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ABSTRACT 
 

The Brazilian experience of nuclear power plants licensing was consolidated by the use of the Brazilian, 
American, German and IAEA standards. Independently of the set of norms, standards or guides to be used, this 
set should be in consonance with the state-of-art or the current state of knowledge in science and technology. In 
the general design criteria of USNRC or German BMI, or in the Brazilian norms (CNEN) or even, in the IAEA 
standards, this aspect is always emphasized. On the other hand, the international operational experience of 
nuclear reactors (for example, TMI accident) also contributes to the updating of norms and standards. The use of 
new technologies (for example, digital technology) impels the norms and standards to adopt new design criteria 
related to the new technological context. Moreover, we must add the particular vision that each country can have 
concerning to specific topics in nuclear safety. This work discusses how the norms, standards and guides used in 
the nuclear licensing are being reviewed to cope with the requirement of the state-of-art. In order to accomplish 
this aim we took some general design criteria to exemplify how they are fulfilled, mainly those related directly 
with the protection of the defense-in-depth barriers: primary coolant system, containment vessel and 
containment systems, including external events and severe accidents. In complement to the deterministic 
analysis, it is also discussed the design criteria related to the human factors engineering and probabilistic safety 
analysis, including severe accidents aspects. 
 

1. INTRODUCTION 
 
The term modern licensing used in this work means a state of consonance with the updated 
norms and standards that reflect the state-of-the-art of the science and technology. As an 
example of application of this concept, we described below the licensing of Watts Bar's plant 
in the USA, including the position of USNRC´s licensing staff and directors (commissioners), 
according to the NRC’s requirements on postponed facilities (deferred). 
 
The references [1] [2] [3] are the main documents of Watts Bar's licensing. The NRC´s staff 
will review NUREG-0847 [1] and NUREG-1232 [2] to identify remaining licensing issues. 
The document 52 FR 38077 [4] contains the NRC’s legislation and policy on reactivation of 
facilities whose constructions were postponed. In the item 5 of this document we can find the 
requirement that deferred facilities will be treated just as the facilities in construction 
concerning to safety regulations. Among the information the applicant should submit when 
reactivating the license that was not implemented, are those of attendance to the new 
regulatory requirements that were issued or updated, or have been turned effective, during the 
deferring period of the construction (item 6 of [4]). In the USA, there is no Periodic Safety 
Review (PSR) of ten years, as in other countries, as for example in Brazil. The updating of 
the regulatory requirements is more frequently accomplished (period of 2 years), in which the 
plant’s Final Safety Analysis Report (FSAR) should be totally updated (10CFR50.71(e) [5])
with the design modifications or alterations or other requested analyses, including those of 
regulatory feature. Additionally, in the USA a License Renewal is done to extend the plant 



 

end-life time, usually from 40 to 60 years, according to the references [6] and 10CFR54.31 
[5]. In this case, the broader interest is concentrated on aging processes of plant’s 
equipments, structures and systems and their influences in safety margins (it is also discussed 
in case of PSRs of ten years). 
 
The concern with the updating of the regulatory requirements for Watts Bar can be felt in this 
position of the USNRC’s Commissioner (Commissioner McGaffigan's Comments on SECY-
07-0096) [7]: “I agree with the staff that the Commission's Policy Statement on Deferred 
Plants (October 14, 1987) remains the appropriate, framework for their review. I also agree 
with the staff's plan to use the latest version of NUREG-0800, “Standard Review Plan for the 
Review of Safety Analysis Reports for Nuclear Power Plants”, for its assessment, with 
modifications as needed. Commissioner Lyons notice, the extraordinary duration (22 years) 
of the deferral may necessitate some departures from that Policy Statement and the staff 
should advise the Commission when such variations are proposed”.  
 
In the previous situation, the commissioners were voting the regulatory position of the 
USNRC´s staff on Watts Bar's reactivation [8]. In this document, the USNRC`s staff 
criticizes the applicant position on its understanding about safety subjects: “In its April 3, 
2007 letter, TVA states that WBN Unit 2 is of the same vintage and that it will be virtually 
identical to WBN Unit 1. The letter states, “WBN Unit 2 licensing and design basis would be 
essentially the same as what presently (emphasis added) exists for WBN Unit 1”. The letter 
indicated that, “the majority of WBN Unit 2 licensing issues have been resolved as reflected 
in the Safety Evaluation Report (SER) and its supplements related to the operation of WBN 
Units 1 and 2 (NUREG-0847)”. It is the staff's understanding that TVA believes that the 
current docket record supports both the WBN Unit 1 and the WBN Unit 2 licensing basis and 
will be adequate to close out any remaining licensing and construction issues, with only the 
three exceptions identified in TVA's April 3, 2007, letter. TVA does not explicitly commit to 
meeting current regulatory requirements; rather, TVA seems to indicate that it will meet the 
licensing basis for Unit 1, which was licensed 12 years ago. If this is TVA's intent, the staff 
does not agree with TVA's position; nor does the staff agree with TVA's view of the state of 
the current docket record”. 
 
