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affect reactor pressure vessel integrity, which is included in the attachment.  As indicated in the 

attachment, the staff approves the recommended Option 1, which indicates there is not an 

immediate safety issue, and that staff should continue to follow the issue.  The staff’s 

assessment was completed in accordance with the LIC-504 process. 
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TECHNICAL ASSESSMENT OF POTENTIAL QUASI-LAMINAR INDICATIONS IN REACTOR 
PRESSURE VESSEL FORGINGS 

 
 
INTRODUCTION 
 
In July of 2012 ultrasonic inspections of reactor pressure vessel ring forgings at the Doel 3 and 
Tihange 2 nuclear power plants in Belgium revealed thousands of indications located nearly 
parallel to the surface of the reactor pressure vessel.  This document summarizes what is now 
known regarding these indications and provides options for U.S. Nuclear Regulatory 
Commission (NRC) action related to plants in the U.S.   
 
This document is organized into the following sections: 
 

Section 1 provides background information on the operational experience from Belgium 
and a chronology of its development, including related actions taken by the NRC 
and by the U.S. Industry. 

Section 2 characterizes the issue in the context of NRC regulatory requirements, and 
describes the evaluation performed in this document. 

Section 3 summarizes the applicable NRC regulatory requirements, and indicates what 
changes would be needed to these regulatory requirements were the operational 
experience reported from Belgium found to be significant in a risk-informed 
context. 

Section 4 provides an evaluation of the issue using information that is currently available.  
Section 5 described the five principles of the risk-informed decision making process.  This 

process is used to evaluate the proposed options, which are described in 
Section 6. 

Section 6  describes the three options the staff has evaluated to resolve the issue.  This 
evaluation was performed in a manner consistent with the five principles of the 
risk-informed decision making process described in Section 5. 

      Section 7 provides staff’s evaluation and assessment of options. 
Section 8   provides the staff’s recommended option for management consideration. 
 

1. BACKGROUND OF THE ISSUE 
 

In July of 2012, ultrasonic inspections of reactor pressure vessel ring forgings at the Doel 3 and 
Tihange 2 nuclear power plants in Belgium revealed thousands of indications1.  After extensive 
investigation the Belgian licensee Electrabel concluded the indications consisted of hydrogen 
flakes that originated during fabrication.  Hydrogen flakes are planar discontinuities produced 
                                                            
1  In an ultrasonic examination, indications are features located inside the inspection volume that reflect sound 

above a threshold that is established as part of the examination procedure.  Generally, the inspection procedure 
will define thresholds of reflectivity that examiners use to categorize indications, with more reflective indications 
being categorized as more significant.  Indications that reflect enough sound to be detected are termed 
“detectable.”  Detectable indications that reflect sound above a certain threshold such that the procedure 
requires them to be recorded are termed “recordable.”  Generally, recordable indications must be evaluated.  
Applicable codes and standards referenced in the procedure or design specification establish criteria to 
determine whether recorded indications are “acceptable” or “rejectable.”  Rejectable indications are termed 
“flaws,” or “defects” that, per ASME practice, must be repaired.  Rejectable indications are “reportable” to the 
regulatory authority. 
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during fabrication in steels that have elevated hydrogen content prior to forging.  In the Doel 3 
and Tihange 2 inspections, these flakes are approximately circular disc shaped cracks, are on 
average 10 mm in diameter, and are oriented approximately parallel to the vessel wall.  The 
licensee performed deterministic flaw evaluation and probabilistic fracture mechanics analyses 
and concluded:  1) the indications would have been acceptable according to the requirements of 
the construction codes in effect when the vessels were fabricated (and, indeed, the codes in 
effect today) and 2) the indications do not pose a challenge to reactor pressure vessel structural 
integrity.  The licensee initiated a program of materials research and operational inspections to 
further validate the structural integrity determination.  The Belgian regulatory authority (the 
Federal Agency for Nuclear Control, or FANC) approved restart of the two reactors in May of 
2013.  The reactors restarted and subsequently shut down for refueling outages again in the 
spring of 2014. 
 
Several NRC staff participated in meetings in Belgium hosted by the FANC.  The staff 
participants were able to review information available from the licensee and the FANC, including 
the nature and number of the indications, how the indications evolved during manufacturing, 
how they were likely to interact with ultrasonic examination requirements that were in effect 
during construction, and deterministic and probabilistic fracture mechanics (PFM) evaluations of 
their effect on structural integrity.  Trip reports are available at ML13007A038, ML13022A400, 
and ML12236A307.  Because these trips were completed under non-disclosure agreements, the 
trip reports are not publically available.  Much of the information discussed at these meetings 
was later made public and is publically available on the FANC website: 
http://www.fanc.fgov.be/nl/page/dossier-pressure-vessel-doel-3-tihange-2/1488.aspx?LG=2.  
The FANC permitted NRC staff to review Electrabel proprietary and other non-public information 
under previously established intergovernmental non-disclosure agreements.  One NRC staff 
member participated on an international expert panel that reviewed the licensee analyses, 
including the licensee’s PFM analyses.  The expert panel issued a separate review report of the 
licensee’s analysis.  The expert panel review report is also available at the FANC website. 
 
