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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 38 democracies work together to address the economic,
social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and
to help governments respond to new developments and concerns, such as corporate governance, the information
economy and the challenges of an ageing population. The Organisation provides a setting where governments can
compare policy experiences, seek answers to common problems, identify good practice and work to co-ordinate
domestic and international policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, Colombia, Costa Rica,
Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea,
Latvia, Lithuania, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal, the Slovak
Republic, Slovenia, Spain, Sweden, Switzerland, Turkiye, the United Kingdom and the United States. The European
Commission takes part in the work of the OECD.

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its
members.

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists
of 34 countries: Argentina, Australia, Austria, Belgium, Bulgaria, Canada, Czechia, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, Norway,
Poland, Portugal, Romania, Russia (suspended), the Slovak Republic, Slovenia, Spain, Sweden, Switzerland,
Turkiye, the United Kingdom and the United States. The European Commission and the International Atomic Energy
Agency also take part in the work of the Agency.

The mission of the NEA is:

—to assist its member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally sound and economical use of
nuclear energy for peaceful purposes;

—to provide authoritative assessments and to forge common understandings on key issues as input to government
decisions on nuclear energy policy and to broader OECD analyses in areas such as energy and the sustainable
development of low-carbon economies.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management and decommissioning, radiological protection, nuclear science, economic and technical analyses of the
nuclear fuel cycle, nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and
computer program services for participating countries.

This document, as well as any data and map included herein, are without prejudice to the status of or sovereignty over any territory, to the
delimitation of international frontiers and boundaries and to the name of any territory, city or area.

Corrigenda to OECD publications may be found online at: www.oecd.org/about/publishing/corrigenda.htm.
© OECD 2024

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications, databases and multimedia products in your own
documents, presentations, blogs, websites and teaching materials, provided that suitable acknowledgement of the OECD as source and copyright owner is given. All requests
for public or commercial use and translation rights should be submitted to neapub@oecd-nea.org. Requests for permission to photocopy portions of this material for public
or commercial use shall be addressed directly to the Copyright Clearance Center (CCC) at info@copyright.com or the Centre francais d'exploitation du droit de copie (CFC)
contact@cfcopies.com.
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Committee on the Safety of Nuclear Installations

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

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

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

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

The objective of this leak-before-break (LBB) benchmark was to compare the results from
different LBB analyses among participating countries using common inputs, and to identify
the effects of weld residual stress (WRS) and crack morphology on crack opening
displacement (COD) and leak rate (LR) calculations in LBB analyses. The benchmark
consisted of a baseline problem that was developed so that it would marginally pass the US
Nuclear Regulatory Commission (NRC) NUREG-0800 Standard Review Plan (SRP) 3.6.3
(NRC, 2007) acceptance criteria for the piping configuration, assumptions and inputs
considered. Participants were asked to evaluate the baseline problem using their own
country’s LBB requirements. Four additional tasks evaluating the effects of different crack
morphologies and WRS were defined with the same piping configuration and loading
conditions as the benchmark problem, but for a prescribed crack length.

Participants from 14 organisations, representing 11 countries, performed the benchmark
exercise. Each participant provided a high-level summary of the LBB requirements in their
country and documented the computational codes and approaches that they used in their
evaluations. The participants determined whether the baseline problem would meet their
country’s LBB acceptance criteria and provided supporting information. This information
included the leak rate detection limit (LRDL), the LR used to determine the leakage crack
size (LCS), the LCS value and the critical crack size (CCS).

The high-level summary of the LBB requirements in each of the participating countries
revealed that the basic tenets and underlying principles of the LBB philosophy among the
countries are generally consistent. Most countries’ procedures are rooted in NRC SRP
3.6.3, but virtually every country has modified either the analysis or the acceptance
procedure based on additional knowledge that has been gained since the establishment of
NRC SRP 3.6.3. Some of the more common modifications include explicitly allowing a
lower LRDL, allowing a lower LRDL margin, requiring an additional subcritical cracking
analysis to demonstrate that LBB or inspection intervals are not challenged, and requiring
that worst-case strength and toughness properties are chosen from the base and weld metal
properties. These modifications represent a natural progression of both technical and
operational knowledge since the NRC SRP 3.6.3 was first established.

The baseline problem achieved its initial objective of being “marginal” because eight
participants indicated that it is “not acceptable" for LBB, while six participants indicated
that it “is acceptable” for LBB. The principal factors in determining whether the baseline
problem met the respective countries’ LBB acceptance requirements were as follows: the
choice of the material properties used to determine the CCS; the assumed crack type and
its associated morphology; and the LRDL used to determine the LCS. A secondary
consideration was the type of failure model (i.e. net-section collapse [NSC], failure
assessment diagram [FAD)] or elastic-plastic fracture mechanics [EPFM]) used in the crack
stability analysis. Figure 1 summarises the CCS and LCS values from the LBB evaluations
for each participant. The failure model and material properties assumed (i.e. “B”ase metal,
“W”eld metal, or “M”ixed) by each participant are also indicated in the figure.

The effects of crack morphology and WRS were systematically evaluated in Tasks 1-4 and
the participants were asked to provide the COD, critical bending moment (CBM) and the
associated LR for the prescribed crack, geometry and loading. As observed in the baseline
problem, differences among the participants’ CBM predictions were principally due to the
material property choice (i.e. weld, base or mixture), while the type of failure model chosen
(i.e. NSC, FAD or EPFM) contributed much less to the differences. Most of the differences
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in the LR predictions were directly attributable to differences in the COD models, but a
small portion was attributable to the inclusion of crack face pressure (CFP). The small
differences in the LR predictions that may be directly attributed to the LR codes implies
that the differences in how these specific codes model the relationship between LR and
COD might not be significant, or at least for the fixed crack morphology and length that is
evaluated here.

Changing the crack morphology from corrosion fatigue (CF) to primary water stress
corrosion cracking (PWSCC) decreased the predicted LRs for the specified crack size, with
all participants reporting lower LR for the PWSCC morphology. There was much more
variability in the LR predictions for the PWSCC morphology compared to those for the CF
morphology, and much of the additional variability could be directly correlated with the
choice to incorporate CFP; those participants that did not consider CFP typically predicted
a greater reduction in LR from the PWSCC crack morphology than those participants that
included CFP.

Incorporating the prescribed WRS distribution also had an impact on the predicted COD
and LR results. Several participants predicted that WRS resulted in a relatively modest 20%
change in LR for the CF morphology, while other participants predicted more significant
differences. In general, participants found the smallest LR for PWSCC morphology was
when the WRS effect on the COD was included.

The current benchmark identified several additional aspects of a deterministic LBB
analysis that are important for when a more realistic LBB evaluation is sought. Several
countries allow lower LRDL limits or lower LRDL margins than the values that have been
historically used in the United States’ LBB applications, which could be justified based on
the performance and redundancy of leak detection systems. Realism would also be
improved by postulating that cracks be at the most susceptible location within the weld
joint, as well as using the appropriate material properties, crack type and associated crack
morphology to determine the LCS and CCS at that location. A more accurate consideration
of both WRS and CFP is further necessary to improve the accuracy of the LCS estimations.
The accuracy of the CCS prediction can only be marginally improved by using EPFM crack
stability models. Several countries additionally require a calculation of the time for the LCS
to grow to the CCS to ensure that there is sufficient time for operator action.