Furthermore, the USNRC´s staff reaffirms its commitment with the state-of-the-art of science 
and technology for the licensing when states that [8]: “The staff plans to use the latest version 
of NUREG-0800 for its assessment, since this version incorporates current requirements and 
criteria, including resolution of generic issues and communications. If cases are identified 
where the current standard review plan (SRP) addresses requirements or criteria are not 
applicable to WBN Unit 2 (e.g., Appendix S of 10 CFR 50), the staff will refer to previous 
versions for guidance. The staff will also consider any alternative approaches to meeting 
regulatory requirements that may be proposed by TVA”. It is also observed the technical 
rigor with which the USNRC’s staff treats similarity subjects in those related with updating 
of regulatory requirements and criteria, between the two units of Watts Bar, placing each 
discussion in its appropriate context for the licensing: “The expected significant similarity 
between WBN Units 1 and 2 may assist TVA in demonstrating compliance with regulatory 
requirements, and may result in more efficient licensing and inspection effort by NRC. For 
example, many issues were reviewed in NUREG-0847 and for WBN Units 1 and 2, and many 
of these reviews may be applicable to WBN Unit 2. TVA should be able to demonstrate that 
various NPP corrective actions are applicable to WBN Unit 2, as well. However, the staff 
anticipates that some differences may exist between the two units due to changes in 
regulatory requirements and criteria between the time WBN Unit 1 was licensed and the 
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completion of WBN Unit 2 licensing. These differences will be addressed on a case-by-case 
basis”. [8] 
 
Other countries adopt similar attitudes concerning to updated state of regulatory 
requirements. In the case of Germany, there are similar regulations as in the USA. For 
example, General Design Criteria BMI 1.1 and 2.1, described below, emphasize the state-of-
the-art of science and technology:  
“Criterion 1.1. Basic Principles of the Safety Precautions - The nuclear power plant shall 
be designed and operated …in accordance with the state of science and technology,... The 
safety precautions, required thereto according to the state of science and technology, shall 
be in line with following basic principles:…”. 
“Criterion 2.1. Quality Assurance - …To this end, such principles and procedures shall be 
applied to the design, …of all plant components of safety-related significance which, 
according to present state of science and technology, satisfy the special safety requirements 
of nuclear technology…”. [9] 
 
The German Government’s Report in Nuclear Safety for the IAEA Nuclear Safety 
Convention also endorses the concept of the state-of-the-art [10]: “These licenses for nuclear 
power plants were granted after the applicant had proven to the nuclear licensing authority 
that the required protection against damage according to the state of the art in science and 
technology at that time was achieved by the plant design …each major modification…in an 
adaptation to necessary precautions against damage according to the state of the art in 
science and technology”. This document also emphasizes the updating of technical norms 
and standards, including the experience of the normative state of other countries besides the 
national one: “Historically, the KTA safety standard have been developed on the basis of 
applicable German technical standard and regulations and on the American nuclear 
standard safety. The ASME-Code (Section III) was used as the model for specifying the 
requirements regarding the design and construction of components. On the basis of the 
regular reviews and, where required, amendment of the issued standard safety at intervals of 
no more than five years, standard are adjusted to the state of the art in science and 
technology”. 
 
In the KTA standards, this commitment appears in the section of Fundamentals. Let’s take, 
for example, the KTA 3201.2 [9] related to the design of the reactor primary coolant system: 
“(1) The safety standard of Nuclear the Safety Standards Commission (KTA) have the task of 
specifying those safety related requirements which shall be met with regard to precautions to 
be taken in accordance with the state of science and technology against the damage arising 
from the construction and operation of the facility… 
(2)… Criterion 4.1 “Reactor Coolant Pressure Boundary” principally requires, among other 
things, the exclusion of dangerous leakage, rapidly extending cracks and brittle fractures 
with respect to the state-of-the-art”. 
 
We can also mention the IAEA Safety Guides and Standards that recommend similar actions 
(proven technology and updating of safety analysis) through the Basic Safety Principles of 
the 75-INSAG-3 [11], sections 3.3.1. Proven engineering practices and 3.3.6. Safety 
assessment and verification: 
“68. Principle: Nuclear power technology is based on engineering practices that are proven 
by testing and experience, and which are reflected in approved codes and standards and 
other appropriately documented statements.” 
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“96. Principle: Safety assessment is made before construction and operation of the plant 
begin. The assessment is well documented and independently reviewed. It is subsequently 
updated in the light of significant new safety information”. 
 