In September 2013, the NRC issued Information Notice 2013-19 to inform industry of the quasi-
laminar indications2 observed in the Belgian reactor pressure vessel forgings [1].  Additionally, 
the NRC hosted a public meeting with industry and stakeholders to discuss these indications [2].  
The industry presented plans to investigate the type of ultrasonic examination techniques used 
during construction and to perform a probabilistic fracture mechanics (PFM) evaluation of the 
structural integrity impact on U.S. reactors of potentially undiscovered quasi-laminar indications.   
 
Subsequently, the industry published a report of their findings, entitled “Evaluation of the 
Reactor Vessel Beltline Shell Forgings of Operating U.S. Pressurized Water Reactors for Quasi-
Laminar Indications” [3].  The objectives of the report were twofold:  1) to evaluate whether 
reactor pressure vessel forgings in U.S. plants were likely to have indications similar to those 
found in Doel 3 and Tihange 2, and 2) to evaluate the structural significance of indications if 
they did exist in a reactor pressure vessel.  The report concluded that the ultrasonic techniques 
used during construction of U.S. vessels were capable of detecting quasi-laminar indications, 
and the reporting requirements would have caused the indications to be recorded if they were 
present.  The report included a PFM analysis of a set of indications based on data from Doel 3 
and Tihange 2.  The industry concluded that even if quasi-laminar indications were present in a 
                                                            
2  Indications or features oriented parallel to the vessel wall are termed “laminar.”  Indications that are oriented 

essentially parallel to the vessel wall, but with a slight tilt so that a small through wall dimension is measurable 
are termed “quasi-laminar.” 
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U.S. reactor vessel forging, the incremental increase in the vessel failure probability when the 
vessel is subjected to pressurized thermal shock loading (which is much more severe than 
loading during normal operation) is negligible.  The NRC has performed a high level review of 
the industry report. 
 
In March 2014, results from the ongoing Electrabel materials investigation became available to 
the FANC.  The results from one of the materials tested showed a greater amount of 
embrittlement than assumed in their safety case.  Consequently, the licensee elected to place 
both Doel 3 and Tihange 2 into an early maintenance outage to permit further investigation.  
The material with the higher-than-expected embrittlement was a modern steel made to a 
specification similar to that used for the Doel 3 and Tihange 2 reactor pressure vessels.  This 
material was a steam generator shell that had been rejected due to hydrogen flaking.  This 
material had been included as part of the Electrabel investigation in order to have flaked steel to 
test.  Following the March 2014 results Electrabel performed several additional materials 
irradiation experiments that included the steam generator material as well as other materials 
thought to be more representative of reactor pressure vessel steels in Doel 3 and Tihange 2. [ 
Redacted 
 
 
 
 
 
 
                       ].3  A trip report is available at ADAMS Accession Number ML15133A212.   
 
While the Doel 3 and Tihange 2 reactors were shut down, the ring forgings were re-inspected 
for quasi-laminar flaws.  During the 2012-2013 campaign the licensee quantified the number of 
recordable indications, but recognized many indications were detected that returned signal 
responses below the procedurally established recording threshold.  For the 2014 examination 
the licensee adjusted the ultrasonic inspection procedure by changing recording thresholds and 
increasing sensor gain.  The objective was to record essentially all detectable indications.  
Newly recorded indications included cases where multiple indications spaced closely together 
that were previously recorded as one large indication could now be distinguished as several 
discrete indications.  Most of these newly recorded indications were detected, but not recorded, 
during the previous exam because they were too small to meet the previously used recording 
criteria.  A statistical comparison of the population of indications reported from the 2012 versus 
the 2014 inspections led the Belgian licensee to conclude that the actual number and size of 
detected indications has not changed over this time. 
 
In February 2015 publications in The Energy Daily and a press release by Greenpeace cited 
concerns raised by two Materials Science professors, Prof. W. Bogaerts of the University of 
Leuven in Belgium and Prof. D. MacDonald of the University of California at Berkley.  
Professors Bogaerts and MacDonald took issue with the initial findings from the Belgian 
licensee, which were agreed to by the Belgian regulator, which concluded that the quasi-laminar 
indications have been present from the time Doel 3 and Tihange 2 were fabricated, and that 
they are not evolving (that is, increasing in number or getting bigger) over time.  Professors 
Bogaerts and MacDonald have suggested that continued hydrogen ingress to the quasi-laminar 
                                                            
3  The information in italics is subject to non-disclosure agreements and must not be made public by NRC until after 

it is made public by the FANC.  If the information in italics is removed or, redacted, or if it is publically released by 
the FANC, then this document may be publically released. 
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indications could cause them to grow bigger over time.  While such a crack growth mechanism 
is common in some environments (for example, down-hole service in the oil and gas industry), 
there is currently no scientific information known to the staff suggesting that the conditions 
characteristic of nuclear pressure vessel service could generate partial-pressures of hydrogen 
that are high enough to cause such evolution during the operating lifetime of a reactor vessel.  
During the spring of 2015, the FANC convened a panel of corrosion experts to further evaluate 
this issue.  The conclusions of this panel have not yet been released.  [   Redacted                                              
 
 
 
 

]4 
 
The Doel 3 and Tihange 2 reactors remain shut down while the licensee and the regulator 
continue their evaluation of these various technical concerns. 
 