The variety and potential importance of the issues discussed above to the achievement of a
more accurate LBB evaluation also underscore the importance of considering sensitivity
analyses as either part of or in support of, the required LBB analyses. Sensitivity analyses
can elucidate the important variables associated with the specific piping configuration,
materials and loading combination and thus provide a clearer indication of the analysis
margins. Guidance on and the use of sensitivity studies could improve the consistency and
rigour of a LBB analysis. Finally, a follow-on benchmarking effort will be conducted to
further explore LBB evaluations and assess topics that could be addressed in more realistic
LBB evaluations. Specifically, the effects of pipe size, weld residual stress, end restraint
and piping compliance will be studied, along with an assessment of the possible role of
subcritical crack growth within LBB evaluations.
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Figure 1. Summary of the CCS and LCS values from LBB evaluations
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1. Introduction and background

In 2010, the metals subgroup of the NEA Working Group on Integrity and Ageing of
Components and Structures (WGIAGE) launched a Committee for the Safety of Nuclear
Installations (CSNI) Activity Proposal Sheet (CAPS) activity on leak-before-break (LBB)
research. The first phase of this activity entailed conducting a survey on LBB practices in
CSNI participating countries. The survey was conducted using a questionnaire with 15
questions. The questions fell into three topic areas associated with LBB: the regulatory
framework, research activities and knowledge gaps. The survey also gauged the level of
interest in potential collaborative research opportunities. Questions related to collaborative
research opportunities asked respondents for their interest in sharing information and
conducting collaborative research in both deterministic and probabilistic approaches for
evaluating LBB. The results of this survey are published as a WGIAGE working group
report [1].

The survey results identified possible topic areas for a follow-on CAPS. These areas were
discussed by the WGIAGE members with the aim of more clearly articulating possible
follow-on activities. The idea that garnered the most support was conducting a series of
benchmark analyses of test cases using the LBB approach utilised in each participant’s
country. The results of the benchmark analyses would be used to evaluate the differences
in the approaches as well as the effects of analysis choices or prominent assumptions about
the margins predicted for each test case.

This idea was further refined and a CAPS was developed and co-led by the United States
(US Nuclear Regulatory Commission [NRC]) and Sweden (the Swedish Radiation Safety
Authority [SSM]). The CAPS was approved by CSNI in 2016. After the CAPS was
approved, the co-leads refined the benchmark objectives and developed proposed
benchmark problems and approaches. This proposal was presented during the 2017
WGIAGE metals subgroup meeting. The following benchmark objectives were then
finalised:

e to compare the results from different LBB analyses among participating countries
using common inputs;

e toidentify the effects of weld residual stress (WRS) on crack opening displacement
(COD) and the effect of crack morphology on leak rate (LR) calculations in LBB
analyses.

Following the meeting in 2017, the co-leads created a document describing the LBB
benchmark problems and analyses to be conducted, which was circulated among interested
participants to review and comment on. The benchmark description was presented and
accepted during the 2018 WGIAGE metals subgroup meeting. The benchmark consisted
of a baseline problem, which asked participants to perform a LBB evaluation on the piping
weld joint using their country’s requirements, and four additional problems (Tasks 1-4),
which addressed the influence of crack morphology and WRS on LR and crack stability
for a fixed crack size.

The NRC developed the initial input parameters needed for a United States LBB evaluation,
which was performed following the NRC Nuclear Regulatory Report (NUREG)-0800
Revision 1 Standard Review Plan Section 3.6.3 [2] for the baseline problem, as well as the
inputs needed for Tasks 1-4. Participants were asked to identify additional inputs needed
to perform a LBB evaluation as per their country’s requirements. The NRC then developed
the final input parameters to be used for the benchmark problems and identified the outputs
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requested from each participant. The NRC also created a spreadsheet template containing
the input parameters and requested output information that was provided to each participant
in order to unify each participant’s reporting.

Calculations were carried out by the participants from November 2018 until August 2019.
The benchmark description document was modified a few times during this time to further
clarify the problem statement and requested outputs. Ultimately, the following 14
organisations representing 11 countries participated in the benchmark exercise: the Bhabha
Atomic Research Centre (BARC), India; Candu Energy Inc. (CEIl), Canada; the
Engineering Mechanics Corporation of Columbus (EMCC), United States; Gesellschaft fiir
Anlagen- und Reaktorsicherheit (GRS), Germany; Japan Atomic Energy Agency (JAEA),
Japan; the Korea Electric Power Corporation Energy and Construction Company (KEPCO
E&C), Korea; the Korea Institute of Nuclear Safety (KINS), Korea; Kiwa Inspecta
Technology (KIWA), Sweden; US Nuclear Regulatory Commission (NRC), United States;
the Ontario Power Generation (OPG), Canada; the Paul Scherrer Institut (PSI),
Switzerland; Tractebel, Belgium; UJV Rez, a. s. (UJV), Czechia; and the VTT Technical
Research Centre of Finland (VTT), Finland.

Section 2 of this report provides the overview and approach used to develop this
benchmark. The LBB approach and requirements applicable for each participating country
are summarised in Section 3. Section 4 provides more detail on the baseline and Task 1-4
problems that were solved by each participant. The approach used by each participant
(Section 5) and the subsequent results (Section 6) for the baseline problem are then
discussed. Each participant’s approach and the subsequent results for Tasks 1-4 are
summarised in Sections 7 and 8, respectively. Finally, conclusions from the benchmark
(Section 9) and a summary of important LBB considerations and recommendations for
follow-on work (Section 10) are provided.
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2. Benchmark overview and approach

The benchmark consisted of a baseline problem and four additional problems to be
evaluated in Tasks 1-4 respectively.

2.1. Baseline problem

The baseline problem required each participant to evaluate leak-before-break (LBB) in a
surge line pipe containing a circumferential crack located at the weld centreline. Each
participant was asked to perform their evaluation according to the methods, requirements
and acceptance criteria that are applicable within their country. As indicated previously,
participants identified the input parameters needed for their country’s analysis method. The
US Nuclear Regulatory Commission (NRC) provided a common set of inputs for this
calculation, including the weld and pipe geometry, operating temperature, required normal
operation (NO) and safe shutdown earthquake (SSE) loads, crack morphology, base metal
and weld material properties and leak rate detection limit (LRDL). The NO + SSE loads
were assumed to be the bounding transient loads. The NRC developed input parameters so
that this baseline problem could meet the acceptance criteria specified in the NRC’s
Standard Review Plan (SRP) 3.6.3 [2].

Each participant then used these common inputs to determine if this location meets or fails
the LBB acceptance criteria under their country’s regulations. Each participant was asked
to briefly describe their country’s LBB procedures and acceptance criteria, report the
calculated results and compare these results with the governing acceptance criteria (i.e. the
allowable crack size and load margins). More detail on the benchmark problem is provided
in Section 4.

