrics are sensitive to very uncertain input parameters. The DDM cannot be applied to 

any problem especially defined to be solved on a fracture mechanics premise. In other words, 

the objectives of an analysis are conditioned on the context of an analysis, i.e., whether an 

analysis should be risk-informed and be input to a PSA task or is in the context of a fitness for 

service analysis. Therefore, the insights obtained from the inter-comparison of the three 

methods as documented in [24] represent a link to developing a modeling approach that 

uniquely responds to the advanced WCR analytical challenges; 

⎯ The lack of OPEX necessitate the interpretation and analysis of laboratory test data. A crucial 

point for the mechanistic approaches is the compilation of relevant references with respect to 

for example Alloys 690/52/152 crack initiation and crack growth rates. This clearly 

demonstrate that the complexities of predicting the probabilistic failure metrics. 

In advanced WCR piping reliability analysis there are two different potential analytical 

challenges facing an analyst: 1) an analysis boundary consisting of a material or combination of 

materials for which OPEX is obtainable including information on the applicable RIM strategies, and 2) 

an analysis boundary for which there is no known failure history. The first of these challenges can be 

addressed using any of the three methodologies and given that their implementation accounts for the 

effect of a RIM strategy that has been approved for advanced WCR use. The second challenge can also 

be addressed using any of the different methodologies. The effort needed to develop necessary input 

parameters can be significant, however. The integrated modeling of the many uncertain input 

parameters requires a carefully crafted implementation of the uncertainty analysis. 

12.3 MAIN CONCLUSIONS 

Many different piping reliability methods have been proposed, and some of these have been 

subjected to substantial enhancements that respond to the technical insights that have been obtained 

from a broad range of practical applications. However, there are methods that perform well when 

applied in a PSA setting. There are other methods specifically developed for fitness-for-service 

applications. Synergies across the different methods do exist as summarized in Fig. 51. 



 

110 

 

FIG. 51. Synergies among different methodologies. 

What matters the most is the way a certain method is selected and applied, the validity of the 

computational tools, the quality of the processes for developing input parameters, and the treatment of 

uncertainties. An implementation of the analysis framework promotes a consistency and transparency 

in the organization of an advanced WCR piping reliability analysis effort. 

The definition of what constitutes a pipe failure is a critical aspect of piping reliability analysis. 

There is ambiguity in the use of pipe failure mode terminology. Fundamentally, the term failure implies 

that the integrity of a pressure boundary is compromised. The manner in which pipe material degrades 

and the consequence of a degraded condition influence how structural reliability is modeled. 

As an example, in PSA the definition of the consequence of a pipe failure is very important. 

Hence, it is not meaningful to seek answers to questions like “what is the frequency of a pipe leak” or 

“what is the frequency of pipe rupture” In probabilistic terms the definition of failure versus its 

consequence affects the overall modeling approach, including the modeling of uncertainty. The 

consequence of a pipe failure can be characterized in terms of through-wall mass (kg/s ) or volumetric 

flow rate (m3/s) of process medium released into a confined or open space. The size of a through-wall 

pipe flaw can also be used and oftentimes is expressed in terms of an EBS, break opening area or crack 

opening area. The EBS is calculated using engineering analyses that involve consideration of fluid 

dynamics. In other words, it is the considerations of the consequence of a potential pipe failure that 

determines how it is modeled and how uncertainties are characterized. 

12.4 CONTINUED RESEARCH 

The continued research can fall into the following three categories: (1) expanding and refining 

the proposed piping reliability analysis framework through peer reviews that involve applications 

performed by different analysis, (2) methods development, and (3) piping reliability database 

development. Additional details are as follows: 
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Analysis framework. Opportunities for expanding and refining the analysis framework can be 

identified through an international piping reliability analysis effort.  

Methods development. Each of the three categories of piping reliability methods are 

evolutionary. This means that each category has evolved in increments and iteratively, and in some 

cases active methods development have been underway for a long time. The mechanistic models can, 

in principle, be key to transfer operational experience to advanced WCRs. Similarly, the data-driven 

models have proven effective in terms of providing for a methodology to specialize WCR OPEX data 

to account for advances in material degradation mitigation as well as advances in ISI and non-

destructive examination. Advanced WCR pipe failure rate assessment requires considerably more effort 

in terms of model validation and results interpretation than would be the case for WCRs for which there 

is extensive and well documented OPEX information. Further methods development is envisaged in 

order to make existing methods well qualified for future advanced WCR applications, and transferrable 

to a new generation of engineers and scientists. This can be achieved through an expert panel charged 

with the task to develop a coordinated research plan for the advancement of the piping reliability 

methodologies in view of anticipated regulatory and industry requirements.  

Database development. All methods require considerable amounts of input data and data 

processing efforts. In the context of piping reliability analysis the term advanced WCRs could be a 

misnomer in the sense that it implies something for which there is no or little data available; be it 

experimental data or field experience data. However, as an example, all operational WCRs have 

undergone significant upgrades with respect to reliability integrity management. A contention made is 

that there is sufficient WCR OPEX data available that is directly applicable to advanced WCRs in the 

sense that there exists deep knowledge about the factors of improvement that result from different RIM 

strategies. 

A joint IAEA/NEA workshop can be considered to address how a database project like the 

OECD/NEA CODAP can support advanced WCR piping reliability analysis activities; more 

specifically: (1) how can an analyst benefit from CODAP in terms of developing the necessary inputs 

to an analysis, (2) what are the procedures and processes for ensuring that piping OPEX data becomes 

readily available to analysts and researchers, and (3) what procedural changes can be considered by the 

CODAP Project to address current and future advanced WCR piping integrity issues. 
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ANNEX I 

METHODOLOGY DESCRIPTIONS 

I−1. DATA DRIVEN METHODOLOGY 

This Subsection documents an approach to implementing a DDM of piping reliability. The term 

data-driven implies that a model of piping reliability as much as possible builds on technical insights 

obtained from detailed evaluations of OPEX data on piping material degradation and failure. In the 

DDM approach the treatment of uncertainties is accomplished by using Bayesian techniques and Monte 

Carlo simulation. 

I−1.1. Constituent elements of the data driven methodology approach 

The constituent elements and input parameters of the DDM approach are summarized in Tables 

I−1 and I−2, respectively. The failure rate term and the CFP term are assessed using a Bayesian 

approach. Depending on the context of an analysis, the frequency of a pipe failure having a specific 

consequence is estimated on a piping component level or on a piping system level. 

TABLE I−1. CONSTITUENT ELEMENTS OF THE DDM APPROACH (INPUT PARAMETERS 

ARE PROVIDED IN TABLE I−2.) 
DDM Element Description 

F(IEx) = ∑ 𝑚𝑖𝑖 × 𝜌𝑖𝑥  

To derive a frequency of an initiating event caused by a 

pipe failure of a certain type x per reactor operating year 

(ROY). It could be a pipe failure due to a degradation 

mechanism acting on a well-defined location within a 

piping system producing a certain consequence. The 

frequency is subject to epistemic uncertainty. 

ix = ∑ 𝑖𝑘𝑘 × 𝑃(𝑅𝑥|𝐷𝐶𝑖𝑘) × 𝐼𝑖𝑘  

To derive a frequency of failure of component type i with 

EBS x (size of hole in pipe [mm] or through-wall mass flow 

rate [kg/s], subject to epistemic uncertainty. 

ik = 
𝑛𝑖𝑘

𝜏𝑖𝑘
=  

𝑛𝑖𝑘

𝑓𝑖𝑘𝑁𝑖 𝑇𝑖
 

Pipe failure rate per location-year for pipe component type 

i due to degradation mechanism k; subject to epistemic 

uncertainty. The failure rate is estimated using Bayes 

theorem 

 

TABLE I−2. INPUT PARAMETERS OF THE DDM APPROACH 

DDM Input Parameters 

Parameter Dimension Description 

P(Rx|DCik) Probability CFP of size x given failure of pipe component type i due to damage 

or degradation mechanism k, subject to epistemic uncertainty. The 

CFP parameter is conditional on a degraded condition (DC). 

Depending on the type of piping (i.e. BBL or LBB), this parameter 

may be determined on the basis of PFM, expert elicitation or OPEX 

data. 

ik For example: 

[1/Weld.ROY] 

or  

[1/m.ROY]  

or 

[1/Elbow.ROY] 

Failure rate per location-year for pipe component type i due to 

degradation mechanism k, subject to epistemic uncertainty. This 

term is a representation of the susceptibility of a given piping 

component to material degradation. The probability distribution is 

developed using a one-stage or two-stage application of Bayes 

theorem.  
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DDM Input Parameters 

Parameter Dimension Description 

mi -- Number of pipe welds (or fittings, segments or inspection locations 

of type i; each type determined by pipe size, weld type, applicable 

damage or degradation mechanisms. 

Iik Ratio of hazard 

rates 

RIM factor for weld type i and failure mechanism k, subject to 

epistemic uncertainty. 

nik -- Number of failures in pipe component of type i due to degradation 

mechanism k. The component boundary used in defining exposure 

terms is a function of the susceptibility to certain damage or 

degradation mechanisms. 

τik -- Component exposure population for welds of type i susceptible to 

degradation mechanism k. 

fik -- Estimate of the fraction of the component exposure population for 

piping component type i that is susceptible to degradation 

mechanism k. 

Ni -- Estimate of the average number of pipe components of type i per 

reactor in the ROYs of exposure for the data query used to determine 

nik. Determined from isometric drawings reviews for a population of 

plants and expert knowledge of degradation mechanisms. 

Ti ROY Total exposure in ROYs for the failure population for component 

type i. τik = fik × Ni × Ti 

I−1.2. Bayesian techniques 

The DDM produces piping reliability parameters through detailed evaluations of OPEX data 

via an implementation of a Bayesian treatment of uncertainty. The latter aspect involves the application 

of empirical Bayes methods and standard Bayes methods. The methodology consists of two basic 

elements: 1) the pipe failure rate (λ) that is calculated using a Bayesian analysis technique to update the 

probability distribution representing a prior state of knowledge with the evidence from a pipe failure 

event database, and 2) the CFP of certain magnitude (e.g. peak through-wall mass or volumetric flow 

rate or exceeding a flow rate threshold value). Typically, multiple calculation cases have to be addressed 

in order to perform a complete reliability and risk characterization of a degraded or failed pipe. These 

basic elements are elaborated in this Section. 

The model used for relating failure rates and rupture frequencies has a simple formulation. The 

pipe failure modes that are considered cover all failures requiring repair or replacement, including wall 

thinning, cracks, leaks, and ruptures of various sizes up to and including complete severance of the pipe. 

The piping reliability is expressed as the product of a failure rate and a CFP. The reason for this approach 

is that in many cases there are insufficient data available to estimate rupture frequencies directly from 

the service data. There is sufficient data from which to estimate failure rates but not major structural 

failures. This approach also facilitates the use of different sources of information for the different 

parameters of interest. The conditional failure probabilities are estimated from a combination of OPEX 

data, engineering judgment, expert elicitation and PFM. Finally, this approach makes it possible to 

divide the service data on failure rates into different cells to isolate different factors that are expected 

to influence failure rates such as system, pipe size, service conditions, and applicable degradation 

mechanisms. 

In the development of Bayesian uncertainty distributions for the above reliability parameters, 

prior distributions are developed for the parameters λik and P(Rx|Fik). These distributions are updated 

using evidence from the failure and exposure term data. The failure rate exposure terms are uncertain 
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because of plant-to-plant variability in, for example, pipe length and weld populations. The ROY of 

service experience has a relatively small amount of uncertainty; therefore, this uncertainty is dominated 

by the uncertainty in the estimated pipe population; number of elbows, tees, welds or length of piping. 

An example of the plant-to-plant variability in socket weld populations is given in Fig. I−1. It is a 

summary of primary system socket weld populations in twenty (20) reactor units. 

 

FIG. I−1. Example of plant-to-plant variability in socket weld populations. 

The uncertainty in the piping component exposure term is treated by adopting three hypotheses 

about the values of the exposure terms, which requires three Bayesian updates for each failure rate. The 

resulting posterior distributions for each parameter are then combined using Monte Carlo sampling to 

obtain uncertainty distributions for the pipe failure frequencies. 

I−1.3. Methodology for developing prior distribution parameters 

An implementation of the Bayesian approach begins with the development of a prior 

distribution, either through empirical or standard Bayes methods. In the empirical Bayes, the prior 

distribution is developed from the operating experience data. In the standard Bayes applications, the 

prior distribution is fixed before any failures are observed. Engineering judgment and OPEX insights 

may be used to characterize the uncertainty in pipe failure frequency estimates. 

To answer the question on what are the conditions for developing empirical prior distributions, 

two examples, the IGSCC and flow accelerated corrosion, are used. The two material degradation 

mechanisms are well understood and managed through specific reliability and integrity management 
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processes. The BWR IGSCC experience is used to illustrate how the related knowledgebase has evolved 

as shown in Fig. I−2. 

 
FIG.I−2. Basis for developing empirical IGSCC-centric pipe failure rates. 

For the prior state-of-knowledge in Fig. I−2 the OPEX is extensive and well documented. The 

demarcation between the two domains 1965−1988 and post−1988 is logical in that it is strongly 

connected with the reactor regulations and industry initiatives to address and mitigate intergranular 

SCC. The available OPEX lends itself to the development of empirical Bayes priors that are input to an 

estimation of the intergranular SCC mitigation factor of improvement. 

Similar to intergranular SCC, the OPEX data on flow accelerated corrosion failures can be 

divided into two groups, before and after implementing effective RIM processes to monitor and mitigate 

pipe wall thinning. That is, well documented justifications exist for how to define the demarcation 

between the prior and posterior state-of-knowledge. 

In order to provide a link to OPEX data and to maximize the uncertainty, a common approach 

is to use the constrained non-informative distribution method [I−1]. This method has been used for 

example in estimating initiating event frequencies for internal flooding events. The constrained non-

informative distribution method; method, which permits an informed estimate of the mean of an 

uncertainty distribution but otherwise is non-informed to maximize, is comprised of the following steps. 

⎯ Gamma distribution is used to characterize uncertainty in the frequency estimates; 

⎯ The mean of the gamma distribution is set to the point estimate of the failure rate obtained from 

the service data, i.e. number of occurrences (n) divided by number of reactor-years (T); 

⎯ The alpha () and beta () parameters are set to apply the constrained non-informative 

distribution method ( = 0.5); method for the gamma distribution is defined as follows: 

𝑀𝑒𝑎𝑛 =  
𝛼

𝛽
=  

𝑛

𝑇
                                                                      (I−1) 

where: 

 = 0.5 

𝛽 = 0.5/(
𝑛

𝑇
) 
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If the gamma distribution is used as a prior distribution in a Bayes’ update, there is plant specific 

data on the number of failures m and the plant’s exposure t, the Poisson likelihood function is selected, 

the posterior distribution is also a gamma distribution with parameters ’ and ’ calculated as follows: 

m+= '                                                                                 (I−2) 

t+=  '                                                                                  (I−3) 

The problem to define a prior distribution is now down to defining parameters n (i.e. the 

industry wide experience) and T (i.e. the observation period during which n was observed). The prior 

state of knowledge on which the analyst bases the parameter selection comes from piping OPEX data. 

I−1.4. Estimation of the conditional failure probability 

A statistical model of the CFP may be used to extrapolate estimates of failure frequency of 

minor leaks to major structural failures. The CFP can be represented as a cumulative failure probability 

versus an EBS expressed in terms of through-wall mass flow rate in kg/s or the size of the hole in the 

pressure boundary converted to an equivalent diameter in mm, i.e. an EBS. 

An insight from the assessment of the OPEX is that the slope of the CFP curve has a relatively 

strong decreasing probability with an increasing failure magnitude; Fig. I−3 shows the CFP estimated 

on the basis of a statistical analysis of all relevant operating experience data. In this case, below-ground 

raw water piping susceptible to corrosion mechanisms and severe loading conditions through external 

impact [I−2], and Safety Class 1 small-diameter piping subjected to high cycle fatigue. 

Figure I−4 shows a larger set of plots of the number of pipe failures of a certain safety class 

versus the consequence of failure. The y axis indicates the number of observed pipe failures. With 

information about the total pipe failure populations it becomes a relatively trivial task in theory to 

convert the y-axis to indicate a CFP on the basis of empirical data. This figure accounts for WCR and 

advanced WCR operating experience. It highlights some of the complexities of estimating the CFP 

solely on OPEX. As indicated, for Safety Class 1 piping the most significant pipe failure to date have 

produced through-wall flow rates of no more than about 10 kg/s. Some form of extrapolation is needed 

to address more significant failure consequences. 

With no OPEX data available to support direct statistical estimation of the CFP an assessment 

can draw insights from PFM. A practical approach to calculating conditional pipe failure probabilities 

is to use a Bayesian approach in which the prior CFP uncertainty distribution is expressed by a Beta 

distribution [I−3]. The beta distribution takes on values between 0 and 1 and is defined by two 

parameters A and B. 

The mean of the beta distribution is expressed as 𝐶𝐹𝑃𝑀𝑒𝑎𝑛 = 𝐴/(𝐴 + 𝐵). If A = B = 1, the beta 

distribution takes on a flat distribution between 0 and 1. If A = B = ½, the distribution is referred to as 

Jeffrey’s non-informative prior and is a U-shaped distribution with peaks at 0 and 1. Expert opinion can 

be incorporated by selecting A and B to correspond to that expert’s estimate of the mean failure 

probability. 
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FIG.I−3. Two classes of CFP curves. 

 
FIG.I−4. OPEX on piping pressure boundary failures involving active leakage. 
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To illustrate a meaning of this, for example in order to represent an expert estimate of 10-2, the 

two parameters can be selected as A = 1 and B = 99 as per 𝐶𝐹𝑃𝑀𝑒𝑎𝑛 = 𝐴/(𝐴 + 𝐵). These abstract 

parameters can be associated with the number of failures and the number of successes in examining 

OPEX data to obtain an estimate of the conditional pipe failure probability. The following explains how 

the beta distribution can be used to estimate the CFP. If a statistical basis is sought for the estimation of 

the CFP, the questions to be asked are: exactly how are data extrapolations to be expressed and how 

are the uncertainties in such extrapolations stated. The beta distribution has some convenient and useful 

properties for use in Bayes’ updating. A prior distribution, representing an analyst’s understanding of 

piping performance can be represented as a prior distribution by selecting an appropriate set of initial A 

and B values, denoted as APrior and BPrior. These prior parameters are to be selected in such a way that 

they are representative of engineering estimates (e.g., PFM results) prior to the collection of evidence 

in the form of pipe failure data. Then, when looking at the relevant service experience, if there are N 

failures and M successes, the Bayes’ updated, or posterior distribution is also a beta distribution with 

APosterior = APrior + N and BPosterior = BPrior + M. Here, N corresponds to the number of structural failures 

of some well-defined magnitude and in some specialized combination of pipe size and material and M 

corresponds to the total number of failures that do not result in a structural failure in the corresponding 

pipe size/material combination. This model assumes that all instances of a degraded condition are 

precursors to a structural failure. Since many different parameter combinations will produce the same 

mean value, selecting well justified A and B parameters is not a trivial task. Where very little evidence 

is available about the parameters non-informative priors may be tested. For leak-before-break piping it 

can be concluded that parameter A has to be a small number. A non-informative APrior assumption would 

be to assign a value of approximately ½ (assigned value is always less than 1). 

The two parameter beta distribution has been well accepted to model the conditional probability 

of failure, because of its versatility and ease of use in a Bayesian framework. However, assessing the 

parameters A and B is not trivial since an infinite number of combinations of A and B can produce the 

correct value of p. Insights from OPEX are an entry point for developing engineering-oriented bounding 

values for the CFP. That is, our Bayesian prior state-of-knowledge of the CFP for different combinations 

of systems, operating environments and loading conditions. 

Three-point approximations are widely used when assessing parameters of distributions 

because there is usually a good sense of what the median, and two bounds are (for instance 5th, 50th, 95th 

percentiles). Extensive work has been performed to determine the best approximations of the mean and 

standard deviation of a beta distribution, based on three percentiles. As an example, the experts are 

asked to provide the 5th, 50th, 95th percentiles (C.05, C0.50, C0.95, respectively). The information provided 

by the expert may be based on PFM results. The estimated mean μ and variance σ2 are obtained from 

the following equations [I−4]: 

𝜇 = 0.185 (𝐶0.95 + 𝐶0.05) + 0.63 𝐶0.50                                           (I−4) 

𝜎2 = [
𝐶0.95−𝐶0.05

3.29−
0.1(𝐶0.95+𝐶0.05−2𝐶0.50)2

𝜎0
2

]

2

                                                (I−5) 

𝜎0
2 = (

𝐶0.95−𝐶0.05

3.25
)

2
                                                    (I−6) 

where the values of 0.181 and 0.63 are the upper/lower and mid-point probabilities, respectively as 

assigned by an expert, while the coefficients 3.29 and 3.25 were established using a procedure as defined 

in [I−5]. Then, the parameters A and B can be then obtained as follows: 
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{
𝐴 =  [

(1−𝜇) 𝜇

𝜎2 − 1] 𝜇

𝐵 = [
(1−𝜇) 𝜇

𝜎2 − 1] (1 − 𝜇)
                                                            (I−7) 

Whenever the current state-of-knowledge establishes a basis for assessing the 5th, 50th, 95th 

percentiles of the CFP, the expert can use the above approach to define a defensible set of prior 

distribution parameters. The results of two Bayesian updates of CFP parameters are illustrated in Fig. 

I−5. One assessment used NUREG-1829 Expert Elicitation results [I−6], and another used PFM to 

develop the prior A and B parameters of the beta distribution. 

 

FIG. I−5. CFP models based on expert elicitation and PFM. 

I−1.5. Markov model extension 

An implicit consequence of relying on OPEX data is that the derived reliability parameters 

account for different types of RIM processes; e.g. leak detection technologies, ISI, non-destructive 

examination [I−7]. The influence of RIM on pipe failure rates is accounted for by a structural integrity 

management factor, Iik, in the equation for ix (Table I−3). A Markov model is used to quantify Iik. 

The Markov model address the interactions between piping material degradation, ISI, flaw 

detection, and repair. The Markov modeling starts with a representation of the integrity of a piping 

component in a set of discrete and mutually exclusive states. At any instant in time, the piping 

component is permitted to change state in accordance with competing processes appropriate for that 

NPP state. A Markov model state refers to flaws, leaks, or ruptures. The processes that can create a state 

change are degradation mechanisms acting on the pipe and the processes for inspecting or detecting 

flaws and leaks, and repair of damage before progressing to a complete structural failure. The 

degradation mechanisms that act on a piping component are represented by failure rates. 
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A general four-state Markov model of piping reliability is shown in Fig. I−6. All failure 

processes of this model can be evaluated using OPEX data. A piping component can be in four mutually 

exclusive states: S (success or free of flaws), F (flawed or cracked), L (leaking, non-active leakage, or 

active leakage with leak rate within technical specification limit) or R (significant structural failure). 

The repair rates  and  are estimated using the simple models in Table I−3. 

 

FIG.I−6. Four-state Markov model of piping reliability [I−7]. 

Markov model parameters are provided in Table I−3; it can be seen that the hazard rate is a 

function of time and the parameters of the Markov model. For the 4-state Markov model the time-

dependent frequency of pipe rupture, h{t}, is expressed as a function of six parameters:  occurrence rate 

for detectable flaws (), failure rate for leaks given the existence of a flaw (F), two rupture frequencies 

including one from the initial state of a flaw (F) (break-before-leak) and one from the initial state of a 

leak (L) (leak-before-break), repair rate for detectable flaws (), and repair rate for leaks. 

TABLE I−3. MARKOV MODEL PARAMETERS 
Model / Parameter Description 

 = 
𝑃𝐼𝑃𝐹𝐷

(𝑇𝐹𝐼+𝑇𝑅)
 Rate of inspection & repair non-through-wall defect 

 = 
𝑃𝐿𝐷

(𝑇𝐿𝐼+𝑇𝑅)
 Rate of detection and repair of a leak 

PI 
Probability that a piping element with a flaw will be inspected per 

inspection interval. 

PFD 
Probability that a flaw will be detected given that this segment is 

inspected. Also referred to as the POD 

PLD 
Probability that a through-wall flaw will be detected during a walk-down 

inspection 

TFI Mean time between inspections for flaws (inspection interval). 
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Model / Parameter Description 

TR 

Mean time to repair when detected. If the detection is made with reactor @ 

power, the repair time should be the minimum of the actual repair time and 

the time associated with any technical specification limiting condition for 

operation if the leak rate exceeds technical specification requirements. 

TLI Mean time between inspections for leaks 

Iix = 
ℎ𝑖𝑥(𝑡)

ℎ𝑖(𝑡)
 

Integrity management factor for component i for RIM strategy x at piping 

system t. As shown in this equation, this factor can be expressed as a product 

of separate integrity management and piping system factors. The RIM 

strategy includes a specification of how often leak tests and inspections and 

non-destructive examination are performed on the piping system component 

and how effective they are 

hix(t) 

Hazard rate for component i at piping system t and RIM strategy x. This is 

determined from the solution of the ordinary differential equations that 

describe the Markov Model. 

hi(t) 

Hazard rate for component i at piping system of t and RIM strategy 

corresponding to an “average” component in the service data. For example, 

for ASME Class 1 components, the average component is determined by 

25% of the components being subjected to non-destructive examination 

exams every 10 years, the remaining 75% not being subjected to non-

destructive examination, and 100% of the components being subjected to a 

system leak test once every refueling outage 

Opportunities for leak detection depend on the system in which the leak occurs as well as the 

specific location and size of the leak. For example, in the primary coolant system, leaks of a significant 

magnitude (e.g. > 6.310-2 kg/s) would prompt a containment high radiation alarm in the main control 

room. In these cases, the time to inspection and repair is limited by the technical specifications on 

primary coolant system leakage and the time to cool down the plant and begin the process of repair. 

Other, smaller leaks may not cause an alarm but would be subject to possible detection during periodic 

(e.g. every 12 hours) walk-down by plant personnel or other opportunity for leak detection. There are 

some leaks that may only be detected upon periodic leak testing which may occur less often as required 

to meet codes and standards rules for different classes of piping. 

For most leaks, the detection possibilities are not normally limited to some predetermined 

population of welds that are inspected. Therefore, there is a difference between the leak repair term μ 

in comparison to the flaw repair term ω. Leak testing provides an opportunity to inspect all locations 

system wide, and therefore for a given a leak of significant magnitude anywhere in a piping system, the 

probability of leak detection tends to be high. For uninspected locations the flaw repair rate term ω is 

zero. The time between successive inspections for leaks tends to be much shorter than for volumetric 

examination of welds with virtually instantaneous detection in cases when the leak would trigger an 

alarm in the control room. Therefore, the Markov model provides the capability to take into account the 

leak-before-break principle. 

An example of Markov model input parameters is given in Table I−4. This example addresses 

the impact of RIM on pipe failure induced LOCA and the analysis was performed in support of the 

NUREG-1829 expert elicitation [I−6]. 
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TABLE I−4. EXAMPLE OF MARKOV MODEL INPUT DATA 

Parameter Assumed or Estimated Value Basis 

 
2.1×10-2/year 

{=(.25)  (.90)/(10+(200/8760))} 

The weld is assumed to have a 25% chance of 

being inspected for flaws every 10 years with a 

90% detection probability. In the example 

detected flaws will be repaired within 200 hours 

 
7.92×10-1/ year 

{=(.90)  (.90)/(1+(200/8760))} 

Element is assumed to have a 90% chance of 

being inspected for leaks once a year with a 90% 

leak detection probability 

F N x 10-x/year 

If an element is already leaking, the conditional 

frequency of rupture is assumed to be 

determined by the frequency of a severe 

pressure pulse from a water hammer. 

 Variable 
The occurrence rate of a flaw is estimated from 

OPEX data. 

PFI 1 or 0 
Probability per inspection interval that the pipe 

element will be included in the ISI programme. 

PFD Variable 
Probability per inspection interval that an 

existing flaw will be detected; POD. 

PLD 

Variable 

0 – no leak detection to 0.9 with leak 

detection 

Probability per detection interval that an 

existing leak will be detected. 

TFI 10 years (per ASME XI) 
Flaw inspection interval, mean time between 

ISIs. 

TLD 

Variable 

1.5 – Once per refueling outage / 

1.92×10-2 for weekly / 9.13×10-4 for 

daily 

Leak detection interval, mean time between leak 

detections. 

TR Variable 
Mean time to repair given detection of a flaw or 

leak. 

I−1.6. Calculation procedure 

Details on how to implement the DDM calculation procedure are found in [I−8, I−9, I−10]. The 

methodology accounts for the plant-to-plant variability in piping system design and layout, including 

weld populations, degradation susceptibility, pipe lengths, and the population of pipe fittings (e.g., 

bends, elbows and tees). The approach taken to address the uncertainty in the piping component 

population is to apply a Bayes’ posterior weighting procedure. A set of three estimates is obtained for 

the susceptible component population exposure, one for the best estimate, one for an upper bound 

estimate and one for a lower bound estimate. For each of these three estimates the number of pipe 

failures and the exposure population estimate is used to perform a Bayes’ update of a generic prior 

distribution. A posterior weighting procedure is used to synthesize the results of these three Bayes’ 

updates into a single composite uncertainty distribution for the pipe failure rate. The posterior weighting 

procedure is implemented in Microsoft® Excel with a suitable add-in programme to facilitate 

uncertainty propagation using a Monte Carlo simulation routine. The tasks involved to calculate 

probabilistic failure metrics are illustrated in Fig. I−7. 
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FIG. I−7. Implementation of the piping reliability calculation format. 