In the text below, there is an interesting question about the German Safety Report for the 
Safety Convention in Vienna. It points out the responsibility of a regulatory body in using the 
state of the art of science and technology in the licensing, independently of normative 
status in the original country of a nuclear power plant to be licensed, because the original 
country could not have all the necessary information: 
“151 Article 17.1 page 122 Question/Comment 
The report states that “For the newer nuclear installations, the design against aircraft crash 
…After all these improvements, are the German NPPs protected against aircraft crash?  
Germany is the co-author of EPR design. Is this design sufficiently robust to protect the plant 
in case of suicide air crash attack? Up to what airplane size is it resistant? 
Answer:…Although German branches of the AREVA company were involved in the 
development of the EPR and various institutions participated in the assessment of its design, 
the German regulatory authorities were not involved. They therefore also do not dispose of 
any detailed information on the design layout regarding the plant that is being erected in 
Finland. The actual design of the EPRs under construction in Finland and France depends 
on the regulatory requirements in the corresponding countries”. [10] 
 
In the next items, we have chosen some general design criteria to exemplify how the 
discussion on the state of the art of science and technology, and consequently of norms and 
technical standards, can influence safety evaluation of plants and their safety margins. These 
general design criteria are directly linked to the design of safety structures and systems, 
including the containment and the primary system, the last two safety barriers. Initially we 
will evaluate the combinations of internal (design base accidents) and external events in the 
design of those barriers, including the concept of leak before break and its relationship with 
the accidents of ruptures with loss of coolant. After that, we will discuss some accident 
sequences involving external and internal events most probable to be transformed in severe 
accidents and how the plant could incorporate these situations in the design. As a part of this 
analysis, we will discuss in sequence the role of the Probabilistic Safety Analysis (PSA) in 
the design against severe accidents. At last, considering the role of human beings and their 
failures in accident sequences, it will be discussed the influence of human factors engineering 
together with digital technology (instrumentation and control), which provides new modes of 
common cause failures. 
 

2. COMBINATION OF EXTERNAL AND INTERNAL EVENTS 
 
The item B-6 - Loads, load combinations, stress limits of NUREG-0933 [12], that controls 
dynamically (updated permanently) all the generic and specific safety items in the USA, 
arose from the need of uncoupling the events of Design Base Earthquake (DBE or SSE-Safe 
Shutdown Earthquake) and Design Base Accidents (LOCA-Loss of Coolant Accident) in the 
design of pressure vessels and piping of the primary system pressure boundary. This implies 
in the non-combination of SSE and LOCA loads. It was concluded in the past that the low 
probability of 10-10 of a SSE to induce a LOCA (10-6 for indirect effects of the internal 
components and structures inside of the containment) and the larger probability for the 
appearance of cracks through the pipe wall thickness supplied the technical base for the leak-
before-break concept (LBB). Later, this item will be examined with more details in the item 
4. The application of LBB allowed the reduction of snubbers, pipe whip restraints and 
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elimination of asymmetric blowdown analysis. The subject continued to be studied in the 
issue 119-Piping review committee recommendations (rev. 3) of NUREG-0933 [12], causing 
the modification of the general design criterion GDC-4 (effect of external events), the 
inclusion of the technology of LBB, and the edition of NUREG-1061 [13] on the acceptable 
analysis requirements for LBB, as well as the revision of the Standard Review Plan, NUREG-
0800, sections 3.6.1, 3.6.2 and 3.9.3, on location and analysis of ruptures, and design of the 
primary system. 
 
In 2005, USNRC published a document, NUREG-1829 [14], in which provides the 
probabilities of LOCAs in function of the rupture sizes, using a process based on the 
specialists' opinion. The process took in consideration all the expected normal transients for 
the plant, except earthquakes, as well as the aging phenomena and expected degradation 
mechanisms for the materials. The expert elicitation was adapted from expert judgment 
process used in NUREG-1150. The participants identified the following degradation 
mechanisms that are considered the most important for PWR type reactors: thermal fatigue, 
stress corrosion cracking (SCC), mechanical fatigue, intergranular SCC (IGSCC). 
Specifically, primary water SCC (PWSCC) is an important mechanism for PWRs. 
 
Many degradation mechanisms were studied in the last years (after the edition of 
NUREG/CR-5750 [15]) and now they make part of analyses and influence the final results 
[14]: primary-water stress-corrosion cracking (PWSCC) of pressurized water reactor (PWR) 
in alloy 82/182 welds, PWR vessel head degradation at Davis Bessie, hydrogen combustion 
failures at the Hamaoka and Brunsbüttel plants, control-rod-drive mechanism (CRDM) crack, 
and LOCAs due non-pipe break passive failures (e.g. CRDM nozzle and valve bodies). 
However, the consequences of other mechanisms will only be known when there is historical 
register enough to take account of them: “Past service experience is also not necessarily 
representative of future performance. Therefore, the effect of future aging mechanisms that 
have yet to be detected is difficult to explicitly consider using service dates. When new aging 
mechanisms of the in service emerges, there is the lag before their consequences are fully 
understood. Aging mechanisms can require significant incubation time before causing 
significant precursory degradation or failure. However, once the incubation period is over, 
degradation can occur relatively rapidly and can lead to rapidly increasing failure 
propensity with time. This pattern was experienced with intergranular stress corrosion 
cracking (IGSCC) failures in the early 1980s.” [14] 
 
The modeling complexity and the large number of variables involved leading to assumptions 
that could not reflect plant operational realities as well as the shortage of practical data (small 
ruptures and non leakage initial cracks) to validate the theoretical results of PFM (Plastic 
Fracture Mechanics) place some limitations in these studies. In any way, the combined 
effects of several cyclical loads such as seismic, thermal, pressure and others (direct effects), 
were taking into account in the growth of cracks due fatigue, as well as the effects of passive 
failures of components (indirect effects) due to seismic loads, such as supports of Steam 
Generators (SGs). 
 