2.2. Task 1 —4 problems

Each participant performed a series of four specific evaluations to identify the effects of
crack morphology and the effects of weld residual stress (WRS) on the calculated leak rate
(LR) and crack stability. The same surge line and weld joint geometry, weld and base metal
properties, operating temperature, and NO loads specified for the baseline problem were
used in these tasks. A common through-wall circumferential crack (TWC) at the weld
centreline was also specified for all tasks. Participants were asked to calculate the LR and
crack stability for Task 1 while assuming there was corrosion fatigue (CF) crack
morphology and no WRS. Participants were asked to calculate the LR and crack stability
in Task 2 for the CF crack morphology with an axial WRS distribution that was
representative of a dissimilar metal surge line weld. Tasks 3 and 4 evaluated the LR for the
same crack with a primary water stress corrosion (PWSCC) crack morphology, which was
both without WRS (Task 3) and with WRS (Task 4). The morphology and WRS parameters
were provided by the NRC. More detail on the Task 1 — 4 problems is provided in Section 4.

NEA LEAK-BEFORE-BREAK BENCHMARK PHASE 1 FINAL REPORT



20 | NEA/CSNI/R(2021)13

3. LBB requirements

This section summarises the leak-before-break (LBB) requirements in each country. A brief
description is provided of the approach and evaluation requirements. The required
calculations, or results, are also identified, along with the associated acceptance criteria.
Further detail can be found in the references provided by each country. More
comprehensive summaries of LBB requirements in several countries can also be found in
[3, 4 and 5]. The participants that followed these requirements are indicated within
parenthesis at each subheading.

3.1. United States (EMCC and NRC)

As indicated previously, the United States typically adheres to the Standard Review Plan
(SRP) 3.6.3 for evaluating LBB submittals [2]. A screening review is first conducted to
ensure that the piping system being considered for LBB will have a low failure likelihood
due to erosion; erosion/ corrosion; erosion/ cavitation; corrosion; creep; creep/ fatigue;
water hammer; brittle rupture; stress corrosion cracking; fatigue cracking; and indirect
failures during the plant’s entire life. The adequacy of the leak detection system is next
verified using Regulatory Guide (RG) 1.45, “Reactor Coolant Pressure Boundary Leakage
Detection Systems” [6], or by alternatively approved leak detection specifications and
capabilities.

A deterministic fracture mechanics and leak rate (LR) evaluation is then performed. The
evaluation first determines the size of a through-wall circumferential crack (TWC) (i.e. the
leakage crack size) under normal operation (NO) loading that will produce an LR that is 10
times greater than the leak rate detection limit (LRDL) for the assumed crack morphology.
Next, the crack size at the onset of instability is determined for NO + safe shutdown
earthquake (SSE) loading (i.e. the critical crack size). The crack stability analysis can use
a modified limit load approach (for stainless steel piping and stainless steel or nickel-based
welds) or a fracture mechanics evaluation as prescribed in NUREG-1061, Vol. 3 [7].

For a piping system to be approved for LBB, the evaluation must demonstrate a margin of
at least 2 between the leakage crack size (LCS) and critical crack size (CCS). Additionally,
it must be demonstrated that the LCS will not become unstable under NO + SSE loading
with an appropriate load margin. A load margin of 1.4 is used if deadweight, thermal
expansion, pressure, seismic inertial and seismic anchor motion (SAM) loads are
algebraically combined. A load margin of 1.0 is used if deadweight, thermal expansion,
pressure, seismic inertial and SAM loads are combined using absolute values.

3.2. Belgium (Tractebel)

The LBB concept has not been used in the design of the seven pressurised water reactors
(PWRs) currently operating in Belgium. The design basis of these plants required the
consideration of dynamic effects associated with postulated ruptures in the high energy
piping. The limited application of LBB to the primary coolant loop in existing plants was
approved in the 1990s by the Belgian safety authorities.

The LBB analyses are based on United States’ documents and methods, including the
requirements of SRP 3.6.3 [2] (see Section 3a). In addition to the SRP 3.6.3 requirements,
the Belgian safety authorities impose additional requirements [8 and 9]. Belgium is a low
seismic region and therefore earthquake loads are not significant and the steam line break
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(SLB), for example, may produce much higher loads than NO + SSE at specific locations
within the primary coolant piping. The Belgian safety authorities therefore require that this
loading be considered in addition to the loading from a rupture of the main primary-piping
auxiliary lines (i.e. the pressuriser surge line, emergency core cooling system [ECCS], line
from the accumulators and shutdown cooling line).

The Belgian safety authorities want to ensure that the application of LBB does not reduce
the protection against some design basis events that were not analysed in detail because
they were enveloped by the postulated double-ended guillotine breaks of the primary loop
piping. In particular, the Belgian safety authorities require that the following additional
breaks be considered in the design basis of the reactor core and internals, as well as for the
steam generator tube bundle:

o rapid rupture (1 ms) of the steam generator manway cover (hot leg or cold leg);

o slow break (3 s) that leads to a break size equivalent to the inner piping diameter,
anywhere in the primary coolant piping.

Regarding the adequacy of the leak detection systems, each unit contains several redundant
systems that can detect a 1 gallon per minute (GPM) (== 0.06 kg/s) leak in under an hour,
which fulfils the RG’s 1.45 provisions. Some systems are much more sensitive if a longer
detection period is allowed such as a period of a few hours or a day. In this case, the LRDL
could be as low as 0.2 to 0.3 GPM. Conservatively, a 0.5 GPM (= 0.03 kg/s) LRDL was
justified and used in the LBB evaluations performed for Belgium plants to determine the
LCS under NO loading conditions.

3.3. Canada (CEI and OPG)

The high-level requirements for an LBB assessment for designing a new nuclear power
plant in Canada are described in the Canadian Nuclear Safety Commission’s (CNSC’s)
regulatory document REGDOC-2.5.2 [10]:

A qualified leak-before-break (LBB) system design will permit the design authority
to optimize protective hardware — such as pipe whip restraints and jet impingement
barriers — and to redesign pipe-connected components, their supports and their
internals.

A qualified LBB methodology should include the following:

e LBB should be only applied to high-energy, American Society of Mechanical
Engineers (ASME) Code Class 1 or 2 piping or the equivalent. Applications
to other high-energy piping may be performed based on an evaluation of the
proposed design and in-service inspection requirements.