An implementation in Microsoft® Excel workbook format can be done as follows. Each analysis 

step is implemented on a worksheet (or tab): 

1. Definition of the evaluation boundary(-ies); 

2. Definition of the pipe failure modes together with results of the supporting engineering 

calculations that correlate the consequence of a passive component failure with the size(-s) 

of a through-wall flaw; 

3. Definition of exposure terms and results of OPEX review to obtain failure populations; 

4. Pipe failure rate calculation based on Bayesian statistics. This step starts with the definition 

of an appropriate prior state-of-knowledge probability density functions; 

5. CFP calculations. This step may include input from OPEX, PFM and/or expert elicitation; 

6. Integrated quantitative analysis; 

7. Results presentation which involves extracting and organizing the output in accordance 

with end-user requirements. 

I−1.7. Practical insights 

The DDM responds to the needs of PSA and risk-informed operability determinations. It is not 

a substitute for structural reliability models that build on fracture mechanics theories. It allows for 

calibrating the reliability metrics used as inputs to PFM and I-PPoF. As it is stated in [I−11]:  

“Regardless of a chosen technical approach to piping reliability analysis, independent peer 

review processes invariably raise questions about the achieved level of realism and statistical 

uncertainty of quantitative results. How well do the results compare with the applicable service 

experience data? Has the plant-to-plant variability in piping system layout and degradation 

mitigation practice been properly accounted for? A particularly challenging peer review question is 



 

136 

the one posed when no relevant service experience data is available. How should an analysis best be 

performed in view of zero pipe failures? Also frequently asked is whether or not a certain type of 

technical approach has been formally endorsed by a regulatory agency? An assessment of the 

consistency of calculated pipe failure rates and rupture frequencies with OPEX improves confidence 

in the calculated values. There are strengths and weakness associated with each of the technical 

approaches to pipe failure probability calculation.”  

The insights from practical implementations of the DDM can be summarized as follows: 

⎯ Advantages 

- A Bayesian analysis scheme is used to estimate the parameters of the DDM. This approach 

has two distinct advantages over classical estimation techniques: 1) when zero failures have 

been recorded the Bayesian estimate is not zero, and 2) uncertainty (posterior) distributions 

are obtained in a form which can be readily used to propagate these uncertainties, using 

Monte Carlo simulation, through the piping reliability equation. 

- DDM implementations are not limited to a specific form of material degradation. The 

methodology applies to all combinations of materials and operating environments. 

- The methodology allows for reliability parameter updates as new OPEX becomes available. 

- It includes a methodology for relating prior distribution parameters to specific 

combinations of materials and material degradation mechanisms. 

⎯ Technical challenges 

- The Bayesian estimates are based on the use of appropriate prior distributions. It is not a 

trivial task to define what an appropriate distribution is. In-depth knowledge of piping 

material degradation and the associated OPEX is required. The steps to validate a chosen 

prior distribution is to be well documented. The model validation needs to address the 

sensitivity of the posterior distribution to assumptions of what constitutes “an appropriate” 

prior distribution, especially when no or limited OPEX data is available. 

- A successful DDM implementation relies on having access to an extensive pipe failure 

database for extracting and screening of data. However, development of such a database is 

resource intensive. The model validation includes steps to verify data quality control; e.g. 

what is the process for populating the database and how is the accuracy of pipe failure 

classifications verified? 

- The work to correlate a certain population of failure with the population of plants and 

susceptible locations within piping systems that produced the failures can be time-

consuming. It requires in-depth knowledge of the plant-to-plant variability in piping 

designs (i.e., material selections, method of fabrication, welding technology, piping codes 

and standards). 

- The plant-to-plant variability in piping system design (e.g. length of piping, number of 

welds) can be extensive. It is not sufficient to simply apply engineering judgment in the 

development of pipe failure rate exposure terms. Access to a sufficiently complete piping 

system design database is required. If not readily available, it is important to obtain the 

needed information to support the definition of exposure terms and to characterize the 

uncertainties. 

- To be aware of is Section 7 of ENIQ Recommended Practice 9 (December 2017) [I−12]: 

“Since the objective of the structural reliability models is to provide a realistic estimate for 

structural failure rates within industry, it would seem logical to argue that the historical 

data from the industry on such failures are to be fundamental to the model validation. 
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Unfortunately, due to the lack of adequate reliability data for the disruptive failure of 

components and structures there are inherent problems in using this means of validation. 

When comparing failure information from historical databases, several aspects and 

potential difficulties are to be understood. Generally, the historical failure data provides a 

point estimate determined by simply adding all the known passive component failures 

together and dividing by the total pipe population data, expressed for instance in weld-

years. However, this data is derived from a wide variety of conditions, environments and 

loads, among other factors that influence failure probability. If this data is to be used to 

validate structural reliability models software predictions in some way, then the structural 

reliability models software is to be run so as to represent the world data against which it is 

to be compared. This type of comparison cannot be completed unless the necessary data is 

available, which is not normally the case. On the other hand, qualitative trends between 

historical failure data and structural reliability models software predictions can be more 

readily compared. In addition, large uncertainties inevitably exist with respect to rare events 

such as gross structural failures and failures of large pipes. More data is available on 

identified cracks and small leakages, which could be used for validation of the structural 

reliability models software with the limitations stated above. Experience gained from 

application of the Risk Informed-ISI scheme can provide confidence in the overall 

predictions of the structural reliability models, provided that experience aligns with 

structural reliability models predictions and expected plant behavior.” An analyst may opt 

to agree or disagree with this opinion. 

I−2. PROBABILISTIC FRACTURE MECHANICS METHODOLOGY 

This Subsection explains the basic principles of PFM. Fracture mechanics is an engineering 

discipline that quantifies the conditions under which a load-bearing structure can fail due to the 

enlargement of a pre-existing dominant crack. The crack can be embedded within the pressure boundary 

component or be surface connected, for example, to an inside pipe wall. The key ingredients in a 

deterministic fracture mechanics analysis are the initial crack size, crack driving force solution (i.e. 

stress intensity factors for linear elastic fracture mechanics analysis problems), applied stresses, and 

material properties describing the subcritical crack growth characteristics and conditions for final crack 

instability. PFM is fracture mechanics that considers some or all of the inputs to be random variables; 

e.g. the initial crack size. The PFM discipline has evolved over a period of more than four decades. The 

principal application of PFM in the nuclear industry continues to be in the area of primary system piping 

integrity and reactor pressure vessel integrity. 

In a fracture mechanical analysis, the behavior of cracked structures under certain loads and 

damage mechanisms are assessed, and the growth of cracks due to ageing as well as the instability of 

cracks (which is associated with a type of failure) are computed. This deterministic study can be used 

in a safety analysis of a design or the assessment of indications during inspections. PFM is the extension 

of this concept to treat input parameters as distributed random variables, such that the failure can be 

expressed as a probability. Hence, PFM has its origin in the structure mechanics discipline, and with 

the probabilistic reliability aspect added. 

The computation of failure probabilities or failure rates can for itself be a challenging task, 

which involves also numerical techniques of parameter sampling. The complexity of solving a PFM 

task (computing the failure probability) gave rise to several computational benchmark studies, which 

compared the results obtained with different computing codes. An important insight from the many 
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benchmark case studies is the importance to specify input parameters which are meaningful for a 

selected evaluation boundary. 

I−2.1. Basic considerations 

I−2.1.1. Introduction 

The computational approach of PFM can be seen as a part of the field of structural reliability. 

The investigation of pipe failure rates during the operation of a NPP and its prediction is a type of time-

variant structural reliability analysis [I−13]. The underlying approach is the computational simulation 

of a structure and the assessment of its failure by the means of mechanics and material models, with a 

special emphasis on structures with defects. The behavior of a structure is characterized by the input 

data modeling the geometry, the material, the loads, damage mechanisms, and so on. Within these input 

quantities, a finite set of real variables is of importance, which correspond to the parameters associated 

with (explicit) uncertainties in the PFM approach, which are called basic variables, 𝑥1, … , 𝑥𝑛, collected 

in a vector 𝑥 = (𝑥1, … , 𝑥𝑛). A function 𝑔(𝑥) describes the structural state, with a criterion for failure 

corresponding to: 𝑔(𝑥) ≤ 0. The set {𝑥 ∶ 𝑔(𝑥) = 0} is called the limit state. The probability of failure 

is computed by assuming a probability density function 𝜌(x) for the vector of basic variables. The total 

failure probability is then given by the integral over the area that represents a failure: 

𝑝 =  ∫ 𝜌(𝑥)𝑑𝑥
𝑔(𝑥)≤0

                                                               (I−8) 

Thus, the computational task for solving a PFM problem is in practice to find the solution of a 

multidimensional integral. As temporal processes of change are essential for long term operations and 

ageing effects of nuclear facilities, the scope has to be extended to a time-variant reliability problem. In 

the time-variant approach, the limit state becomes a function of the operation time. The failure 

frequency in a specific time interval in such an approach is the integral restricted to the specific failure 

region. A graphical representation of the variable space, the distribution function and the limit state is 

shown in Fig. I−8. 

 

FIG. I−8. Illustration of the general approach to probabilistic structural reliability. 

This introduction to the concept of probabilistic structural reliability highlights the relevant 

aspects of the computation of failure rates of structures: Influence parameters and their statistical 

distributions, the description of ageing and degradation, of failure, and of the numerical computation of 

the probability integral. These topics are reviewed in the following sections. As the computational part 



 

139 

turns out to be complex, special software tools have been developed and compared in international 

benchmark case studies. A review of these benchmark activities is given at the end of the section. 

I−2.1.2. Ageing mechanisms and failure 

The understanding of the mechanics or physics of structural degradation mainly enters via the 

description of ageing and failure. Flaws are the most relevant defect for the structural integrity, both 

from a theoretical perspective (stress concentration on crack tips), and from operational experience 

(cracks as relevant defects). Moreover, the failure assessment of a component is a key part of fracture 

mechanics. 

Fatigue crack growth and SCC are the main considered ageing mechanisms. Fatigue crack 

growth is driven by cyclic loading, while SCC driven by a constant load acting on a crack and depends 

on the material as well as the surrounding medium. The crack elongation per cycle (or per time) as a 

function of the load can be well measured on test specimen in laboratory experiments and transferred 

by fracture mechanical parameters. 

The failure of a simulated cracked component is associated with the instability of a crack. The 

result might either be a leak (wall penetrating crack) or a large rupture (if a leak of the given size is 

instable itself). Similarly, it is possible to simulate an intact component and consider crack formation 

as failure due to accumulation of fatigue damage or due to corrosion driven crack initiation frequencies. 

These different failures are illustrated in Fig. I−9. 

 

Fig. I−9. Illustration of the different modes of structural degradation and failure. 

Thus, these different failures represent transition between different degradation states of a pipe. 

Each of them is associated with a separate limit state function, and for each one, a probabilistic 

simulation will deduce a transition probability (failure rate) for each. 

For the assessment of failure of cracks in structures, several techniques are available. Beside 

the finite element analysis, several codes propose assessment schemes of fracture mechanical 
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parameters, and plastic collapse limit loads are an additional option. In recent examples, it was shown 

that for the failure frequency, the choice of the failure criterion is even of secondary importance, due to 

the high crack growth rate of large cracks and the large safety margins of nuclear components [I−14]. 

I−2.1.3. Detection and repair 

Detection and repair actions which may reduce failure rates are included in many probabilistic 

fracture mechanical codes. The three approaches discussed in the following paragraphs comprises ISIs, 

leak monitoring (and leak-before-break), and pressure tests (and hydrostatic testing). Their effect is 

indicated by the blue arrows in Fig. I−9. 

The most established approach is the consideration of ISIs, which are assumed to be done in 

specific inspection intervals. These considerations are interesting for the effectiveness of ultrasonic 

testing in plants and can be a basis for risk-informed maintenance approaches. This was a key aspect in 

the benchmark studies [I−15]. 

ISI, e.g. performed with ultrasonic sensors, are only one monitoring instrument of the plant 

operator to identify defects and to prevent pipe failures. Another important instrument is the leak 

monitoring, which has the task to identify leaks before a larger failure of the pipe (rupture) can occur. 

The leak-before-break concept is the approach behind this idea. It mainly applies to large diameter 

piping with high reliability, where a large rupture would question the controllability of a situation. 

Approaches and discussions of a probabilistic treatment of leak-before-break for piping in NPPs can be 

found in [I−16 to I−19]. 

A further possibility to consider preventive actions and repair measures in a probabilistic 

fracture mechanical evaluation is the simulation of hydrostatic testing or pressure tests. In these tests 

(performed before regular operation, e.g. after an outage) the interior pressure of the system is increased 

to a specific value – the operating pressure (in case of hydro test) or an elevated value even above the 

design pressure (pressure test). An approach to connecting PFM with results of pressure tests has been 

proposed [I−20]. 

I−2.1.4 Reliability and sampling 

Typically, pipes in NPPs are designed and operated in accordance with applicable national 

codes and standards, in order to attain a high reliability. Thus, the failure frequencies of the pipes are 

low, and the domain of the integral Eq. (I−8) is only a small part of the basic variable space. As the 

computation, in general, has to be done numerically and each evaluation of 𝑔(𝑥) involves a simulation 

of one pipe specimen, it is important to compute the probability integral in an efficient way, with as few 

evaluations as possible. 

Examples of reviews and comparisons of sampling strategies are given in [I−21]. Basic 

approaches are the Monte Carlo simulation, which has shortcomings for very small failure probabilities, 

and stratification techniques, which are limited to small number of basic variables. Tailored solutions 

for the structural reliability problem are the first and second order reliability methods, which are used 

to approximate the limit state functions. More general approaches extend the insights of first order 

reliability method and second order reliability method with importance sampling, leading to design 

point based importance sampling, spherical (or radial) sampling, and the Vegas algorithm. 
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I−2.1.5 Software tools 

Implementing PFM requires highly specialized software tools. The codes pc-PRAISE and 

WinPRAISE [I−22, I−23] represent early software solutions for fatigue and SCC in pipes. This work 

has influenced the later development of this field. Examples of later developments are the computer 

codes PRO-LOCA [I−24], PROST [I−19], and PINTIN [I−25]. 

A large number of PFM computer code benchmarks have been performed. For example, the 

NURBIM project [I−26], the computer codes NURBIT, WinPRAISE, PROST, PRODIGAL, 

ProSACC, and STRUREL were compared. Within the framework of the Nordic Nuclear Safety 

Research programme, the codes VTTBESIT, NURBIT, the JRC code, and ProSACC were applied to 

SCC test cases [I−27]. 

I−2.2 Calibration of probabilistic input parameters with operating experience data 

In probabilistic analysis the term calibration implies an analytical process that is used to adjust 

a set of parameters associated with a computational code so that the model agreement is maximized 

with respect to a set of experimental data or OPEX data [I−28, I−29]. This process consists of 

identifying the controlling input parameters, and to compare the results against for example the 

estimated frequency of a crack of certain dimensions. 

I−2.2.1 Definition of PFM input data 

The following paragraphs summarize the required input data of a PFM analysis and how they 

are specified based on the evaluation boundary specification. In this discussion, an evaluation boundary 

is assumed where operational experience is available – the application to advanced systems without 

OPEX is discussed thereafter. Some input quantities are available from plant-specific piping stress 

analyses or from the design rules as given in codes and standards. For other input parameters, laboratory 

tests are performed to characterize the underlying effects in detail. Also, some input parameters are 

based on a more or less accurate estimate; i.e. engineering judgment. On the other hand, some input 

quantities have a larger effect on the results than others as illustrated in Table I−5. 

TABLE I−5. REQUIRED INPUTS OF A PFM CASE WITH ESTIMATED SENSITIVITIES. 

Input complex Examples Knowledge Base 
Typical 

Sensitivity 

Material 

characteristics 

Yield stress, fracture 

toughness 
⎯ Nominal values from codes and standards 

⎯ Realistic values from laboratory tests 

⎯ Distributions from literature PFM cases 

Low 

Damage 

initiation 

Initiation frequency, 

initial crack size 

Poor knowledge High 

Damage 

progress 

Crack growth rates, 

SN curves 

Crack growth rates are measured in laboratory tests Medium 

Loads Operational and 

exceptional loads 
⎯ Nominal pressure and temperature is given 

⎯ Deadweight bending, thermal fluctuations and 

accident conditions are 

⎯ Uncertain 

⎯ Location-dependent 

Medium 

ISI, Leak 

detection 

Probability of 

detection curve, 

sizing error, leak 

detection threshold 

⎯ Several reports are dedicated to realistic 

probability of detection curves 

⎯ Leak detection requirements have default 

values or can be plant-specific 

Medium 



 

142 

The statement about typical sensitivity has to be considered carefully, because it depends on 

the degradation mechanism that is being considered. The expected sensitivity has to be seen with respect 

to a case which includes a longer plant lifetime and ageing mechanisms, with plant-typical loadings. 

One example is the low sensitivity of material properties; bulk material properties have, in the end, a 

small effect on failure frequencies, which is confirmed in the OPEX and PFM. While most PFM cases 

are single-location analyses, the treatment of a whole plant part with PFM requires the consideration of 

uncertainties due to different crack locations. A prominent example is the input complex Loads, since 

bending loads, thermal fluctuation spectra and accident loads are strongly location dependent. 

Crack growth data sets primarily come from laboratory tests. The process of ongoing damage 

and crack growth, as it is the key element of the PFM simulation, is usually unobserved in operating 

power plants: The final failure is reported, or snapshot-like crack sizes from indications during ISIs. 

Required input parameters even originate more often from laboratory tests. However, additional 

available observables (in the physical sense that the quantity can be measured and used for a 

comparison) come from the operational experience, which give leak events, rupture events, and the 

associated damage mechanisms, all with the dependency on the piping class. This situation is shown in 

Fig. I−10 where the thickness of the lines from PFM input to PFM indicates the sensitivity to the input 

quantities. Thus, a path from estimates to thick lines indicates a major problem in the construction of 

PFM cases tailored to a specific plant situation. Such a path indicates that the PFM input parameters 

are not well defined by the prior knowledge. However, more information originates from the operational 

experience, which is in usual PFM case only considered with respect to the anticipated damage 

mechanism. 

 

FIG. I−10. PFM input construction & comparison of results with observables. 

I−2.2.2 Calibrating a PFM case study 

The starting point is to set up a PFM case corresponding to a system accessible for the 

operational experience based failure rate computation with data driven methods. The key idea in this 

setup of a PFM case is the variation of uncertain input quantities of the PFM case in order to match the 

key observables of operational experience: 
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⎯ DDM computed leak frequency; 

⎯ DDM computed rupture frequency; 

⎯ Statistics of present damage mechanisms; and 

⎯ Other data from operational experience, such as flaws found during ISIs and their size 

More precisely, the uncertainties in the DDM computation (e.g. low event number, uncertain 

weld count/leak relevant locations) have also an effect on the comparison, which may lead to statistical 

hypothesis testing. Typically, the uncertainties of the PFM input quantities can be classified as epistemic 

uncertainties, whereas the consideration of aleatory uncertainties is the native task of PFM as illustrated 

in Fig. I−11. 

 

FIG. I−11. Proposed approach (red), connecting the cyan PFM approach and the yellow DDM approach for 

constructing a PFM case for a given evaluation boundary. 

Thus, after an initial guess, the PFM result can be compared with the DDM frequencies. In 

order to align the two results, the input quantities are varied depending if they have sufficiently large 

epistemic uncertainties to allow for an alternative modeling and which affects the result significantly 

(sensitivity). 

This parameter variation or calibration has not a guaranteed existence or uniqueness of a 

solution. If the desired failure frequencies are not within the plausible range identified by the sources 

of information, one is to expect that these sources are not accurate or complete enough, and a careful 

data review to reveal possible alternative modeling decisions. If one (more multiple) solutions are 

found, a PFM case is constructed which shares all statistics with the real plant data. 
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I−2.2.3 Parameter calibration strategies 

Introduction: Calibration is the key step for the approach, which is driven by the comparison 

of leak and rupture frequency with values obtained by applying DDM. This section is dedicated to 

proposals of parameter variations. The degradation mechanisms and the loads both have significant 

effects to the computed frequencies, i.e. the epistemic uncertainties are significant. These two properties 

motivate that this first calibration proposal concentrates on damage mechanisms and loadings. As the 

different damage types are usually sensitive to different load types, it makes sense to discuss them 

together. Finally, PFM simulations are not principally limited to, but in practice often only consider one 

single damage mechanism. If the failure frequencies are small, the different mechanisms can be thought 

to act independently, and each mechanism can be treated with its own PFM case. As an introduction, a 

illustrative survey of damage relevant for leaks from a data base evaluation is shown in Fig. I−12. 

 

FIG. I−12. German OPEX in the time period 1972−2013 (extracted from German KOMPASS database; details 

provided in ANNEX III). 

Thus, two relevant ageing mechanisms for leaks are corrosion and fatigue, and manufacturing 

defects are also a relevant source of pressure boundary failures. These root causes are selected for a 

further discussion in the following subsections as examples, other mechanisms require a similar 

approach. 

Practical calibration strategy for fatigue: Fatigue damage, caused by variation of subcritical 

loadings, can be classified to multiple types. The typical damages seen in the operational experience 

are: 

⎯ Vibrational fatigue due to mechanical vibrations; 
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⎯ Thermal fatigue due to thermal fluctuations at stratification layers or mixing branches; and 

⎯ Thermomechanical fatigue due to operational cycles. 

For fatigue damage, fatigue life (S-N curves) and crack growth relations (𝑑𝑎/𝑑𝑁) are usually 

well investigated – even for the usual case of environmental assisted fatigue. The operational cycles are 

prescribed by changes in the operational state in the component, ranging from rare (start up and shut 

down transients) to frequent (operational, intermittent spraying) changes in loads. An important source 

for uncertainties is the load spectrum for (unintended) mechanical vibrations, as well as for (inevitable) 

thermal fluctuations. More precisely, the values of ‘low amplitudes’ and ‘load cycles’ are the quantities 

which can be varied within the uncertainties. These uncertainties represent ignorance about the sources, 

but also about the location within the plant. Thus, for the high cycle thermal and vibration fatigue, the 

load spectrum would be the quantity for variation in the calibration approach.  

Practical calibration strategy for corrosion: Corrosive cracking is governed by chemical 

reactions in the confined zone inside a crack, where the local concentration of ions is as important as 

the (steady) mechanical stresses in the component. The susceptibility of the component material for a 

corrosion attack is of importance. For leaks identified as break precursors, SCC is most relevant for the 

analysis. 

In contrast to the fatigue damage mechanism, the local load condition which influences the 

cracking process is typically less complex. A typical steady and uncertain load in welds which 

influences the cracking is the distribution of residual stresses. Other uncertainties arise from the crack 

growth rate, which is observed to scatter significantly. The initiation of the crack and the initial size, 

which represent the artificial separation in micro- and macro-cracks necessary for the assessment 

method, are further examples for uncertainties. Thus, for corrosive damage mechanisms, the following 

parameters are candidates for the calibration: 

⎯ Weld residual stresses; 

⎯ Crack growth rates; 

⎯ Initial flaw size; 

⎯ Initiation rates / crack initiation model. 

The modeling of initiation and crack growth has probably often the most direct influence on 

the flaw size. 

Practical calibration for initial manufacturing flaws: The distribution of undesired defect size 

from component manufacturing has usually a strong influence on the leak and break probabilities. There 

are many different distributions proposed for initial flaw size in PFM applications. In terms of the 

calibration approach, the initial crack length distribution and the initial crack depth distribution are 

relevant candidates for using epistemic uncertainties in the calibration procedure. However, 

probabilistic results can be dominated by very deep initial cracks, which can be unrealistic in direct 

comparison with operational experience. Moreover, the matching of this operational experience will 

probably match the manufacturing techniques from the mid-20th century, and with less relevance for 

more modern facilities. 

I−2.3 Cross-validation and application to advanced WCRs 

The output of the calibration approach itself is not yielding new information, the aim is to 

reproduce exactly the previous knowledge about current plant technologies with existing OPEX. 

However, it can be a starting point for a transfer to the desired evaluation scope, by modifying it. This 
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modification is to be done in multiple steps, based on the evaluation scope and the available operational 

experience which does not contain the evaluation scope itself as shown in Fig. I−12: 

1. Selection of a reference evaluation scope, which resembles the application evaluation scope, 

but has operational experience data. A PFM input data set is generated by the previously 

described calibration approach; 

2. Selection of one or several validation evaluation scopes, which are slight modifications of the 

reference scope, and have also related data in the operational experience. The calibrated input 

data set of the reference scope is modified to match the validation scopes, and the computed 

failure frequencies are compared to the results of the operational experience data. If they are 

not in agreement which each other, an improvement of the calibrated reference case is 

necessary; 

3. Modification of the reference case to match the actual evaluation scope, and computation of the 

failure frequencies; 

4. Sensitivity study to study the different possible input data sets and their effect to the failure 

frequency. 

In Fig. I−13, the pure application case is represented by the bottom line, from the application 

evaluation scope to the resulting frequencies. However, the previous steps are necessary to construct 

the input data for the PFM computation. Typical validation cases can be constructed by e.g. varying the 

piping size, where the same data base can be reused. 

 

FIG. I−13. Schematics of calibration, validation and application process. 

The approach also considers the comparison of different possible model assumptions consistent 

with the operational experience and the knowledge about the system and the associated assessment of 

the predicted failure rates. This leads in turn to a probability distribution for the failure rates, which 

allows to estimate the range of failure rate expected for the application evaluation scope. One can expect 

that, in case of few information about the system, this range of possible failure rates will be very wide, 

and the prediction very uncertain. The validation offers the opportunity to narrow the range of 
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parameters as far as possible, and to quantify effectively the uncertainties of the calibration-cross 

validation approach. 

I−3. IMPLEMENTING THE INTEGRATED PHYSICS-OF-FAILURE 

METHODOLOGY 

In the I-PPoF methodology, an integrated model of piping reliability is built with an explicit 

consideration of the physics-of-failure of material degradation from initiation to propagation, and RIM 

processes to detect and repair a pipe flaw and leak before developing into a significant structural mode 

of failure [I−30]. The PoF module ((b) in Fig. I−13) simulates the physical degradation and failure 

mechanisms and accounts for the underlying controlling parameters of a given material degradation and 

failure mechanism. The RIM processes are modeled by the maintenance work process (MWP) module 

((c) in Fig. I−13) to estimate the maintenance performance metrics, e.g., timing and probability of 

successful repair and replacement of a detected flaw or leak. The renewal process module ((a) in Fig. 

I−13) computes probabilistic failure metrics of a piping component (e.g., annual and cumulative 

probabilities of flaw, leak, and rupture), using outputs from the PoF and MWP modules. 

To simulate the interactions between physical degradation and failure mechanisms and RIM 

processes, a combination of different types of multi-state Markov models have been used, for example, 

discrete-time and continuous-time Markov models. Connecting the PoF, MWP, and renewal process 

modules is done by using the Interface module ((d) in Fig. I−14). 

 

FIG. I−14. Integrated probabilistic physics-of-failure methodological framework. 

The Interface module performs uncertainty analysis considering two types of uncertainties: the 

aleatory uncertainties induced by the natural and inherent variability are quantified by uncertainty 
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quantification, while the epistemic uncertainties originated from the incomplete or lack of knowledge 

about the phenomena and process are analyzed by the probabilistic validation. If relevant OPEX data is 

available, the simulation-based estimations of the probabilistic failure metrics are updated as needed 

using Bayesian techniques. An implementation of the I-PPoF methodology consists of the following 

activities: 

⎯ Developing a renewal process model of piping reliability; 

⎯ Estimating the pipe material degradation parameters of the renewal process model; 

⎯ Estimating the RIM parameters of the renewal process model; 

⎯ Calculating the probabilistic pipe failure metrics; 

⎯ Performing probabilistic validation; 

⎯ Conducting Bayesian updating of the simulation-based estimations with OPEX; and 

⎯ Conducting a global sensitivity analysis to rank the input parameters. 

I−3.1 Developing a renewal process model of piping reliability (step 1) 

In renewal process models, the occurrence and timings of multiple types of events (e.g., 

physical degradation with various damage states and RIM activities) can be treated within a coherent 

stochastic modelling framework. In the I-PPoF applications to piping components, an multi-phase 

Markov process model [I−31] is utilized, considering two phases: operation and inspection. In the 

operation phase, the component is subjected to physical degradation and leak monitoring continuously. 

Meanwhile, the inspection phase is entered when periodic flaw or leak inspection takes place at discrete 

times tq (q= 1, 2, …, Nm), during the lifetime of the piping component, where Nm represents the total 

number of inspection events. In this context, the time variable t represents the operating time (rather 

than the real clock time); hence, whenever the plant is shutdown or the piping is isolated, the 

corresponding period should not be counted toward t. It is assumed that, in the multi-phase Markov 

process model for piping components, the possible damage states are represented by discrete states: 

new, flaw, leak, and rupture. The piping component is assumed to be free from degradation during 

inspection and repair, considering that (i) ISI and the subsequent repair of piping are usually during 

plant outages; and (ii) the inspection and repair/replacement time is typically much shorter than the 

operating time. 

Figures I−15 and I−16 show an example of a multi-phase Markov process model developed for 

a piping component. For the initial condition of the multi-phase Markov model, it is assumed that the 

component begins in an as-new state; thus, the state distribution at t = 0 is provided as [1, 0, 0, 0]. 

During the operation phase, physical degradation takes place as represented by a continuous time 

Markov model shown in Fig. I−15. 

 
Fig. I−15.Multi-phase Markov model for operation phase without RIM: φ and λ are degradation transitions, ρ 

and γ are degradation transition rates for the transition paths to rupture. 
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The impact of inspection and the resultant repair/replacement is incorporated into the inspection 

phase of the multi-phase Markov process model shown in Fig. I−16. At t = tq, when each RIM activity 

is applied, the repair or replacement process due to inspection (non-destructive examination or visual 

inspection) is evaluated.  

 

FIG. I−16. Multi-phase Markov model for inspection phase with RIM: PFD and PLD represent the RIM transition 

probabilities. 

The specific piping segment being analysed is assumed to be subject to an ISI programme, so 

there is no consideration of the possibility that the component is not inspected during each inspection 

cycle. Additionally, perfect repair is assumed, i.e., given that a flaw or leak is detected in the inspection, 

the component is restored to the as-new with certainty. If the flaw or leak is not detected by the 

inspection, it is assumed that the component remains in its state at t = tq. 