Table 1 below compares the previous results with those of specialists. It can be verified that 
the results of WASH-1400 are larger, due to the fact that this study relies mostly on data from 
conventional industries (non nuclear), more available at that time, mainly of the 
petrochemical industry, where the quality standards were not so comparable as in the nuclear 
area. In the case of NUREG/CR-5750, for MB (Medium Break) and SB (Small Break) 
LOCAs the values were lower. The explanation for this is in the fact that some degradation 
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mechanisms were studied and best understood after the edition of this NUREG, as mentioned 
previously. In the case of DEGB (Double Ended Guillotine Break), there is a reasonable 
agreement among the values, because the variation ranges do not differ substantially. The 
methodology of the NUREG/CR-5750 was based in the leaks registered in operational 
experience and in calculation of the conditional probabilities (Bayesian) of rupture 
occurrences, based on growth of the crack corresponding to the leak. This, in turn, just takes 
into account the fatigue effect, but not the other aging mechanisms, as well as their failures 
and other degradation mechanisms that did not result in leaks. 
 
 

Table 1. Comparison with Results from Previous Studies (per Calendar Years) [14] 
 

Reactor Type – PWRs Analysis SB LOCA 
(x 10-5) 

MB LOCA 
(x 10-5) 

LB LOCA 
(x 10-5) 

WASH-1400 (Mean) 300 80 30 

NUREG/CR-5750 (Mean) 40 3.0 0.36 
Westinghouse PWRs MFP Indirect 
DEGB (Median) 

NA NA 5 x 10-8 to 0.5 x 
10-5

Expert Elicitation: End-of-Plant-License 
Estimate (per cal. year) (40 years fleet 
average operation) [14]  
>500K gpm/31 pol to >5000 gpm/3 pol 

2.6 x 10-3 
(Median) 
5.2 x 10-3 
(Mean) 

1.6 x 10-4 
(Median) 
7.8 x 10-4 
(Mean) 

2.9 x 10-9 to 7.6 
x 10-6 (Median) 
7.5 x 10-8 to 3.6 
x 10-5 (Mean) 

Westinghouse PWRs MFP (’80) direct 
DEGB (Median) 

  2 x 10-13 to 3 x 
10-11

 
 
Recently, USNRC published another document [16] in which the concept of transition break 
size was depicted. This concept can be defined as follows [16]: “The proposed rule would 
divide the current spectrum of LOCA break sizes into two regions. The division between the 
two regions is determined by the transition break size (TBS). The first region includes small 
breaks up to and including the TBS. The second region includes breaks larger than the TBS 
up to and including the double-ended guillotine break (DEGB) of the largest reactor coolant 
system pipe. The term “break” in the TBS does not mean the double-ended guillotine break; 
rather it refers to an equivalent opening in the reactor coolant system boundary.” Similarly, 
the proposed rule defines the TBS as follows: “Transition break size (TBS) is the break of 
area equal to the cross-sectional flow area of the inside diameter of specified piping for the 
specific reactor. The specified piping for the pressurized-water reactor is the largest piping 
attached to the reactor coolant system.” [16] This concept was created to complement the 
specialists' study, because it did not take in consideration some rare events, such as 
earthquakes and water hammer, just only the failures due to material degradations. It was 
intended then to evaluate the effect of seismic events in TBS. 
 
In the German regulation, there are also considerations about the combination of SSE with 
LOCAs. In the revision of June of 1990 of KTA 2201.1, we can find the following paragraph: 
“(4) Combinations of loads resulting from earthquakes and earthquake-induced incidents 
and consequential incidents shall be taken into consideration”. However, in RSK Guidelines 
[17] we find this: “18. Natural Events, 18.1 Earthquake: …A superposition of the safe 
shutdown earthquake by the loss-of-coolant accident may also be disregarded if the analyses 
reveal the sufficient interval between the two events”. Although this guideline allows the 
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exclusion of the two events with base in the interval between them, a French-German 
Commission for studies of improvements and homogenization of safety criteria in the two 
countries concluded that it was necessary some combination type in the design of future 
reactors to be constructed, according to the following recommendation: “GPR and RSK also 
recall that “it is necessary to take into account in the design of components and structures of 
future PWR plants the combination of the design basis earthquake with the loss of coolant 
accident”. For the design of the internal structures of the reactor vessel, this objective could 
be dealt with by considering the load cases combining the design basis earthquake and the 
rupture of the largest pipe connected to the main coolant line, using “the square root of the 
sum of the squares” methodology” [18] [19] “…In the further improvement of the defence in 
depth concept…considering the application of the break preclusion principle the designer 
have to propose the corresponding loss of coolant accident.” 
 
It is observed that the principle of break preclusion (equivalent to LBB) in German does not 
exclude some combination type for other structures, systems and components. Just for the 
primary system, the exclusion of DEBG is admitted, although it is still the design base 
accident for other systems, components and structures, as, for example, for the residual heat 
removal system. In the reference [20], the authors reaffirm these recommendations above, 
emphasizing the need that the future PWRs (e.g, EPR - European PWR design) must be 
licensable at both countries and incorporate improvements in nuclear safety standards. 
 