¢ No uncontrolled active degradation mechanism should exist in the piping
system to be qualified for LBB.

e An evaluation of phenomena such as water hammer, creep damage, flow
accelerated corrosion and fatigue should be performed to cover the entire
life of the high-energy piping systems. To demonstrate that water hammer is
not a significant contributor to pipe rupture, reliance on historical
frequencies of water hammer events in specific piping systems coupled with
reviews of operating procedures and conditions may be used for this
evaluation.

o |eak detection methods for the reactor coolant should ensure that adequate
detection margins exist for the postulated TWC used in the deterministic
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fracture mechanics evaluation. The margins should cover uncertainties in
the determination of leakage from a piping system.

o Stress analyses of the piping that is considered for LBB should be in
accordance with the requirements of Section Il of the ASME code or
equivalent.

e The LBB evaluation should use design basis loads and, after construction,
be updated to use the as-built piping configuration, as opposed to the design
configuration.

o The methodology should take account of potential for degradation by
erosion, corrosion, and erosion-cavitation due to unfavourable flow
conditions and water chemistry.

e The methodology should take account of material susceptibility to
corrosion, the potential for high residual stresses, and environmental
conditions that could lead to degradation by stress corrosion cracking.

The detailed LBB evaluations generally follow the SRP 3.6.3 and NUREG-1061 Volume
3 for high-level guidance on LBB assessment and are accepted by CNSC on a case-by-case
basis. For a piping system to meet the LBB requirements, the evaluation must demonstrate
a margin of at least 2 between the LCS and CCS. It must additionally be demonstrated that
the LCS will not become unstable under NO + design basis earthquake (DBE) loading with
an appropriate load margin. A load margin of 1.4 is used if deadweight, thermal expansion,
pressure, seismic inertial and SAM loads are algebraically combined. A load margin of 1.0
is used if deadweight, thermal expansion, pressure, seismic inertial and SAM loads are
combined using absolute values.

The LBB approach presented in REGDOC-2.5.2 has been used during the last decade to
support the continued operation of some components that are susceptible to flow
accelerated corrosion (FAC) or primary water stress corrosion cracking (PWSCC) [11 and
12] when it could be demonstrated that these degradation mechanisms were effectively
controlled by licence ageing management programmes. Deterministic LBB may be
supplemented by probabilistic assessments to explicitly address the uncertainties of some
key inputs. An LR factor of 5 has been accepted by CNSC for Class 1 feeder piping [13]
whose failure has a low impact on core damage frequency.

3.4. Czechia (UJV)

Czechia follows exactly the United States’ approach for LBB evaluation as stipulated in
the SRP 3.6.3 [2], RG 1.45 [6] and NUREG-1061, Vol. 3 [7]. The LBB requirements were
issued by the former Czechoslovak Commission for Atomic Energy in 1991 as part of the
general requirements for the preparation and contents of safety reports and their
amendments [14]. There is only a slight deviation between Czechia’s leak detection
requirements [15] and the RG 1.45 in terms of the number of leak detection systems.
Czechia requires three independent methods for detecting leaks and at least two of them
must be available for use to quantify the leak rate. The third system is used to support leak
rate quantification if the other two methods provide conflicting results.

! DBE is classified as level C event in Canadian standards. If water hammer is credible, the

load will also be considered.
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Some other high-level requirements for LBB application in Czechia are presented below:

o Leak-before-break is only typically applied to ASME Code Class 1 and 2 piping or
the equivalent. Its application to other high energy piping systems is considered
based on an evaluation of the proposed design and in-service inspection
requirements compared with the ASME Class 1 and 2 requirements.

e The LBB evaluation uses design basis loads and is based on the as-built
configuration as opposed to the design configuration.

o Degradation by erosion, erosion/ corrosion and erosion cavitation due to
unfavourable flow conditions and water chemistry is examined. Evaluations must
demonstrate that these mechanisms are not a potential source of pipe rupture.

e An assessment of potential indirect sources of pipe ruptures is required to
demonstrate that the indirect failure mechanisms defined in the plant final safety
analysis report (e.g. heavy component support failure) are remote causes of pipe
rupture. Compliance with the snubber surveillance requirements ensures that
snubber failure rates are acceptably low.

e |t is determined that the piping material is not susceptible to brittle cleavage type
failure over the full range of system operating temperatures (meaning the material
is in the upper shelf).

¢ An evaluation is performed to demonstrate that the system does not have a history
of fatigue cracking or failure and that fatigue failure is unlikely. This evaluation
must address thermal, vibration and mechanically induced fatigue and demonstrate
an adequate mixing of high and low temperature fluids.

3.5. Finland (VTT)

The LBB requirements applicable in Finland are contained in the Radiation and Nuclear
Safety Authority (STUK) YVL guides. The piping-specific requirements contained in
Regulatory Guide YVL E.4 [16] are as follows:

e The LBB analysis shall demonstrate, by fracture and fluid mechanics analysis, the
safety margins required in the US Nuclear Regulatory Commission (NRC)
Standard Review Plan 3.6.3 (Rev 1, 2007) for the CCS and the LCS.

e No failure mechanisms may be identified for the piping that could present a
potential for its complete, instantaneous break.

e The LBB analysis shall be conducted with postulated TWCs in locations where the
combination of stresses and the material properties given as input data is the least
favourable.

e The CCS shall be determined for service conditions that cause the maximum local
stress, considering all specified fast pressure transients and the design basis
earthquake.

e Forthe determination of CCS and crack opening area for LR calculation, applicable
elastic-plastic methods shall be used. If the crack is located near a weld which has
significantly higher strength values than base material, the weld strength values
shall be used to calculate the opening area. However, CCS shall then be based on
the base material strength values.

o The LRDL shall be qualified by testing. If the value used in the LBB argumentation
is below 3.8 litres per minute, the qualification shall be based on as-built plant
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conditions. The method used for calculation of the LR shall have been qualified by
applicable test results.

o Fatigue crack growth analysis needs to demonstrate that inner surface cracks in the
most susceptible locations will not significantly grow during the service life of the

piping.
e The regulatory body will review the analyses that comply with the regulatory guide
and approve the methods used in the analyses. When required, the regulator will

prescribe how to apply the requirements. The regulator will also assess the quality
of the analyses and conducts reference analyses, if needed.

3.6. Germany (GRS)

German regulation addresses LBB within KTA 3206 [17], which provides requirements
for the verification of break preclusion. Requirements related to the basic safety and
integrity concepts must be initially satisfied prior to performing a fracture-mechanics-based
LBB assessment. These requirements include demonstrating that the toughness of ferritic
steels is sufficient and that the relevant damage mechanisms have been appropriately
mitigated so that they do not significantly affect the structure integrity of the subject
component.

The design and construction of the subject component should ensure that corrosive crack-
forming damage mechanisms (e.g. stress corrosion cracking [SCC] or strain-induced
corrosion [SIC]) are not active and significant vibration loads (e.g. steady-state vibrations
and resonant vibrations) do not occur. Furthermore, the design, manufacture and operation
of the system that contains the component should ensure that non-specified loading effects
(especially short-time dynamic loadings such as water hammer or transient condensation
shocks) do not occur. The effectiveness of the measures taken to preclude these issues are
to be verified during the manufacturing, commissioning and operational stages.