I−3.2 Estimating the pipe material degradation parameters of the renewal process model (step 2) 

The material degradation transition rates in the renewal process model are estimated based on 

a physics-of-failure analysis by conducting two sub-steps: (2.1) development of the PoF models, and 

(2.2) uncertainty quantification and transitions rates estimation with consideration of aleatory 

uncertainties.  

Development of physics-of-failure models: The physics-of-failure module predicts the 

progression of material degradation using physics-based models, which explicitly incorporates (a) 

physical knowledge associated with the dominant failure mechanisms and (b) the underlying physical 

parameters that can affect material degradation. In support of the CRP benchmark, physics-of-failure 

modules were developed for two cases: (i) thermal fatigue due to thermal stratification, and (ii) primary 

water SCC in a dissimilar metal weld consisting of nickel-base alloys 52/152. The physics-of-failure 

module incorporates the physical degradation mechanism and associated physical contributing factors, 

for instance,  

⎯ The pipe outside diameter and wall thickness; 

⎯ Young’s modulus; i.e. the relationship between stress and strain in a material in the linear 

elasticity regime of a uniaxial deformation; 

⎯ Poisson ratio; i.e. the expansion or contraction of a material in directions perpendicular to the 

direction of loading; 

⎯ Yield stress; i.e. the value of stress at a yield point. The yield point is the point on a stress-strain 

curve that indicates the limit of elastic behavior and the beginning of plastic behavior. 

As outputs of the physics-of-failure module, the physical key performance measures Y, 

representing the degree of progression of material degradation or component failure processes (e.g., a 
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crack size), are predicted. Assuming there is one dominant physical degradation mechanism, the 

physics-of-failure module can be represented by a functional form: 

𝑑𝑌

𝑑𝑡
= 𝑔(𝑡; 𝐱, 𝛈) (I−9) 

with the initial condition: 

𝑌0 ~ 𝑓𝑌0
(𝑦0) 

(I−10) 

and where x represents the input parameters of the physics-of-failure models, representing physical 

factors that can initiate or accelerate the degradation mechanisms, such system geometry, material 

properties, and operational conditions, while 𝛈 denotes the coefficients of correlation-based physical 

models; and 𝑓𝑌0
: a distribution function for the initial value of Y, denoted by Y0. By numerically 

integrating Eq. (I−9) with respect to time over the component lifetime considering the initiation 

condition in Eq. (I−10), the time profile of the physical key performance measure 𝑌(𝑡; 𝐱, 𝛈) is predicted. 

As an example, illustrated in Fig. I−17 is the PoF module developed for thermal fatigue due to 

cycling and stratification [I−32]. As shown in this figure, this module consisted of: (i) a mechanistic 

model for thermal-stress analysis developed in the finite element analysis software ABAQUS, (ii) a 

crack initiation model based on an S-N curve executed in the MATLAB® code, and (iii) a crack 

propagation model composed of an stress intensity factor model assuming a semi-elliptical axial crack 

subjected to hoop stress on the infinite plate (mode I behavior) and a crack growth rate model using 

Paris’ law, executed in the MATLAB® code. The PoF module was applied for two different piping 

configurations; one before recognition of the susceptibility to thermal fatigue, and one after implanting 

a design change to mitigate future failures. 

 
FIG. I−17. Flow chart for the physics-of-failure module for thermal fatigue. 
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The mechanistic model for stress and temperature analysis was developed using ABAQUS with 

a coupled thermal stress analysis and ABAQUS/Standard procedure [I−33]. The finite element analysis 

calculates the spatial and temporal stress distribution induced by the fluid temperature fluctuation given 

initial and boundary conditions such as spatial and temporal distribution of the fluid temperature around 

the interface of the thermal stratification layer. The spatial and temporal von Mises stress distribution 

is compared with the yield stress of piping material to determine the zones of plastic deformation, where 

there is a higher probability of crack initiation and propagation. A location in the zones of plastic 

deformation that has the highest von Mises stress is identified. The maximum hoop stress range (∆𝑆) at 

this location can be calculated by considering the stress variation within one period of the cycle from 

the results of finite element analysis. The temperature and stress outputs from finite element analysis 

are used as input to the crack initiation and propagation models. 

In the crack initiation model, an S-N curve is used to estimate the time-to-crack-initiation as a 

function of the temperature and stress range predicted by finite element analysis. If the estimated time-

to-crack-initiation is within the component lifetime, the occurrence of crack initiation (Initiation = True) 

and the time-to-crack-initiation are recorded; otherwise, Initiation = False is recorded.  

In the crack propagation model, stress intensity factor is calculated using the stress and 

temperature distributions predicted by finite element analysis as input. The calculated stress intensity 

factor is used as input to the crack growth rate model based on Paris’ law. The time profile of the crack 

depth is computed by repeatedly updating the stress intensity factor and Paris’ law calculation over 

time, using the predefined initial crack depth assumed in the crack initiation model as an initial 

condition. In the PoF module, multiple damage/failure states, corresponding to the discrete states 

considered in the MP Markov process model, are evaluated. Each damage/failure state (e.g., Flaw, 

Leak) is characterized by comparing the crack depth with the predefined threshold value (e.g., 15% of 

the thickness for Flaw state, and 100% wall thickness for Leak state). The time when the physical key 

performance measure reaches the threshold value for each damage/failure state is recorded. 

Uncertainty quantification and degradation transition rate estimation (Sub-Step 2.2): The 

aleatory uncertainties associated with the PoF input variables are propagated by conducting uncertainty 

quantification in the Interface Module ((d) in Fig. I−13), which makes the PoF module probabilistic, 

generating the Probabilistic PoF analysis. The uncertainty quantification for the PoF module is 

performed by running the Monte Carlo simulation, where the input parameters x is randomly sampled 

from their associated probability distributions, and the PoF module is evaluated repeatedly with each 

set of randomly sampled x. As a result, random samples of Y as a function of time is generated: 

𝑌(𝑗)(𝑡) = 𝑌(𝑡; 𝐱(𝑗), 𝛈) ;  𝑗 = 1,2, … , 𝑁𝑆, 0 < 𝑡 < 𝑡𝑙 , (I−11) 

where 𝐱(𝑗) is the jth set of random samples of 𝐱; 𝑁𝑆 is the sample size; and 𝑡𝑙 is the component lifetime. 

Then, using the uncertainty quantification outputs, the degradation transition rates are estimated. In the 

MP Markov process model, the sojourn times are identically and independently distributed in 

exponential distributions with constant rates. The point estimate of the transition rate between states 

𝑠𝑖 → 𝑠𝑖′  is computed as follows: 

�̂�𝑖→𝑖′ = 𝑛(𝑠𝑖 → 𝑠𝑖′) 𝑇𝑠𝑖
⁄                                                                    (I−12) 
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where 𝑇𝑠𝑖
 denotes the summation of the duration for which the Monte Carlo samples stayed in state 𝑠𝑖, 

and 𝑛(𝑠𝑖 → 𝑠𝑖′) is the number of transitions from 𝑠𝑖 to 𝑠𝑖′  observed in the PoF runs. 

To find an adequate sample size leading to converged Monte Carlo estimations, a convergence 

study is conducted. The degree of convergence of the Monte Carlo simulation is measured by the 

relative half-width of the confidence intervals normalized by the point estimates of the degradation 

transition rates: 

δ

�̂�𝐽
≤

𝑟

(𝑟+1)
 , 𝐽 = 𝑁S,0, 𝑁S,0 + ∆𝑁, 𝑁S,0 + 2∆𝑁, …                          (I−13) 

where �̂�𝐽 is the point estimate of the transition rate M based on the Monte Carlo simulation with sample 

size of 𝐽, 𝛿 is the relative half-width of the 95% confidence intervals of the point estimate of each 

transition rate, and r is the desired relative error [I−34]. The 95% confidence intervals are developed 

using the bootstrap method [I−35, I−36]. Solving Eq. (I−13) is repeated by increasing the sample size 

with a predefined increment ∆𝑁, starting from the initial sample size 𝑁S,0 until the desired level of 

relative error is achieved.  

I−3.3 Estimating the RIM parameters of the renewal process model (Step 3) 

In Step 3, the RIM related transition rates in the renewal process module, μ, are estimated by 

the MWP module ((c) in Fig. I−14). The MWP module explicitly models the RIM processes (e.g., ISI, 

leak monitoring, repair/replacement), with consideration of multiple layers of underlying performance-

contributing factors, such as training, procedures, and availability of tools and resources. Maintenance 

scenarios are developed using human reliability analysis decision trees [I−37], including maintenance 

phases (i.e., ISI programme coverage, flaw and leak detection by non-destructive examination 

techniques, leak indication from leak monitoring systems, and repair/replacement) as the pivotal events. 

The probabilities of the pivotal events are then quantified either by a DDM or an existing human 

reliability analysis method. For instance, for the flaw detection by non-destructive examination, a DDM 

is used for the probability estimation, where an analytical relationship between μ and the maintenance 

characteristics estimated from empirical data, i.e., an inspection interval (TI) and the probability of flaw 

detection (PFD), is used. Meanwhile, for the leak detection by the leak monitoring systems, the top event 

probabilities are quantified using an existing human reliability analysis method [I−37]. 

As an example, illustrated in Fig. I−18 is a RIM decision tree developed for the analysis of leak 

detection. This event tree analyzes the RIM scenarios where the leak monitoring systems detect leakage 

that exceeds the limiting condition for operation (LCO) limits for primary system operational leakage. 

As an example according to the standard technical specifications for PWR reactors, there are two 

primary ways that the response to leakage is initiated. In the first path, unidentified leakage in the form 

of an imbalance in the RCS water inventory exceeds 6.310-2 kg/s and is not brought below 6.310-2 

kg/s within 4 hours. If this LCO is not satisfied, the plant is required to move to lower pressure 

conditions by entering Mode 3 within 6 hours and Mode 5 within 36 hours (i.e., an unplanned shutdown 

occurs). This shutdown prompts an inspection, and the RIM activities are initiated. 

In the second path to leak action, the unidentified RCS operational leakage does not exceed 

6.310-2 kg/s, but upon inspection, the leakage is identified as a primary pressure boundary leakage. In 

this inspection, the source of leakage is to be located and evaluated to meet the ASME standards. 

Additionally, an evaluation of the structural integrity of the pressure boundary is performed. The LCO 
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for reactor coolant pressure boundary leakage requires zero leakage at all times during operation. In 

either leak action path, the repair plans for the leaking component of size x will initiate if the LCO 

action statement cannot be satisfied. 

 

FIG. I−18 Decision tree for the physics-of-failure module. 

The RIM decision tree in Fig. I−18 begins with the physics-based initiating event “component 

has a leak of size x”, followed by two physics-based top events and two RIM-based top events. In the 

first top event, it is to be determined whether the leak rate is detectable by the leak monitoring systems 

or to be defined as undetectable leakage. If the leakage is detectable, then the next top event specifies 

whether the leakage exceeds the unidentified leakage limit (6.310-2 kg/s). If the leakage rate exceeds 

6.310-2 kg/s, then the operators would have 4 hours to reduce the leakage amount below this threshold 

or an unplanned shutdown will occur. However, if the leakage is identified as a primary pressure 

boundary leakage then the component will need to undergo leak repair, regardless of the success or 

failure of previous top events. As a result of the success or failure of each top event, the component will 

either undergo leak repair following an unplanned shutdown (Scenarios S1, S2, S3, and S4) or the leak 

will remain (Scenarios S5 and S6). The quantification of the RIM event tree in Fig. I−17 requires the 

following input parameters: 

⎯ Probability of leak rate exceeding detectability limit (PMD): This value is dependent on the 

calculated leak rate from the PoF model and its comparison to the minimum detectable leak 

rate of 6.310-2 kg/s. This probability is already addressed as part of the degradation transition 

rates in the renewal process module; thus, it is not considered in the MWP module.  

⎯ Probability of unidentified leakage rate exceeding LCO limit (PUL): This value is dependent on 

the calculated leak rate from the PoF model and its comparison to the maximum unidentified 

leakage rate for RCS leakage of 6.310-2 kg/s. This probability is already addressed as part of 

the degradation transition rates in the renewal process module; thus, it is not considered in the 

MWP module. 
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⎯ Probability of unidentified leakage rate not being reduced below LCO limit for > 4 hours (PLL): 

This value is dependent on the feasibility of isolating the leaking component to reduce leakage 

to below the LCO limit within 4 hours. By definition, reactor coolant pressure boundary leakage 

is leakage from a non-isolable crack in the RCS piping, so for our case study we assume that 

there is no possibility of reducing the leakage within 4 hours. To achieve this RIM action, 

reliability of the leak monitoring systems and human performance of operators in diagnosing 

and responding to the leak detection signal should be considered. The MWP module uses the 

integrated human event analysis system framework [I−37] to quantify the human error 

probability for operator action upon the leak detection signal from the leak monitoring systems. 

⎯ Probability of identifying leakage as reactor coolant pressure boundary leakage (PRI): The 

operators may conduct an inspection to identify the source of unidentified leakage that does not 

exceed the unidentified leakage LCO limit. This top event highly depends on operator action, 

and the associated human error probability can be estimated using the integrated human event 

analysis system method. 

The following equation is used to calculate the conditional probability of the leak of size x 

undergoing leak repair as in scenarios S1, S2, and S4: 

𝑃(𝐿𝑒𝑎𝑘[𝑥] → 𝑁𝑒𝑤) = 𝑃𝑀𝐷𝑃𝑈𝐿𝑃𝐿𝐿 + 𝑃𝑀𝐷𝑃𝑈𝐿(1 − 𝑃𝐿𝐿)𝑃𝑅𝐼 + 𝑃𝑀𝐷(1 − 𝑃𝑈𝐿)𝑃𝑅𝐼 (I−14) 

The corresponding RIM transition rate in the Markov process model (namely, the transition 

rate from Leak to New) is then computed by dividing the state transition probability in Eq. (I−14) by 

the mean-time-to-repair. 

I−3.4 Calculating probabilistic failure metrics (step 4) 

The renewal process model is solved numerically using the input parameters estimated based 

on the outputs from the PoF and MWP modules. Solving the Markov model equations produces the 

probabilistic failure metrics of interest, such as the cumulative and annual probabilities of the damage 

state at a specific time. As an example, for the MP Markov process model structure, a set of differential 

equations, Eqs. (I−15) to (I−18), is used to calculate the state distribution over time. The Markov process 

model can be formulated as a time-inhomogeneous Markov process with delta function terms 

representing the discrete maintenance events:  

𝑑𝑁(𝑡)

𝑑𝑡
= −𝜑𝑁(𝑡) + ∑[𝐿(𝑡)𝑃𝐿𝐷𝛿(𝑡 − 𝑡𝑖) + 𝐹(𝑡)𝑃𝐹𝐷𝛿(𝑡 − 𝑡𝑖)]

𝑁𝑚

𝑖=1

 (I−15) 

𝑑𝐹(𝑡)

𝑑𝑡
= 𝜑𝑁(𝑡) − (𝛾 + 𝜆)𝐹(𝑡) − ∑[𝐹(𝑡)𝑃𝐹𝐷𝛿(𝑡 − 𝑡𝑖)]

𝑁𝑚

𝑖=1

 (I−16) 

𝑑𝐿(𝑡)

𝑑𝑡
= 𝜆𝐹(𝑡) − 𝜌𝐿(𝑡) − ∑[𝐿(𝑡)𝑃𝐿𝐷𝛿(𝑡 − 𝑡𝑖)]

𝑁𝑚

𝑖=1

 (I−17) 

𝑑𝑅(𝑡)

𝑑𝑡
= 𝜌𝐿(𝑡) + 𝛾𝐹(𝑡) (I−18) 
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where: 

N(t)  probability of “New” state at time t 

F(t)  probability of “Flaw” state at time t 

L(t)  probability of “Leak” state at time t 

R(t)  probability of “Rupture” state at time t 

PFD  probability of detection of “Flaw” state 

PLD  probability of detection of “Leak” state 

𝛿(∙) Dirac delta function 

Nm   total number of periodic ISI events  

In the above equations, the physical degradation is modeled by the terms containing the 

degradation transition rates (𝜑, 𝜆, 𝛾, 𝜌), while the ISI events are modeled by the terms include Dirac 

delta function. Note that the transition only occurs if the component is detected to be in the Flaw or 

Leak state, so the transition is dependent on the value of PFD and PLD. These equations are solved from 

t = 0 until t = tl (the end of the component’s life) to compute {𝑁(𝑡), 𝐹(𝑡), 𝐿(𝑡), 𝑅(𝑡)}, 𝑡 ∈ (0, 𝑡𝑙]. 

I−3.5 Performing probabilistic validation (step 5) 

To probabilistically quantify the degree of validity of the estimated probabilistic failure metrics, 

a probabilistic validation methodology is applied. Sakurahara et al. [I−38] proposed the probabilistic 

validation methodology as a new paradigm of validation strategy for modeling and simulation used in 

PSA. Beal et al. [I−39] showed how the probabilistic validation methodology can be implemented to 

support risk-informed analysis for advanced reactors using pipe reliability analysis for advanced WCRs 

as a case study. In probabilistic validation, the degree of validity of model predictions is measured by 

the epistemic uncertainty. When the epistemic uncertainty for the model output is small enough to 

derive risk-informed decision-making with a sufficient level of confidence, the validity of the model 

prediction is considered to be acceptable; otherwise, the current degree of validity is considered to be 

not sufficient, and models and input data need to be refined to reduce their epistemic uncertainties. As 

an acceptance threshold in probabilistic validation, probabilistic acceptance criteria for pipe failure 

frequencies can be utilized. The probabilistic validation methodology is implemented in three steps: (i) 

identification, (ii) characterization, and (iii) propagation of epistemic uncertainties. 

Identification of the dominant sources of epistemic uncertainty: This substep consists of 

qualitative analysis (i.e., identification of potential sources of epistemic uncertainty) and quantitative 

screening (i.e., sensitivity analysis for the potential sources of epistemic uncertainty to screen non-

influential ones). For the qualitative analysis, three categories of epistemic uncertainties are considered: 

(a) epistemic uncertainty related to the selection of probability distributions and estimation of the 

distribution parameters for random input variables, (b) epistemic uncertainty related to the model 

selection and assumptions, and (c) epistemic uncertainty related to the statistical convergence of 

probability estimation. Based on a careful review of the input parameters and the constituting models, 

potential sources of epistemic uncertainties existing in the I-PPoF framework are identified. For the 

quantitative screening, a sensitivity analysis is conducted at the level of the outputs from individual 

modules in I-PPoF. The Morris elementary effect method is suggested for quantitative screening of the 

potential sources of epistemic uncertainties [I−39]. Based on the results of the quantitative screening, 

the epistemic uncertainty sources that have negligible impacts on the model outputs are identified and 

excluded from further analysis. 
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Characterization of each source of epistemic uncertainty: The epistemic uncertainty for each 

of the sources retained in Substep 5.1 is characterized using probabilistic measures, such as a probability 

density function or upper and lower bounds corresponding to specific percentiles. For epistemic 

uncertainty related to the selection of probability distributions and estimation of the distribution 

parameters for random input variables, it is a common practice to develop continuous probability 

distributions based on various data sources, such as experimental data, field data, and engineering 

judgment. For epistemic uncertainty related to the model selection and assumptions, one possible 

approach is to choose multiple alternative models (e.g., altering the key assumptions in the models) and 

assign a probability weight to each model based on the degree of confidence by an analyst. The set of 

the alternative models can then be characterized as a discrete probability distribution. For epistemic 

uncertainty related to the statistical convergence of probability estimation, the confidence intervals 

associated with the sampling based estimations of the statistical quantities (e.g., degradation transition 

rates in the renewal process model) are constructed in order to characterize the epistemic uncertainty 

associated with statistical inference based on a limited sample size.  

Propagation of the sources of epistemic uncertainty: The sources of epistemic uncertainty, 

identified and characterized in Substep 5.1 and 5.2, are propagated up to the level of the probabilistic 

failure metrics estimations. I-PPoF utilizes a nested Monte Carlo technique to propagate both aleatory 

and epistemic uncertainty in a coherent structure. The inner loop of the Monte Carlo simulation, 

conducted as a part of Sub-step 2.2 (uncertainty quantification & transitions rate estimation), propagates 

aleatory uncertainties, while the outer loop of the Monte Carlo simulation, conducted in this substep for 

probabilistic validation, propagates epistemic uncertainties. For the outer loop, the sources of epistemic 

uncertainty characterized in Substep 5.2 are randomly sampled, and the simulation runs for I-PPoF are 

repeated using each set of sampled random variables. The outputs from the nested Monte Carlo 

simulation are random samples of the estimates of the probabilistic failure metrics (e.g., frequencies of 

leak and rupture). These outputs can be used to compute the statistics characterizing the epistemic 

uncertainty associated with the probabilistic failure metrics estimations.  

I−3.6 Conducting Bayesian updating of the simulation-based estimation with OPEX 

If any relevant OPEX is available, the simulation based estimations of the probabilistic failure 

metrics can be updated with the OPEX by conducting Bayesian parameter estimation. In this way, the 

resulting probabilistic failure metrics reflect the totality of data available including OPEX and the 

simulation data generated from the I-PPoF framework. A generic formulation of the Bayesian updating 

in this step is given as follows: 

𝜋(𝐩|Esim) =
𝐿(Esim|𝐩)𝜋0(𝐩)

∫ 𝐿(Esim|𝐩)𝜋0(𝐩)𝑑𝐩
 

𝐩

 (I−18) 

where p is the probabilistic failure metrics being estimated, 𝜋0(𝐩) is the prior distribution for p, Esim 

is the simulation-based estimations of p obtained from the renewal process module integrated with the 

PoF and MWP modules, and 𝐿(Esim|𝐩) is the likelihood function for Esim. 𝜋0(𝐩) is constructed based 

on the relevant OPEX, such as the probability distribution for p obtained from the DDM analysis. The 

parameter 𝐿(Esim|𝐩) represents the uncertainty associated with the simulation-based estimations and 

constructed based on the results of probabilistic validation. An additive error model (i.e., a normal 

distribution) or a multiplicative model (i.e., a lognormal distribution) can be used. The standard 
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deviation of the additive or multiplicative error model is estimated based on the uncertainty bounds 

obtained from probabilistic validation, for instance, matching the 100(1−α/2)th and 100(α/2)th 

percentiles to the upper and lower bounds (where α denotes the level of significance). 

I−3.7 Conducting global sensitivity analysis to rank the input parameters 

In this step, global sensitivity analysis is conducted to study the sensitivity of the probabilistic 

failure metrics estimations to the input parameters of I-PPoF, including physical input (such as material 

properties, operating conditions, and geometry) and RIM-related input (such as RIM policy, probability 

of detection, PIFs). The moment-independent, cumulative distribution function based method Si
(cdf) 

[I−40] is used to account for key characteristics of the integrated models, including uncertainties 

associated with the model input and output as well as nonlinearity and interactions inside the model. As 

a measure of sensitivity, Si
(cdf) uses the expected difference between the unconditional cumulative 

distribution function of the model output and the conditional cumulative distribution function of the 

model output given each input parameter is fixed. Si
(cdf) is defined as follows: 

𝑆𝑖
(𝑐𝑑𝑓)

= 𝐸𝑋𝑖
[𝐴(𝑋𝑖)] |𝐸(𝑌)|⁄  (I−19) 

where 𝑋𝑖 is the ith input parameter of the model, 𝑌 is the model output, 𝐸(𝑌) is the expected value of 𝑌 

and assumed to be non-zero, while 𝐴(𝑋𝑖) is the area enclosed by the conditional and unconditional 

cumulative distribution functions and computed by: 

𝐴(𝑋𝑖) = ∫|𝐹𝑌|𝑋𝑖
(𝑦) − 𝐹𝑌(𝑦)|𝑑𝑦 (I−20) 

In Eq. (I−20), 𝐹𝑌(𝑦) is the unconditional cumulative distribution function of the model output, 

while 𝐹𝑌|𝑋𝑖
 is the conditional cumulative distribution function of the model output given input parameter 

𝑋𝑖 is fixed. The estimation of Si
(cdf) can be executed by using a two-loop Monte Carlo simulation. 

Examples of the global sensitivity analysis for I-PPoF are reported in [I−38, I−39]. The latter reference 

implemented the global sensitivity analysis to rank the RIM parameters in the MWP module based on 

their contribution to the cumulative rupture probability. The RIM parameters analyzed in [I−40] include 

intervals and probability of detection s of flaw and leak inspections, time to repair or replacement for a 

detected flaw and leak, and human error probabilities for RIM activities for a flaw and leak. 
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ANNEX II 

ANALYSIS TOOLS AND TECHNIQUES 

This Annex includes examples of analysis tools (i.e. computer applications) and techniques to 

support piping reliability analysis. Irrespective of the chosen method (DDM, PFM or I-PPoF), a piping 

reliability analysis includes the following common elements: 

⎯ Statistical analysis of experimental data and/or OPEX data on crack initiation and propagation. 

⎯ Propagation of uncertainty distributions through a model of piping reliability; 

⎯ Evaluation of the effect of different RIM strategies on the structural integrity of a piping 

pressure boundary; 

⎯ Specialization of piping reliability analysis results to account for plant-specific application 

requirements. For example, determining the frequency of failure as a function of a certain 

through-wall flow rates or ranges of flow rates. 

Open source software tools are available to facilitate piping reliability analysis. These software 

tools support statistical analysis, fracture mechanics analysis, and multi-physics modeling. An analyst 

may prefer to use a combination of open-source and proprietary software solutions to implement a 

piping reliability analysis framework. Example of open-source software tools include: 

⎯ WinBUGS. A statistical software for Bayesian analysis using Markov chain Monte Carlo 

methods. BUGS, which stands for “Bayesian inference Using Gibbs Sampling”, is concerned 

with a flexible software for the Bayesian analysis of complex statistical models. The project 

began in 1989 in the MRC Biostatistics Unit, Cambridge, and led initially to the `Classic’ 

BUGS programme, and then onto the WinBUGS software developed jointly with the Imperial 

College School of Medicine at St Mary’s, London [II−1, II−2].  

⎯ Table II−1 provides the examples of PFM codes. 
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[II−1] LUNN. D. et al, The BUGS Book. A practical Introduction to Bayesian Analysis, CRC Press, 

Abingdon, UK, ISBN:978-1-58488-849-9, 2013 

[II−2] KELLY, D.L., CURTIS, C.L., Bayesian Inference in Probabilistic Risk Assessment – The 

Current State of the Art, Reliability Engineering and System Safety, 94:628-643, 2009 

⎯  

https://www.mrc-bsu.cam.ac.uk/software/bugs/the-bugs-project-winbugs/
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TABLE II−1. EXAMPLES OF PFM COMPUTER CODES CONT. 

Name Description 

Year of 

Software 

Release 

Access 

PRAISE PRAISE was initially developed for the assessment of the influence of seismic events on the failure 

probability of cracked piping in PWRs. The cracking mechanism originally considered by PRAISE 

was fatigue crack growth due to cyclic loading of pre-existing crack-like weld defects, introduced 

during the fabrication process. In the mid-1980s, the computer code was further enhanced to allow 

for the probabilistic treatment of the initiation and growth of intergranular SSC in sensitized 

weldments in Type 304 stainless steel piping in BWRs. 

1981 Open access, developed by 

the Lawrence Livermore 

National Laboratory with 

funding from the U.S. NRC 

pc-PRAISE PRAISE for implementation on a personal computer. 1992 Open access 

Pipe Fracture 

Probabilities 

PIpe FRActure Probabilities is meant for evaluation of the leak and rupture probabilities of a specific 

cross section with a certain stress state and possibly containing a circumferential growing crack due 

to SCC. Detailed code description is found SKI Report 2000:48, The use of risk based methods for 

establishing ISI priorities for piping components at Oskarshamn 1 NPP, Swedish Radiation Safety 

Authority, Stockholm, Sweden, 2000. 

1997 Proprietary, originally 

developed by SAQ Kontroll 

AB of Sweden (now KIWA 

Inspecta AB) 

Win-PRAISE pc-PRAISE for Windows. 1998 

Developed by Engineering 

Mechanics Technology, 

Inc. 

SRRA Structural Reliability & Risk-Assessment. A PFM code for assessing pipe component failure 

probabilities to support Risk Informed-ISI programme development. ) analyses. Besides pipe 

components, SRRA can also be used for probabilistic integrity assessment of RPVs and RPV 

internals. According to the developer, SRRA has the capability to simulate the effect of a variety of 

time dependent material degradation mechanisms for components of carbon steel and stainless steels 

including low-cycle fatigue crack growth of an existing (fabrication) flaw, crack growth of an 

existing flaw due to SCC, wall thinning due to material wastage (e.g. by flow induced corrosion), 

high cycle fatigue induced stresses exceeding the fatigue crack threshold. 

1998 Proprietary, developed by 

Westinghouse 

PROST PRObabilistic STructure analysis; developed by Global Research for Safety (GRS) to evaluate leak 

and failure probabilities of piping systems in NPPs. A graphical user interface supports the necessary 

data input. Leak and break probabilities from pre-existing semi-elliptical shaped inner surface cracks 

subjected to cyclic or static loading conditions can be estimated. The calculation of the subcritical 

crack growth and the final instability are based on deterministic fracture mechanics principles. The 

probabilistic nature is determined by the uncertainties of the input data entering the deterministic 

routines. Allows for probabilistic treatment of fatigue, intergranular SCC of austenitic stainless steel 

and strain induced corrosion cracking of ferritic steel. PROST allows for modeling of leakage rates. 

2002 Proprietary, developed by 

GRS 
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TABLE II−1. EXAMPLES OF PFM COMPUTER CODES CONT. 

Name Description 

Year of 

Software 

Release 

Access 

VTTBESIT The code was originally intended for deterministic fracture mechanics based crack growth analyses, 

but it has been modified by adding probabilistic capabilities to the code. The probabilistically treated 

crack growth analysis input data parameters depth of initial cracks; length of initial cracks; frequency 

of load occurrence. 