Based on these and other considerations, through a letter of 08.11.2002, the BMU requested 
the RSK to prepare the statement on the need for the revision of KTA Safety Standard 2201.1, 
Part 1, and to make recommendations for contents of the revised version of standard. [21] In 
2004, RSK issued a statement [21] with recommendations to alter KTA 2201.1. Concerning 
the long term control of design base accidents (LOCAs), RSK also made recommendations 
about the combination with other events, related with the section 3 of KTA 2201.1: “For the 
analysis of the earthquake-induced accident sequence at nuclear power plants, the following 
should be specified in an amended version of standard: Consideration of limited coolant 
leakages after the ground-motion phase, maintenance of the containment integrity and 
availability of the containment isolation functions, the longer-term control of design-basis 
accidents after the event and event combinations to be postulated in this respect, and the 
requirements of the single-failure concept”. 
 
Although the combination SSE+LOCA can be relaxed for pipings, in view of the LBB 
concept, the same seems to be problematic for the reactor containment. In this case, it is not 
adequate to postulate something similar to LBB, because the containment is the last safety 
barrier for the radioactive material release to the external environment. In the IAEA 
document [22], there is a safety criterion (see below) for loads combination in containment 
designs. It is observed in the item 7 of footnotes that even in the hypothesis of permanent 
deformation the containment tightness should be assured. It is also observed that, in this case, 
the pressure provoked by a LOCA accident is combined with ½ SSE load. Here, there is a 
parallel with the OBE (Operating Basis Earthquake) that can stay out of the piping design (in 
the USA), when it is admitted to be 1/3 of the SSE intensity (inspection criterion after the 
event for returning to operation). An IAEA combination is like the following: “4.70. Loads 
resulting from an SL-26 earthquake and design basis accidents should be combined, although 
one cannot realistically be the consequence of the other since the pressure boundary is 
designed to withstand an SL-2 earthquake7. 6The seismic level 2 (SL-2) earthquake 
corresponds directly to ultimate safety requirements. The level of ground motion associated 
with such an earthquake is required to have the very low probability of being exceeded over 
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the plant lifetime. It represents the maximum level of ground motion to be assumed for design 
purposes. 7In some States this combination is not required; in other States, leaktightness of 
the containment is required to be ensured for the maximum DBA pressure combined with one 
half of the earthquake loads”. 
 
The SSE+LOCA combination can also be seen as a beyond design basis accident or a severe 
accident, during the long term control of a LOCA, when a seismic event can happen, 
although with low occurrence probability. However, even such possibility (among others 
related to severe accidents) must be taken into consideration in containment designs. This can 
be seen in the recommendation of the IAEA safety guide [22] as follows: “6.11. Load 
combinations for severe accidents are design specific and should be considered in addition to 
the load combinations for design basis accidents”. However, the subject of the combination 
of LOCA with seismic events happening in the phase of long-term control of loss of coolant 
accidents should be considered in the design bases. In the IAEA document [24], this subject 
is emphasized as a design requirement: “I.18. For the post-event recovery period (of days or 
longer), additional events may need to be taken into account, depending upon the length of 
the recovery period and the expected probabilities of the events. For the recovery period, it 
may be realistic to assume that the severity of an event that you have to be taken in the 
combination is not as great as would need to be assumed for the same kind of event 
considered over the time period corresponding to the lifetime of the plant. For example, in 
the recovery period for the loss of coolant accident, if the random combination with an 
earthquake needs to be considered, the severity could be taken the less than the severity of 
the design basis earthquake for the plant.” 
 
In fact, in the Japanese standard for seismic design it is discussed a criterion in which 
operating states and earthquakes are combined, considering the probabilities of earthquakes 
and accidents duration together. It is defined four categories of operational states, in 
agreement with the involved probabilities: category I (>1), category II (<1 and> ~2 x 10-2), 
category III (<~2 x 10-2 and >10-4) and category IV (<10-4 and >10-7). It is also defined two 
seismic event categories: S1 in the range from 10-3 to 0.5 x 10-4 and S2 in the range from 10-5 
to 0.5 x 10-4. Depending on the time after an occurrence of a S1 dependent accident, it is 
given a credit to the combination of S1 with this accident, if the combination probability 
surpasses the value of 10-7  (criterion for consideration in the design bases). After one minute, 
the combination of S1 with accidents category II (CII) could reach the limit of 10-8, therefore 
smaller than that threshold. After one hour, the combination S1-CII could surpass the 
threshold of 10-7. After one day, the combination S1-CIII could achieve the threshold of 10-6, 
while the combination S1-CII would reach the value of 10-5 and the combination S1-CIV 
would surpass the value of 10-9. After one year, the combination S1-CIV would surpass the 
value of 10-6. Therefore, in some moment between one day and one year, the combination of 
a seismic event S1 with a category IV LOCA will be creditable [23]. 
 