2.  CHARACTERIZATION OF THE ISSUE 

The potential for quasi-laminar indications such as those observed at Doel 3 and Tihange 2 to 
affect compliance with the applicable regulations, and to affect the margins of safety against 
rapidly propagating failure occurring in reactor pressure vessel forgings, needs to be evaluated.  
This evaluation will determine whether the NRC needs to make any regulatory changes or 
whether immediate mitigating action is necessary. 
 

3.  APPLICABLE NRC REGULATORY REQUIREMENTS 

Acceptable margins against failure of the reactor pressure vessel must be maintained 
throughout the service life of the RPV.  Title 10 of the Code of Federal Regulations (10 CFR) 
Part 50, “Domestic Licensing of Production and Utilization Facilities,” Appendix A, “General 
Design Criteria,” General Design Criterion (GDC)14, “Reactor coolant pressure boundary,” GDC 
30, “Quality of reactor coolant pressure boundary,” and GDC 31, “Fracture prevention of reactor 
coolant pressure boundary,” require the pressure boundary, including the reactor pressure 
vessel, to be designed, fabricated and operated in a manner to ensure the probability of rapidly 
propagating fracture is minimized.   
 
10 CFR 50.61, “Fracture Toughness Requirements for Protection against Pressurized Thermal 
Shock Events,” 10 CFR 50.61a, “Alternate Fracture Toughness Requirements for Protection 
against Pressurized Thermal Shock Events,” and 10 CFR 50, Appendix G, “Fracture Toughness 
Requirements” require adequate margins of safety be ensured for the reactor pressure vessel 
during normal operation and anticipated transients. 
 
10 CFR 50.55a, “Codes and Standards,” requires certain periodic ultrasonic examinations of 
reactor pressure vessel beltline materials to identify whether any detrimental material 
discontinuities exist.   
 

                                                            
4 The information in italics is subject to a non-disclosure agreement with ICG-EAC and may not be made public by 
NRC. 
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If the NRC determines there is safety significance associated with quasi-laminar indications, the 
following changes to these regulations would be needed: 
 

• Appendix A to 10 CFR Part 50:  No changes needed. 
• 10 CFR 50.61, 10 CFR 50.61a, and Appendix G to 10 CFR Part 50:  Quasi-laminar 

indications were not considered in developing the screening criteria and requirements of 
these regulations.  Some changes to these regulations may therefore be needed. 

• 10 CFR 50.55a:  The regions of beltline forgings where quasi-laminar indications due to 
hydrogen flaking are likely to be located, if they exist, are not coincident with regions 
required to be inspected according to 10 CFR 50.55a.  If the NRC determines there is a 
need to perform additional inspections for quasi-laminar indications, then 10 CFR 50.55a 
would need to be revised.  It is also possible that the American Society of Mechanical 
Engineers (ASME) Boiler and Pressure Vessel Code (BPVC), Section XI, “Rules for 
Inservice Inspection of Nuclear Power Plant Components,” which is incorporated by 
reference in 10 CFR 50.55a could be revised to require inspections and the NRC could 
incorporate the revision into 10 CFR 50.55a.  The NRC could take other generic or plant 
specific action to require certain inspections to be performed. 
 

 
 
 
4.  EVALUATION OF THE ISSUE 
 
Definition of “Quasi-Laminar” Indications 

Laminar indications are oriented parallel to the reactor pressure vessel surface, which places 
them parallel to the direction of maximum applied stress.  Because they are oriented parallel 
to applied stresses, laminar indications do not experience crack-opening under load.  As a 
result, laminar indications do not challenge structural integrity.  NUREG/CR-6817, Rev. 1, “A 
Generalized Procedure for Generating Flaw-Related Inputs for the FAVOR Code,” [4] states:  
 

"It has also been observed that the largest flaws in plate and forging 
materials have orientations parallel to the surfaces of the vessel.  This 
orientation is related to the rolling and forming operations used to fabricate 
the vessel plates and forged rings.  Although these laminar-type flaws can be 
quite large, they have no significance to vessel integrity.  In this discussion, 
the base metal flaws of concern are therefore only those flaws that have 
some through-wall dimension." 