2007 Proprietary, developed by 

Fraunhofer-Institut für 

Werkstoffmechanik, 

Germany and the Technical 

Research Centre of Finland 

(VTT) 

PASCAL-SP As a part of research on the material degradation and structural integrity assessment for aged LWR 

components, a PFM analysis code PASCAL-SP (PFM Analysis of Structural Components in Aging 

LWR – SCC at Welded Joints of Piping) has been developed. This code evaluates the failure 

probabilities at welded joints of aged piping by a Monte Carlo method. PASCAL-SP treats SCC and 

fatigue crack growth in piping, according to the approaches of NISA and Japan Society of 

Mechanical Engineers fitness-for-service Code. The reliability of flaw detection and sizing, and 

residual stress distributions are based on experimental data and introduced into PASCAL-SP. 

2009 Developed by Japan 

Atomic Energy Agency. 

Intended for a cross-check 

use by the regulatory body 

in Japan. This code can also 

be used for a research 

purpose by researchers in 

academia and industry. 

PRO-LOCA Predicts the leak or break frequency for the whole sequence of initiation, subcritical crack growth 

until wall penetration and leakage, instability of the through-wall cracking (pipe rupture). The 

outcome of the PRO-LOCA code are a sequence of failure frequencies which represents the 

probability of surface crack developing, a through-wall cracking developing and six different sizes of 

crack opening areas corresponding to different leak flow rates or LOCA categories. The code 

development was financed by an international consortium representing Canada, Sweden, South 

Korea, United States and United Kingdom. 

2010 Restricted to the sponsoring 

organizations 

PRAISE-

CANDU 

Developed by CANDU Energy Inc. for the CANDU Owners Group (COG), for structural integrity 

assessment of CANDU heat transport system piping. Degradation mechanisms that can be modeled 

include fatigue, SCC. The piping loads that are considered include normal and transient service loads, 

deadweight, environmental loads, seismic, vibratory and weld residual stresses. 

2012 Restricted to CANDU 

Owners Group Members 

FAVOR Failure Analysis of Vessels – Oak Ridge Version 16.1, a PFM code especially developed for the 

assessment of the structural integrity of reactor pressure vessels (FAVOR Users Guide, ORNL/LTR-

2016/03115). An overview the code is found in PVP2017-65262. Developed at the Oak Ridge 

National Laboratory with funding from the U.S. Nuclear Regulatory Commission. The most recent 

public release of FAVOR, v16.1, includes improvements in the consistency and accuracy of the 

2016 

(Version 16.1) 

Publically available, 

distribution is handled by 

NRC staff. 

 
15 https://www.nrc.gov/docs/ML1627/ML16273A034.pdf 
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Name Description 

Year of 

Software 

Release 

Access 

calculation of fracture mechanics stress-intensity factors for internal surface-breaking flaws; special 

attention was given to the analysis of shallow flaws.16  

PROMISE PRobabilistic OptiMization of InSpEction. An implementation of a probabilistic model of fatigue 

crack growth using linear elastic fracture mechanics (LEFM) methods, consistent with the flaw 

evaluation procedures of ASME XI. 

2018 Proprietary, developed by 

Structural Integrity 

Associates Inc.  

xLPR The initial focus of the computer code development has been on evaluating pipe rupture probabilities 

within Alloy 82/182 dissimilar metal welds. Version 2, released in 2020, its core capabilities include 

modeling fatigue, SCC, ISI, chemical and mechanical mitigation, leakage rates, and seismic effects. 

Developed at the Sandia National Laboratories with funding from U.S. Nuclear Regulatory 

Commission and the Electric Power Research Institute.17  

2020 Open access, developed by 

the U.S. NRC and the 

Electric Power Research 

Institute. Distribution is 

handled by NRC staff. 

 

 
16 https://www.nrc.gov/about-nrc/regulatory/research/obtainingcodes.html#8 

17 https://www.nrc.gov/about-nrc/regulatory/research/obtainingcodes.html#8 

https://www.nrc.gov/about-nrc/regulatory/research/obtainingcodes.html#8
https://www.nrc.gov/about-nrc/regulatory/research/obtainingcodes.html#8
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ANNEX III 

SELECTED PIPING RELIABILITY DATA RESOURCES 

This Annex piping reliability data resources. A “data resource” is a structured set of data held 

in a computer with a view to its utilization by SMEs in specific types of applications. Many different 

pipe failure data resources have been developed and with different objectives. The types of data 

resources range from piping OPEX databases (“event databases”) to databases that include piping 

reliability parameters (e.g. tabulation of probabilistic risk metrics). 

III−1 DIFFERENT TYPES OF DATA RESOURCES 

There are three types of data resources: 

⎯ Type 1. Engineering databases that capture information on pipe failure events, including the 

underlying cause(s) of failure. Each event is classified according to a taxonomy that 

acknowledges chemical and mechanical properties of materials, environmental conditions, 

fabrication techniques, ISI technologies, and material degradation mechanisms. The survey 

results are documented in the following tables: 

- Nuclear industry (Table III−1) 

- Type 1.a – database developed especially for piping reliability analysis tasks. 

Based on a detailed piping reliability taxonomy. 

- Type 1.b – general purpose event database from which information on pipe 

failures can be extracted. The database includes information on pipe 

dimensions, material data, and root cause of pipe failure. 

- Non-nuclear industry (Table III−2). 

⎯ Type 2. General purpose OPEX databases from which information about pipe failures can be 

extracted. Typically, it requires a significant effort to analyze and classify the event 

information. The survey results are included in Table III−1. 

⎯ Type 3. Piping reliability parameter databases (or handbooks) that include tabulations of 

calculated pipe failure rates, including uncertainty distributions (Table III−3). This type of 

database usually is organized by type of piping system, material, pipe size, degradation 

mechanism, etc. Application-specific, referenceable parameter databases have been developed 

to support the following activities: 

- Level 1 & Level 2 PSA; 

- Internal Flooding PSA; 

- Risk-informed ISI; 

- RIM program development; and 

- Advanced WCR design certification PSA. 
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III−2 DATA ACCESS 

Invariably the Type 1.a databases are either restricted or proprietary. As an example, CODAP 

is a restricted database. While CODAP project participation is open to any nuclear industry 

organization, access to the database is restricted to those organizations that actively participate in the 

data exchange process. 

III−3 SOURCES OF PIPE FAILURE INFORMATION 

The reporting of pipe failures, including degraded conditions, is done at different levels and in 

accordance with national regulations and codes and standards. Accessing the source data (or raw data) 

is subject to national regulations as well as the different national practices for the handling of restricted 

and proprietary information. Table III−4 provides an overview of different types of source (or raw) data 

in the United States. 
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TABLE III−1 SELECTED NPP PIPE FAILURE EVENT DATABASES 

Database  

Characteristic 

Database Type & Name 

Type 1.a Type 1.a Type 1.a Type 1.b Type 2 

OECD/NEA CODAP Event 

Database 

PIPExp ‘Pipe OPEX 

Database’ 
KomPass CHUG 

IAEA/NEA Incident 

Reporting System 

Accessibility Restricted - Database is 

Located on the NEA Secure 

Server 

Proprietary Proprietary Proprietary Restricted database located on 

the IAEA Secure Server 

Owner / Operator CODAP Project Management 

Board & with support of 

NEA-IT and CODAP 

Operating Agent 

Sigma-Phase Inc., USA GRS, Germany Operated by the Electric 

Power Research Institute on 

behalf of the CHECWORKS 

User Group 

Joint NEA & IAEA OPEX 

Database 

Database Scope Piping (safety-related & non-

safety-related) plus selected 

non-piping passive 

components (e.g. reactor 

internals) 

Piping - Safety-Related & 

Non-Safety Related, water 

hammer event database, and 

piping component population 

database  

Detailed information on the 

OPEX with pressure-retaining 

components in German NPPs 

Sharing of OPEX involving 

flow-accelerated corrosion. 

The CHUG website enables 

uploading of event 

information, including 

photographs, drawings, etc.  

General purpose OPEX 

database. 

Database Content 

(No. Data Records) 

5,150 as of June 2021 

(including ca. 500 non-piping 

passive component failures) 

12,200 pipe failure events as 

of June 2021 

ca. 1100 DB records Not a formal database; see 

below 

Assumed to include > 600 

database records on pipe 

failures (this number is to be 

confirmed by IAEA) 
Plus a water hammer event 

database (736 events) 

Data Submission 

Protocol 

Governed by an annual work 

plan, QA/QC Procedure, and 

Coding Guideline. CODAP is 

based on the principle that 

each participating organization 

shares OPEX data of interest 

to the material science 

community. 

Since 1993, continuously 

updated & maintained. A 1998 

version of the database formed 

the basis of CODAP. PIPExp 

data mining and data 

processing are governed by a 

coding guideline. 

Continuously updated and 

maintained by GRS upon 

receipt of event reports from 

German NPPs, which have to 

be issued according to the 

reporting criteria defined in 

the German reporting 

ordinance (AtSMV). 

Informal, data exchange twice 

yearly – verbal presentations 

and PPT presentations. The 

latter are available on the 

CHUG website. 

The Incident Reporting 

System is based on the 

principle that each participant 

will provide timely 

information on its NPPs’ 

OPEX so that it is available to 

all other participants. 

Taxonomy Very detailed taxonomy. Very detailed taxonomy. Very detailed taxonomy Flow accelerated corrosion 

phenomenology 

Documented in the Incident 

Reporting System Guidelines 

Database Type Web-based SQL SQL - stored in MS-ACCESS SQL - stored in MS-ACCESS N/A Web-based SQL 

No. Database Fields 89 

NEA/CSNI/R(2018)12 

includes a description of the 

database structure 

65 fields in Main Table, there 

are an additional 30 

supporting (related) tables 

61 N/A Mostly searchable narrative 

information. A user is to 

perform additional analyses 

w.r.t. identifying material, 

crack morphology, etc. 
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TABLE III−1 SELECTED PIPE FAILURE EVENT DATABASES (CONT.) 

Database 

Feature 

Database Type and Name 

Type 2 Type 1.a Type 1.a Type 2 

U.S. Nuclear Regulatory 

Commission Licensee Event Reports 

Database18 

STRYK 
NESC Thermal Fatigue 

Database 
SAPHIR 

Accessibility Public domain GP database accessible 

via19 

Passive component damage 

database - access restricted to 

SSM staff 

Access restricted to 

NESC project participants 

Proprietary GP database 

Owner / 

Operator 

The Licensee Event Reports Database 

is operated by the Idaho National 

Laboratory on behalf of the U.S. NRC 

Swedish Radiation Safety 

Authority (SSM) 

20  EDF, France 

Database Scope General purpose OPEX database and 

limited to the U.S. commercial NPPs 

Any rejectable, recordable and 

reportable pressure boundary flaw 

or failure in the Swedish 

commercial NPPs 

Selected thermal fatigue 

failures 

Central web-based repository for OPEX 

data from all EDF plants; similar to 
Institute of Nuclear Power Operations's 

ICES database 

Database 

Content (No. 

Data Records) 

> 2,300 records on pipe failure  > 1,350 events (piping and non-

piping passive components) 

About 40 events >> 1000 records on pipe failure 

Data 

Submission 

Protocol 

NUREG-1022 R3 (Event Report 

Guidelines, 10 CFR 50.72 and 50.73) 

Respective Owner submits ISI/ 
non-destructive examination 

results upon completion of each 

annual refueling outage. 

Supplied by NESC 

participating 

organizations 

Information management system for 

unexpected events in EDF plants 

 SAPIDE ICES NUCIA EPRI NP-4394 EPRI TR-110102 

Taxonomy Documented in NUREG-1022 

https://www.nrc.gov/docs/ML0705/M

L070530420.pdf 

Database structure was developed 

by a materials scientist. 

33 database fields, 10 of 

which specifically relate 

to thermal fatigue 

phenomena 

 

 
18 Additional pipe failure reports are available from https://adams.nrc.gov/wba/, which is the Agency-wide Documents Access and Management System (ADAMS). It is the official recordkeeping 

system, through which the U.S. NRC provides access to the following "libraries" or collections of publicly available documents: 1) The Publicly Available Records System (PARS) Library 

contains more than 730,000 full-text documents that the U.S. NRC has released since November 1, 1999, and several hundred new documents are added each day; and 2) the Public Legacy Library 

contains documents dating back to 1965. 
19 https://lersearch.inl.gov/LERSearchCriteria.aspx 
20 http://ie.jrc.ec.europa.eu/ 

https://adams.nrc.gov/wba/
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TABLE III−1 SELECTED PIPE FAILURE EVENT DATABASES (CONT.) 

Database 

Feature 

Database  Type & Name 

Type 2 Type 2 Type 2 -- -- 

Database Type Web-based access SQL - stored in MS-ACCESS 
 

Web based access 

No. Database 

Fields 

Searchable narrative 

information 

20 
  

Accessibility Proprietary, GP Proprietary Public / Proprietary 

Domains 

Public Domain Public Domain 

Owner / 

Operator 

IRSN, France Institute of Nuclear Power 

Operations (INPO), Atlanta, GA, 

U.S.A. 

Japan Nuclear Technology 

Institute (JANTI), Tokyo, 

Japan 

Electric Power Research 

Institute, Palo Alto, CA, U.S.A. 

Electric Power Research 

Institute & Swedish 

Radiation Safety 

Authority 

Database 

Scope 

Limited to "Safety 

Significant Events" 

Central web-based repository for 

operating experience data from 

all U.S. plants 

Central web-based 

repository for domestic & 

international operating 

experience 

Small-diameter (≤ DN100) pipe 

failure data for BWR plants 

Nuclear Reactor Piping 

Failures at US 

Commercial LWRs: 1961 

- 1997 

Database 

Content (No. 

Data Records) 

In 2017 this database 

contained > 20,000 

safety significant 

events.21 The number of 

pipe failure events is 

unknown. 

Estimated to be >> 1000 DB 

records on pipe degradation and 

failure 

Estimated to be >> 1000 DB 

records on pipe degradation 

and failure 

Failure data - extracted from 

U.S. NRC License Event 

Report database through mid-

1982 

4064 DB records 

Data 

Submission 

Protocol 

Includes events 

submitted to the ASN 

and NEA/IAEA IRS 

database 

The amount of data provided 

varies by utility. The raw failure 

records in ICES can be 

inconsistent. 

OPEX submitted by the 

Japanese plant operators. 

NUCIA includes OPEX 

from IRS, WANO, INPO. 

 
N/A 

Taxonomy 
 

22  23 
 

Documented in TR-

110102 

Database 

Type 

Web-based Free-format web-based database, 

mostly in narrative form 

Web-based 
 

Microsoft Access® 

(Version 7.0 for Windows 

95).  

No. Database 

Fields 

78 Not known Not known 15 
 

 
21 https://www.irsn.fr/fr/connaissances/installations_nucleaires/les-centrales-nucleaires/rex/pages/construire-regles-surete-demain.aspx#.Xyg96yhKiM8 (accessed on 3-Aug-2020). 
22 https://www.eiseverywhere.com/file_uploads/aef761d3464553c9bb2cafadf428d0e0_18NSCSL_ICES_Final_Barnes.pdf 
23 https://doi.org/10.1080/18811248.2008.9711446 

https://www.irsn.fr/fr/connaissances/installations_nucleaires/les-centrales-nucleaires/rex/pages/construire-regles-surete-demain.aspx#.Xyg96yhKiM8
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TABLE III−2 SELECTED NON-NUCLEAR PIPE FAILURE DATABASE 

Name Content For More Information 

DOT/PHMSA Natural 

Gas Distribution 

Incident Data 

Three subsets: 1) Safety Related Condition Reports, 2) Mechanical 

Fittings Failure Database, and 3) Gas Distribution Incident 

Database. PHMSA's incident data access files can be downloaded 

free of charge. 

https://www.phmsa.dot.gov/data-and-statistics/pipeline/source-data  

Pipeline Failure Investigation Reports https://www.phmsa.dot.gov/safety-reports/pipeline-failure-investigation-

reports 

UKWIR National 

Mains Failure 

Database 

The database contains ca. 500,000 water mains failure records 

covering over 95% of the UK companies for the period from 1995 

onwards. The web based database includes lengths of piping for 

each material and diameter to allow the generation of comparisons 

of failure rates. The data sharing participants have access to and 

exchange failure data via a secure server. 

http://sewersandwatermains.ukwir.org/site/NMFD/home  

CODAM, Corrosion 

and Damage Database 

CODAM captures data on degraded and failed conditions in 

offshore oil &gas structures, risers, and pipelines. The database 

content (in Norwegian) is publically available. 

http://www.ptil.no/getfile.php/1345620/PDF/Roerledningsskader%20Okto

ber2017.pdf 

CONCAWE 

(CONservation of 

Clean Air and Water 

in Europe) Database 

CONCAWE has collected 46 years of spillage data on European 

cross-country oil pipelines. At nearly 37,500 km the current 

inventory includes the majority of such pipelines in Europe. 

Information on annual throughput and traffic, spillage incidents and 

in-line inspection activities are gathered yearly via on-line 

questionnaires. The results are analyzed and published annually. 

https://www.concawe.eu/wp-content/uploads/2018/03/Rpt_18-6-2.pdf 

HSE Hydrocarbon 

Release Database 

(HCRD) 

The inquiry into the Piper Alpha accident in the North Sea (Cullen 

1990) recommended that the Health and Safety Executive (HSE) 

should collect a database of hydrocarbon leaks from offshore 

installations in the UK Sector, and provide it to operators to support 

QRA. The resulting hydrocarbon release database (HCRD) has 

collected all significant releases in the UK Sector since October 

1992. In addition, the HSE has estimated the exposed population of 

equipment items and from these has determined leak frequencies 

and size breakdowns for each equipment type. Incident details are 

available, free of charge, in the form of spreadsheet data from the 

HSE Offshore Statistics page. 

http://www.hse.gov.uk/offshore/hydrocarbon.htm  

 

  

https://www.phmsa.dot.gov/data-and-statistics/pipeline/source-data
http://sewersandwatermains.ukwir.org/site/NMFD/home
http://www.ptil.no/getfile.php/1345620/PDF/Roerledningsskader%20Oktober2017.pdf
http://www.ptil.no/getfile.php/1345620/PDF/Roerledningsskader%20Oktober2017.pdf
http://www.hse.gov.uk/offshore/hydrocarbon.htm
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TABLE III−2 SELECTED NON-NUCLEAR PIPE FAILURE DATABASE (CONT.) 

Name Content For More Information 

International 

Association of Oil and 

Gas Producers (OGP) 

(OGP) publishes the Risk Assessment Data Directory (RADD). The 

corresponding reports contain frequencies for different systems and 

subsystems of facilities from the oil and gas industry. 

https://www.iogp.org/ 

European Gas Pipeline 

Incident Data Group 

(EGIG) 

In 1982 six European gas transmission system operators took the 

initiative to gather data on the unintentional releases of gas in their 

transmission pipeline systems. This cooperation was formalised by 

the setting up of EGIG (European Gas pipeline Incident data 

Group). Presently, EGIG is a cooperation of seventeen gas 

transmission system operators in Europe and it is the owner of an 

extensive database of pipeline incident data collected since 1970. 

https://www.egig.eu/reports 

Published at the end of 2020 the 11th EGIG Report covers the period 1970 

– 2019. Section 3 of this report summarizes pipeline failure statistics 

organized by: 

⎯ Leak size; 

⎯ Pipe diameter & leak size; 

⎯ Cause of failure, pipe diameter & leak size; 

⎯ Type of third party impacts  (e.g. excavation damage) & leak 

size; and 

⎯ Ground movement, pipe size & leak size. 

Pipeline Performance 

in Alberta (Alberta 

Energy and Utilities 

Board - EUB) 

The AER inspects pipeline construction and operations, reviews 

incidents, identifies non-compliances, and performs necessary 

enforcement. The AER documents pipeline failure data in the Field 

Inspection System and the Pipeline Registry System. At the end of 

2012 the AER database included 17,605 failure events. The AER 

database is supported by a detailed taxonomy as well as pipe failure 

exposure term data, 

https://www.aer.ca/documents/reports/R2013-B.pdf 

Major Hazard Incident 

Data Service 

(MHIDAS) 

The database holds details of incidents which have occurred 

worldwide during the transport, processing or storage of hazardous 

materials which resulted in or it is considered had the potential to 

cause off-site impact. A 2010 version of the MHIDAS contained 

over 16,000 records corresponding to over 14,000 incidents, and 

was in support the HSE Ageing Plant project. MHIDAS was an 

AEA Technology-hosted database. Details of plant and its function 

can be limited since much of the information is drawn from press 

reports and insurance databases. 

Research Report RR823, Plant Ageing Study, Phase 1; 

https://www.hse.gov.uk/research/rrpdf/rr823.pdf 

The database is no longer maintained. AEA Technology went into 

administration in 2012. HSE is the Health and Safety Executive of the 

United Kingdom. 

 

 

  

https://www.iogp.org/
https://www.egig.eu/reports
https://www.aer.ca/documents/reports/R2013-B.pdf
https://www.hse.gov.uk/research/rrpdf/rr823.pdf
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TABLE III−2 SELECTED NON-NUCLEAR PIPE FAILURE DATABASE (CONT.) 
Name Content For More Information 

N.V. Nederlandse 

Gasunie 

Pipe failure data from the Dutch natural gas industry. Gasunie has 

implemented the “PiMSlider” software system in support of its 

pipe-line integrity management> This software system consists of 

a number of modules: pipeline-, environmental- and incident 

data, Cathodic Protection (CP) system monitoring data, analyses 

of ILI data, defect assessments and quantitative risk calculations. 

NACE-08141: The Utilization of a Pipeline Integrity Management 

System for ECDA Management within GASUNIE” 

https://nace.org/home.aspx 

Netherlands Oil and Gas 

Exploration and 

Production Association 

(NOGEPA) 

NOGEPA keeps a database in which all natural gas accidents and 

incidents are reported by its members. This database is used for 

reporting to State Supervision of Mines. The available data from 

the database have a number of limitations that restrict their 

applicability to this project. One of the major issues is that there 

is no information is present about hole sizes. No distinction is 

also made between onshore and offshore and between above and 

below ground or water. 

https://www.nogepa.nl/?lang=en  

Offshore & Onshore 

Reliability Database 

(OREDA) 

The Norwegian Petroleum Directorate (now: Petroleum Safety 

Authority) initiated the OREDA Project in 1981. The primary 

objective was to collect reliability data for safety equipment. It 

was agreed that OREDA was to be run by a group of oil 

companies in 1983. The objective of OREDA was subsequently 

expanded to collect experience data from the operation of 

offshore oil & gas production facilities to improve the basic data 

in safety reliability studies. The OREDA project has since its start 

been run in phases normally lasting for 2 – 3 years. 

http://www.oreda.com/ 

Failure Rates and Event 

Data for Use within Risk 

Assessments (FRED)  

This report includes tabulations of “recommended” pipe failure 

rates for use in quantitative risk analysis (QRA) 

http://www.hse.gov.uk/landuseplanning/failure-rates.pdf 

ZEMA (Zentrale einfache 

Melderegisterauskunft) 

Germany 

Central repository for reports on incidents involving corrosion 

related accidents in petroleum refineries. Concise technical 

summaries of chemical accidents. The online database covers 

accidents from 1981 onwards. Database queries produce detailed 

accident reports. The database includes > 800 reports. 

http://www.infosis.uba.de/index.php/de/site/12981/zema/index.html  

 

 

 

https://nace.org/home.aspx
https://www.nogepa.nl/?lang=en
http://www.oreda.com/
http://www.hse.gov.uk/landuseplanning/failure-rates.pdf
http://www.infosis.uba.de/index.php/de/site/12981/zema/index.html
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ARIA (Analysis, 

Research and Information 

on Accidents), France 

ARIA is tasked with compiling, analyzing and disseminating 

information and experience feedback in the area of industrial 

and technological accidents, ARIA has inventoried over 46,000 

chemical and oil &gas industry accidents and incidents 

occurring in France or abroad. Some 1,200 new events are 

added to the data base each year. The ARIA database includes 

significant accidents / incidents that showcase experience 

feedback as a risk prevention and mitigation tool. The criteria 

used to select the events to catalogue are continuously being 

updated. 

https://www.aria.developpement-durable.gouv.fr/the-barpi/the-aria-

database/?lang=en 

eMARS (electronic 

Major Accident 

Reporting System), 

European Commission 

The Major Accident Reporting System (MARS and later 

renamed eMARS after going online) was first established by 

the EU’s Seveso Directive 82/501/EEC in 1982 and has 

remained in place with subsequent revision to the Seveso 

Directive in effect today.  The purpose of the eMARS is to 

facilitate exchange of lessons learned from accidents and near 

misses involving dangerous substances in order to improve 

chemical accident prevention and mitigation of potential 

consequences. eMARS contains reports of chemical accidents 

and near misses provided to the Major Accident Hazards 

Bureau (MAHB) of the European Commission’s Joint Research 

Centre (JRC) from EU, EEA, OECD, and UNECE countries 

(under the TEIA Convention).  Reporting an event into eMARS 

is compulsory for EU Member States when a Seveso 

establishment is involved and the event meets the criteria of a 

major accident as defined by Annex VI of the Seveso III 

Directive (201218/EU).  For non-EU OECD and UNECE 

countries, reporting accidents to the eMARS database is 

voluntary.  The information of the reported event is entered into 

eMARS directly by the official reporting authority of the 

country in which the event occurred. As of August 2018 the 

eMARS database contains 917 event reports of which several 

hundred events involve pipe failure. 

https://emars.jrc.ec.europa.eu/en/emars/content 

FOR PUBLIC USERS: To access eMARSpublic, the access passes through an 

authentication in EU Login (formerly known as ECAS - European Commission 

Authentication System). https://webgate.ec.europa.eu/cas/eim/external/register.cgi 

 

  

https://www.aria.developpement-durable.gouv.fr/the-barpi/the-aria-database/?lang=en
https://www.aria.developpement-durable.gouv.fr/the-barpi/the-aria-database/?lang=en
https://emars.jrc.ec.europa.eu/en/emars/content
https://webgate.ec.europa.eu/cas/eim/external/register.cgi
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TABLE III−2 SELECTED NON-NUCLEAR PIPE FAILURE DATABASE (CONT.) 
Name Content For More Information 

FACTS (Failure and 

ACcidents Technical 

Information System), 

The Netherlands  

FACTS is an accident database which contains information 

on > 25,700 industrial incidents/near-misses involving 

hazardous materials or dangerous goods that have happened 

all over the world during the past 90 years. For the most 

serious accidents detailed background information is stored, 

most of it electronically and remains available for further 

research purposes. The FACTS chemical accident database 

was a product of TNO Industrial and External Safety. Cost 

of full online access to database is €1,000.00 per year 

http://www.factsonline.nl/  

U.S. Chemical Safety 

Board (CSB) 

The CSB is an independent federal agency charged with 

investigating industrial chemical accidents. Headquartered in 

Washington, DC, the agency's board members are appointed 

by the President and confirmed by the Senate. The CSB 

conducts root cause investigations of chemical accidents at 

fixed industrial facilities. Root causes are usually 

deficiencies in safety management systems but can be any 

factor that would have prevented the accident if that factor 

had not occurred. Other accident causes often involve 

equipment failures, human errors, unforeseen chemical 

reactions or other hazards. The agency does not issue fines 

or citations, but does make recommendations to plants, 

regulatory agencies such as the Occupational Safety and 

Health Administration (OSHA) and the Environmental 

Protection Agency (EPA), industry organizations, and labor 

groups. Congress designed the CSB to be non-regulatory and 

independent of other agencies so that its investigations 

might, where appropriate, review the effectiveness of 

regulations and regulatory enforcement. 

https://www.csb.gov/ The CSB website posts detailed root cause investigation 

reports, many of which address pipe failures 

 

 

 

 

http://www.factsonline.nl/
https://www.csb.gov/
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TABLE III−2 SELECTED NON-NUCLEAR PIPE FAILURE DATABASE (CONT.) 
Name Content For More Information 

Corrosion-Related 

Accidents in 

Petroleum 

Refineries: 

Lessons Learned 

from EU and 

OECD Countries 

EUR 26331 EN (2013). This study of corrosion‐related accidents in 

refineries is based on 99 reports of important refinery accidents in 

which corrosion of an equipment part was identified or suspected as 

being the key failure leading to the accident event. Only reports 

listed in open sources and produced by or with the collaboration of 

parties directly involved in the accident investigation were used. 

Therefore, with a few exceptions, online government databases of 

accident reports were the main source of accident reports. In total, 

Moreover, since the study was conducted on refineries in a specific 

geographic area, reports that did not specify geographic location of 

the refinery could not be used.  

https://publications.jrc.ec.europa.eu/repository/bitstream/JRC84661/lbna26331enn.pdf 

Battelle Memorial 

Institute 

DTPH56-11-T-000003: Comprehensive Study to Understand 

Longitudinal ERW Seam Failures. Battelle’s Experience with ERW 

and Flash Weld Seam Failures: Causes and Implications. This 

report presents an evaluation of the database dealing with failures 

originating in electric resistance welds (ERW) and flash weld (FW) 

seam defects as quantified by Battelle’s archives and the related 

literature. Thereafter, the database was analyzed and trended as the 

basis to determine the utility and effectiveness of hydrotesting and 

in-line inspection (ILI) to assess pipeline condition. Annex A is a 

tabulated database. 

http://www.carkw.com/wp-content/uploads/2013/10/9.20.12-Report-on-ERW-and-

Flash-weld-seams.pdf 

Failure 

Knowledge 

Database (FKD) 

A failure “mandalas” database (or failure knowledge database) 

developed by the Japan Science and Technology Agency (JST). 