If new knowledge related to the structural integrity of the component is obtained during
operation, the impact of this new knowledge on the break preclusion requirements are to
be assessed and additional measures adopted, if necessary, to mitigate the effects of this
new knowledge. If this new knowledge pertains to the discovery of service-induced
degradation or cracking, the causes of the effective damage mechanisms must be
determined and eliminated, and new measures for meeting the break preclusion
requirements established. The complete requirements that are to be satisfied before the
fracture mechanics analysis are found in KTA 3206 in Chapters 3 and 4 [17].

The subsequent fracture-mechanical analysis is governed by Annex A of KTA 3206 [17].
It consists of the following seven steps:

1. Postulate an initial semi-elliptical crack of a specific size that could be undetected
prior to operation.

2. Calculate the growth of the crack depth and crack length during the component’s
operation.

3. Calculate the critical crack length for a TWC assuming NO loads as well as specific
accident conditions.

4. Calculate the critical crack depth for the length of the semi-elliptical crack grown
in step 2 assuming NO loads as well as specific accident conditions.

5. Compute the TWC length (i.e. LCS) corresponding to the LR that requires
intervention measures to be taken as specified in the plant operation manual. In this
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step, the leak opening area must be underestimated, while frictional pressure losses
must be overestimated in order to obtain a conservative result.

6. Calculate the acceptable crack length by subtracting the critical crack length
(step 3) from the amount of crack growth that could occur during one inspection
interval under NO loads. Calculate the acceptable crack depth as the minimum of
the critical crack depth (step 4) and 75% of the piping wall thickness. Then,
compare both the depth and length of the grown crack at the end of operation
(step 2) with the acceptable crack depth and length from this step to ensure that the
operational crack depth and length (step 2) are less than the acceptable crack depth
and length (step 6).

7. Compare the crack length at the LCS (step 5) with the acceptable crack length
(step 6) to ensure that the crack length at the LCS is smaller. If this is not the case,
the effect of in-service inspections can be considered for excluding any leak by
limiting the possible crack depth.

The safety assessment of the pipe is successful if the acceptance criteria in steps 6 and 7
are met.

3.7. India (BARC)

Three assessment levels must be met to satisfy LBB requirements in India and demonstrate
that a sudden double-ended guillotine break within the piping system is not credible. In the
first assessment level, it must be demonstrated that there is an adequate design margin
against all the potential failures modes, the piping material is sufficiently ductile and tough,
and the piping is free from unacceptably sized cracks. Adequacy is demonstrated, in part,
by adhering to standard design codes, such as ASME Section III.

The next two assessment levels conduct a LBB evaluation that follows US and international
assessment procedure guidance [7 and 18]. In the second assessment level, a credible sized
part-through surface flaw is postulated at the inner diameter of the piping system. A flaw
within a weld is typically postulated. The postulated surface flaw depth is % of the piping
thickness, with a surface length to depth ratio of six to one. This crack size is chosen to
represent the largest flaw that may be reasonably expected to escape detection during pre-
service inspection. Then, fatigue crack growth resulting from NO service loads is assessed
over the entire reactor lifetime to ensure that this crack will not grow to a size where
breakage could occur before a leak is detected. It has been determined from primary heavy-
water reactor operating experience that fatigue is the only degradation mechanism that
cannot be ruled out within the primary heat transport piping system.

Finally, the third assessment level, postulates, as a worst-case assumption, a TWC length
(i.e. the LCS) so that leakage can be detected under NO loads. The TWC is evaluated at
the locations where the worst combination of NO + SSE stresses and fracture toughness is
expected. The LR for determining the LCS is ten times greater than the LRDL, as required
in SRP 3.6.3. This LCS is postulated at all the potential locations and a rigorous fracture
assessment is performed. Leak-before-break is demonstrated if a sufficient safety margin
against failure exists under the postulated design basis and NO + SSE loads. As in SRP
3.6.3, a margin of two between the CCS and LCS is required.

3.8. Japan (JAEA)
The LBB evaluation procedure is prescribed in the current edition of the Japan Society of

Mechanical Engineers (JSME) code [19]. The procedure can only be applied to austenitic
stainless, ferritic and low alloy steels pipes in which SCC and erosion-corrosion do not
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occur. This procedure calculates two TWCs using independent methods. One TWC size is
the LCS, which is determined analogously to the methods and provisions in SRP 3.6.3. The
LR used to determine the LCS is five times greater than the LRDL. The LRDL is typically
approximately 0.06 kg/s (i.e. 1 GPM) so the LR at the LCS is approximately 0.30 kg/s
(i.e. 5 GPM).

The second TWC size (operational crack size) is based on operational considerations. An
initial semi-elliptical, surface-breaking crack is postulated, and this crack is grown under
operational fatigue loading. Transient and seismic loads that do not cause a plant shutdown
are considered in the fatigue crack growth analysis. The analysis proceeds until the crack
depth penetrates the piping wall thickness, and the length of the semi-elliptical crack at this
point is used as the TWC size.

The instability stress is then determined for the larger operational crack size and LCS. A
net-section collapse crack stability evaluation method is used for an austenitic stainless
steel material and an elastic-plastic fracture evaluation method is used for ferritic and low
alloy steels materials. The instability stress is then compared to the applied stress due to
combined NO and earthquake loads. A leak-before-break is demonstrated if the applied
stress is lower than the calculated instability stress.

3.9. Korea (KEPCO E&C and KINS)

A deterministic LBB evaluation that demonstrates sufficient margin against failure can be
used to satisfy the extremely low probability of pipe rupture criterion required in Korean
regulations [20]. Korean Safety Review Guide (KSRG) Section 3.6.3 “Leak-before break
evaluation” [21] provides the detailed review and inspection guidance, along with the
acceptance criteria and review procedures for reviewing the deterministic LBB analysis.
KSRG Section 3.6.3 is nearly consistent with the SRP 3.6.3. A high-level summary of an
acceptable LBB evaluation procedure in KSRG Section 3.6.3 is as follows:

3.9.1. Screening criteria

It should be demonstrated that the water hammer, creep, erosion, corrosion, fatigue and
environmental conditions are not potential sources of pipe rupture.

3.9.2. Leak detection system and leakage size crack

The specifications for plant-specific leakage detection systems inside the containment
should be equivalent to those in the RG 1.45 [6]. The application of LBB to piping systems
outside containment would require the applicant to demonstrate that leakage detection
systems are available that provide equivalent reliability, redundancy and sensitivity to those
inside the containment. A margin of ten on the predicted LR is required for determining
the leakage size crack, unless a detailed justification accounting for the effects of
uncertainties in the leakage measurement can be presented.

3.9.3. Material properties

The material tensile/ fracture tests should preferably be performed using archival material
for the piping being evaluated. Plant-specific or industry-wide generic material data bases
can be assembled if archival material is not available and used to define the required
material tensile and fracture properties. The materials for base metals, weldments and safe
ends should be determined at temperatures near the upper range of normal at operation.
These effects should be considered in the material properties if the material can have
reductions in tensile/ fracture properties due to the dynamic strain ageing. Dynamic fracture
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tests should be performed for the carbon steel to consider the effects of dynamic strain
ageing.

3.9.4. Load consideration

The NO loads are used to determine the leakage size crack and should be combined based
on the algebraic sum of individual values. NO + SSE loads are considered for the crack
stability analysis.