 
Quasi-laminar indications are inclined slightly relative to laminar indications.  In Doel 3 and 
Tihange 2 this inclination was, on average, 10°.  This inclination gives the indications a small 
through-wall dimension, which produces the potential for crack opening and, therefore, needs 
to be assessed for its impact of reactor pressure vessel structural integrity.  Electrabel 
performed deterministic and probabilistic analyses of quasi-laminar indications.  Those results 
are summarized in a safety case document: “Doel 3 Reactor Pressure Vessel Assessment” 
[5].  A similar document with similar conclusions is available for Tihange 2 [6].  The U.S. 
industry, through the Electric Power Research Institute (EPRI) Materials Reliability Program 
(MRP), performed probabilistic analyses to evaluate the effect of quasi-laminar indications on 
RPV structural integrity.  Additionally, the U.S. industry performed a qualitative assessment of 
the likelihood that quasi-laminar indications exist in U.S. plants.  The NRC staff considered 
these analyses in determining which option to recommend in this document. 
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Summary of Evaluations Performed by the Belgian Licensee (Electrabel)  
Electrabel evaluated the indications according to the requirements of the ASME Code, Section 
III, “Rules for Construction of Nuclear Facility Components” using the edition in effect when 
the vessels were fabricated.  This evaluation was performed to determine 1) whether the 
indications would have been identified during construction examinations, 2) whether they 
should have been recorded if they were detected, and 3) if they would have been accepted or 
rejected if they were recorded.  Electrabel’s safety case concluded 1) that the ultrasonic 
techniques used during construction were capable of detecting the quasi-laminar indications 
observed in 2012, 2) that in some cases the indications were observed and recorded during 
construction, and 3) that the indications would have been found to be acceptable according to 
the requirements of the construction code.   
 
Electrabel evaluated each of the thousands of indications identified in each vessel according 
to the methodology of the ASME Code, Section XI, to determine the suitability of each 
indication for continued service.  To perform this analysis Electrabel developed new proximity 
rule methodology for grouping quasi-laminar indications because such methods have not 
heretofore been available.  These methods were reviewed and found acceptable by various 
expert groups convened by the FANC, and by the FANC itself [7].  Additionally, Electrabel has 
presented a Code Case to the ASME Section XI Working Group on Flaw Evaluation (CC N-
848) [8].  This Code Case was approved by the ASME Board on June 23, 2015; it is currently 
under editorial review and is expected to appear on the ASME website by November of 2015.  
Based on the flaw evaluation methodology of Nonmandatory Appendix A to ASME Section XI, 
the acceptance criteria of ASME Code Section XI IWB-3612, and the Electrabel quasi-laminar 
flaw grouping criteria detailed in CC N-848, Electrabel concluded that every indication in Doel 
3 and Tihange 2 met the acceptance criteria of IWB-3612 and, therefore, was acceptable for 
continued service. 
 
To supplement this analysis following ASME Code methodology, Electrabel also performed a 
PFM evaluation to assess the effect of all the quasi-laminar indications taken together.  Their 
evaluation was performed using a modified version of the NRC PFM Code FAVOR, which was 
used by the NRC to support the development of 10 CFR 50.61a.  In their PFM analysis, 
Electrabel employed the following conservative assumptions relative to NRC practices:   
• They used frequency of crack initiation (FCI), rather than the NRC practice of using 

through-wall cracking frequency (TWCF) as the figure of merit.  As described and 
quantified by the NRC in [9], the FCI exceeds the TWCF because the ability of the reactor 
steel to arrest a running crack is not credited by the FCI metric.  The amount by which FCI 
exceeds TWCF depends strongly on the level of vessel embrittlement, with lower levels of 
embrittlement producing higher FCI/TWCF ratios.  Similarly, the transient has a strong 
influence on the ratio of FCI/TWCF.  For transients that have a late stage re-pressurization 
(such as a stuck-open valve that later re-closes) there is very little difference between FCI 
and TWCF.  Conversely, for transients with no late re-pressurization, such as large and 
medium break loss of coolant accidents, there can be a considerable difference between 
FCI and TWCF.    

• Electrabel neglected warm pre-stressing (WPS).  The NRC practice is to credit WPS.  The 
information in [9] also quantifies the effect of adopting a WPS model.  Similar to the 
discussion above, the conservatism associated with ignoring WPS depends strongly on 
both the level of vessel embrittlement and on the specific cool-down transient examined.   
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Thus, while Electrabel’s use of FCI rather than TWCF and their not-crediting WPS are 
regarded as conservative relative to NRC practice, it would be necessary to investigate more 
thoroughly the details of Electrabel’s analysis to quantify the degree of conservatism.  Even 
with these conservatisms, the Electrabel PFM evaluation reported values of FCI that are very 
low:  2.8×10-8/reactor year (ry) for Doel 3 [5] and 1.4×10-8/ry for Tihange 2 [6].  These values 
are well below the NRC threshold for TWCF, which is established as 5×10-6/ry in 10 CFR 50.61 
and 1×10-6/ry in 10 CFR 50.61a.  The results from the Electrabel PFM indicate the risk 
associated with quasi-laminar indications is below the threshold given in LIC-504 (<1x10-7/ry) 
for defining an “Issue Clearly of Low Safety Significance.”   