The database include detailed narratives of chemical and 

petrochemical accidents caused by pipe failure; about 25% of the 

total FKD content. The database covers the significant accidents 

worldwide and is managed by experienced academia. The accident 

reports are carefully reviewed by a committee and they contain 

detailed information on the accident often including process flow 

diagram, plant layout and fault tree analysis. 

http://www.shippai.org/fkd/en/index.html 

Analysis of 

Equipment 

Failures as 

Contributors to 

Chemical Process 

Accidents 

The paper by Kidama and Hurme includes the results of an analysis 

of pipe failure events in the FKD database. 
Process Safety and Environmental Protection, 91 (2013) pp 61-78 
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TABLE III−3 SELECTED PIPING RELIABILITY PARAMETER DATABASES 

SOURCE OF PIPING RELIABILITY PARAMETERS 
R-Book EPRI 3002000079 EPRI 3002002787 

Reliability Data Handbook for Piping Components in 

Nordic NPPs, 1st Edition 

Pipe Rupture Frequencies for Internal Flooding Probabilistic 

Risk Assessments, Revision 3 

Piping System Failure Rates for Corrosion Resistant Service 

Water Piping 

Availability: Restricted to the project funding organizations. 

A "Light Version" is available by contacting Nordic PSA 

Group 

Availability: Licensed Material. Restricted to EPRI 

Membership. 

Availability: Licensed Material. Restricted to EPRI 

Membership. 

Prepared by: LR Energy Sweden AB Prepared by: EPRI Prepared by: EPRI 

Funded by: Forsmark AB, OKG AB, Ringhals AB, Swedish 

Radiation Safety Authority 

Funded by: EPRI Member Utilities Funded by: EPRI Member Utilities 

Content: Piping reliability parameters (failure rates & 

rupture frequencies) for the following systems: 

• Safety Class 1 & 2 BWR Systems 

• Safety Class 1 & 2 PWR Systems  

Content: Piping reliability parameters (failure rates & 

rupture frequencies) for the following systems: 

• Circulating water 

• Component cooling 

• Fire Protection water 

• Balance-of-plant 

• Emergency core cooling system  

• Service water (Safety Class 3 and non-safety) 

Content: An expanded DDM with focus on how to derive 

piping reliability parameters for super-austenitic steel piping 

in raw water environments. Piping reliability parameters 

(failure rates & rupture frequencies) for service water 

systems. 

Date of Publication: January 2011 Date of Publication: April 2013 Date of Publication: August 2014 

npsagsecretary@afconsult.com  askepri@epri.com askepri@epri.com 

The Nordic PSA Group has developed a piping reliability 

parameter handbook to be used in PSA. The Handbook 

includes pipe leak and rupture frequencies and conditional 

rupture probabilities on the basis of the OPDE pipe failure 

event database. A first version of the proprietary R-Book 

was released in 2011 and it was made available to the 

Nordic PSA Group member organizations 24(Error! 

Hyperlink reference not valid. 

This report updates a 2010 EPRI report (1021086) on piping 

system failure rates for use in PSA involving internal plant 

flooding and high energy line breaks and represents the third 

revision to this pipe failure rate handbook. 

This report provides failure rate estimates of corrosion 

resistant service water piping for use in internal flooding 

probabilistic risk assessments. The failure rates developed in 

this report supplement a more comprehensive piping system 

failure rate handbook, “Pipe Rupture Frequencies for 

Internal Flooding Probabilistic Risk Assessments: Revision 

3” (EPRI Product ID: 3002000079). 

  

 
24 http://www.npsag.org/aboutus/ 

mailto:npsagsecretary@afconsult.com
mailto:askepri@epri.com
mailto:askepri@epri.com
http://www.npsag.org/aboutus/
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TABLE III−3 PIPING RELIABILITY PARAMETER DATABASES (CONT.) 
Source of Piping Reliability Parameters 

Atomic Energy of Canada Limited  

-Misc-204 

Atomic Energy of Canada Limited  

-Misc-252 
NUREG/CR-4407 TR-110161 

A Study of Piping Failures in U.S. NPPs Piping Performance in Canadian CANDU 

NGS 

Pipe Break Frequency Estimates for NPPs Piping System Reliability and Failure Rate 

Models for Use in Risk-Informed ISI 

Applications 

No longer available (NLA) NLA https://www.osti.gov/biblio/6197523 Licensed Material. NLA, the report has been 

withdrawn from EPRI Products website  

Prepared by: Chalk River Nuclear 

Laboratories 

Prepared by: Chalk River Nuclear 

Laboratories 

Prepared by: Idaho National Laboratory Prepared by: EPRI 

Sponsoring Organization(s): Atomic Energy 

of Canada Limited, Ontario Hydro 

Sponsoring Organization(s): Atomic Energy 

of Canada Limited, Ontario Hydro 

Sponsoring Organization(s): U.S. NRC Sponsoring Organization(s): EPRI Member 

Utilities 

Content: This study of piping failures was 

undertaken in support of a study of pipe 

rupture in the Primary Heat Transport 

System of CANDU stations. 

Content: Information on pipe failures in 

operating commercial CANDU plants was 

collected and analyzed. Atomic Energy of 

Canada Limited -Misc-252 comprises failure 

rate calculations, classification of pipe 

failure events, and "determination of 

significant correlations among the 

classifications."  

Content: The objective of this study was: (a) 

to determine if sufficient pipe break failure 

data had been reported since the publication 

of WAH-1400 to improve the uncertainties 

of the pipe break failure frequencies in use 

by risk analysts; and (b) to determine if 

sufficient data exists to provide more 

specific pipe break frequencies for 

conditional factors, such as pipe failures for 

specific systems and failures per weld or per 

foot of pipe for these specific systems, and 

failures based on the operational mode of 

the plant. 

Content: This report establishes models and 

databases for piping system reliability 

assessment that utilize service experience 

from the first 2,000 reactor years of LWR 

OPEX. The approach that was followed was 

to employ Markov reliability models that 

permit the role of inspections and the time 

dependent issues associated with aging 

processes to be addressed. Relationships are 

established between the time dependent pipe 

rupture frequencies and observable 

parameters that describe the failure, 

inspection and repair processes. A piping 

reliability database based on the cumulative 

OPEX of LWR piping systems was 

developed to support application of the 

models. 

Date of Publication: April 1981 Date of Publication: April 1984 Date of Publication: May 1987 Date of Publication: December 1998 

 

  

https://www.osti.gov/biblio/6197523
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TABLE III−3 PIPING RELIABILITY PARAMETER DATABASES (CONT.) 
Source of Piping Reliability Parameters 

TR-111880 TR-100380 EGG-SSRE-9639 INFO-0607 

Piping System Failure Rates and 

Rupture Frequencies for Use in Risk-

Informed ISI Applications 

Pipe Failures in U.S. 

Commercial NPPs 

Component external leakage and 

rupture frequency estimate 

Failure Rates in Piping Manufactured to Different Standards 

Licensed Material. The NLA report has 

been withdrawn from EPRI Products 

website. A non-proprietary version 25 

Licensed Material. The NLA 

report has been withdrawn from 

EPRI Products website. 

Web. doi:10.2172/5461408 https://inis.iaea.org/collection/NCLCollectionStore/_Public/28/052/28052

725.pdf 

Prepared by: EPRI Prepared by: EPRI Prepared by: Idaho National 

Laboratory 

Prepared by: G.D. Cooper Consultants Inc. 

Sponsoring Organization(s): EPRI 

Member Utilities 

EPRI Member Utilities Sponsoring Organization(s): 

U.S. Department of Energy 

Sponsoring Organization(s): Canadian Nuclear Safety Commission 

Content: A piping reliability database 

based on the cumulative OPEX of LWR 

piping systems was developed to 

support application of the models. 

Failure rates and rupture frequencies 

derived from this database are presented 

in this report. This database permits the 

application to all four LWR reactor 

vendors, all existing piping systems and 

all the observed pipe failure 

mechanisms. Practical application of 

the initial models and databases was 

demonstrated in a companion report 

EPRI TR-110161. 

Content: EPRI developed a 

methodology and database that 

uses actual experiences to 

support failure rate calculations 

on a plant- or system-specific 

basis. 

Content: In order to perform 

detailed internal flooding risk 

analyses of NPPs, external 

leakage and rupture frequencies 

are needed for various types of 

components - piping, valves, 

pumps, flanges, and others. 

Based on a comprehensive 

search of Licensee Event 

Reports contained in Nuclear 

Power Experience, and estimates 

of component populations and 

exposure times, component 

external leakage and rupture 

frequencies were generated. 

Content: The approach taken in this study was to determine the causes of 

failure of non-nuclear piping subjected to service similar to that 

experience by piping in CANDU NPPs. The study examined information 

on carbon steel piping systems filled with water/steam which operate up to 

a maximum of 600F and a maximum pressure of 1600 psi. The failure 

mechanisms were identified and analyzed to determine whether 

application of the requirements of ASME Section III would have 

prevented the failure. 

Date of Publication: September 1999 Date of Publication: July 1992 
Date of Publication: November 

1991 
Date of Publication: November 1995 

  

 
25 https://www.nrc.gov/docs/ML0037/ML003776638.pdf 

https://inis.iaea.org/collection/NCLCollectionStore/_Public/28/052/28052725.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/28/052/28052725.pdf
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TABLE III−3 PIPING RELIABILITY PARAMETER DATABASES (CONT.) 

Source of Piping Reliability Parameters 

U.S. NRC 

OPEX Results and Databases 

Failure Rate and Event Data for use within Risk Assessments 

(06/11/2017) 

U.S. OPEX data Item failure rate 1.3 Pipework – Pipe Failure Rates 

Public domain initiating event database. Data for all unexpected reactor trips 

during power operations at commercial NPPs were reviewed. Each event was 

reviewed and categorized according to the initial event and, additionally, was 

marked if certain other risk-significant events occurred, regardless of their position 

in the event sequence. The collected data were analyzed for time dependence, 

reactor-type dependence, and between-plant variance. Dependencies and trends are 

reported, along with the raw counts and the best estimate for initiating event 

frequencies; e.g. initiating events due to piping pressure boundary failure.26  

Public domain database intended for risk analyses in the chemical process 

industries. Tabulations of pipe failure rates (per m per year) for different pipe sizes 

and hole sizes (3 mm diameter to 1/3 pipe diameter up to guillotine type failure) 

and for the following pipe diameters: 

• 0 – 49 mm 

• 50 – 149 mm 

• 150 – 299 mm 

• 300 – 499 mm 

• 500 – 1000 mm 

The basis for derived pipe failure rates is included in the handbook27 

 

Prepared by the U.S.Idaho National Laboratory 
Prepared by: Chemicals, Explosives and Microbiological Hazardous Division 5 of 

the UK Health and Safety Executive, Hazardous Installations Directorate 

Sponsoring Organization(s): U.S. NRC Office of Research UK Health and Safety Executive, Hazardous Installations Directorate 

Content: Presents an analysis of initiating event frequencies at U.S. commercial 

NPPs from calendar year 1988 through 2018 as reported in licensee event reports. 

The current version includes estimates of very small LOCA frequencies. 

Content: A compilation of many of references ranging from proprietary study 

reports to textbooks comprising 96 pages of data tables and background 

information. A sub-set of this document includes pipe failure rates that have been 

derived from the chemical and oil & gas process industries. 

Date of Publication: A summary report issued as INL/EXT-19-54513 (Initiating 

Event Rates at U.S. NPPs 1988–2018) 

Date of Publication: November 6, 2017 

 

  

 
26 https://nrcoe.inl.gov/resultsdb/InitEvent/ 

27 https://www.hse.gov.uk/landuseplanning/failure-rates.pdf 

https://nrcoe.inl.gov/resultsdb/InitEvent/
https://www.hse.gov.uk/landuseplanning/failure-rates.pdf
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TABLE III−3 PIPING RELIABILITY PARAMETER DATABASES (CONT.) 

Source of Piping Reliability Parameters 

Estimation of Failure Rates of Crude Product Pipelines, Proc, 11th Int. Conf. 

Applications of Statistics and Probability in Civil Engineering (ICASP11, 

Zürich, Switzerland, 1-4 August, 2011) 

Lessons Learned from Oil Pipeline NATECH Accidents for NATECH Scenario 

Development 

A case study is presented to illustrate the application of the proposed methodology. 

The studied data was obtained from the Nigerian National Petroleum Company and 

consists of three different API 5L X42 pipelines. The number of pipeline failures due 

to corrosion from 1999 to 2009 was collected. 

The report summarizes U.S. pipeline failures that were caused by natural hazards. 

NATECH = Natural Hazard Triggered Technological Accidents 

Statistical methods for the reliability of repairable systems are applied to provide an 

estimate for the failure rate of cross-country crude product pipelines based on 

historical failures. The pipelines are assumed to follow minimal repair models, and 

the failure data are tested against the homogenous  and the non-homogenous Poisson 

processes. Laplace and the MIL-HDBK 189 tests are used to test the null hypothesis 

that the process is a homogenous Poisson process against the alternative that the 

intensity is increasing, following a non-homogeneous Poisson process. The statistical 

tests revealed that homogenous Poisson process is an acceptable model describing the 

number of corrosions that occur in onshore crude product pipelines. The intensity 

function and the mean time between failures of the pipelines are determined to 

analyze the dynamics of failures between API 5L X42 pipelines installed at different 

periods. It is found that all other factors being equal, similar pipelines installed 

relatively at the same time would show similar mean time between failures and 

failure intensity28.  

Natural hazards can impact oil transmission pipelines with potentially adverse 

consequences on the population and the environment, causing as well a significant 

economic impacts to pipeline operators. There is a limited historical information 

available regarding the impact of the dynamics of natural hazard on pipelines. This 

reference provides a summary on the collection and analysis of hazardous liquid and 

natural gas transmission pipeline incident data. European and U.S. incident data sources 

were reviewed and imported into a specifically developed database-driven incident data 

analysis system. The total number of identified NATECH is 20. Recent NATECH are 

rare and there is only one pipeline NATECH incident since 1995. 90% of the NATECH 

involve the pipe body, whereas the remainder involves pump stations. There are no 

reported NATECH at intermediate storage facilities. Geological hazards were the 

primary trigger (65%), followed by hydrological (20%) and climate hazards (10%). 

Meteorological hazards played a minor role. The main incident initiators among 

geological hazards were landslides and the rest was mostly subsidence events primarily 

affecting elements other than the pipe body.29 

Prepared by: Delft University of Technology, Delft, The Netherlands and Operations 

Department, Nigerian National Petroleum Company, Abuja, Nigeria 
Prepared by: EC Joint Research Centre, Ispra, VA, Italy 

Sponsoring Organization(s): No acknowledgements provided Sponsoring Organization(s): The European Programme for Critical Infrastructure 

Protection, European Commission, Brussels, Belgium 

Content: Tabulations of pipeline failure rates and plots of pipeline failure rates as a 

function of years of operation. 

Content: Tabulations of pipe failures organized by type of pipeline, diameter, etc. The 

information can be used to obtain pipeline failure rates. 

Date of publication: August 2011 Date of publication: 2015 

  

 
28 https://nrcoe.inl.gov/resultsdb/InitEvent/ 

29 https://publications.jrc.ec.europa.eu/repository/bitstream/JRC92700/homepipelinefinallleur26913en.pdf 
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TABLE III−4 EXAMPLES OF SOURCES OF PIPE FAILURE INFORMATION IN THE UNITED STATES 

Reporting Level Report / Database Type 
Level of Technical Content from the Point of View of 

Material Science, PSA Applications, Etc. 

3rd Party Accessibility for Purposes 

of Piping Reliability Analysis 

U.S. NRC 

Regulatory Requirements 

& Guidance 

Licensee Event Report 
High level - requires interpretation and classification by a 

SME - high reporting thresholds. Since the 1990s only a 

few LERs of relevance to CODAP are issued on an annual 

basis; < 10 per year. 

Public domain; covers 1980 to date; 

https://lersearch.inl.gov/LERSearchCri

teria.aspx. A large number of pre-1980 

LERs are available from 

https://adams.nrc.gov/wba/ 

Event Notification (European Standard) 

System 

High level event tracking system for incoming notifications 

of significant nuclear events with an actual or potential 

effect on plant safety. An EN may result in a LER. On an 

annual basis, only a few ENs of relevance to CODAP are 

issued 

Public domain; all ENs from January 1 

1999 onwards are available at: 

https://www.nrc.gov/reading-rm/doc-

collections/event-status/event/en.html 

Generic Communications – Generic Letters, 

Information Notices 

Identifies potential generic issues that are safety significant 

and require technical resolution. 

https://www.nrc.gov/reading-rm/doc-

collections/gen-comm/ 

Generic Letter 90-05 Request for 

Temporary Repair 

Applicable to moderate-energy piping, the operability 

evaluations that are part of the 90-05 relief request are 

comprehensive. Excellent source of pipe failure 

information. 

Public domain; 

https://adams.nrc.gov/wba/ 

10 CFR 50.55a(z)(2) - Application of 

ASME Code Cases 

The operability evaluations that are part of the ASME Code 

Case relief request are comprehensive. Excellent source of 

pipe failure information. 

See below under "ASME Code 

Cases". Any Code Case Relief request 

that is submitted to the NRC for 

approval is also available for review 

by 3rd party. 

Biannual Problem Identification and 

Resolution Inspection Report 

Regulatory review of a licensee’s corrective action program 

and the licensee’s implementation of the program to 

evaluate its effectiveness in identifying, prioritizing, 

evaluating, and correcting problems, and to confirm that 

the licensee is complying with NRC regulations and 

licensee standards for corrective action programs. 

Public domain; 

https://adams.nrc.gov/wba/ 

Quarterly Integrated Inspection Reports Significant repository for information on passive 

components failures. Requires interpretation and 

classification by a SME 

Public domain; 

https://lersearch.inl.gov/IRSearchCrite

ria.aspx 

 

  

https://lersearch.inl.gov/LERSearchCriteria.aspx
https://lersearch.inl.gov/LERSearchCriteria.aspx
https://adams.nrc.gov/wba/
https://www.nrc.gov/reading-rm/doc-collections/event-status/event/en.html
https://www.nrc.gov/reading-rm/doc-collections/event-status/event/en.html
https://www.nrc.gov/reading-rm/doc-collections/gen-comm/
https://www.nrc.gov/reading-rm/doc-collections/gen-comm/
https://adams.nrc.gov/wba/
https://adams.nrc.gov/wba/
https://lersearch.inl.gov/IRSearchCriteria.aspx
https://lersearch.inl.gov/IRSearchCriteria.aspx


 

182 

TABLE III−4 EXAMPLES OF SOURCES OF PIPE FAILURE INFORMATION IN THE UNITED STATES (CONT.) 

Reporting Level Report / Database Type 
Level of Technical Content from the Point of View of 

Material Science, PSA Applications, Etc. 

3rd Party Accessibility for Purposes 

of Piping Reliability Analysis 

U.S. Nuclear Industry Level 

Institute of Nuclear 

Power Operations 

Institute of Nuclear Power Operations 

Consolidated Events Database. 

Participating plants submit ARs, CRs, 

WORs, etc. - mainly free-format narrative 

information – to a searchable database. 

Varying - data extraction, interpretation and classification 

can be time-consuming. 

Access restricted to ICES participating 

organizations; i.e. nuclear plant 

operating organizations. 

Nuclear Energy Institute 

(NEI) 

NEI 07-07: Industry Ground Water 

Protection Initiative – Final Guidance 

Document, 2007 

Reporting of below ground/buried pipe failures causing > 

0.38 m3 unintended release  

Annual radioactive effluent release 

report submitted by licensees to the 

U.S. NRC. 

Electric Power Research 

Institute (EPRI) 

EPRI-CHUG: Presentation material from 

the biannual CHUG meetings. Informal 

exchange of flow accelerated corrosion 

information (summary of flow accelerated 

corrosion failures, information on the use of 

non-destructive examination technology) 

Varying - data extraction, interpretation and classification 

can be time-consuming. 
Access restricted to funding 

organization. Non-proprietary versions 

of EPRI-MRP reports can be 

downloaded from the NRC public 

website. EPRI-MRP, multiple programs - reactor 

internals, thermal fatigue, aging 

management 

NRC receives biennial summaries of the BWR and PWR 

reactor internals inspection results. These summaries are 

available on the NRC website. 

Plant Engineering / Long Term Operations / 

Risk & Safety Management Programs 

Extensive source of material degradation and failure 

information organized by system, degradation mechanism, 

etc. These programs build on active technical input from 

the sponsoring U.S. and international member 

organizations. Extensive repository of relevant PEO/LTO 

material degradation information. 

Access restricted to funding 

organization. 
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TABLE III−4 EXAMPLES OF SOURCES OF PIPE FAILURE INFORMATION IN THE UNITED STATES (CONT.) 

Reporting Level Report / Database Type 
Level of Technical Content from the Point of View of 

Material Science, PSA Applications, Etc. 

3rd Party Accessibility for Purposes 

of Piping Reliability Analysis 

NRC/EPRI-MRP Annual 

Technical Information 

Exchange Meetings 

Presentation material summarizing R&D 

status, results of thermal fatigue 

inspections, etc. 

High level 

All presentation material available 

through the NRC Public Document 

Room 

GE Service Information 

Letter (SIL), and 

equivalent bulletins from 

the PWROG 

Information on material degradation issues 

in response to recent OPEX. 

Chronological lists of events with some information on 

method of discovery, extent of degradation, flaw size data, 

etc. Plant identities not revealed. 

The SILs can be downloaded from the 

NRC Public Document Room; for 

example see  

https://www.nrc.gov/docs/ML0501/M

L050120032.pdf 

Plant-Level 

During Routine 

Operation - Shiftly 

Walkdown Inspection 

Action Request (AR), Condition Report 

(CR), Corrective Action Request (CAR), 

Incident Report (IR), Non-Conformance 

Report (NCR), Problem Investigation 

Process (PIP), Repair/Replacement Plant 

(RRP), Work Order Request (WOR), 

Operability Determination, and Structural 

Evaluation in accordance with applicable 

ASME Code Case. 

Details on location of flaw/leak with reference to P&ID, 

isometric drawing - oftentimes accompanied by 

photographic records, root cause analysis results, non-

destructive examination results, metallographic data, flaw 

size data, leak/flow rates, spatial effects, risk significance, 

safety significance. Piping fabrication data, operational 

parameters, piping design information (material, 

dimensional data). Restricted / Proprietary 

Leak Detection - 

Containment / Drywell 

Shiftly (once every 8/12 hour shift) RCS 

inventory mass balance calculation, Chem. 

Lab trending of inflows to Aux. Building / 

Reactor Building sumps & holding tanks 

Logs, databases (various types) 

Containment/Drywell leak detection alarm 

(≥ 0.1 gpm / 6.3E-3 kg/s) 

Control room logs/computer printouts, Excel spreadsheets 

– holding tank inflow, details of through-wall leak rates as 

a function of time & location, etc. 

 

  

https://www.nrc.gov/docs/ML0501/ML050120032.pdf
https://www.nrc.gov/docs/ML0501/ML050120032.pdf
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TABLE III−4 EXAMPLES OF SOURCES OF PIPE FAILURE INFORMATION IN THE UNITED STATES (CONT.) 

Reporting Level Report / Database Type 
Level of Technical Content from the Point of View of 

Material Science, PSA Applications, Etc. 

3rd Party Accessibility for Purposes 

of Piping Reliability Analysis 

ISI per ASME XI - 

Mandatory Inspections 

List of "recordable indications", operability 

determinations/fitness-for-service 

evaluations, ASME XI relief requests (for 

more details see "Regulatory" above. 

Within 90 days of the conclusion of a 

refueling outage the plant owner is required 

to submit a ISI summary report ("Owner's 

Activity Report") to the U.S. NRC. This 

report itemizes all inspections performed 

(Code Class 1, 2 & 3), any operability 

determination is documented. 

The ASME relief requests include all relevant information 

to meet CODAP event data input requirements. Included 

are "Abstract of Repair/Replacement Activities Required 

for Continued Service" and "Items with Flaws or Relevant 

Conditions That Required Evaluation for Continued 

Service" 

The ISI summary reports are 

publically available via the NRC 

Public Document Room; 

https://adams.nrc.gov/wba/ 

Owner Defined ISI 

Programs 

Flow assisted corrosion, erosion-corrosion, 

microbiologically influenced corrosion & 

thermal fatigue programs 

Non-destructive examination reports, "system health 

reports"  
Restricted / Proprietary 

ASME 

Numerous Code Case have been developed 

for the operability determination of 

degraded piping; e.g. N-513 (Evaluation 

Criteria for Temporary Acceptance of 

Flaws in Moderate Energy Class 3 Piping), 

N-561 (Alternative Requirements for Wall 

Thickness Restoration of Class 2 and High 

Energy Class 3 Carbon Steel Piping), N-

562 (Alternative Requirements for Wall 

Thickness Restoration of Class 3 Moderate 

Energy Carbon Steel Piping), N-666 (Weld 

Overlay of Class 1, 2, and 3 Socket Welds. 

Details on location of flaw/leak with reference to P&ID, 

isometric drawing - oftentimes accompanied by 

photographic records, root cause analysis results, non-

destructive examination results, metallographic data, flaw 

size data, leak/flow rates, spatial effects, risk significance, 

safety significance. Piping fabrication data, operational 

parameters, piping design information (material, 

dimensional data). Structural integrity evaluation 

(inputs/results/interpretation) is part of the required 

documentation. The ASME relief requests include all 

relevant information to meet CODAP event data input 

requirements 

The Code Case relief requests that are 

submitted to the NRC for approval are 

also available for 3rd party review. 

Where a Code Case has been approved 

for plant-specific use, an associated 

operability determination is kept on 

file on site and available for review by 

NRC Resident Inspector. Hence, a 3rd 

part review is not possible unless the 

underlying technical information (e.g. 

fitness-for-service evaluations) has 

been placed in the NRC Public 

Document Room. 

System health reports (or 

System Engineers’ 

Notebooks) 

Access or Excel-based databases that are 

part of the overall ageing management 

program. The system health reports provide 

summaries of all through-wall leaks. 

High level, intended for trending of material degradation 

issues, effectiveness of degradation mitigation programs. 
Restricted / Proprietary 

 

 

https://adams.nrc.gov/wba/


 

185 

ANNEX IV 

WCR PIPING OPEX SUMMARIES 
 

IV−1 INTRODUCTION 

Reviews and analyses of the WCR and advanced WCR piping OPEX with safety-related and 

non-safety piping systems have been ongoing ever since the first commercial NPPs came on line in the 

1960s. Evaluations of the WCR piping OPEX data have been an integral element of regulatory and 

industry initiatives to address long term operation and nuclear plant license renewal. Relatively recent 

examples of such initiatives include: 

⎯ Proactive Materials Degradation Assessment [IV–1]; 

⎯ Expanded Materials Degradation Assessment (EMDA) Expert Panels [IV–2, IV–3]; 

⎯ Generic Aging Lessons Learned (GALL, NUREG-1801) for license renewal30;  

⎯ Generic Aging Lessons Learned for Subsequent License Renewal (GALL-SLR)31;  

⎯ IAEA International Generic Aging Lessons Learned (IGALL)32  

Figures IV−1 through IV−21 represent selected high level summaries of the WCR piping OPEX 

in the period 1970−2020. The summaries are but a very small excerpt from an extensive body of pipe 

failure data: 

⎯ Figure IV−1 shows how the piping OPEX data has evolved from end of calendar year 2016 to 

mid-June 2021. The data is organized by safety classification; primary system (Safety Class 1), 

piping connected to the primary system (Safety Class 2), safety-related support systems (Safety 

Class 3), energy conversion systems (e.g. steam systems), and fire water systems. At the end of 

calendar year 2020, the database contained 2,401 records on primary system pipe failures. At 

the end of calendar year 2019 and for the same category of piping the database content stood at 

2,281 failures; an increase by 120 failures and so on; 

⎯ Figure IV−2 shows pipe failures organized by time period of occurrences and outer diameter. 

The OPEX is organized by the time period in which a failure was discovered. 

⎯ Figure IV−3 shows pipe failures organized by the time period in which a failure was observed 

and type of material. There are differences in piping material selections across the nuclear steam 

system supplier design types as well as the different nuclear steam system supplier design 

generations. 

⎯ Figure IV−4 is a summary of the piping OPEX organized by the different sources of raw data. 

⎯ Figure IV−5 shows the number of pipe failures by the time period in which a failure was 

observed and the operational impact; e.g. a controlled reactor shutdown, reactor trip). The term 

expanded outage work means that in the process of performing a scheduled ISI a flaw was 

observed using non-destructive examination. In the course of evaluation the flaw, other similar 

locations were inspected and additional, rejectable flaws were discovered that required repair 

or replacement actions. The term unplanned outage work means that during reactor heat-up 

following a scheduled outage a leakage was discovered and in order to perform repairs the 

reactor was returned to cold shutdown. 

 
30 https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1801/r2/index.html 
31 https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr2191/index.html 
32 https://gnssn.iaea.org/NSNI/PoS/IGALL/SitePages/Home.aspx 
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⎯ Figure IV−6. Pipe material degradation mechanism propensity normalized against intergranular 

SCC in the unmitigated BWR operating environment; i.e. normal water chemistry as opposed 

to hydrogen water chemistry. 

⎯ Figure IV−7. BWR, CANDU and PWR thermal fatigue OPEX organized by the time period in 

which a failure occurred. 

⎯ Figure IV−8. Selected PWR specific thermal fatigue OPEX organized by affected system; RCS, 

chemical and volume control system, and emergency core cooling system [IV−4]. 

⎯ Figure IV−9. Selected primary water SCC OPEX [IV−4]. Limited to large diameter piping, the 

primary water SCC failure data is organized by through-wall depth as percentage of the pipe 

wall thickness. To date there have been 35 failures, most of which have involved relatively 

shallow, surface-connected cracks that required repair before resumption of operation. 

⎯ Figure IV−10. Primary water SCC failures in small and medium diameter PWR primary system 

piping. The primary water SCC experience is organized by nominal pipe diameter and time-

period in which a failure was discovered. With few exceptions, the small diameter primary 

water SCC experienced is associated with instrument line penetrations in RCS cold legs and 

hot legs of Babcock and Wilcox and Combustion Engineering PWR plants. In these reactor 

types the cold legs and hot legs consist of stainless steel clad carbon steel piping, and therefore 

the dissimilar instrument line dissimilar metal welds. 