In the volume 4 of NUREG-1061 [13] this argument is discussed, usually placed by the 
industry that the limit of 10-3 for seismic events and 10-5 for LOCAs would lead the 
combination probability to 10-8, considering that they are independent, not taking into 
account the duration of the events. But if the duration of the events (t1 and t2) is to be 
computed, then the Probability Pr of the combination will be equal to the product of the 
annual probabilities of the two events multiplied by the rate between the sum of the duration 
times of each event and the period of one year, what would give Pr = 4 x 10-14, if t1=t2=1 
minute. If the events were dependent in some way, Pr of the combination will be the product 
of Pr(1) of the event 1 (seismic) multiplied by the conditional Pr, Pr(2/1) of the event 2 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 



 

(LOCA) given that the event 1 already happened. NUREG-1061 uses the value of 10-6 of the 
studies at that time for Pr(2/1), supplying the value of 10-9 for Pr (combination). 
 
In the study of NUREG-1903 [16], the value of TBS was adjusted in function of the results of 
NUREG-1829 [14]: “In order to evaluate the results and conclusions of this study in their 
proper context, it is important to recall how the TBS was determined. The discussed in 
Section 1.2, the TBS was determined by considering the results of an expert elicitation to 
estimate the frequency of different size pipe breaks owing to service degradation of piping 
subjected to normal operating loads [NRC, 2005]. As a starting point in determining the 
TBS, the staff used the break size related to the nominal failure frequency of 10-5 per year. 
However, to address uncertainties in the elicitation, the staff adjusted (i.e., increased) this 
size, resulting in the TBS that does not directly relate to the specific break frequency, but is 
expected to have the frequency not greater than 10-5 per year”. 
 
The results of NUREG-1903 demonstrated that the probabilities of critical failures (>TBS), 
associated with seismic events of annual probability of exceeding the limit values, in the 
range from 10-5 to 10-6, are great in an magnitude order equal or smaller than 10-5 a year (the 
same is valid for indirect failures): “In summary, this study have demonstrated that the 
critical flaws associated with the stresses induced by seismic events of 10-5 and 10-6 annual 
probability of exceedance are large, and coupled with other mitigative aspects, the 
probabilities of pipe breaks larger than the TBS are likely to be less than 10-5 per year. 
Similarly, for the cases studied, the probabilities of indirect failures of large RCS piping 
systems are less than 10-5 per year. The intent of the staff study was not to perform bounding 
analyses that will encompass all potential variations, including site-to-site variability in the 
seismic hazard. The purpose of the staff study was to get the measure of seismic effect on the 
proposed TBS and to provide information on key considerations to facilitate the public 
review and comment period to elicit comments and information germane to this issue”. [16] 
 
The final conclusion of all these studies is that the probability of a seismic event to induce a 
LOCA accident is of 10-5, therefore, larger than the occurrence of a seismic event after a 
LOCA (see discussions above), whose duration (that controls the long term phase of the 
accident) would have to be of approximately one year (it depends on seismic hazards curves), 
so that the combined probability would be in a magnitude order equal or larger than 10-7, the 
criterion to consider it in the design bases. According to statement above, the studies do not 
still contemplate all the potential variabilities, including the specific variability due to a 
specific site. However, the involved numbers show us that the subject cannot be minimized, 
since the probabilities are not as low as it would be expected, due to the effect of complex 
mechanisms of aging and degradation, as well as the temporary effect of the long term 
control of accidents. Therefore, to make assumptions of the combined effect considering 
independent events with instantaneous duration does not represent all the complexity 
involved in the analysis. Furthermore, the possibility of this event combination to transform 
an accident sequence into a beyond design basis accident or a severe accident should be 
investigated, what it will be done in the next item. 
 
 
 

3. SEVERE ACCIDENTS AND PROBABILISTIC SAFETY ANALYSIS 
 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 



 

In the current licensing, the design related to severe accidents became an imperative. In the 
IAEA document on design criteria [24] the basic objectives of this evaluation type are 
described as follows: 
“5.31. Certain very low probability plant states that are beyond design basis accident 
conditions and which may arise owing to multiple failures of safety systems leading to 
significant core degradation may jeopardize the integrity of many or all of the barriers to the 
release of material radioactive. These event sequences are called severe accidents. 
Consideration shall be given to these severe accident sequences, using the combination of 
engineering judgment and probabilistic methods, to determine those sequences for which 
reasonably practicable preventive or mitigatory measures can be identified”. 
“6.46. Provision for maintaining the integrity of the containment in the event of the severe 
accident shall be considered. In particular, the effect of any predicted combustion of 
flammable gases shall be taken into account” 
 
The last sentence concerning the containment design emphasizes the fact of the containment 
is the last barrier for the radioactivity release in the environment and the design should 
necessarily foresee the situations of severe accidents with larger occurrence probability 
starting from the events of low probability. This criterion can be found in the IAEA’s 
document [22] on the containment design criteria: 
“3.21. Multiple failures in redundant safety systems could lead to their complete loss, 
potentially resulting in beyond design basis accident conditions and significant core 
degradation (severe accidents) and even threatening the integrity of the containment. 
Although accident sequences exhibiting such characteristics have the very low probability, 
they should be evaluated to assess whether they need to be considered in the design of the 
containment. The selection process for such sequences should be based on probabilistic 
evaluations, engineering judgment or deterministic considerations, as explained in Ref. [1], 
para. 5.31. The selection process should be well documented and should provide convincing 
evidence that those sequences that were screened out do not poses undue risks to operators 
or the public. (See Section 6 for design considerations for severe accidents.)” 
 