 
Summary of Evaluations of NDE Records Performed by the U.S. Industry 

The Pressurized Water Reactor Owners Group (PWROG) reviewed original vessel 
procurement documents from NRC licensees to evaluate the ultrasonic examination 
techniques, requirements, and practices used during original construction [3].  They also 
reviewed original ultrasonic inspection procedures to identify the equipment used.  Relatively 
recent advances in ultrasonic testing technology have led to development of computer 
modelling software that facilitates sound-field mapping of complex material geometries.  By 
processing the collected information about construction examination procedures and 
equipment, and by using ultrasonic modeling software, the PWROG concluded that quasi-
laminar indications would have been detectable with a high level of certainty during 
construction examinations.  They also reviewed pertinent recording and acceptance criteria 
and determined that quasi-laminar indications similar to those observed at Doel 3 and Tihange 
2 would have been required to be recorded according to the applicable ASME Code Section 
III requirements as implemented in the procurement documents.  The PWROG concluded the 
construction examinations would have detected indications much smaller than sizes that 
would be unacceptable (per the applicable ASME Code Section III requirements as 
implemented in the procurement documents) and would have required their recording.  
Finally, they determined that quasi-laminar indications, if they had been present and were 
recorded, would have been acceptable according to the construction code in effect during the 
time these vessels were fabricated.  Furthermore, if current construction codes were applied 
to a new forging today and quasi-laminar indications were present in the size and numbers 
detected in the Belgian reactors, current codes would permit them to be accepted.    

The PWROG also collected original fabrication ultrasonic examination reports for all U.S. 
reactor pressure vessel beltline forgings.  Records were recovered for all 19 US pressurized 
water reactors constructed with ring forgings; no U.S. boiling water reactors have forgings in 
the beltline.  The PWROG indicated that none of the ultrasonic examination reports had 
recorded indications of quasi-laminar indications.  NRC staff audited a sample of the non-
destructive examination report packages and verified no quasi-laminar indications were 
recorded in the reviewed reports.   

 
Summary of Structural Evaluations Performed by the U.S. Industry 

The EPRI Materials Reliability Program (MRP) performed a PFM analysis using a distribution 
of postulated quasi-laminar indications ten-times more numerous than observed in the Doel 3 
reactor pressure vessel forging.  Reference [3] describes how the MRP used a methodology 
consistent with that used by the NRC in development of 10 CFR 50.61a.  Reactor vessel 
material properties selected for the analysis included the material with the highest reference 
temperature for nil-ductility transition (RTNDT) of any material in a reactor pressure ring forging 
in the U.S.  Results indicated the TWCF was less than 1×10-7/ry which is lower than the 
TWCF criteria of 1×10-6/ry that established the reference temperature screening criteria in 10 
CFR 50.61a.  Thus, even for the most embrittled ring-forging in the U.S. operating fleet and for 
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a population of flaws ten-times more numerous than observed in the Doel 3 RPV, NRC criteria 
for TWCF would still be satisfied.  These results from the EPRI MRP PFM also indicate the 
risk associated with quasi-laminar indications is below the threshold given in LIC-504 (<1x10-

7/ry) for defining an “Issue Clearly of Low Safety Significance.”  The NRC has performed a 
high level review of the industry document and plans to perform sensitivity studies concerning 
flaw inclination and concerning flaw proximity to the vessel inner diameter surface. 

 

5.  RISK-INFORMED DECISION MAKING PROCESS 

Electrabel evaluated each quasi-laminar indication using the flaw evaluation methodology of 
ASME Section XI as augmented by techniques described in Code Case N-848 and determined 
all of the indications to be acceptable.  They also reviewed the indications with respect to 
requirements of the construction code, ASME BPVC, Section III, “Rules for Construction of 
Nuclear Facility Components,” and determined the indications would have been acceptable per 
the original construction requirements.  While these evaluations provide useful information for 
the two specific vessels in question, to evaluate the effects of the potential existence of quasi-
laminar indications in reactor pressure vessel forgings in all U.S. vessels it is convenient to use 
an analysis approach based on PFM and examine these within the context of the NRC’s 
approach to risk-informed decision-making. 
 
As mentioned previously, the NRC has established a risk metric of 1×10-6/ry for reactor pressure 
vessel TWCF in the development of 10 CFR 50.61a.  For purposes of this LIC-504 the TWCF is 
converted to a risk metric by equating the TWCF with large early release frequency (LERF), i.e., 
assuming that a through-wall crack will consequently lead to a large early release.  This 
assumption ignores the possibility that the crack might be relatively small and that, even for a 
very large crack, mitigating systems could provide water to the vessel and which could prevent 
or substantially delay any release from containment.  This equivalence between TWCF and 
LERF is consistent with the approach taken in the development of 10 CFR 50.61a, and is a very 
conservative assumption. 
 
The LIC 504 process calls for evaluating each identified option for addressing an emergent 
issue, identifying proposed changes for each option, and evaluating the potential impact of the 
proposed changes on the principles of risk-informed decision-making, to the extent they apply, 
or other factors that aid the decision process.  If the potential risk associated with existing (but 
undetected) quasi-laminar indications is unacceptably high the most likely proposed change is 
to require inspections of reactor pressure vessel forgings to determine if the quasi-laminar 
indications exist in operating plants.   
 