⎯ Figure IV−11. WCR primary system piping OPEX organized by in-line location of a weld (or 

weld heat-affected zone) in which a degraded condition was discovered; e.g., elbow-to-pipe, 

pipe-to-safe-end, reducer-to-pipe. 

⎯ Figure IV−12. Socket weld OPEX summary. Socket welds are used extensively for small 

diameter piping. However, this type of fitting is prone to high cycle fatigue failure. Some 

national codes and standards no longer allow socket welds in primary system applications. 

⎯ Figure IV−13. Summary of significant isolable primary coolant system pipe failures. 

⎯ Figure IV−14. Summary of significant non-isolable primary coolant system pipe failures. 

⎯ Figure IV−15. Summary of selected VVER piping system OPEX. 

⎯ Figure IV−16. Water hammer experience. The data is organized by system group and the time 

period in which a significant water hammer was observed. 

⎯ Figure IV−17. Service water (raw water cooling) piping OPEX. 

⎯ Figure IV−18. The piping OPEX organized by method of detection. 

⎯ Figure IV−19. Selected WCR OPEX organized by the observed (i.e. calculated or measured) 

through-wall mass flow rate as a function of the equivalent diameter of the hole in the pipe 

wall. 

⎯ Figure IV−20. Summary of pipe failures that are attributed to failure of ISI/NDE to identify a 

pre-existing pipe flaw. This OPEX is detailed in [IV−5]. 

⎯ Figure IV−21. Summary of the Safety Class 1 pipe failure data organized by the plant mode of 

operation (cold shutdown, hot standby, hot shutdown, and power operation) at the time of 

discovery, and method of detection. 
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FIG. IV−1. Evolution of the WCR piping OPEX.  
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FIG. IV−2. Number of pipe failures by time period and outside diameter ( in mm).  
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FIG. IV−3. WCR pipe failure experience by material type and time period.  
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FIG. IV−4. Pipe failure data by source.33  

 
33 Percentage of the total database content displayed in Figure III.1. 
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FIG. IV−5. Impact of pipe failure on plant operation.  
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FIG. IV−6. Normalized pipe degradation propensity.
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FIG. IV−7. Thermal fatigue OPEX. 
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FIG. IV−8: Selected PWR thermal fatigue OPEX organized by affected system.  
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FIG. IV−9. Primary water SCC OPEX by the location of a failed component.34  

 
34 Superscript ® indicates a repair weld (indicating high WRSs). This chart is a summary of specific primary water SCC events. As one example, to date there have been 20 events (1 through 

20) involving primary water SCC in PWR RCS hot leg steam generator inlet bimetallic welds. 
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FIG. IV−10. PWSCC failures in small- and medium-diameter() PWR primary system piping segments.  
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FIG. IV−11. Primary system piping failure data organized by in-line damage location.  
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FIG. IV−12. Socket weld OPEX. 
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FIG. IV−13. Summary of non-isolable primary coolant system pipe failures (1970−2020)  
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FIG. IV−14. Summary of isolable primary coolant system pipe failures (1970−2020).  
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FIG. IV−15. VVER piping OPEX (selected representative events).  
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FIG. IV−16. Water hammer experience by system group and time period.  
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FIG. IV−17. Evolution of the raw water cooling piping system OPEX.  
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FIG. IV−18. Pipe failure OPEX by method of detection.  
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FIG. IV−19. Pipe failure experience by through-wall mass flow rate vs. equivalent diameter of pressure boundary breach. 
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FIG. IV−20. Number of pipe failures attributed to RIM programme failure.  
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FIG. IV−21. Safety class 1 pipe failures by method of detection. 



 

208 

TABLE IV−1 PWSCC OPEX BY NUCLEAR STEAM SYSTEM SUPPLIER VENDOR AND 

AFFECTED LOCATION 

Nuclear steam system 

supplier Vendor 

Primary Pressure 

Boundary Location 

Time Period 

1980−89 1990−99 2000−09 2010−19 

Babcock & Wilcox 

PZR-INSTR  1 3 1 

PZR-Surge Line   1  

RCS Hot Leg - Small 

Diameter Instr. 

Penetrations 

  8  

RHR 
  2  

Combustion Engineering / 

Korea Electric Power 

Company 

CVC Make-up    2 

PZR-INSTR 3 22 3 2 

PZR-PORV  1   

PZR-SPRAY    1 

PZR- safety relief valve    2 

PZR-Surge Line   1  

RCS Cold Leg - Small 

Diameter Instr. 

Penetrations 

 1  4 

RCS Hot Leg - Small 

Diameter Instr. 

Penetrations 

 15 10  

RCS-Sample  1  ` 

RPV-Head Vent   2  

S/G-System - Small 

Diameter Nozzles 
 5 2  

Framatome 

BMI    1 

PZR-INSTR 3    

PZR-Surge Line   1  

RCS Hot Leg   1  

Westinghouse / Mitsubishi 

Heavy Industries 

BMI   3  

PZR-INSTR   1  

PZR-PORV   2  

PZR-SPRAY   2  

PZR- safety relief valve   6  

PZR-Surge Line   2  

RCS Cold Leg   2  

RCS Hot Leg   8  

S/G Inlet   19  

S/G-System - Small 

Diameter Nozzles 
1  6 5 
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TABLE IV−2 SUMMARY OF WATER HAMMER EVENTS RESULTING IN MAJOR 

PRESSURE BOUNDARY FAILURE 

Water Hammer Mechanism 

Major Pressure Boundary Failure Caused by Water 

Hammer 

Impacted Component No. Events 

Valve Mis-Alignment/Operation Elbow 2 

EXJ_M (Metal Expansion Joint) 3 

Flange 1 

Nozzle 1 

Pipe 12 

Reducer 1 

Heat Exchanger Tube 1 

Sub Total: 21 

Steam Bubble Collapse Elbow 1 

End Cap 1 

EXJ-M 5 

Pipe  8 

Rupture Disc 2 

Valve Body 1 

Weld 4 

Sub Total: 22 

Valve_C (Valve Controller Failure) EXJ_R (Rubber Expansion Joint) 1 

Pipe 2 

Pump Casing 1 

Reducer 1 

Vacuum Breaker 1 

Sub Total: 6 

Valve_M (Mechanical Failure of Internals) EXJ_R 1 

Pipe 1 

Pump Casing 1 

Weld 1 

Sub Total: 4 

Air Entrapment/Voiding Rupture Disc 3 

Weld 2 

Sub Total: 5 

Water Column Separation EXJ_R 1 

Pipe 1 

Sub Total: 2 

Total No. M-PBF Events (out of a total of 945 Events): 60 

 

IV−2 SELECTED PIPE FAILURE EVENTS OF HISTORICAL SIGNIFICANCE 

This section includes of selected pipe failures of historical significance. The term significance 

is a reflection of combinations of operational impact, and the extent by which industry and regulatory 

agencies responded in terms of finding acceptable solutions to the long term management of pipe 

material degradation. Listed in chronological order, below are summaries of selected significant pipe 

failures that were attributed to flow accelerated corrosion, severe overloading of a section of piping, 

SCC and thermal fatigue: 

⎯ Flow accelerated corrosion event #1. On 9 March 1985, a main feedwater isolation following 

a turbine trip at the Trojan NPP produced a pressure pulse that reached a maximum total 
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pressure of approximately 6.0 MPa in the heater drain and feedwater system. The pressure surge 

ruptured a 368 mm outer diameter carbon steel pipe in the feedwater heater drain pump 

discharge piping and released a steam-water mixture into the turbine building. The system flow 

velocity was 6.1−7.3 m/s, and the normal operating pressure and temperature at the time of the 

break were about 3.1 MPa and 177°C, respectively. The ruptured portion of the piping had been 

thinned from a nominal thickness of 9.5 mm to about 2.5 mm. Before this rupture, it was 

believed that only piping carrying two-phase fluid was susceptible to flow accelerated 

corrosion. Because the ruptured drain pipe carried single phase fluid, it was not inspected. 

⎯ Flow accelerated corrosion event #2. On 24 April 1986, Hatch Unit 2 was in steady-state 

operation at approximately 85 % of rated thermal power, plant personnel were investigating the 

report of a large steam leak in the condenser bay area. At that time, the generator or exciter 

field ground detection relay actuated tripping the main turbine. Consequently, the reactor 

scrammed and both recirculation pumps tripped due to a trip of the main turbine at greater than 

30 % power. The relay, which is located in the generator exciter housing, actuated due to 

moisture build-up from steam condensing in the area around the main silicon control rectifier 

bridges which supply the main generator field. The steam was from the steam leak under 

investigation when the scram occurred. The leak was due to a through wall failure in the 6th 

stage feedwater heater extraction steam line at the downstream reducer leading to the 6th stage 

feedwater heater. The through wall failure was 457 mm long by up to 25 mm wide. The failure 

was caused by wet steam erosion. The piping in the extraction steam lines was a carbon steel 

with a 0.3−0.6% copper. 

⎯ Flow accelerated corrosion event #3. On 9 December 1986, a main steam isolation valve 

failed closed at Surry Unit 2, and the resulting increased pressure in the steam generator 

collapsed the voids in the water. This caused the system pressure to surge beyond the normal 

operating pressure and led to a catastrophic failure of a 90-degree carbon .steel (SA-234 Grade 

WPB) DN450 elbow in the suction line to the main feed pump. At the time of the event, the 

reactor was at full power and the feedwater was single phase, with a flow velocity of about 

4.3 m/s, a pH level in the range of 8.8−9.2, an oxygen content of about 4 ppb, and a coolant 

temperature and pressure of approximately 188°C and 3.1 MPa, respectively. Ammonia was 

used for the feedwater treatment. The examination of the ruptured elbow showed that the wall 

thinning was relatively uniform except in some local areas. The wall thickness of the elbow 

was reduced from a nominal 13 mm to 0.38−1.22 mm in small local areas and to 2.3 mm in 

larger areas. Eight workers were burned by flashing feedwater, four of whom subsequently 

died. The flashing feedwater interacted with and disrupted the fire protection, security, and 

electrical distribution systems. 

⎯ Flow accelerated corrosion event #4. On May 28, 1990 Loviisa Unit 1 experienced a main 

feedwater system pipe break in the turbine building. The break location was downstream of a 

flow control orifice Fig. IV−22. About 70 m3 of water from the secondary circuit was 

discharged into the turbine hall. The reactor was scrammed manually (and shutdown to cold 

condition) and the leak was isolated in 17 minutes. Pipe break dynamic caused damage to 

electrical cables and some small diameter piping. Non-destructive examinations to detect pipe 

wall thinning had been carried out since 1982. However, during the first years of the pipe wall 

thinning inspections the programme mainly addressed two-phase flow systems; e.g. steam lines. 

After the feedwater pipe rupture at Surry 2 in 1986 the number of inspections of single-phase 

flow systems were increased. For some reason flowmeter flanges and corresponding structures 

were not covered by the programme. 
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FIG. IV−22. Double ended guillotine break of feedwater line (adopted from STUK, 2005). 

⎯ Flow accelerated corrosion event #5. On 21 April 1997, Fort Calhoun NPP experienced a 

DN300 extraction steam line rupture in the turbine building. The rupture occurred in the 4th 

stage extraction steam piping, in a DN300 sweep elbow (radius equal to five times the pipe 

diameter). When operators heard a loud noise from the turbine building, the reactor was 

manually tripped. The rupture (estimated by the plant owner to be approximately 0.9 m long) 

occurred at the outer edge of a large radius bend in the extraction steam line. Significant steam 

impingement damage to balance-of-plant motor control centers 4C3 and 4C5 occurred. 

Additionally, collateral damage was experienced in several cable trays and pipe hangers, and 

insulation containing asbestos was blown throughout the turbine building. The fire suppression 

system actuated in the area and was subsequently isolated. Intermittent electrical system 

grounds occurred during the event. Insulation, containing asbestos, was blown throughout the 

turbine building. No automatic safety-system actuations occurred during the event. However, 

portions of the fire protection system were actuated throughout the turbine building due to the 

heat and temperature rise associated with the steam rupture. The steam from the rupture caused 

seven wet pipe sprinkler heads to actuate in the basement level of the turbine building. These 



 

212 

sprinkler heads were in the immediate vicinity of the steam leak and were designed to actuate 

at 160°F. The team noted that the steam in the vicinity of these sprinkler heads exceeded the 

actuation temperature of the sprinkler heads. The deluge system for the turbine lube oil reservoir 

also actuated at the time of the event. 

⎯ Flow accelerated corrosion event #6. While Mihama Unit 3, was in operation at the rated 

thermal output, a fire alarm sounded in the central control room on 9 August 2004. The control 

room operators determined that the alarm-generated area was on the second floor of the turbine 

building and checked the area to find that the building was filled with steam. Thus, it was judged 

that there was a high possibility of steam or high temperature water leakage from the secondary 

piping. The operator started emergency load reduction. While those operations took place, a 3A 

Steam Generator Feedwater < Steam Flow Inconsistency Trip1 alarm was generated and the 

reactor and then the turbine shut down automatically. The operator made an inspection in the 

turbine building and confirmed a ruptured DN500 feedwater pipe from the 4th feedwater heater 

to the deaerator running near the ceiling on the deaerator side at the 2nd floor of the turbine 

building as shown in Fig. IV−23. For the unit in question, the 21st periodical inspection was 

planned to start on 14 August 2004. At the time of occurrence of the accident, a total of 105 

workers of Korea Electric Power Company (the plant owner/operator) and affiliated companies 

were doing preparatory work in the turbine building for the periodical inspection. Of them, the 

affiliated company’s workers working near the ruptured A-loop pipe were exposed to the steam 

and high temperature water flowed out from the ruptured opening, 5 were killed and 6 were 

injured. 

 

FIG. IV−23. Ruptured feedwater pipe (JNES, 2005). 

⎯ Hydrogen assisted cracking event. A March 2019 brittle fracture of a DN25 pipe coupling in 

the reactor vessel level indication system occurred at a U.S. BWR. At the time of the event the 

reactor had been in commercial operation for 43 years. On 28 March 2019, while operating at 

100% reactor power, the narrow range reactor water level instrument failed high. It is an 

instrument tap off the steam space of the reactor vessel. Drywell pressure and drywell floor 

drain leakage increased. Investigation inside containment determined that a DN25 pipe 

coupling on the steam side of a reactor level condensing chamber experienced a 360° 

circumferential separation at the approximate center of the coupling. This failure resulted in a 
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primary system leak rate of approximately 0.5 kg/s. The post-event metallurgical report 

determined that the coupling showed no evidence of localized plastic deformation. The 

coupling experienced hydrogen embrittlement and did not exhibit a leak-before-break failure 

mechanism. The coupling was made of a shape memory alloy material composed primarily of 

nickel-titanium-iron (tinel material). Examination of the failed coupling was conducted at a 

metallurgical laboratory. Microhardness testing, visual microscopy, and scanning electron 

microscopy were used to characterize the failed material. The examinations confirmed that the 

failure was caused by hydrogen embrittlement. This was supported by the transgranular 

cleavage on the fracture surface, high hardness values in the region exposed to the process fluid, 

and a hydrogen rich environment, which are all consistent with hydrogen embrittlement. The 

root cause of this event was that the selection of tinel was inappropriate for long term 

application in a high temperature process that contains elevated levels of hydrogen. 

⎯ Overloading Event #1: On 28 April 1970, during hot hydraulic testing of the unfueled H.B. 

Robinson-2 reactor, a pipe nozzle, counter-bored and tapered from Schedule 80 to Schedule 40, 

between a pressurized main steam line and a safety valve failed completely; a 360-degree 

circumferential break. The rupture was a non-isolable break, and an uncontrolled cooldown of 

the plant occurred. Seven men were injured by the escaping steam. The fracture path coincided 

with the end of the machined taper adjacent to the weld inside the reduced section of the 6-inch 

pipe nozzle which connected the safety valve to the 26-inch main steam line. Plant recovery 

was accomplished in an orderly manner. The secondary system pressure was about 6.2 MPa 

with the main steam isolation valve and bypass valves closed. The RCS temperature decreased 

in about minutes from 282−159°C. In a little over 9 minutes, the pressurizer pressure dropped 

from 15.3−12.8 MPa, and the steam generator boiled dry. The section of pipe which failed was 

insulated to a point approximately 75 mm above the failure which minimized the temperature 

gradient across the failed area. A pneumatic test device was connected to the valve which loads 

the spring so as to balance the seating pressure on the valve disc. The operator was opening the 

valve regulator to balance the spring force when the failure occurred. The failure pattern, 

surrounding damage, and trajectories of the valve and exhaust chute indicate that the pipe first 

opened up on the West side, directly opposite the exhaust, emitting steam in a fan jet which 

sharply cut the insulation on an adjacent pipe. The pattern of the insulation cut and fracture face 

suggest that the jet had a fan angle of about 80-degrees wide and was directed about 45-degrees 

up from the horizontal. The safety valve apparently rotated as the pipe tore across its section. 

The exhaust chute broke off and was found under the Loop #3 steam pipe. An inspection of the 

exhaust elbow revealed longitudinal markings on the inner surface of the extrados. These may 

have been caused either by construction, by handling, or by debris being swept through with 

sufficient force to bare the metal. Analyses of the failed piping showed extreme plastic strain 

on the fracture surface, which indicated an overload failure, but no plausible mechanism for the 

overloading was found. Stress analyses indicated that the branch line was undersized and that 

the stress calculated for a full-capacity discharge through the valve could exceed the ultimate 

strength of the material. Modifications were performed to all the safety valve branch lines to 

increase their loading capacity. 

⎯ Overloading Event #2: On 2 December 1971, during hot functional testing of the unfueled 

Turkey Point-3 reactor, three of four safety valves were blown off the header on one of three 

steam loops, and the north segment of the header was split open. The main steam pipe header 

failed in the base metal just below and outside the nozzle-to-pipe weld. The dynamic loading 

resulting from actuation of the safety relief valve, combined with the condensate in the line, 

exerted a bending moment and torsional stress on the header at the location of the valve 
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attachment. These overstressing forces were not considered in the design. Sixteen persons 

received treatment for injuries, but only two were injured seriously enough to be hospitalized 

overnight. The steam line header was redesigned and replaced by heavier 350 × 350 × 200 mm 

thick-walled forged tees. Prior to the hot functional testing, the system had been hydrostatically 

tested at 9.3 MPa at cold conditions. Fracture examination of the failed portion of the main 

steam line revealed that the failure was caused by impact loading and the origin of each valve 

fracture was at the weld connecting the valve to the header pipe. Pipe stress analysis indicated 

that opening the safety valves at design pressure would produce a reaction force exceeding the 

design limits of the steam line header assembly and result in the fracture of the branch 

connections. It was estimated that a significant volume of water could have condensed in the 

dead leg of steam line ‘A’ prior to the incident. The flow of this amount of water could have 

increased the pressure acting on the safety valves. Once opened, the reaction forces resulting 

from the discharge of steam and probably some water would produce a stress at the safety valve 

branch connection to the header pipe capable of fracturing the assembly. 

⎯ Overloading Event #3. On 24 September 1996 Oconee Unit 2 experienced a DN450 heater 

drain steam line rupture when maintenance workers were making adjustments to valves in the 

basement of the turbine building. The unit had just been restarted following a routine 

maintenance outage. The NRC Augmented Inspection Team reached the conclusion that the 

pipe rupture was caused by water hammer that may have resulted from inadequate procedures 

for system startup. The operators may have followed procedures as written, but that the 

procedures might have been inadequate to prevent water hammer from causing a rupture, even 

in a new pipe. A precursor event occurred in May of 1996 when a water hammer event in the 

2nd stage reheater drain system caused a support to fail in the area of the current pipe rupture. 

During the July 1996 startup, the facility engineers spent considerable time working with 

operations to find a better way of realigning flow from the 2nd stage reheater drain tank from 

the condenser to the feedwater heaters. The general procedure for feed-forward of the drains 

was used, and it was decided to close two manual valves prior to startup in an attempt to 

eliminate possible water hammers. During the 24 September 1996 startup the same procedure 

was used; however, the procedure had not been modified to include the specific guidance about 

system pressures and valve opening timing. The pipe failure mode was a100% ductile rupture. 

There was no evidence of wall-thinning due to flow-accelerated corrosion. The failure 

investigation team's conclusion was that a severe water hammer was the immediate cause of 

the pipe rupture 

⎯ Overloading Event #4: On 16 April 2005, Kori Unit 1 was in the early stages of returning to 

power following completion of the 23rd refueling and maintenance outage when manual 

operation of the main steam power operated relief valve (PORV) was performed at a low speed 

to reduce the pressure of the main steam line with a main steam isolation valve and 5 main 

steam safety valves, which remained closed. When the pressure in the main steam line reached 

about 7.12 MPa and a reactor operator switched the PORV operation mode from 'Manual' to 

'Auto' to speed up the pressure reduction process. Immediately after that the PORV opened 

fully in a short time due to higher pressure beyond the PORV setpoint, which resulted in 

excessively rapid reduction of pressure in the main steam line system. Later on, the operator 

closed the valve manually to mitigate the unexpected transient response of system. Due to the 

abrupt pressure reduction of steam generator and main steam line caused by the sudden opening 

of PORV, the reactor shut down by the low pressure signal of safety injection and some main 

steam separation valves seemed to be actuated. As the result of the rapid release of high pressure 

steam to the atmosphere through the PORV, the supports for the curved pipe spool of about 3.3 

m long and 300 kg weight, which had been connecting the straight pipe line in the downstream 
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of the PORV and a silencer for reducing noise generated by the steam discharging to the 

atmosphere, were broken away. At the same time, the pipe spool was separated and projected 

from the line. Finally, it ejected and struck the outer wall of the refueling water storage tank 

located about 50 m away, resulting in structural damage with the maximum permanent 

deformation of about 60 mm in the radial direction at the local part of wall. Although the release 

of radiation did not occur, it will be meaningful to find out the root-cause of such incident by 

calculating the transient hydraulic loads resulting in the unwelcome failure of pipe line in the 

downstream of the PORV for the purpose of establishing the appropriate regulatory action. 

Upon investigation, (1) the safety injection was due to an improper mode transfer of the PORV 

controller, (2) reactor trip was due to the SI, (3) pipe detachment was due to the defect in pipe 

design in which the maximum dynamic load to that pipe was not properly reflected in the stages 

of design and construction, and (4) the crushed region of the refueling water storage tank and 

adjacent part were confirmed to be safe thru the non-destructive test. During the transient 

including safety injection and reactor trip, the key safety functions were maintained via prompt 

operator actions and the plant entered hot standby condition. 

⎯ SCC Event #1. At Duane Arnold NPP a slowly increasing drywell unidentified leakage had 

been monitored since 1 May 1978. On 14 June 1978 an increase in unidentified leakage was 

observed. The leakage increased from approximately 0.06 kg/s to approximately 0.2 kg/s during 

the day of 14 June 1978. The plant initiated an investigation to determine the possible cause of 

the increase in leakage. The investigation progress was discussed in meetings during the week. 

A decision was made late on Friday, 13 June, to wait until Monday to see if the leakage would 

remain steady. The leakage at that time was about 0.21 kg/s in comparison to the technical 

specification limit of 0.3 kg/s. At 00:55 on June 17, 1978, during weekly control valve testing, 

an automatic reactor scram occurred due to problems in reactor protection system relays 

associated with the testing. The Chief Engineer was notified approximately thirty minutes after 

the shutdown. The Chief Engineer made the decision to reduce reactor pressure and to enter the 

containment and investigate the leakage. Based on the week's observation of drywell leakage 

and the fact that the plant was shut down, it seemed prudent to look for the leak rather than wait 

until the leakage approached the technical specification limit of 0.32 kg/s. The survey of the 

drywell revealed a leak in the area of the N2A nozzle (1-of-8 recirculation inlet nozzle-to-safe-

ends). The next several hours were spent removing shield blocks and insulation to determine 

the actual source of the leak. Preparations then began for possible repairs. After the leak in the 

safe end was discovered, the leaking safe end and the other 7 safe ends were examined in place 

by UT. All but two safe ends showed indications large enough to be considered rejectable 

according to Code Standards. Subsequently, all safe ends were removed. Destructive 

examinations of the affected safe-ends revealed that all eight safe-ends had inside surface cracks 

which extended essentially completely around the circumference of the design; these cracks 

were located in the creviced region of the safe-end design. The depth of the cracks typically 

ranged from 50−75% of the wall thickness, except for the leaking safe-end where a through-

wall cracking was present at an 80-degree segment of the circumference. 

⎯ SCC Event #2. In response to ruptured DN400 extraction steam pipe the Santa Maria de 

Garona NPP was manually shut down on 9 February 1980. Following the repair the plant start-

up was initiated on 11 February 1980 at 17:00 hours. On 12 February 1980, at 04:00 hours, 

with a reactor pressure of 2.9 MPa a routine leakage inspection was carried out, discovering 

several leaks in valve packings located inside the drywell. The pressure was lowered, the leaks 

were repaired and pressure was restored. At 19:00 hours on 12 February 1980, with a reactor 

pressure of approximately 5.9 MPa, a significant increase of the leakage into the drywell was 
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noted. The pressure was lowered and the origin of the leakage was investigated. On 13 February  

the leak was finally identified as a through-wall cracking in the safe-end of the nozzle N2-D of 

the recirculation system. The crack measured 35 mm in length and located in the lower part of 

the nozzle. The leakage through the crack of the nozzle N2-D safe end was 0.05 kg/s. The 

failure had been caused by the intergranular SCC. 

⎯ SCC Event #3. On 7 October 2000 plant personnel at V.C Summer NPP identified an 

accumulation of boric acid near the A loop of the reactor vessel on the 412 foot elevation of the 

containment. Unidentified RCS leakage had been measured during the cycle in the range of 

0.02 kg/s. It was subsequently confirmed that the boric acid deposits originated from a through-

wall cracking located in the alpha loop reactor vessel nozzle weld. It was estimated from 

isotopic and tritium analyses that the through-wall leak had initiated about one year prior to 

discovery. The reactor vessel nozzles, made from low alloy steel (SA508 Cl 2), had been 

“buttered” at the manufacturer during fabrication using Alloy 182 material. The butter was 

stress relieved along with the vessel, and a J-groove was machined as the weld preparation for 

field welding from the outside surface. The stainless steel recirculation piping (SA376 Type 

304N) was welded to the buttered nozzle using nickel-base alloys, Alloy 82 and Alloy 182. 

Many repairs were made during field welding to repair numerous in-process defects. The weld 

essentially became a double V design because welding and grinding were performed from both 

the inner diameter and outer diameter surfaces. The weld was preservice inspected 

(radiographic, ultrasonic, liquid penetrant and visual) and was later ultrasonically inspected in 

1987 and 1993. No surface connected flaws were discovered during these inspections. 

Significant inspection, evaluation, root cause, and destructive examination of the weld crack 

were performed. Outer diameter dye penetrant examinations, outside and inside visual 

examinations, and inner diameter ultrasonic and eddy current inspections were all performed. 

A twelve-inch segment containing the nozzle-to-pipe weld joint was removed for both non-

destructive and destructive examinations. The metallurgical examination confirmed the 

presence of an axial crack located 7º clockwise from the top of the pipe (as viewed from the 

centerline of the reactor vessel). It was determined that multiple crack initiation sites occurred 

on the inner diameter in the original Alloy 182 butter deposit. The crack extended 

approximately 65 mm along the inside surface and intersected a shorter (about 40 mm in length) 

circumferential crack. The axial crack was bounded on the pipe side by the heat-affected zone 

of the stainless steel pipe and by the low alloy steel reactor vessel nozzle on the opposite end. 

The axial crack, therefore, was contained entirely within the Alloy 82 weld metal and the Alloy 

182 nozzle butter with small ligaments that reached the pipe outer diameter surface as a single 

small weep hole. The circumferential crack intersecting the axial crack at the 7º location was 

found to be contained within the Alloy 182 cladding/buttering in the bore of the low alloy steel 

nozzle. Crack depth was about 0.2 inches and resulted in some minor corrosion pitting at the 

interface of the carbon steel. 

⎯ Thermal Fatigue Event #1. On 29 August 1979 Olkiluoto Unit 1 experienced a DN150 pipe 

fracture in the reactor water cleanup system. This failure resulted in a spill of 5,000 kg primary 

water outside containment. The through-wall cracking in the pipe was 150 mm long and 2 mm 

wide. The unit was in the commissioning phase of operation, and the pipe fracture resulted in 

reactor trip and containment isolation. The rupture occurred in a mixing tee between the reactor 

water cleanup and residual heat removal systems. The apparent cause was due to thermal 

stratification, but the underlying cause was due a deficiency in the system operating procedure. 

The fatigue crack evolved as a consequence of plant operation with an intermediate basic state 

of reactor water cleanup valve 331-V19 leaving two flows having considerably different 

temperatures mix incompletely. 
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⎯ Thermal Fatigue Event #2. An unidentified 3.8-L/min primary coolant leak was detected 

when Crystal River Unit 3 was in operation on 21 January 1982. Visual inspection revealed 

that the leak was associated with the MU/ high pressure safety injection line. As the leak was 

unisolable, the plant promptly proceeded to cold shutdown. Inspection of the safe end revealed 

that a through-wall, circumferential crack was present in the safe end-to-check valve weld. The 

circumferential extent of the crack at the outside surface was 140 degrees. The crack consisted 

of two separate cracks; one initiated at the outer diameter and another one initiated at the inner 

diameter. The one on the outside surface was initiated and propagated by mechanical fatigue 

caused by pipe vibrations. The one on the inside surface was initiated and propagated by 

thermal fatigue caused mainly by turbulent mixing of hot reactor coolant and cold makeup 

water. Thermal shocks during periodic makeup water additions could have played some role in 

causing the fatigue damage. 

⎯ Thermal Fatigue Event #3. In 1987, a leak occurred inside the containment of Farley 2 during 

normal power operation. The leak was found in an unisolable location of a safety injection line. 