In view of the need to consider in the design the severe accidents, USNRC elaborated a 
specific chapter (19) on this matter in NUREG-0800 [25] and required that every Safety 
Analysis Report (SAR) must have a specific chapter on severe accidents, what demands a 
Probabilistic Safety Assessment (PSA) or a Probabilistic Risk Assessment (PRA) in three 
levels: analysis of the accident sequences leading to the core melting (I), analysis of the 
containment and its failure modes (II) and analysis of the consequences in the environment 
(III). In NUREG-0800, the deterministic and probabilistic designs related to severe accidents 
are described. According to NUREG-0800, PSA and severe accident evaluation are used 
during the design phase to identify and correct (selecting among design and operation 
alternatives) potential plant design and operational vulnerabilities, mainly when a small 
number of failures could lead to core damage, containment failure, or large radiological 
releases, including significant risk contributors of existing operating plants that are applicable 
to the new design. The Code of Federal Regulations (CFR) contains some design criteria that 
must be obeyed: 10 CFR 52.47(8) requires compliance with Three Mile Island (TMI) 
requirements set forth in 10 CFR 50.34(F), specifically 10 CFR 50.34(F)(1)(I); 10 CFR 
52.47(a)(23) requires design features for the prevention and mitigation of severe accidents, 
e.g., challenges to containment integrity caused by core-concrete interaction, steam 
explosion, high-pressure core melt ejection, hydrogen combustion, and containment bypass; 
10 CFR 52.47(a)(27) requires the description of the design-specific probabilistic risk 
assessment (PRA) and its results. 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 



 

 
The document SECY-93-087 [26] which is a reference of the chapter 19 of NUREG-0800 
contains the following general criteria that have been approved by the USNRC for severe 
accidents:  
Hydrogen Mitigation 
• accommodate hydrogen generation equivalent to 100 percent metal-water reaction of the 

fuel cladding. 
• limit containment hydrogen concentration to no greater than 10 percent. 
• provide containment-wide hydrogen control for severe accidents. 
Core Debris Coolability 
• provide reactor cavity floor space to enhance debris spreading. 
• provide the means to flood the reactor cavity to assist in the cooling process.   
• protect the containment liner and other structural members with concrete, if necessary. 
• ensure that the best-estimate environmental conditions (pressure and temperature) 

resulting from core-concrete interactions of the not exceed Service Level C for steel 
containments or Factored Load Category for concrete containments, for approximately 
24 hours. Also ensure that the containment capability has margin to accommodate 
uncertainties in the environmental conditions from core-concrete interactions. 

High Pressure Melt Ejection (HPME) 
• provide the reliable depressurization system. 
• provide cavity design features to decrease the amount of ejected core debris that reaches 

the upper containment. 
Containment Performance 
• The containment should maintain its role as the reliable, leak-tight barrier for 

approximately 24 hours following the onset of core damage under the likely severe 
accident challenges. Following this period, the containment should continue to provide 
the barrier against the uncontrolled release of fission products. 

• The conditional containment failure probability (CCFP) should not exceed approximately 
0.1. 

Equipment Survivability 
• Maintain reliability of functions during relevant severe accident scenarios. 
 
It should be pointed out that there are other documents listed in Section C.I.19 of Regulatory 
Guide 1.206 [27] that provide guidance on how to address severe accidents. According to this 
document accident sequences with larger risk for the occurrence of severe accidents 
(preventive analysis) and design characteristics of mitigative nature should be analyzed. For 
preventive analysis the following events must be evaluated: ATWS (Anticipated Transients 
without SCRAM), Mid-Loop Operations, SBO (Station Blackout), Fire Protection, 
Intersystem LOCA. For mitigative analysis it must provided the Containment Design, severe 
accident Progression, both In-and Ex-Vessel and the following Mitigation Features: External 
Reactor Vessel Cooling, Hydrogen Generation and Control, Core Debris Coolability, High-
Pressure Melt Ejection, Fuel-Coolant Interactions, Containment Bypass (including Steam 
Generator Tube Rupture and Intersystem LOCA), and Equipment Survivability. 
 
Regulatory Guide 1.206 also requires an analysis of external events including seismic effects 
in PSA. This study must provide fragility analysis of structures, systems and components 
(SSCs), including the use of information from expert opinion or expert elicitation. It should 
be described the seismic risk accident sequence and system modeling and provided the total 
mean core-damage frequency, large release frequency, and conditional containment failure 
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probability due to seismic events. It is required the identification of the most significant 
functions, SSCs, and human actions (operators) by means of risk achievement worths and 
Fussell-Vesely importance measures to determine risk significance. The seismic fragility 
inputs must be included in the fault trees as basic events to obtain seismic failures in the 
analysis of cutsets for core damage. Human actions in the PRA model are also reviewed and 
evaluated concerning to potential seismic impact on human reliability. In summary, a seismic 
PSA should contain the following analysis requirements (Annex I - Seismic Probabilistic 
Safety Assessment of nuclear power plants, M.K. Ravindra in [28]): seismic hazard analysis; 
systems/accident sequence analysis with SSCs and human errors failures combinations; 
seismic fragility evaluation to estimate the conditional probability of SSC failures leading to 
core melting; risk quantification to estimate the frequencies of core damage, and severe 
radiological releases, assessment of the impact of seismic events on the containment and 
consequence analyses. 
 