3.9.5. Crack stability evaluation

The validity of the evaluation method for the crack stability analysis and LR should be
verified either using other acceptable computational procedures or with pipe experimental
data. The type, magnitude, sources and the method of combination of loads should be
specified and the location that has the least favourable combination of stress and material
properties for base metal, weldments, nozzles and safe ends should be evaluated. Analytical
methods such as the limit load method, the Z-factor method, the General Electric/Electric
Power Research Institute (GE/EPRI) method etc., or numerical methods can be used if the
validity of the methods is verified. Additional LBB evaluation procedures are described in
the NUREG-1061 Vol.3 [7].

3.9.6. Margins in crack stability evaluation

It should be demonstrated that there is a margin of 2 between the LCS and CCS. It should
also be demonstrated that the leakage size crack will not experience unstable crack growth
if 1.4 times the normal plus SSE loads are applied. The 1.4 margin should be reduced to
1.0 if the deadweight, thermal expansion, pressure, SSE (inertial) and SAM loads are
combined based on individual absolute values.

3.10. Sweden (KIWA)

The Swedish LBB evaluation must first satisfy the following general requirements [22]:

e LBB should be applied to an entire piping segment (within class 1 or 2). Locations
with both high and low stresses should be included in the analysis.

¢ No active damage mechanism (or water hammer loading events) should be present
in the piping segment.

o A leakage detection system should be present that, among other requirements,
fulfils the RG 1.45 [6].

e The piping segment should have been inspected using a qualified non-destructive
examination (NDE) procedure. A qualified NDE procedure would preferably also
be used in all future inspections.

Analysis is next performed to determine the leakage and CCS. The through-wall LCS is
determined at each chosen assessment location so that the LR is ten times larger than the
LRDL. The LR should be calculated using NO loads, including weld residual stresses, if a
weld is present at the chosen assessment location. The LCS should be determined at both
high and low stress locations along the chosen piping segment. Analyses should also
consider the contribution by the flexibility of the piping system, crack morphology on the
leakage flow and crack opening displacement (COD) dependence.

The CCS is next determined for the NO loads in combination with the worst loading case/
transient according to the design specification. The margin between the calculated CCS
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and the postulated LCS should be at least 2 at each assessment location. In addition, the
leakage crack should remain stable when using a load that is 1.4 times larger than the load
used to calculate the CCS.

3.11. Switzerland (PSI)

LBB evaluation in Switzerland should be performed based on a state-of-the-art
methodology [23], but there are no definitive requirements [24 and 25]. The SRP 3.6.3 and
German break preclusion concept have been used in past LBB evaluations. A LBB
evaluation is not currently allowed if the piping system is susceptible to SCC.

In a manner consistent with the approach followed in most other countries, the LCS is
determined so that the LR is at least ten times the LRDL for a LBB evaluation consistent
with the SRP 3.6.3. Different nuclear power plants in Switzerland have justified different
LRDLs. Some plants have used a 10 kg/hr (= 0.045 GPM) LRDL with a 200 kg/hr (=
0.9 GPM) LR (i.e. a factor of 20) to calculate the LCS, while others have used a 0.061 kg/s
(= 1 GPM) LR with a 0.61 kg/s (= 10 GPM) LR (i.e. a factor of 10) to determine the LCS.

The through-wall CCS is next determined for NO + SSE loading. The allowable TWC size
is half that of the CCS. This allowable crack size must be greater than the LCS and the
crack tip stress intensity factor (K) under NO + SSE loading must be less than 0.707*Klc
—where Klc is the linear elastic fracture toughness of the piping material. A fatigue crack
growth evaluation must also be performed to demonstrate that the subcritical crack growth
through the end-of-life is acceptably low. The starter crack size for the fatigue evaluation
is based on the NDE detection limit applicable for the piping system. The fatigue analysis
must demonstrate that the starter crack does not grow to the allowable TWC size during
the plant’s operation lifetime and that existing inspection intervals are conservative.

If LBB is demonstrated to exist in a piping system, a demonstration may be required that
the effects of loads due to the instantaneous formation of a hole with 10% of the cross
section in the piping system are addressed within the design. This requires a calculation of
the dynamic loads (e.g. shock waves, jet forces and temperature transient). Dynamic
pressure waves amplitudes were approximately 5% of the static pressure and jet forces
typically between 730 and 900 kN in past evaluations. These loading magnitudes are
covered by conservatisms in the original design assumptions.

3.12. Summary

Table 3.1 below provides a high-level summary of the LBB requirements in each of the
participating countries. The requirements in most countries are rooted in the US NRC SRP
3.6.3 method [2].2 However, virtually every country has modified either the analysis or the
acceptance procedure based on additional research and operational knowledge gained since
the NRC SRP 3.6.3 method was established. The three most significant differences between
the country-specific requirements and NRC SRP 3.6.3 are also noted in Table 3.1. Some of
the more common modifications include explicitly allowing for a lower LRDL than the one
specified in the NRC SRP 3.6.3, which requires an additional subcritical cracking analysis
in order to demonstrate that LBB or inspection intervals are not challenged, and for worst-
case strength and toughness properties to be chosen from the base and weld metal
properties.

2 This benchmark weld configuration is not allowed for LBB consideration in most countries

due to the potential for PWSCC. However, this provision has been waived by most participants in
order to allow for quantitative LBB analysis.
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Table 3.1. Summary of LBB requirements and major differences with the NRC SRP 3.6.3

Country Basic NRC SRP 3.6.3 NRC SRP 3.6.3 NRC SRP 3.6.3
Requirement Difference #1 Difference #2 Difference #3
Belgium NRC SRP | Explicitly identify loading = Allow LRDL <1 GPM
3.6.3 scenarios other than SSE to @ (0.06 kg/s).
consider in stability
calculations.
Canada NRC SPR | Can qualify systems with = Has accepted LR @ May supplement
3.6.3 active degradation if effective = margins less than 10 on | deterministic with
ageing management | a case-by-case basis. probabilistic analysis.
demonstrated.

Czechia National Req. | Requires three independent

(1998) LR systems but only two
needed to quantify LR.

Finland YVLE.4 Requires fatigue crack growth | Requires weld | Requires that LRDL by
analysis. properties for COD | qualified by testing and

calc. but base properties | allows LRDL <1 GPM.
for CCS calculations.

Germany KTA 3206 Prescribes no explicit LR and | Requires fatigue crack = Requires stability of
critical crack size margins; = growth analysis of @ surface flaw depth and
conservatism included in | assumed semi-elliptical | length; instability length
analysis. surface flaw. must be > LCS.

Japan JSME S ND1- | Determines second TWC size = Assesses stability using = Required margin of five

2002 using fatigue analysis of @ the larger of the LCS & between LRDL and
assumed semi-elliptical | TWC and the fatigue | LCS.
surface flaw until thickness = TWC.
breached.
Korea KSRG Section | Testing of specific material
3.6.3 properties preferred.