The crack was on the inside surface of the weld and extended approximately 120 degrees 

circumferentially around the underside of the pipe. About 25 mm of this crack was through 

wall. The crack was caused by thermal fatigue and had developed slowly. The leak rate was 2.7 

L/min. The monitoring of circumferential temperature distribution at the failed weld at Farley 

2 carried out after the leak event showed spatial and temporal fluctuations in the temperature. 

The circumferential temperature difference at the weld varied from 3°C to as high as 120°C. 

Based on these measurements, it was assumed that the temporal variations resulted from 

intermittent action of the check valve. There were, however, no test results supporting this 

assumption. Experiments performed in Japan simulating the Farley event showed that the 

temperature fluctuation in the safety injection line was not caused by the intermittent action of 

the check valve (i.e., fluctuation in the flow rate) but by the mixing of low temperature leakage 

flow with high temperature turbulent flow in the pipe downstream of the check valves. The 

Japanese test results also concluded that the thermal cycling is severe enough to cause high 

cycle fatigue failure of the piping material when the leak flow rate is equal to or larger than 100 

kg/hr as measured at Farley 2. 

⎯ Thermal Fatigue Event #4. On 9 September 1995 at Three Mile Island Unit 1, a primary 

coolant leak occurred in a RCS Cold Leg drain line. The through-wall cracking was in the weld 

between the first elbow downstream of the reactor coolant loop nozzle and the horizontal pipe 

run. At the time of the leak, the NPP had been operating for 21 years and was at 0% power, 

beginning a cooldown. The leak rate was 20 drops per second. The pipe routing is vertically 

down ca. 350 mm from the cold leg, then ca. 2,225 mm horizontally to the first valve. The 

vertical run is DN40 diameter pipe, the horizontal run is DN50 and the elbow between the pipe 

runs is a reducing elbow. The elbow and horizontal run are Type 316 stainless steel, and the 

vertical run included an Inconel safe end. The location of the crack was in the weld between 

the elbow and the horizontal pipe, near the top of the pipe. The crack centered at the 11 o’clock 

position was circumferential, 50.8 mm long on the inside and 14 mm long on the outside 

surface. The drain line was not insulated. The cause of the cracking was thermal fatigue, 

attributed to turbulence penetration of the hot RCS fluid extending into the horizontal pipe. The 

uninsulated horizontal pipe allowed heat to escape to the surroundings, and when the turbulence 

penetration reached the horizontal run, this produced thermal stratification in the line. 

Fluctuations in the extent of turbulence penetration caused local thermal cycling at the elbow 

weld, a point of stress concentration. There were other contributing causes: two improperly 

installed pipe support U-bolts restricted the free thermal expansion of the pipe and produced a 
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255 MPa stress at the elbow; the placement of the pipe supports caused the horizontal pipe to 

slope upward away from the elbow, which facilitated thermal stratification and cycling in this 

pipe run; and the toe of the cracked weld had a pre-existing notch. 

⎯ Thermal Fatigue Event #5. On 12 May 1998 with Civaux Unit 1 in the in the intermediate 

shutdown mode the pressurizer level decreased and a fire alarm occurred in the Reactor 

Building. A large (ca. 8.3 kg/s) primary leak had developed, and it was compensated by the 

charging system. After rapid cooldown of the reactor, the leak was identified to come from 

residual heat removal train 'A'. The source of the leakage was a cracked longitudinal weld on 

an elbow downstream of a control valve. The crack length was approximately 180 mm. The 

observed cracking was located immediately downstream of the mixing tee in a DN250 304L 

stainless steel seam-welded elbow; Fig. IV−24. 

 

FIG. IV−24. Civaux-1 thermal fatigue failure (from [IV–6]. 

The surrounding area of the elbow and locations between the elbow and the mixing tee showed 

widespread crazing-type cracking characteristic of thermal fatigue. Examination of this elbow and 

similar ones from other plants confirmed that high cycle thermal fatigue was the mechanism. In general, 

the deep cracks developed along the longitudinal and circumferential welds, starting at the root of the 

weld on the inner surface. There were many small cracks, mainly in the weld counter-bore regions and 

where there was evidence of grinding. 
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ANNEX V 

 

ABSTRACTS OF EARLY PIPE RELIABILITY STUDIES (1970-1990) 

V−1 INTRODUCTION 

Since the 1960s the evolution of nuclear safety principles and risk and reliability analysis 

methodologies has been influenced by the consideration of various types of rare events, from common 

cause failures of redundant active or passive components to catastrophic failures of highly reliable 

piping components. The question “how to quantitatively demonstrate the structural integrity of 

pressurized components” received significant attention during the early years in the evolution of NPP 

safety practices; i.e. 1960−1975 timeframe. Numerous studies were completed to address the feasibility 

of applying fracture mechanics as well as classical statistical methods to the estimation of pipe failure 

frequency and pipe failure probability conditional on some type of pre-existing condition.  

The purpose of this Annex is to summarize selected early published works on piping reliability 

analysis that were based on direct estimation on the basis of limited OPEX data or through expert 

judgment. These direct estimation studies are not to be confused with the DDM technique as it is 

described in Annex I. The abstracts are provided for reference only and to assist in placing in perspective 

the significant progress that has been made in the collection and analysis of piping OPEX data, methods 

development in general, development and application of material degradation mitigation processes and 

non-destructive examination technologies. The inclusion of the selected abstracts does not constitute an 

endorsement of direct estimation type assessments of piping reliability. 

V−2 PIPING RELIABILITY CONSIDERATIONS IN THE U.S. REACTOR SAFETY STUDY 

A limited evaluation of nuclear pipe reliability was performed as part of the Reactor Safety 

Study (WASH-1400; [V–1]−[V–4]). The evaluation was based on actual failures in nuclear systems 

related to the early operating period of NPPs. The objective was to derive order-of-magnitude LOCA 

frequencies for input to event tree analysis (Table V−1) and pipe failure rates for input to system fault 

trees. WASH-1400 examined several different sources to obtain failure rates for small diameter and 

large diameter pipe. The reason for using several data sources was the interest in pipe ruptures (complete 

pipe severances) resulting in reactor coolant loss, and none had occurred in the 150 U.S. commercial 

nuclear ROYs considered by the study. Therefore, other pipe failure data sources were sought for 

extrapolating pipe failure rates for use in the WASH-1400. 

TABLE V−1 WASH-1400 LOCA FREQUENCIES 
LOCA Category LOCA Initiating Event Frequency [1/ROY] 

Median Range Factor 

Small 1.010-3 10 

Medium 3.010-4 10 

Large 1.010-4 10 

A criticism of the approach of WASH-1400 was that the data base on significant pipe failures 

only included eleven (11) significant events. Therefore, the statistical uncertainties of the failure rate 
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estimates and LOCA frequencies were considerable. As a further criticism, several inconsistencies 

existed in the failure rate estimation as well as in the interpretation of estimates within WASH-1400. In 

Appendix III of WASH-1400 the failure rates were calculated so as to provide estimates having 

dimension of [1/hr.feet], while in the systems analyses the same failure rates were assumed having the 

dimension of [1/hr.section]. Although inconsistently applied, in WASH-1400, a pipe section was 

assumed to correspond to about 12 linear feet (3.6 m) of piping.  

For small diameter piping (≤ 75 mm), the failure rate  was derived from: 

⎯ In 1972 the accumulated U.S. WCR OPEX was approximately 150 (ROYs) and eleven 

significant pipe failures were recorded in 1960–1972. They all occurred in small diameter 

piping. Based on this information a point estimates was calculated as: 

 = 11/(1508760) = 8.3710-6/hr                                          (V−1) 

In Appendix XI of WASH-1400 (Comments on the Draft Report, page 14-3) information is 

given on the amount of LOCA-sensitive piping in a typical commercial, U.S. NPP: “..... 5% or 8,500 

feet of piping is large LOCA-sensitive“... This information would imply the total amount of piping to 

be on the order of 170,000 feet. On page III-75 of Appendix III it is stated that 4.7% of total plant piping 

is small LOCA-sensitive (i.e., about 7,990 feet). Therefore, the failure rate of small diameter piping 

would be on the order of: 

 = 8.3710-6/7,990 = 1.010-9/hr.feet = 2.910-5/ROY.m.                        (V−2) 

In the fault tree models this failure rate was interpreted as being valid for each section of piping. 

While there were inconsistencies within WASH-1400, there have also been inconsistencies in how later 

piping reliability studies interpreted WASH-1400. 

V−3 PIPE FAILURE RATES ACCORDING TO PNNL (1975) 

After the publication of WASH-1400 in 1975, the Pacific Northwest National Laboratories 

(PNNL) performed an independent assessment of piping reliability based on U.S. light water reactor 

OPEX and non-nuclear OPEX [V–4]. Differences between WASH-1400 and PNNL results are 

attributed to how the limited failure data was interpreted. The study by PNNL addressed the role of 

periodic inspection, and addressed failures due to intergranular SCC Among the conclusions were 

⎯ Failure probabilities for larger sizes of nuclear piping were considered to be in the range of 

1×10-4 to 1×10-6 per reactor year (exclusive of intergranular SCC). Note that the PNNL study 

addressed initiating event frequencies [1/ROY]. 

⎯ Smaller pipe sizes, of lesser safety significance, have much higher failure rates. 

⎯ In BWRs, intergranular SCC can cause failure rates much higher than 110-4 in piping of size 

DN 100 to DN 250. 

⎯ Catastrophic failures would appear more likely from operator error or design and construction 

errors (water hammer, improper handling of dynamic loads, undetected fabrication defects) 

rather than conventional flaw initiation and growth by fatigue. 
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V−4 PIPE FAILURE RATES ACCORDING TO ATOMIC ENERGY OF CANADA LIMITED 

(1981) 

The Atomic Energy of Canada Limited (AECL) performed a study on the U.S. WCR piping 

OPEX for the period 1959 through 1978, representing 409 ROYs of experience [V–5]. The study was 

initiated in support of an analysis of the consequences of pipe rupture in the Primary Heat Transport 

System for CANDU power stations. Another objective was to establish whether the additional OPEX 

that had accumulated since publication of WASH-1400 warranted new pipe failure rates to be used in 

PSA applications. The pipe failure events were classified according to: 1) severance, 2) leak, and 3) 

defect. Of the total of 840 failure events considered by the study, 87 pipe failures were interpreted to be 

severances (8 events in small diameter primary system piping). Statistical analysis was limited to 

estimation of confidence limits for failure rates using the chi-square distribution. Because of 

uncertainties in the pipe failure event data base and assumptions in interpretation of the data, the order-

of-magnitude failure rate estimates by WASH-1400 were viewed by the AECL as representative of true 

failure rates. Table V−2 summarizes failure rate estimates for primary system pipe breaks. In retrospect, 

a problem with these estimates is the lack of specificity with respect to how they relate to safety class, 

system, operating environment, etc. 

TABLE V−2 PIPE FAILURE RATES ACCORDING TO AECL (1981) 
Pipe Size, Nominal Diameter (DN) 

[mm] 

Failure Rate [1/ROY] 

Upper Boundary at 95% Confidence 

≤ 25 3.910-2 

25 < DN < 150 7.310-3 

DN ≥ 150 7.310-3 

V−5 THOMAS MODEL OF PIPING RELIABILITY (1981) 

In 1981 H.M. Thomas of Rolls Royce & Associates Ltd. published an extended technical paper 

on a generalized approach to an interpretation of pipe failure data and with recommendations on how 

to adjust or convert generic industry data to plant-specific data [V–6] and [V–7]. Among the reliability 

influence factors acknowledged in updating generic data were: design learning curve, pipe diameter, 

plant age, fracture toughness, pipe length, number of load cycles, base material versus weld material, 

fatigue stress, crack dimensions, and wall thickness. On the subject of pipe length Thomas stated that: 

"... It is known that a typical [nuclear power] plant contains about 16,500 feet of pipe 

less than 4 inch diameter and about 18,500 feet of pipe greater than 4 inch diameter, 

making a total of 35,000 feet ..." 

Thomas referenced WASH-1400, Appendix III. However, there is discrepancy between 

WASH-1400 and the Thomas paper. One can us speculate how the information on pipe length was 

derived. Some insights can be gleaned by assuming that Thomas arrived at a number of 350,000 feet 

(96,012 m) being the total length of piping in a typical NPP. By multiplying this length by 4.7% and 

5.3%, respectively, one would (and consistent with WASH-1400) get the total length of small diameter, 

LOCA sensitive piping and large diameter, LOCA sensitive piping, respectively, i.e., together about 

35,000 feet (96,012 m) of pipe. It is presumed that Thomas was influenced by the paper of Spencer 

Bush published in 1975 in which a typical BWR was stated as having 315,000 linear feet of LOCA-

insensitive piping. Under the set of assumptions there would be consistency between Thomas and Bush; 
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i.e., 315,000+35,000=350,000 feet (96,012 m). Presumably, the term LOCA sensitive meant Safety 

Class 1 piping and if so, the given estimate is incorrect; cf. Section VI.7). At the time (early 1980s), the 

Thomas correlation was seen by many as the only practical approach to estimate pipe leak and rupture 

frequency. From time to time it has been proposed that the single most important advancement in piping 

reliability would be to simply validate the original correlation using today’s failure statistics. 

IV−6 PIPE FAILURE RATES ACCORDING TO RISØ NATIONAL LABORATORY (1982) 

Within the framework of the SÄK-1 (Probabilistic Risk Assessment and Licensing) project 

sponsored by the Nordic Liaison Committee for Atomic Energy, Risø performed the pipe failure study 

[V–8] and [V–9]. The derived failure rates were based on Swedish and Finnish nuclear plant OPEX in 

1975−1981, corresponding to 43 (ROYs. A total of 62 pipe failures were recorded in Swedish plants 

for the study period, of which 2 events represented crack or rupture. A summary of the pipe failure rates 

is given in Table V−3. These pipe failure frequencies were based on reports of degraded conditions that 

required some form of pipe repair to maintain structural integrity. It would require considerable 

reinterpretations of the analysis in order to make these results useful. 

TABLE V−3 PIPE FAILURE RATES ACCORDING TO RISØ (1982) 

Pipe Rupture Category 

Pipe Failure Frequency [1/ROY] 

(90% Range) 

Water Pipe Steam Pipe 

Small 5.810-1−1.0 6.110-2−2.010-1 

Medium 7.610-2−2.810-1 8.010-2−1.110-1 

Large 8.210-3−1.110-1 ≤ 5.410-2 

V−7 PIPE FAILURE RATES ACCORDING TO S.H. BUSH (1985) 

In a series of technical papers, S.H. Bush35 summarized insights from analyses of WCR piping 

OPEX obtained during a 20-year period (1965−1985). As one example, in [V–10] failure rates are 

presented on the basis of events that have occurred in locations other than welds. These failure rates are 

in terms of number of events per ROY and meter of pipe [1/ROY.m]; Table V−4. It is not 

straightforward to interpret these failure rates, however. The failure counts appear to be related to 

catastrophic events, i.e. pipe failures attributed to water hammer or major design and construction 

errors. 

TABLE V−4 S.H. BUSH PIPE FAILURE RATES 

Data BWR PWR Combined 

Number of Plants  

Number of Components 

(= Length of Piping) 

315,000 m 280,000 m 595,000 m 

Number of Failures 4 4 8 

Failure Rate (> DN100) 4.3  10-5 4.6  10-5 4.3  10-5 

 
35 An international authority (and a “walking database”) on metallurgy and piping reliability, and a driving force in the 

development of NPP codes and standards (in particular ASME Section XI). He passed away in 2005. For more details, see 

“Recent Advances in non-destructive examination and ASME B&PVC Section XI – a Memorial Symposium in Honour of 

Spencer H. Bush, July 22-26, 2007.” 
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V−8 PIPE FAILURE RATES ACCORDING TO IDAHO NATIONAL LABORATORY (1987) 

Published in 1987, the objective of the work performed by the Idaho National Laboratory (INL) 

was to update the failure rate estimates of WASH-1400 by utilizing the accumulated U.S. nuclear OPEX 

available as of December 1984 [V–11]. About 800 ROYs were considered. The proposed pipe rupture 

frequencies are summarized in Table V−5. Relative to WASH-1400 an additional 650 reactor years 

were accounted for to improve the uncertainties of the pipe failure rates. Whereas WASH-1400 

accounted for eleven (11) significant pipe failures, the Idaho National Laboratory Study identified 

twenty (20) significant pipe failure events. 

TABLE V−5 PIPE RUPTURE FREQUENCIES ACCORDING TO IDAHO NATIONAL 

LABORATORY (1987) 
EBS 

[mm] 

Pipe Rupture Frequency [1/ROY] 

5%-tile Median 95%-tile 

BWR 

12 – 50 2.610-3 9.610-3 2.510-2 

50 – 150 1.110-3 6.410-3 2.010-2 

> 150 6.410-3 1.610-2 3.310-2 

PWR 

12 – 50 7.010-4 4.110-3 1.310-2 

50 – 150 2.810-3 8.310-3 1.910-2 

> 150 1.710-3 6.210-3 1.610-2 

V−9 PIPE FAILURE RATES ACCORDING TO GRS (1989) 

In support of the Phase B of the German Risk Study (1981−1989), GRS performed piping 

reliability studies in recognition of the significant limitations of the then available pipe reliability 

estimation techniques. GRS proposed two general analysis approaches: 1) statistical evaluation of 

relevant OPEX data, and 2) PFM studies. The former approach has to be applied to small diameter 

piping for which failure experience existed, while the latter approach supported analysis of piping for 

which some experimental data existed. Table V−6 summarizes the German approach [V–12]−[V–14].36 

TABLE V−6. PIPING RELIABILITY MODEL ACCORDING TO GERMAN PSA PRACTICE 

Pipe Diameter 

[DN] 
Method Comment 

≤ 50 L can be estimated from OPEX L = frequency of leak [1/CB.ROY]. CB is 

component boundary e.g. weld 

CFP = B / L = 2.5/DN if 

analyst does not have an access 

to relevant OPEX data 

B = pipe break frequency. D = pipe diameter in mm. 

The origin of this method is documented in [V–13]. 

e50 < DN ≤ 150 𝜆𝐿 = 𝐶𝑥(𝐿𝐷𝐷)/𝑡𝐷
𝑥 D = pipe diameter in mm. The other parameters are 

obtained using the Thomas model 

150 < DN ≤ 250 𝜆𝐿 = 𝐶𝑥(𝐿𝐷𝐷)/𝑡𝐷
𝑥 

𝐶𝑥 =  
∑ 𝑁𝐿,𝐷

150
50

∑ 𝐿 × 𝐷/𝑡𝑥 × 𝑇150
50

 

 

D = 150, the other parameters are obtained using the 

Thomas model [V–7] and [V–8] 

LD = Number of susceptible locations 

tD = Pipe wall thickness [mm] 

x = a dimensionless parameter 

 
36 Guidelines for how to implement this method are found in GRS Fachseminar: Ermittlung der Häufigkeiten von Lecks und 

Brüchen in druckführenden Systemen für probabilistiche Sicherheitsanalysen, Cologne, Gemany, 18 -20 September, 1995. 
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TABLE V−6. PIPING RELIABILITY MODEL ACCORDING TO GERMAN PSA PRACTICE 

Pipe Diameter 

[DN] 
Method Comment 

N = number of leaks 

T = ROYs  

> 250 Assumption: 𝜆𝐿< 1e-7/ROY For large diameter piping, the German practice 

recommends using a PFM methodology to estimate 

the CFP. 

V−10 PIPE FAILURE RATES ACCORDING TO EPRI (1992) 

Co-sponsored by Northeast Utilities Service Company (now Dominion Generation) and the 

EPRI, Jamali developed a methodology and data base for pipe failure rate estimates [V–15]. This study 

was done in order to create a U.S. nuclear plant pipe failure data base reflecting the additional 

experience generated since the publication of WASH-1400. The principal sources of pipe failure 

information were Licensee Event Reports, Nuclear Power Experience published by S.M. Stoller 

Corporation (the Blue Books and the Red Books), and the Nuclear Plant Reliability Data System 

operated by the Institute of Nuclear Power Operations. An excerpt from this work is summarized in 

Table V−7. 

TABLE V−7 PIPE FAILURE RATES ACCORDING TO EPRI (1992) 

Inside Pipe Diameter (ID) 

[mm] 

Pipe Failure Rate [1/ROY.Pipe.Section] 

EPRI WASH-1400 

12 ≤ ID < 50 5.310-6 3.210-5 

50 ≤ ID < 75 2.610-6 3.210-5 

75 ≤ ID < 150 2.610-6 3.210-6 

ID ≥ 150 6.110-6 3.210-6 

For estimation of pipe failure rates from OPEX a new EPRI methodology was developed. A 

parameter referred to as failure severity code was introduced as a key element of the methodology. This 

parameter accounted for the fact that the effective break area can be significantly smaller than the area 

calculated using pipe inner diameter. It was used to estimate the conditional probability of having a 

given effective break size for a given pipe size. The EPRI methodology also accounted for factors that 

can be quantified from the data base and that may significantly affect the values of the failure rates. 

These included the nuclear steam system supplier, system type, pipe size, and plant age. Variance 

analysis techniques were used to estimate the effect of system types on leakage failure rates. Key aspects 

of the EPRI methodology are summarized below: 

⎯ Piping component boundary definition. A pipe section is a segment of piping, between major 

discontinuities, such as valves, pumps, reducers, tees, etc. as defined by WASH-1400. While 

the EPRI reports do not give specific guidance on how to apply this definition, the report 

includes typical pipe section counts for BWRs and PWRs [V–16]. 

⎯ Pipe failure attributes. These are factors believed to significantly impact pipe the failure rate. 

The EPRI methodology accounts for failure mode, pipe size, system type, and time (i.e., age of 

pipinf). Four size categories were used: 12 < ID ≤ 50, 50 < ID < 150, ID ≥ 150, and unknown 

size; where ID is an inner pipe diameter in mm. 
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⎯ Pipe failure mode definitions. Three failure modes were considered: 1) cracking; failures with 

no seepage of process fluid to the outside of the pressure boundary, 2) leakage; loss of fluid in 

amounts of less than 3 kg/s, and major piping breakage. 
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GLOSSARY 

AGEING 

IAEA Safety Glossary, 2016 Revision, June 2016 

“General process in which characteristics of a structure, system or component gradually 

change with time or use.  

Although the term ageing is defined in a neutral sense — the changes involved in ageing may 

have no effect on protection or safety, or could even have a beneficial effect — it is most 

commonly used with a connotation of changes that are (or could be) detrimental to protection and 

safety (i.e. as a synonym of ageing degradation).  

non-physical ageing. The process of becoming out of date (i.e. obsolete) owing to the 

evolution of knowledge and technology and associated changes in codes and standards.  

⎯ Examples of non-physical ageing effects include the lack of an effective containment 

or emergency core cooling system, the lack of safety design features (such as 

diversity, separation or redundancy), the unavailability of qualified spare parts for 

old equipment, incompatibility between old and new equipment, and outdated 

procedures or documentation (e.g. which thus do not comply with current 

regulations).  

⎯ Strictly, this is not always ageing as defined above, because it is sometimes not due to 

changes in the structure, system or component itself. Nevertheless, the effects on 

protection and safety, and the solutions that need to be adopted, are often very 

similar to those for physical ageing.  

⎯ The term technological obsolescence is also used.  

physical ageing. Ageing of structures, systems and components due to physical, chemical 

and/or biological processes (ageing mechanisms).  

⎯ Examples of ageing mechanisms include wear, thermal or radiation embrittlement, 

corrosion and microbiological fouling”  

AGEING DEGRADATION 

IAEA Safety Glossary, 2016 Revision, June 2016 

“Ageing effects that could impair the ability of a structure, system or component to function 

within its acceptance criteria. 

⎯ Examples include reduction in diameter due to wear of a rotating shaft, loss in 

material toughness due to radiation embrittlement or thermal ageing, and cracking of 

a material due to fatigue or stress corrosion cracking.” 
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AGEING MANAGEMENT 

IAEA Safety Glossary, 2016 Revision, June 2016 

“Engineering, operations and maintenance actions to control within acceptable limits the  

ageing degradation of structures, systems and components. 

⎯ Examples of engineering actions include design, qualification and failure analysis. 

Examples of operations actions include surveillance, carrying out operating procedures 

within specified limits and performing environmental measurements. 

life management (or lifetime management). The integration of ageing management with 

economic planning: (1) to optimize the operation, maintenance and service life of structures, 

systems and components; (2) to maintain an acceptable level of safety and performance; and (3) 

to improve economic performance over the service life of the facility.” 

AGEING PSA 

A PSA model which models ageing (or time-dependent) effects in component failure rates. A 

“classic” PSA uses the assumption that component failure rates are constant. 

ALEATORY UNCERTAINTY 

This form of uncertainty is associated with the randomness of events such as component 

failures, initiating events and hazard events. This is addressed by modeling these events using 

probability models e.g., these are typically Poisson and binomial distributions for initiating events 

and component failures. These probability models represent initiating event frequencies and 

component failure probabilities or failure rates. 

ASA/ANSI B31.1 PIPING 

The piping systems in the early U.S. nuclear plants were designed in accordance with the 

requirements of American Standards Association (ASA) B31.1-1955. Section 1 of B31.1-1955 was 

written for Power Piping, and encompassed the "... minimum requirements for design, manufacture, 

test, and installation of power piping systems, as defined for steam generating plants, central heating 

plants, and industrial plants." B31.1-1955 included specific requirements for pipe wall thickness 

and allowable stresses. 

ASME SECTION III PIPING 

Division 1 of ASME Boiler and Pressure Vessel Code Section III contains requirements for 

piping classified as ASME Class 1, Class 2, and Class 3. ASME Section III does not delineate the 

criteria for classifying piping into Class 1, Class 2, or Class 3; it specifies the requirements for 

design, materials, fabrication, installation, examination, testing, inspection, certification, and 

stamping of piping systems after they have been classified Class 1, Class 2, or Class 3 based upon 

the applicable design criteria and Regulatory Guide 1.26, Quality Group Classifications and 

Standards for Water-Steam, and Radio-Waste- Containing Components of NPPs. Subsections NB, 

https://www.littlepeng.com/little-p-eng-for-engineers-training
https://www.littlepeng.com/little-p-eng-for-engineers-training
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NC, and ND of ASME III specify the construction requirements for Class 1, Class 2, and Class 3 

components, including piping, respectively. Subsection NF contains construction requirements for 

component supports, and a newly added Subsection NH contains requirements for 1 Class 1 

Components in Elevated-Temperature Service. Subsection NCA, which is common to Divisions 1 

and 2, specifies general requirements for all components within the scope of ASME Section III 

ASME SECTION XI 

The ASME Code Section XI (Rules for Inservice Inspection of NPP Components) provides 

standards for the examination, in-service testing and inspection, and repair and replacement of NPP 

components, pressure vessels and piping. The code details if a flaw found within a component is 

acceptable for continued operation, or if the component instead requires repair or replacement. The 

first edition of ASME Section XI was published on January 1, 1971. 

ASME SECTION XI, DIVISION 2 

Issued in July 2019, Division 2 provides the requirements for the creation of a RIM Programme 

for advanced nuclear reactor designs. A RIM Programme addresses the entire life cycle for all types 

of NPPs, it requires a combination of monitoring, examination, tests, operation, and maintenance 

requirements that ensures each SSC meets plant risk and reliability goals that are selected for the 

RIM Programme. 

AUGMENTED IN-SERVICE INSPECTION PROGRAM 

An inspection program that has been developed to address observed material degradation, and 

an inspection is targeted at locations where the most severe degradation is expected. 

AUSTENITIC ALLOY STEEL 

High alloy steels with the main alloying elements being chromium (Cr) and nickel (Ni). Some 

high alloy steels include niobium (Nb) to improve welding properties, or titanium (Ti) to prevent 

intergranular corrosion and weld decay. 

BALANCE OF PLANT 

It consists of the remaining systems, components, and structures that comprise a complete NPP 

and are not included in the nuclear steam supply system. 

BAYESIAN RELIABILITY ANALYSIS 

In the Bayesian approach an SME develops a well-informed estimate of the probability of 

failure distribution; the prior state of knowledge. This probability distribution is then updated as 

more information is collected about the structural integrity of a certain piping system component. 

  

https://www.littlepeng.com/little-p-eng-for-engineers-training
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BUTTERING 

The adding process of material in welding. Weld metal is deposited on one or more surfaces to 

provide a metallurgically compatible weld metal for the subsequent completion of the weld. 

 

CALIBRATION 

Calibration is an analytical process that is used to adjust a set of parameters associated with a 

computational science and engineering code so that the model agreement is maximized with respect 

to a set of experimental data or operating experience data. 

CAVITATION 

When the static pressure of a liquid reduces to below its vapour pressure, small vapor-filled 

cavities are formed in the liquid. This is called cavitation. The cavities are also called bubbles or 

voids. When imposed to higher pressure, the cavities collapse in thus generating shock waves (they 

are stronger closer to imploding cavity and weakens as it propagates away from it). Therefore, 

cavitation damage of significance in engineering systems, is created by collapsing cavities near the 

metal surface causing its fatigue due to generated cyclic stress. Most often, cavitation causes most 

of its damage by vibration (e.g., cracked welds, broken instrument lines, loosened flanges). The 

erosion caused by cavitation also generates particles that contaminate the process fluid. 

CODE REPAIR 

A U.S. term, the definitions of and requirement for a “Code Repair” are defined in ASME 

Section XI, Article IWA-4000 “Repair/Replacement Activities.” 

COLD WORKING 

Cold working refers to the process of strengthening metal by changing its shape without the use 

of heat. Subjecting the metal to this mechanical stress changes the mechanical properties and the 

environmentally assisted crack growth rate. The crack growth rate increases rapidly with the 

increase of the level of cold working. 

COMPONENT BOUNDARY 

Defines the physical boundary of a component required for system operation. A component 

boundary definition should be consistent with the parameter database supporting PSA model 

quantification. For piping components, the component boundary is established through degradation 

mechanism evaluations (see below). 



 

232 

CORIOU EFFECT 

In 1959, the French materials scientist Henri Coriou and his co-workers published the results of 

laboratory tests which indicated that Alloy 600 in a high temperature (350°C) , pure water 

environment is susceptible to primary water SCC. The so called “Coriou effect” was met with 

skepticism until the early 1980s when a growing number of primary water SCC failures were 

reported. 