The key principles of risk informed decision making are listed below in boldface.  Each principle 
is followed by an evaluation of how the potential existence of quasi-laminar indications affects 
these principles: 
 

• Principle 1 states that the proposed change must meet the current regulations 
unless it is explicitly related to a requested exemption or rule change.   

 
The change under consideration is the potential for quasi-laminar indications to exist in 
a reactor pressure vessel forging.  If they exist, they should have been identified and 
reported in the construction process.  They were not recorded, as evidenced by the 
lack of findings during EPRI’s review of the construction records [3].  Even if the 
construction NDE was incorrect and quasi-laminar indications existed, this would meet 
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current regulations because ASME Section III does not prohibit the presence of 
indications similar to those detected at Doel 3 and Tihange 2. 
 

• Principle 2 states that the proposed change shall be consistent with the defense 
in depth philosophy.   

 
Any change to the current situation would not modify existing defense-in-depth 
provisions.  The analyses performed by EPRI [3] described herein that support this risk 
assessment have conservatively assumed that:  

• The flaws that cause the indications exist in U.S. reactors vessels even though 
no indication of any such flaws have been identified 

• A greater numbers of flaw numbers and sizes exist in the U.S. reactors than was 
detected in the Belgian reactors 

• All U.S. vessels are manufactured exclusively of the most brittle material used for 
any forged vessel in the U.S. 

• A through-wall crack leads directly to a large early release which implies that 
there is no additional defense-in-depth if a vessel breach occurs.   
 

This final conservatism is identical to that evaluated as part of the 10 CFR 50.61a 
rulemaking, and the assumption of the lack of independence between barriers is part 
of the reason that the acceptance guidelines for the PTS rule are lower than the 
acceptance guidelines in Regulatory Guide 1.174, “An Approach for Using Probabilistic 
Risk Assessment in Risk-Informed Decisions on Plant-Specific Changes to the 
Licensing Basis.  ”[10] In reality, TWCF is not equivalent to the LERF; this assumption 
is used merely to simplify the analysis.  
 

• Principle 3 states that the proposed change shall maintain sufficient safety 
margins. 
 

The change under consideration, i.e., the possible existence of quasi-laminar 
indications, has the possibility of reducing safety margins.  PFM results will be 
evaluated (See Option 1 in Section 6 of this document) to determine whether the 
effects of quasi-laminar indications meet NRC risk acceptance criteria, or if inspection 
requirements should be modified. 
 

• Principle 4 states that when proposed changes result in an increase in core 
damage frequency (CDF) or risk, the increases should be small and consistent 
with the intent of the Commission's Safety Goals.   
 

In general, the deterministic rules governing routine operations are expected to result 
in no core damage, so the risk associated with the absence of quasi-laminar 
indications can be taken as zero.  The risk evaluation conducted herein assumed that 
the TWCF is equivalent to the LERF.  This conservative assumption negates any 
requirement for any additional PRA models.  As described in the evaluation of options, 
the estimated LERF (i.e., TWCF) is less than 1x10-6/ry.  
 
An acceptable total annual LERF value of 10-6/ry was adopted as part of the 
development of 10 CFR 50.61a.  This value is much lower than the LERF guideline for 
immediate action in LIC-504 of 1x10-4 events/ry.  Therefore, no immediate action is 
necessary. 
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One option if changes to the current regulations were pursued would be to change 
inservice inspection requirements to meet the deterministic goal of zero risk.  
Therefore, the estimated risk associated with the current requirements can also be 
considered to be the increase in risk associated with continuing to use the inservice 
inspection requirements (instead of changing them).  In this case, the increased risk 
in the LERF arising from continuing to operate as currently allowed (instead of 
changing operations to achieve the deterministic goal) is conservatively estimated to 
be 1x10-6/ry (1x10-6 minus zero).  The estimated value of 1x10-6/ry is an acceptable 
LERF increase for all plants with a total LERF estimate of 10-5/ry or less.  As noted 
above, equating TWCF with LERF is very conservative and therefore the staff 
considers it an acceptable increase for all plants. 
 

• Principle 5 states that monitoring programs should be in place.   
 

Inservice inspection is a type of monitoring required by 10 CFR 50.55a.  If the potential 
existence of quasi-laminar indications represents an unacceptable increase in risk, 
then the inservice inspection scope may need to be increased. 
 

6.  OPTIONS CONSIDERED 
 
The following three options were considered to address, for the U.S. fleet of operating nuclear 
reactors, the recent operational experience from the Doel 3 and Tihange 2 reactors in Belgium: 
 

1. Evaluate, communicate, and follow developments with no other required actions. 
2. Initiate actions to require ultrasonic examination for quasi-laminar indications 
3. Immediate shutdown of potentially affected plants 

 
In the following paragraphs each of these options is first described briefly, and it is then 
evaluated with respect to the five principles of risk-informed decision making described 
previously: 
 
Option 1:  Evaluate, communicate, and follow developments with no other required 
actions 
 
Synopsis: This option entails acquiring information from the FANC, Electrabel, U.S. industry 
and other sources as it becomes available.  The information is to be evaluated to assess 
whether quasi-laminar indications present a significant challenge to reactor pressure vessel 
structural integrity.  If the risk is sufficiently small, then no additional action will be required for 
NRC licensees.  As part of this option the NRC will continue its review of the industry 
conclusions concerning the non-existence of such flaws in U.S. plants and of the industry 
conclusion that the risk impact of these flaws, were they to exist, is small.  Additionally, the NRC 
will use material property information available from surveillance programs to assess the 
potential for greater than expected embrittlement revealed in some tests reported by Electrabel.  
Additionally, the NRC will continue to assess new information as it becomes available and 
communicate new information subject to limitations imposed by proprietary information rights 
and other non-disclosure agreements.   