Sweden SSM 2018:18 Requires both high and low | Consider WRS in LR | Consider piping system
stress locations to be analysed. | calculations, as = compliance effects and

applicable. applicable crack morph.

Switzerland = None No definitive, specific | Can allow much lower = Requires fatigue
requirements: Both SRP 3.6.3 ' LRDL (0.045 GPM) | analysis of assumed
and break preclusion concepts | with increased leak = semi-elliptical surface-
have been used. margins (up to 20). breaking flaw.

United NRC SRP N.A. N.A. N.A.

States 3.6.3

The German KTA requirements [17], while philosophically analogous to the NRC SRP
3.6.3, differ the most from the NRC SRP 3.6.3. No explicit margins on either the LR or the
CCS are required. Instead, the margins are included implicitly in the conservative analysis
methods that are used to determine the LCS and CCS. The German method is also the only
method that requires a stability analysis to determine the critical surface flaw depth and
length and then ensure that an initially presumed surface flaw that could be missed by NDE
will not grow to this size during the plant’s life.

The Swiss approach is also unique because no specific requirements (other than that the
assessment shall be state-of-the-art) exist and each LBB application proposes the method
and requirements used to execute the analysis. Both the NRC SRP 3.6.3 and German break
preclusion concept have been used and accepted in Switzerland. A novel aspect in the
Swedish requirements [22] is that a specified weld residual stress (WRS) distribution is
applied when determining both the LCS and CCS. The LBB requirements in Canada are
unique because they allow probabilistic analysis to supplement the classical deterministic
approach. The Canadian requirements also allow systems with active degradation
mechanisms to be granted LBB if it can be demonstrated that effective ageing management
is in place to mitigate the degradation. While these, and other, country-specific differences
exist, the basic tenets and underlying principles of the LBB philosophy are generally
consistent among all the countries.
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4. Problem description

Section 2 provided an overview of the benchmark activity. More details on the baseline
problem description and the descriptions for the four additional problems in Task 1 — 4 are
provided in this section. This section also describes the input parameters used as well as
the required outputs.

4.1. Baseline problem: description and input parameters

The baseline and all subsequent problems were conducted on a representative surge line
piping configuration operating at a temperature of 340°C, an operating pressure of
15.5 MPa, and an atmospheric pressure of 101 kPa. The pipe has an outside diameter of
406.4 mm, a wall thickness of 40.462 mm (16” nominal pipe size [NPS], Schedule 160),
and a 50.8 mm weld width. The weld profile is assumed to be square as indicated in
Figure 4.1.

The weld is manufactured using the submerged arc weld process using a nickel-based alloy
(Alloy 82) that is often used as a dissimilar metal weld between stainless steel and carbon
steel components in western-style light water reactors (LWRs). However, for simplicity, a
304 stainless steel base metal is specified on both sides of the weld. Participants were
provided with the tensile properties [i.e. yield strength (oys), ultimate tensile strength (cur),
and elastic modulus E] at the operating temperature. These values are summarised for the
base and weld metals in Table 4.1.

Figure 4.1. Piping configuration and associated weld
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Ramberg-Osgood constitutive parameters were provided for the form of the equation
below:
n
L=Z4q(2) )
&o (o) 0o

where the variables in the equation are summarised for the base and weld materials in Table
4.1,

Finally, the J-R resistance curve (Jmar) Was described using the following equation:

Jmat = Jic + Cl(Aa)Cz )

where the variables in this equation are also summarised in Table 4.1 for both the base and
weld materials.
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Table 4.1. Base and weld material properties

Tensile properties

Weld metal Base metal
Oys 316.5 MPa 153.6 MPa
oult 542.4 MPa 443.0 MPa
E 196.8 GPa 176.7 GPa

Ramberg-Osgood parameters

Weld metal Base metal
oo 332.4 MPa 200.9 MPa
& 0.00169 0.00114
a 0.386 15.64
n 11.39 3.75

J-R curve parameters (Aa in mm)

Weld metal Base metal
Jic 524.4 kJ/m? 1182.0 kd/m?
Ci 586.3 335.1
Cz 0.661 0.728

Some participants indicated that their country’s leak-before-break (LBB) evaluation
requires a consideration of subcritical cracking by relevant degradation mechanisms such
as fatigue, and, if applicable, SCC. Fatigue and SCC crack growth are assumed to be
separable and the crack growth increment for each fatigue loading cycle (da/dN) is assumed
to be governed by the following American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel Code Section XI, Appendix C relationship [26]:

d

2 o CrSuSpuy (AKYP ©
with Sg = (1 —0.82R)22 (4)
and R = Zmin ()

Kmax

In these equations, Kmax and Kmin are the maximum and minimum stress intensity factors
(SIFs) (in MPaVm) during the prescribed load cycle and 4K = Kmax — Kmin. The remaining
parameters in Eq. 3 (i.e. Cr, Senv and p) for an A82 weld are summarised in Table 4.2.

Similarly, the ASME Section XI, Appendix C formulation [26] is adopted for the SCC
crack growth rate (da/dt) using the following equation:

da m
== k) (6)

where K| is the crack tip SIF (in MPaVm) for the constant, or mean, positive tensile load.
The remaining parameters in Eq. 6 (i.e.  and m) are also defined in Table 4.2.

Table 4.2. Subcritical crack growth parameters

Fatigue crack growth
from ASME Code — Section XI (Appendix C —8411) (da/dN in mm/cycle)

p 4.1
Senv 1.0
Cr 1.02E-10
Stress corrosion cracking
from ASME Code — Section XI (Appendix C — 8511) (da/dt in m/s)
m 1.6
Q 1.09E-12
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The surge line loads used for normal operation (NO) and NO + safe shutdown earthquake
(SSE) conditions were initially based on representative deadweight and thermal load values
from US plants that have applied for LBB [27]. These values were then adjusted using
crack morphology parameters for a corrosion fatigue (CF) crack in order to provide loads
that would just meet (i.e. by a margin of 1.0) the Standard Review Plan (SRP) 3.6.3 LBB
provisions for a crack that is twice the leakage crack size (LCS) using the weld metal
strength and fracture toughness properties. The axial force from the 15.5 MPa operating
pressure was also provided in order to ensure consistency and participants were asked to
also consider crack face pressure (CFP) loading using a value of one-half of the internal
pressure. The load values developed for the baseline problem are summarised in Table 4.3.

Table 4.3. Baseline problem loads

Operational loading

Axial force Moment
Deadweight (kN) Thermal (kN) Total = Deadweight (kN-m) Thermal (KN-m) Total
(kN) (kN-
m)
NO 17.34 -4.00 13.34 21.59 68.00 89.59
NO + SSE 52.04 -4.00 48.04 310.00 68.00 378.00

Axial force from pressure loading = 1 289.6 kN
Crack face internal pressure loading = 7.75 MPa

The hypothetical crack for the baseline problem is circumferentially oriented with the crack
centreline coincident with the weld centreline (Figure 4.2). The crack mouth at the outer
diameter is situated at the location of highest maximum axial tensile stresses due to
bending. Crack propagation is assumed to be along the weld centreline so that a failure
would occur solely within the weld. An idealised through-wall circumferential crack
(TWC) is prescribed so that the crack angle on the inside surface is equivalent to the crack
angle on the outside surface (Figure 4.2). The crack is assumed to open with an elliptically
shaped profile (Figure 4.2).