CREVICE CORROSION 

Crevice corrosion occurs in a wetted or buried environment when a crevice or area of stagnant 

or low flow exists that allows a corrosive environment to develop in a component. It occurs most 

frequently in joints and connections, or points of contact between metals and nonmetals, such as 

gasket surfaces, lap joints, and under bolt heads. Carbon steel, cast iron, low alloy steels, stainless 

steel, copper, and nickel-base alloys are all susceptible to crevice corrosion. Steel can be subject to 

crevice corrosion in some cases after lining/cladding degradation. 

CRITICAL CRACK LENGTH 

The length of a crack (either axial or circumferential) for which the crack will propagate 

unstably for a given set of loading conditions. 

DEALLOYING (SELECTIVE LEACHING) 

“Dealloying” or “selective leaching” refers to the selective removal of one element from an 

alloy by corrosion processes. A common example is the dezincification of unstabilized brass, 

whereby a weakened, porous copper structure is produced. The selective removal of zinc can 

proceed in a uniform manner or on a localized (plug-type) scale. It is difficult to rationalize 

dezincification in terms of preferential Zn dissolution out of the brass lattice structure. Rather, it is 

believed that brass dissolves with Zn remaining in solution and Cu replating out of the solution. 

Graphitic corrosion of gray cast iron, whereby a brittle graphite skeleton remains following 

preferential iron dissolution is a further example of selective leaching. During cast iron graphitic 

corrosion the porous graphite network that makes up 4-5% of the total mass of the alloy, is 

impregnated with insoluble corrosion products. As a result, the cast iron retains its appearance and 

shape but is weaker structurally. Testing and identification of graphitic corrosion is accomplished 

by scraping through the surface with a knife to reveal the crumbling of the iron beneath. 

DELAYED HYDRIDE CRACKING (DHC) 

A sub-critical crack growth mechanism occurring in zirconium alloys as well as other hydride-

forming materials that requires the formation of brittle hydride phases at the tip of a crack and 

subsequent failure of that hydride resulting in crack extension. Hydrogen in solution in the 

zirconium alloy is transported to the crack tip by diffusion processes where it precipitates as a 

hydride phase. When the precipitate attains a critical condition, related to its size and the applied 

stress intensity factor, KI, fracture ensues and the crack extends through the brittle hydride and 

arrests in the matrix. Each step of crack propagation results in crack extension by a distance 

approximately the length of the hydride. 

https://www.nace.org/Corrosion-Central/Corrosion-101/Dezincification/
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DEGRADATION MECHANISM 

Phenomena or processes that attack (wear, erode, crack, etc.) the pressure-retaining material 

over time and might result in a reduction of component pressure boundary integrity. It should be 

noted that damage mechanisms and degradation mechanisms could interact to cause major, 

catastrophic passive component failures. 

DESIGN CERTIFICATION PSA 

In the U.S. a design certification (DC) is achieved through a regulatory rulemaking process, 

which addresses the various safety issues associated with the proposed NPP design, independent of 

a specific site. A DC application contains a final safety analysis report (FSAR) that is supported by 

a design-specific PSA. 

DISPLACEMENT-CONTROLLED STRESSES 

Stresses that result from the application of displacements, such as those due to thermal 

expansion or seismic anchor motion. 

DOUBLE-ENDED GUILLOTINE BREAK 

A condition for which a circumferential through-wall crack propagates around the entire 

circumference of the pipe such that the cracked pipe section severs into two pieces and the two ends 

are displaced relative to their pipe axes to allow for full flow from each end. 

DUCTILE CRACK GROWTH 

With ductile fracture a crack moves slowly and is accompanied by a large amount of plastic 

deformation around the crack tip. A ductile crack will usually not propagate unless an increased 

stress is applied and generally cease propagating when loading is removed. 

ELEMENTARY EFFECTS METHOD 

Also referred to as the Morris’ elementary effects method. elementary effects method is applied 

to identify non-influential inputs for a computationally elaborate mathematical model or for a model 

with a large number of inputs, where the costs of estimating other sensitivity analysis measures such as 

the variance-based measures is not affordable. The elementary effects method provides qualitative 

sensitivity analysis measures, i.e. measures which allow the identification of non-influential inputs or 

which allow to rank the input factors in order of importance, but do not quantify exactly the relative 

importance of the inputs 

ENHANCED VISUAL EXAMINATION  

The enhanced visual examination -1 method is intended for the visual examination of surface 

breaking flaws. Any visual inspection for cracking requires a reasonable expectation that the flaw 

length and crack mouth opening displacement meet the resolution requirements of the observation 

technique. The enhanced visual examination -1 specification augments the VT-i requirements to 

provide more rigorous inspection standards for SCC. 

https://en.wikipedia.org/wiki/Mathematical_model
https://en.wikipedia.org/wiki/Variance
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ENVIRONMENTALLY ASSISTED CRACKING 

A localized deformation process accelerated by local corrosion in addition to mechanical 

stresses or strains. The cracking of structural materials in NPPs may proceed along grain 

boundaries, i.e. intergranularly SCC, underlining the role of dissolution, or through the grains, i.e. 

transgranularly SCC, underlining the role of mechanical loading. 

EPISTEMIC UNCERTAINTY 

The uncertainty that comes from the lack of knowledge. This lack of knowledge comes from 

many sources. Inadequate understanding of the underlying processes, incomplete knowledge of the 

phenomena, or imprecise evaluation of the related characteristics. For rare event the failure 

parameters may be derived from extrapolation using statistical models and sparse historical data. 

EROSION CAVITATION 

Erosion cavitation is the process when material surface deteriorates due to creation of vapor or 

gas pockets inside the flow of liquid in thus causing surface material loss. Once cavitation is present, 

the erosion is caused by the bombardment of vapor bubbles on material surface. When these bubbles 

strike the surface, they collapse, or implode. Although a single bubble imploding does not carry 

much force, over time, the small damage caused by each bubble accumulates. The repeated impact 

of these implosions results in the formation of pits. Also, like erosion, the presence of chemical 

corrosion enhances the damage and rate of material removal. Erosion-cavitation has been observed 

in PWR stainless steel decay heat removal and charging system piping. 

EROSION-CORROSION 

Erosion is the destruction of metals by the abrasive action of moving fluids, usually accelerated 

by the presence of solid particles or matter in suspension. When corrosion occurs simultaneously, 

the term erosion-corrosion is used. The term “erosion-corrosion” applies to moderate energy carbon 

steel piping (e.g., raw water piping). 

EQUIVALENT BREAK SIZE 

The calculated size of a hole in a pipe given a certain through-wall flow rates and for a given 

pressure. 

FACTOR OF IMPROVEMENT 

Also referred to as relative improvement factor, the factor of improvement is an estimate of the 

crack growth rate in one type of material relative to another material type. It is an indication of the 

estimated improvement in material performance as a function material chemical composition, 

mechanical properties, local stresses, degradation mitigation techniques, etc. The factor of 

improvement can be determined on the basis of testing in laboratory environments, analytical work 

(e.g. statistical analysis of test data), expert elicitation, and or operating experience data. 
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FAILURE 

A condition for which a component or system is no longer capable of performing its design 

function. Depending on the context, failure can be defined as either the condition for which the 

piping system is no longer capable of maintaining internal pressure, or when the pipe experiences 

a double-ended guillotine break. National codes and standards (e.g. the ASME Boiler and Pressure 

Vessel Code, Section XI, Rules for Inservice Inspection of NPP Components) give specific details 

on what constitutes a failure. 

FERRITE CONTENT 

Ferrite is the ferromagnetic, body centered cubic, microstructural constituent of variable 

chemical composition in iron-chromium-nickel Alloys. Austenitic stainless steels are essentially 

free of ferrite, which is magnetic. Cast products of these alloys typically have some ferrite present. 

These alloys also form some ferrite when they are cold worked or work hardened.  In both cases 

the products will show a magnetic tendency.  Ferrite can be detrimental to corrosion resistance in 

some environments. There are also applications where magnetic characteristics interfere with 

performance of the end product. The ferrite content of the cast alloy can be controlled through alloy 

composition. Carbon, nitrogen, nickel and manganese are strong austenite formers and increasing 

their content in the alloy will reduce the tendency for ferrite formation. There are several different 

methods of predicting the ferrite content but one of the more common is the DeLong 

diagram.  Ferrite reduces the tendency for the steel to solidification crack during cooling. It is not 

uncommon for 304 castings (CF8) to contain 8%−20% ferrite. The cast ingot composition of 

wrought 304 stainless is also balanced to have 1%−6% ferrite since this reduces the chance of 

cracking during forging or hot working. 

FLASHING 

Flashing occurs when a high pressure liquid flows through a valve or an orifice to a region of 

greatly reduced pressure. If the pressure drops below the vapour pressure, some of the liquid will 

be spontaneously converted to steam. The downstream velocity will be greatly increased due to a 

much lower average density of the two-phase mixture. The impact of the high velocity liquid on 

piping or components creates flashing damage. 

FLAW 

An imperfection or unintentional discontinuity that is detectable by nondestructive 

examination. 

FLAW ASPECT RATIO 

Ratio of length of deepest crack to depth of deepest crack. 

FLOW ACCELERATED CORROSION 

Flow accelerated corrosion is “a process whereby the normally protective oxide layer on carbon 

or low-alloy steel dissolves into a stream of flowing water or water-steam mixture.” It can occur in 

both single phase and two phase regions. The cause of flow accelerated corrosion is a specific set 
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of water chemistry conditions (e.g., pH, level of dissolved oxygen), and there is no mechanical 

contribution to the dissolution of the normally protective iron oxide (magnetite) layer on the inside 

pipe wall. 

FLOW-INDUCED VIBRATION 

The term flow induced vibration is used to describe outside diameter pipe wear (or wall loss) 

caused by the interaction of flow-induced vibration and reflective metal insulation 

FULL STRUCTURAL WELD OVERLAY (FSWOL) 

A structural reinforcement and SCC mitigation technique through application of a SCC resistant 

material layer around the entire circumference of the treated weldment. The minimum acceptable 

FSWOL thickness is 1/3 the original pipe wall thickness. The minimum length is 0.75√(R×t) on 

either side of the dissimilar metal weld to be treated, where R is the outer radius of the item and t is 

the nominal thickness of the item. 

GENERAL CORROSION 

An approximately uniform wastage of a surface of a component, through chemical or 

electrochemical action, free of deep pits or cracks. 

HEAT AFFECTED ZONE 

Heat affected zone, an area between the weld or cut and the base metal, is a non-melted metal’s 

area that was exposed to high temperatures therefore undergone changes in its properties. The heat 

affected zone can vary in its size and severity, dependent on the materials involved, the intensity 

and concentration of heat, and the process employed. Welding with high heat input (i.e. fast heating) 

has faster cooler rates compared to welding with low heat input (i.e. slow heating) and thus, has 

smaller heat affected zones. Conversely, welding with low heat input results in a larger heat affected 

zone. As the speed of the welding decreases, the size of a heat affected zone increases. Weld 

geometry also plays a role in the size of the heat affected zone. The heat affected zone problems 

can be mitigated by performing a pre- and/or post-weld heat treatment. In the high temperature 

cutting processes, the depth of the heat affected zone is associated with the cutting process itself, 

cutting speed, material properties, and material thickness. Similar to welding, cutting metals at high 

temperatures and slow speeds tend to lead to large heat affected zones. Cutting metal at high speeds 

tend to reduce the width of the heat affected zone because the zone experiences sufficient heat for 

a long enough time, and the layer undergoes microstructure and property changes that differ from 

the parent metal. These changes are usually undesirable and ultimately serve as the weakest part of 

the component. For example, the microstructural changes can lead to high residual stresses, reduced 

material strength, increased brittleness, and decreased resistance to corrosion and/or cracking. As a 

result, many failures occur in the heat affected zone. 

HIGH ENERGY PIPING 

A piping system for which the maximum operating temperature exceeds 94 ºC or the maximum 

operating pressure exceeds 1.9 MPa. 
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HYDROGEN INDUCED CRACKING 

Stepwise internal cracks that connect adjacent hydrogen blisters on different planes in the metal, 

or to the metal surface. An externally applied stress is not needed for the formation of hydrogen 

induced cracking. In steels, the development of internal cracks (sometimes referred to as blister 

cracks) tends to link with other cracks by a transgranular plastic shear mechanism because of 

internal pressure resulting from the accumulation of hydrogen. The link-up of these cracks on 

different planes in steels has been referred to as stepwise cracking to characterize the nature of the 

crack appearance. hydrogen induced cracking is commonly found in steels with: (a) high impurity 

levels that have a high density of large planar inclusions, and/or (b) regions of anomalous 

microstructure produced by segregation of impurity and alloying elements in the steel. 

HYDROSTATIC PRESSURE TEST 

A pressure test conducted during a plant or system shutdown at a pressure above nominal 

operating pressure or system pressure for which overpressure protection is provided. 

INDUCTION HEAT STRESS IMPROVEMENT 

The induction heat stress improvement process changes the normally tensile stress on the 

inside diameter surface of weld heat affected zones to compression. This process involves induction 

heating of the outer pipe surface of completed girth welds, while simultaneously water cooling the 

inside with flowing water. Thermal expansion caused by the heating coil yields the outside surface 

in compression, while the cool inside surface yields in tension. After cooldown, contraction of the 

outside diameter causes the direction of stress to reverse, leaving the inside diameter in compression 

and the outside diameter in tension. 

LATENT FAILURE 

A degraded material condition that may lie dormant for a long period before leading to a visible 

flaw (e.g., through-wall crack, active leakage). 

LEAK-BEFORE-BREAK (LBB) 

Generally referred to as a methodology whereby it is shown that a crack can be detected by 

leakage under normal operating conditions and that that crack would be stable at normal plus safe 

shut-down earthquake loads. Sometimes also referred to as a condition whereby a surface crack 

breaks through the pipe thickness and remains stable even if the break-through occurs at emergency 

or faulted loads. The leak-before-break principle does not apply to systems that are susceptible to 

fatigue cracking, SCC or water hammer. 

LIMITING CONDITION FOR OPERATION (LCO). 

According to the technical specifications, a LCO is the lowest functional capability or 

performance level of a piece of equipment required for safe operation of a nuclear plant. When a 

LCO cannot be met, the reactor is to be shut down or the licensee follows any remedial action 

permitted by the technical specifications until the condition can be met. 
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LIQUID DROPLET IMPINGEMENT 

The liquid droplet impingement is caused by the impact of high velocity droplets or liquid jets. 

Normally, liquid droplet impingement occurs when a two-phase stream experiences a high pressure 

drop (e.g., across an orifice on a line to the condenser). When this occurs, there is an acceleration 

of both phases with the liquid velocity increasing to the point that, if the liquid strikes a metallic 

surface, damage to the surface will occur. The main distinction between flashing and liquid droplet 

impingement is that in flashing the fluid is of lower quality (mostly liquid with some steam), and 

with liquid droplet impingement, the fluid is of higher quality (mostly steam with some liquid). 

LOSS-OF-COOLANT-ACCIDENT 

Those postulated accidents that result in a loss of reactor coolant at a rate in excess of the 

capability of the reactor makeup system from breaks in the reactor coolant pressure boundary, up 

to and including a break equivalent in size to the double-ended rupture of the largest pipe of the 

RCS. 

MECHANICAL STRESS IMPROVEMENT PROCESS (MSIP®) 

A patented process that was invented, developed and first used in 1986 for mitigating SCC in 

nuclear plant weldments. MSIP® works by using a hydraulically operated clamp which contracts 

the pipe on one side of the weldment. A typical tool design consists of a specially designed hydraulic 

box press for bringing the clamp halves together. By contracting the pipe on one side of the 

weldment, the residual tensile stresses are replaced with compressive stresses.  

MODERATE ENERGY PIPING 

A piping system for which the maximum operating temperature is less than 94ºC or the 

maximum operating pressure is less than 1.9 MPa. 

NOMINAL PIPE SIZE 

A North American set of standard sizes for pipes used for high or low pressures and 

temperatures. "Nominal" refers to pipe in non-specific terms and identifies the diameter of the hole 

with a non-dimensional number (for example, a 2 inch nominal steel pipe" consists of many 

varieties of steel pipe with the only criterion being a 2.375 inch (60.3 mm) OD). Specific pipe is 

identified by pipe diameter and another non-dimensional number for wall thickness referred to as 

the Schedule (Sched. or Sch., for example – "2 inch diameter pipe, Schedule 40"). The European 

and international designation equivalent to nominal pipe size is DN (diamètre nominal/nominal 

diameter/Durchmesser nach Norm), in which sizes are measured in millimetres. 

PROBABILITY OF DETECTION  

The probability that a flaw of a certain size will be detected and it is conditional on factors such 

as wall thickness, non-destructive examination personnel qualifications, and flaw orientation. 

  

https://www.nrc.gov/reading-rm/basic-ref/glossary/coolant.html
https://www.nrc.gov/reading-rm/basic-ref/glossary/reactor-coolant-system.html
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RADIOGRAPHIC EXAMINATION 

A nondestructive testing method of inspecting materials for hidden flaws by using the ability 

of short wavelength electromagnetic radiation (high energy photons) to penetrate various materials. 

RELIABILITY AND INTEGRITY MANAGEMENT 

Those aspects of the plant design and operational phase that are applied to provide an 

appropriate level of reliability of SSCs and a continuing assurance over the life of the plant that 

such reliability is maintained. The most recent edition of the ASME Boiler and Pressure Vessel 

Code Section XI was issued in 2019. Division 2 of the 2019 Edition provides the requirements for 

the creation of the RIM programme for advanced nuclear reactor designs. The RIM Programme 

addresses the entire life cycle for all types of NPPs. It requires a combination of monitoring, 

examination, tests, operation, and maintenance requirements that ensures each SSC meets plant risk 

and reliability goals that are selected for the RIM Programme. 

REPAIR WELD 

A weld subjected to high residual stresses as a result of extensive repairs; e.g. during original 

construction. Such regions may be subjected to premature SCC. 

RESIDUAL STRESSES 

Those stresses that remain in an object (in particular, in a welded component) even in the 

absence of external loading or thermal gradients. In some cases, residual stresses result in significant 

plastic deformation, leading to warping and distortion of an object. In others, they affect 

susceptibility to fracture and fatigue. 

RISK-INFORMED IN-SERVICE INSPECTION 

Risk Informed-ISI methodologies are applied to determine the risk significance and failure 

potential of a piping component. This enables the targeting in-service examination resources to 

locations that are truly risk significant, providing the ability to capture or minimize risk and thereby 

improving plant reliability while keeping radiation doses to workers as low as reasonably 

achievable. The failure potential is determined through degradation mechanism analysis. The risk 

significance is determined through pipe failure frequency assessment. 

ROUND-ROBIN TEST 

An analysis or experiment performed independently several times and by different teams. This 

can involve multiple teams performing analyses using a common set of data with the use of a variety 

of methods. A round-robin test may be conducted to determine the reproducibility of an analysis; 

from input parameters to results interpretation. 

SELECTIVE LEACHING 

Also referred to as dealloying, demetalification, parting and selective corrosion, is a corrosion 

type in some solid solution alloys, when in suitable conditions a component of the alloys is 

https://en.wikipedia.org/wiki/Corrosion
https://en.wikipedia.org/wiki/Solid_solution
https://en.wikipedia.org/wiki/Alloy
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preferentially leached from the material. The less noble metal is removed from the alloy by a 

microscopic-scale galvanic corrosion mechanism. The most susceptible alloys are the ones 

containing metals with high distance between each other in the galvanic series, e.g. copper and zinc 

in brass. 

S-N CURVE 

A plot of the magnitude of an alternating stress versus the number of cycles to failure for a 

given material. Typically both the stress and number of cycles are displayed on logarithmic scales. 

SN-Curves were developed by the German scientist August Wöhler during the investigation of an 

1842 train crash in Versailles, France. In this crash, the axle of the train locomotive failed under the 

repeated “low level” cyclic stress of everyday usage on the railroad. While investigating, Wöhler 

discovered that cracks formed and slowly grew on an axle surface. The cracks, after reaching a 

critical size, would suddenly propagate and the axle would fail. The level of these loads was less 

than the ultimate strength and/or yield strength of the material used to manufacture the axle. 

SOCKET WELD 

A pipe attachment detail in which a pipe is inserted into a recessed area of a pipe (e.g. elbow), 

valve or flange; see figure below37. Socket welds are mainly used for small pipe diameters); 

generally for piping whose nominal diameter is DN50 or smaller. 

 

SOLID PARTICLE EROSION  

Solid particle erosion represents a damage that is caused by particles transported by fluid stream 

rather than by liquid water or collapsing bubbles. If hard, large particles are present at sufficiently 

high velocities, damage will occur. In contrast to liquid droplet impingement, the necessary 

velocities for solid particle erosion are quite low. Surfaces damaged by solid particle erosion have 

a very variable morphology. Manifestations of solid particle erosion in service usually include 

 
37 Reproduced from http://www.wermac.org/fittings/socket_weld_general.html 

https://en.wikipedia.org/wiki/Leaching_(metallurgy)
https://en.wikipedia.org/wiki/Noble_metal
https://en.wikipedia.org/wiki/Galvanic_corrosion
https://en.wikipedia.org/wiki/Galvanic_series
http://www.wermac.org/fittings/socket_weld_general.html
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thinning of components, a macroscopic scooping appearance following the gas/particle flow field, 

surface roughening (ranging from polishing to severe roughening, depending on particle size and 

velocity), lack of the directional grooving characteristics of abrasion, and in some but not all cases, 

the formation of ripple patterns on metals. 

STRAIN INDUCED CORROSION CRACKING 

Strain induced corrosion cracking is used to refer to those corrosion situations in which the 

presence of localized dynamic straining is essential for crack formation (i.e., initiation and 

propagation) to occur, but in which cyclic loading is either absent or restricted to a very low number 

of infrequent events. Strain induced corrosion cracking has been observed in particular in German 

NPPs made of higher-strength carbon steel and low-alloy steel. 

STRESS CORROSION CRACKING 

SCC is a localized non-ductile failure which occurs only under the combination of three factors: 

1) tensile stress, 2) aggressive environment, and 3) susceptible material. The SCC failure mode can 

be intergranular SCC, or transgranular SCC. 

STRESS ORIENTED HYDROGEN INDUCED CRACKING 

Arrays of cracks that are aligned nearly perpendicular to the applied stress, which is formed by 

the link-up of small hydrogen induced cracking cracks in steel. Tensile stress (residual or applied) 

is required to produce stress oriented hydrogen induced cracking. Stress oriented hydrogen induced 

cracking is commonly observed in the base metal adjacent to the heat affected zone of a weld, 

oriented in the through-thickness direction. Stress oriented hydrogen induced cracking may also be 

produced in susceptible steels at other high stress points such as from the tip of mechanical cracks 

and defects, or from the interaction between hydrogen induced cracking on different planes in the 

steel. 

STRUCTURAL RELIABILITY MODEL 

Sometimes the terms PFM and structural reliability models are used synonymously. While there 

some common elements in the underlying methodologies, a structural reliability models is 

concerned is “stress-strength” model in which it is assumed that a component fails if the applied 

stress exceed its strength; a Type II structural reliability models in some classification schemes. 

THERMAL AGEING EMBRITTLEMENT 

A time and temperature dependent change in the microstructure of the material which leads to 

a reduced ductility and deterioration of the fracture toughness and the impact properties. The 

material will show an increased embrittlement over time. 

THERMAL STRATIFICATION 

Hot water can flow above cold water in horizontal runs of piping when the flow (hot water into 

a cold pipe or cold water into a hot pipe) does not have enough velocity to flush the fluid in the 
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pipe. The temperature profiles in the pipe where the top of the pipe is hotter than the bottom causes 

the pipe to bow along with the normal expansion at the average temperature. 

THERMAL STRIPING 

Incomplete mixing of high temperature and low temperature fluids near the surface of structures 

with subsequent fluid temperature fluctuations give rise to thermal fatigue damage to wall 

structures. 

THROUGH-WALL CRACK INSTABILITY 

A condition where a through-wall crack grows around the pipe circumference in a rapid manner. 

TINEL COUPLING 

A pipe coupling made of Tinel material (half titanium and half nickel). The coupling is 

machined to predetermined dimensions with the inside diameter smaller than the tube outside 

diameter. Passing a mandrel through the coupling inside diameter while submerged in liquid 

nitrogen at cryogenic temperature will expand the coupling. It will remain as expanded while 

submerged in liquid nitrogen. When the coupling is installed to couple two pieces of tubing 

together, it will automatically return to its predetermined dimensions when exposed to room 

temperature. The shape memory is the result of a change in the crystal structure of the alloy known 

as reversible austenite to martensite phase transformation. 

TRANSGRANULAR STRESS CORROSION CRACKING  

Transgranular SCC is caused by aggressive chemical species especially if coupled with oxygen 

and combined with high stresses. 

VEGAS ALGORITHM 

A method for reducing error in Monte Carlo simulations by using a known or approximate 

probability distribution function to concentrate the search in those areas of the integrand that make 

the greatest contribution to the final integral. The Vegas algorithm is based on importance sampling. 

VT-1 EXAMINATION 

As specified by ASME Section XI, a limited visual examination which is the observation of 

exposed surfaces of a part, component, or weld to determine its physical condition including such 

irregularities as cracks, wear, erosion, corrosion, or physical damage. 

VT-2 EXAMINATION 

Per ASME XI, VT-2 is a visual surface examination to locate evidence of leakage from 

pressure-retaining components. 

  

https://en.wikipedia.org/wiki/Variance_reduction
https://en.wikipedia.org/wiki/Monte_Carlo_simulation
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Integrand
https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/Importance_sampling
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VT-3 EXAMINATION 

A limited visual examination specific to ASME Section XI which is the observation to 

determine the general mechanical and structural condition of components and their supports, such 

as the verification of clearances, settings, physical displacements, loose or missing parts, debris, 

corrosion, wear, erosion, or the loss of integrity at bolted or welded connections. The VT-3 

examinations include examinations for conditions that could affect operability of functional 

adequacy of snubbers, and constant load and spring type supports. The VT-3 examination is 

intended to identify individual components with significant levels of existing degradation. As the 

VT-3 examination is not intended to detect the early stages of component cracking or other incipient 

degradation effects, it is not be used when failure of an individual component could threaten either 

plant safety or operational stability. The VT-3 examination may be appropriate for inspecting highly 

redundant components (such as baffle-edge bolts), where a single failure does not compromise the 

function or integrity of the critical assembly. 

VISUAL EXAMINATION 

The oldest and most commonly used non-destructive examination method is Visual Testing 

(VT), which may be defined as “an examination of an object using the naked eye, alone or in 

conjunction with various magnifying devices, without changing, altering, or destroying the object 

being examined.” Per ASME XI, there are three different VT methods; VT-1, VT-2 and VT-3. 

VON MISES STRESS 

Von Mises stress is a value used to determine if a given material will yield or fracture. It is 

mostly used for ductile materials, such as metals. The von Mises yield criterion states that if the 

von Mises stress of a material under load is equal or greater than the yield limit of the same material 

under simple tension then the material will yield 

WATER HAMMER 

If the velocity of water or other liquid flowing in a pipe is suddenly reduced, a pressure wave 

results, which travels up and down the pipe system at the speed of sound in the liquid. Water 

hammer occurs in systems that are subject to rapid changes in fluid flow rate, including systems 

with rapidly actuated valves, fast-starting pumps, and check valves. 

WELD INLAY 

A mitigation technique defined as application of primary water SCC resistant material (Alloy 

52/152) to the inside diameter of a dissimilar metal weld that isolates the primary water SCC 

susceptible material (Alloy 82/182) from the primary reactor coolant. 

WELDING PROCEDURE SPECIFICATION 

A formal written document describing welding procedures, which provides direction to the 

welder or welding operators for making quality production welds as per the code requirements. The 

purpose of the document is to guide welders to the accepted procedures so that repeatable and 
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trusted welding techniques are used. A welding procedure specificationis developed for each 

material type and for each welding type used. 
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ABBREVIATIONS 

AECL  Atomic Energy of Canada Limited 

ASME  American Society of Mechanical Engineers 

 

BWR  Boiling Water Reactor 

 

CFP  Conditional Failure Probability 

CODAP Component Operational Experience, Degradation and Ageing Programme 

CRP  Coordinated Research Project 

 

DDM  Data Driven Model 

DiD  Defence-in-Depth 

 

EBS  Equivalent Break Size 

EXJ  Expansion Joint 

 

GRS Global Research for Safety (formerly the Gesellschaft für Anlagen und 

Reaktorsicherheit) 

 

IAEA  International Atomic Energy Agency 

I-PPoF  Integrated Probabilistic Physics-of-Failure 

ISI  In-Service Inspection 

 

LOCA  Loss-of-Coolant-Accident 

 

MWP  Maintenance Work Process 

 

NEA  Nuclear Energy Agency (of the OECD) 

NPP  Nuclear Power Plant 

NRC  Nuclear Regulatory Commission (of the United States) 

NURBIM Nuclear Risk-Based Inspection Methodology (for Passive Components) 

 

OECD  Organization for Economic Cooperation and Development 

OPEX  Operating Experience 

 

PFM  Probabilistic Fracture Mechanics 

PORV  Power Operated Relief Valve 

PRAISE Piping Reliability Analysis Including Seismic Events 

PROST  Probabilistic Structural Mechanics (PFM code) 

PSA  Probabilistic Safety Assessment 

PWR  Pressurized Water Reactor 

PZR   Pressurizer 

 

RCM  Research Coordination Meeting 

RCS  Reactor Coolant System 

RIM  Reliability and Integrity Management 

ROY  Reactor Operating Year 
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SCC  Stress Corrosion Cracking 

SME  Subject Matter Expert 

SPE  Solid Particle Erosion 

SRV  Safety Relief Valve 

SSC  Structure, System, and Component 

 

WCR  Water Cooled Reactor 
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