Principle 1 There are no provisions of regulations that prohibit the existence of quasi-
laminar indications.  10 CFR 50, Appendix A, Criterion 14 requires the reactor 
coolant pressure boundary to have an extremely low probability of rapidly 
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propagating failure.  10 CFR 50.61a provides the most applicable regulation with 
respect to acceptability of flaw indications as they relate to reactor pressure 
vessel integrity and requires a TWCF less than 1x10-6/ry.  Current PFM 
evaluations performed by both Electrabel and the EPRI MRP indicate the TWCF 
associated with quasi-laminar indications meets the risk criteria of 10 CFR 
50.61a, which satisfies the requirement of an extremely low probability of rapidly 
propagating failure.  Thus, currently available information suggests that Principle 
1 is adequately addressed with this option. 

Principle 2 Quasi-laminar indications have the potential to effect the integrity of the reactor 
coolant pressure boundary, one of the principal fission product release barriers.  
Indications of these flaws have not been identified in U.S. reactors but the risk-
evaluation nevertheless assumes that the flaws exist and that they have the 
same growth and rupture characteristics as the more commonly analyzed 
surface breaking flaws.  Thus, currently available information suggests that 
Principle 2 is adequately addressed with this option.   

Principle 3 Safety margins could be reduced slightly, however, since the resulting TWCF is 
below 1x10-6/ry, the effect is acceptable.  Thus, currently available information 
suggests that Principle 3 is adequately addressed with this option.   

Principle 4 The risk of option 1 is the risk that the population of flaws that exist in the reactor 
vessels is larger and/or more numerous than the population assumed in the 
PFM calculations and that existence of these flaws would remain unknown until 
additional inspections were completed.  This risk is minimal if the post-
construction inspection records are correct and no such flaws exist.  Even if 
indications did exist in large numbers, the risk increase would be acceptable for 
all plants because the risk increase estimated as the TWCF is less than 10-6/ry 
and therefore would not exceed the risk guideline used in 10 CFR 50.61a.  
Thus, currently available information suggests that Principle 4 is adequately 
addressed with this option.   

Principle 5  Because the risk associated with quasi-laminar indications does not exceed 
NRC risk criteria, monitoring programs would not be affected.  Thus, currently 
available information suggests that Principle 5 is adequately addressed with this 
option.   

 
Option 2:  Initiate actions to require ultrasonic examination for quasi-laminar indications 
 
Synopsis: This option encompasses the actions in Option 1, but adds a development effort 
to require licensees to perform ultrasonic inspections of reactor pressure vessel forgings.  The 
time frame for inspection would depend on the potential for indications to exist and the risk 
significance if they did exist.  If the risk significance is low, then licensees could wait to perform 
inspections during the next inservice examination outage.  If risk is higher, licensees may be 
required to perform inspections at the next refueling outage, or even shut down and perform 
inspections immediately. 

Principle 1 There are no provisions of regulations that prohibit the existence of quasi-
laminar indications.  10 CFR 50, Appendix A, Criterion 14 requires the reactor 
coolant pressure boundary to have an extremely low probability of rapidly 
propagating failure.  10 CFR 50.61 provides the most applicable regulation with 
respect to acceptability of flaw indications as they relate to reactor pressure 
vessel integrity and requires a TWCF let than 1x10-6/ry.  Current PFM 
evaluations performed by both Electrabel and the EPRI MRP indicate the TWCF 
associated with quasi-laminar indications meets the risk criteria of 10 CFR 
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50.61a, which satisfies the requirement of an extremely low probability of rapidly 
propagating failure.  Thus, currently available information suggests that Principle 
1 is adequately addressed with this option. 

Principle 2 Quasi-laminar indications have the potential to affect the integrity of the reactor 
coolant pressure boundary, one of the principal fission product release barriers.  
Indications of these flaws have not been identified in U.S. reactors but the risk-
evaluation nevertheless assumes that the flaws exist and that they have the 
same growth and rupture characteristics as the more commonly analyzed 
surface breaking flaws.  Thus, currently available information suggests that 
Principle 2 is adequately addressed with this option.   

Principle 3 Safety margins could be reduced slightly, however, since the resulting TWCF is 
below 1x10-6/ry, the effect is acceptable.  Thus, currently available information 
suggests that Principle 3 is adequately addressed with this option.   