Figure 4.2. Crack location and shape
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Using the information provided in this section, participants were asked to perform a LBB
evaluation of this weld joint using the LBB approach and requirements applicable to their
country. As summarised in Section 3, this invariably required the determination of an LCS
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under NO loading followed by a comparison of this leakage crack with the critical crack
size (CCS) determined under NO + SSE loading. Participants were asked to determine the
LCS using a crack morphology that is appropriate for a LBB analysis and meets their
country’s requirements.

Participants were also provided with a leak rate detection limit (LRDL) of 0.061 kg/s,
which is approximately 1 gallon per minute (GPM) for the hypothetical plant. Participants
were free to use this value or an alternate LRDL that is more consistent with their country’s
requirements. As previously mentioned, some countries require a determination of
subcritical crack growth between the LCS and CCS. The participants who needed to
conduct this evaluation were encouraged to do so using the prescribed material property
relationships in Egs. 3-6 and Table 4.2. However, participants needed to develop their own
representative fatigue loading history for the targeted plant life because no fatigue loads
were prescribed for the baseline problem.

4.2. Tasks 1-4: description and input parameters

As previously indicated in Section 2.2, the same piping configuration and geometry, weld
and base metal properties, operating conditions, NO and NO + SSE loading, crack
configuration and assumptions specified for the baseline problem (Section 4.1) were used
for these tasks. A common TWC length of 125 mm at the piping mid wall (i.e. mean radius,
Rm, in Figure 4.2) was also assumed for all tasks. The use of a common crack length,
analysis assumptions and input parameters is intended to decrease variability in the Task 1
— 4 results because different LCS values and other analysis assumptions were anticipated
in order to increase the variability in the baseline analysis results.

The only differences among Tasks 1-4 were the crack morphology, which varied between
CF and primary water stress corrosion cracking (PWSCC), and the consideration of an
applied axial weld residual stress (WRS) profile. The specific attributes of each task are
summarised in the table below.

Table 4.4. Task 1-4 problem attributes

Problem Mid-wall crack length (mm) Crack morphology Applied WRS
(Y/N)?
Task 1 125 CF N
Task 2 125 CF Y
Task 3 125 PWSCC N
Task 4 125 PWSCC Y

Different leak rate (LR) codes characterise crack morphology differently. The most
prominent LR codes used by the participants (Section 5) were SQUIRT [28] and LEAPOR
[29], which both treat crack morphology similarly. The activity leads therefore decided to
provide crack morphology parameters that are consistent with the SQUIRT/LEAPOR
framework. SQUIRT and LEAPOR define global roughness (ug) and local roughness (i)
parameters as well as global path deviation (Kg) and local path deviation factors (Kg+L)
that are defined as illustrated in Figure 4.3.
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Figure 4.3. Roughness and path deviation parameters in SQUIRT and LEAPOR
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These factors are functions of crack opening displacement (COD) in recent versions of
SQUIRT/LEAPOR [28 and 29]. p. and Kg+. are used for the roughness and path deviation
factors for small COD values, while g and Kg are used for large COD values. There is a
linear relationship assumed in SQUIRT and LEAPOR for transitioning between small and
large COD regimes. The participants decided that the crack morphology parameters should
be independent of COD for the benchmark in order to allow for a more straightforward
comparison with other LR codes, which treats crack morphology effects using a different
framework. p. was therefore set equal to pe for the benchmark, while Kg. was set as equal
to Kg, even though it is recognised that this does not provide a realistic representation of
either a CF or PWSCC crack.

The final crack morphology parameter used in SQUIRT/LEAPOR is the number of turns
per unit length () for the crack. This parameter has been binned into categories in order
to differentiate between sharp turns of approximately 90 degree turns [nu (o)), Which result
in more head loss, and those that are more gradual [#:w.4s)]. The number of turns is added to
asingle value in calculations by summing 7o) With %2 of 571.45). It is assumed that #v 4s) = 0
and nw = nueo) in order to have simplicity in the benchmark. The n. parameter is also a
function of COD in both SQUIRT and LEAPOR. There is no way to treat this parameter
independently, as was the case with the roughness and path deviation factors. This
parameter therefore varies with COD when used in the SQUIRT and LEAPOR code.
However, an effective #u value [#y90)] is provided for use in other LR codes, which, based
on the estimated COD for the Task 1 — 4 problems, is meant to approximate the 7 (g0 value
used in SQUIRT/LEAPOR.

The entry loss (or discharge) coefficient (Cy) is also provided. The values prescribed for all
these parameters for the CF and PWSCC cracks are summarised in Table 4.5. The values
for pe, Ke and #u. = 790y are the default values for both SQUIRT [28] and LEAPOR [29]
for each crack type. As mentioned, setting p. = Pe and Ke+ = Kg is simply done in order
to make these parameters independent of COD in the SQUIRT/LEAPOR codes. However,
it is now recognised that this simplification does not provide a realist representation of
either a CF or PWSCC crack.
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Table 4.5. Prescribed crack morphology parameters

Parameter CF PWSCC Comments

He 40 um 114 pm

ML 40 pm 114 pm

Ke 1.1 1.2

Ko+L 1.1 12

7tL(45) 0 0

7L = 7tL(90) 6730 m? 5940 m! COD-dependent equations as in SQUIRT/LEAPOR
77t(90) 1730 m? 5020 m! COD-independent equations in other LR codes

Cq 0.95 0.95

The axial WRS profile chosen for this benchmark is intended to be representative of a
pressuriser surge line nozzle, nickel-based dissimilar metal weld (DMW). A typical surge
line nozzle configuration in a pressurised water reactor joins the carbon steel pressuriser
nozzle to a stainless steel safe end with a DMW. The safe end is then welded to stainless
steel piping with a conventional stainless steel weld. The WRS profile was taken from the
following third-order polynomial fit of finite element analysis (FEA)-based predictions of
this configuration [30]:

WRS (Axial, in MPa) = —101.3 — 167.58 (%) — 375.76 (’-t‘)2 +1165.75 (f)3 @)

where X is the distance from the inner diameter of the pipe and t is the piping wall thickness.
This distribution is illustrated in Figure 4.4 as well. The resultant force from this assumed
third-order WRS distribution is not zero as theoretically required for an axisymmetric axial
stress distribution. As stated previously, such a WRS would also not result from simply
welding two stainless steel piping segments with a nickel-based weld as assumed in the
simplified weld joint configuration used in this benchmark (Figure 4.1).

Figure 4.4. Representative surge line nozzle dissimilar metal weld stresses

600

N
[ e |
o o

300
200
100

Axial WRS Profile (MPa)
=

-100

-200

X/t

4.3. Baseline problem: requested results
Participants were asked to 