Principle 4 The risk of Option 2 is the risk that the population of flaws that exist on the 
reactor vessels is larger and/or more numerous than the population assumed in 
the PFM calculations.  Based on the industry evaluation that concluded that any 
such flaws that existed would have been identified during post construction 
inspection, the likelihood of this is small.  Furthermore, even if indications did 
exist in large numbers, the risk increase would be acceptable for all plants 
because the risk increase estimated as the TWCF is less than 10-6/ry and 
therefore would not exceed the PTS guideline value.  Since Option 2 involves 
inspection, this risk is mitigated. Thus, currently available information suggests 
that Principle 4 is adequately addressed with this option.   

Principle 5  Because the risk associated with quasi-laminar indications does not exceed 
NRC risk criteria, monitoring programs would not be affected.  Thus, currently 
available information suggests that Principle 5 is adequately addressed with this 
option.   

 
Option 3:  Immediate shutdown of potentially affected plants 
 

Synopsis: This option consists of shutting down some or all operating reactors until 
inspections and analyses are conducted to provide reasonable assurance that the 
calculated risk levels are acceptable.  This option is preferable if there is an 
immediate safety issue such that the risk to operating plants is clearly demonstrated 
to be large and immediate.  The LIC-504 criterion defines such risk as a CDF above 
1×10-3 events/year.  Based on information presented herein, the currently estimated 
risk associated with quasi-laminar indications is less than 1x10-6/year, far below the 
1x10-4/year LERF guideline in LIC-504, so no immediate action is warranted and 
Option 3 is dismissed without an evaluation of the five principles of risk-informed 
decision making. 

 
 
7.  Evaluation and Assessment of Options 
 
The decision to implement Option 1 or pursue a variant of Option 2 depends on the risk 
associated with quasi-laminar indications. 
 
Summary of Evaluation 
 
The Belgian licensee for Doel 3 and Tihange 2 performed deterministic flaw evaluations that 
concluded the quasi-laminar flaws observed in the reactor pressure vessel ring forgings were 
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acceptable and did not compromise structural integrity of the vessel.  The Belgian licensee’s 
probabilistic fracture mechanics analyses using very conservative assumptions returned a crack 
initiation frequency below the NRC threshold for through-wall cracking.  The NRC reviewed the 
analyses and found they provided reasonable assurance that even if a significant number of 
quasi-laminar indications existed in a reactor pressure vessel forging, the forging would be fully 
capable of performing its safety function with an extremely low probability of failure.  The EPRI 
MRP performed a PFM analysis and concluded the TWCF associated with quasi-laminar 
indications was sufficiently low that the TWCF would meet NRC risk criteria.  The NRC has 
performed a high-level review of the industry analyses and currently concluded that the inputs 
were conservative with respect to flaw number and flaw size, at least relative to the information 
now available concerning such flaws.  The staff has currently concluded that the EPRI analyses 
provided reasonable assurance that even if a significant number of quasi-laminar indications 
existed in a reactor pressure vessel forging, the forging would be capable of performing its 
safety function with an extremely low probability of failure. 
 
The PWROG reviewed ultrasonic examinations performed during construction and determined 
the inspection equipment and techniques were capable of detecting quasi-laminar indications 
and the inspection recording criteria required the presence of quasi-laminar indications to be 
documented on non-destructive examination reports.  The PWROG submitted summaries of 
their assessments to the NRC staff in MRP-367 [3]; however, the PWROG has not submitted 
the associated report, WCAP-17786-NP, Rev. 1, for staff review or independent validation of the 
modeling performed.  Based on their assessment of the available information related to 
construction ultrasonic examinations, the staff is inclined to agree that the ultrasonic 
examination techniques would have detected quasi-laminar indications and, if present, 
indications would have been required to be recorded. 

The PWROG retrieved UT inspection records and concluded the records indicated no quasi-
laminar indications were recorded during fabrication examinations for any vessel beltline ring 
forging in U.S. plants.  The NRC reviewed a sampling of those records and verified that no 
quasi-laminar indications were recorded in the reviewed reports .  From these results along with 
the PWROGs report that their record exams found no quasi-laminar indications, the staff 
concluded that it is unlikely that significant numbers of quasi-laminar indications exist in U.S. 
reactor pressure vessel forgings. 

 

8.  RECOMMENDATION 

In light of the evaluation described in this document the staff considers that there is no 
significant risk difference between Option 1 and Option 2.  However, since Option 2 requires 
physical activities associated with inspections, Option 2 requires increased expenditure of 
licensee resources and radiation exposure.  Given two options having essentially equal risk with 
different resource needs, Option 1 is the most appropriate option. 

Even if quasi-laminar indications similar to those discovered at Doel 3 and Tihange 2 existed in 
U.S. plants, the indications are not expected to significantly affect reactor pressure vessel 
integrity under normal or accident conditions.  The basis for this conclusion is the industry 
analysis described in reference [3] which indicate a vessel with ten times as many indications as 
observed in the worst forging at Doel 3 would have a TWCF less than 1x10-6/ry, far below the 
1x10-4/ry LERF guideline in LIC-504 for immediate action and below the 10 CFR 50.61a criteria 
for requiring additional action. 
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