Ravindra [28] reports the international experience in this following analysis: “Over the last 
25 years, the number of seismic PSAs have been conducted is nuclear power plants in the 
USA, Canada, Switzerland, Finland, Hungary, Czech Republic, Slovenia, the Republic of 
Korea and Taiwan. These studies have been performed to some regulatory needs or to 
respond to some increased perception of seismic hazard. In the US, about half of the 
operating plants performed seismic PSA as part of the individual plant examination of 
external events (IPEEE) during 1990 and 1997. The results and insights from the IPEEE can 
be found in Rubin et al. The mean CDF for seismic events ranged from 1 10-6 to 1 10-5 per 
year; the uncertainty bounds were about 2 to 4 orders of magnitude (10-1)”. [28] 
 
In Europe, an agreement among the German and French safety authorities (Reaktor-
Sicherheitskommission (RSK) and Groupe Permanent chargé des Réacteurs nucléaires 
(GPR)) recommended also the analysis of severe accidents for future reactor designs, during 
their common meetings of may 20th, 1994, in Cologne and June 13th, 1994, in Fontenay-aux-
roses [18] [19]. Three main items were emphasized: 
• High Pressure Core Melt Sequences - The GPR/RSK proposal indicates that it must be 

a design objective to transfer high pressure core melt sequences to low pressure core melt 
sequences with the high reliability so that high pressure core melt situations can be 
excluded. 

• Steam Explosions - The GPR/RSK proposal indicates that In-vessel and Ex-vessel steam 
explosions threatening the containment integrity must be practically eliminated. When 
they cannot be considered as physically impossible, design provisions have to be taken to 
design them out. 

• Hydrogen Management - The GPR/RSK proposal indicates that global hydrogen 
detonation must be practically eliminated. Concerning the possible formation of 
combustible gas mixtures, it is considered that the containment building must be designed 
to withstand the global deflagration of the maximum amount of hydrogen which could be 
contained in this building in the course of core melt accidents and also to withstand the 
representative fast local deflagration. The designer have to propose means to cope with 
the hydrogen production corresponding to 100% fuel clad metal-water reaction; it can be 
assumed that this amount of hydrogen is generated and released to the containment not 
instantly, but as the function of time dependent on representative sequences of severe 
accidents. Catalytic recombiners can be used to limit the amount of hydrogen in the 
containment and the time dependent concentration of hydrogen if the efficiency of these 
recombiners in the conditions of severe accident situations is clearly demonstrated”. 
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During the meeting between GPR and RSK in 1993 three main safety objectives were 
determined. Two of them are related to severe accidents. As a result it was recommended that 
accident situations, which would lead to large early releases and sequences, which could lead 
to core melt with a bypass of the containment, have to be “practically eliminated” with 
design features [18] [19]. As in case of the American design criteria in NUREG-0800, 
preventive and mitigative design features for severe accidents have been included in the 
design, and backfitting measures have been performed at existing plants at the German 
nuclear power plants since the 1980s [10]. 
 

4. LEAK-BEFORE-BREAK (LBB) 
 
The concept of leak before break (LBB) was used in the nuclear industry to eliminate the 
dynamic effects of pipe-whip, jet impingement and reaction forces provoked by the piping 
rupture, with the consequent removal of equipment supports. 
 
The initial problem appeared when in “May 7, 1975, NRC was informed by the Virginia 
Electric and Power Company that in the original design of the support system for reactor 
vessels for North Anna Units 1 and 2, neither Westinghouse nor Stone and Webster had 
considered an asymmetric loading on the reactor vessel supports resulting from the 
postulated rupture of reactor-coolant piping at the specific location (for example, that nozzle 
of the reactor vessel). In the event of the postulated instantaneous, double-ended, offset 
rupture at the vessel's nozzle, asymmetric loading could result from force induced on the 
reactor internals by transient differential pressures across the core barrel and by forces on 
the vessel caused by transient differential pressures in the reactor cavity” [29] Instead of 
facing the design problem directly, the companies decided to eliminate it indirectly with the 
concept of LBB, because in this case, there would not be the need to postulate ruptures, that 
generated the asymmetric blowdown, including the double-ended guillotine break (DEGB). 
NRC decided then to place the acceptance criteria for LBB in NUREG-1061 of five volumes. 
Later some of the recommendations from NUREG-1061 Volume 3 were implemented in the 
section 3.6.3 of the Standard Review Plan (NUREG-0800). The use of LBB concept is 
allowed only when there are no degradation mechanisms involved, including the following: 
water hammer and water slugging, large dynamic loads, intergranular stress corrosion 
cracking (IGSCC) and fatigue, corrosion, flow-accelerated erosion-corrosion, stress corrosion 
cracking, creep, degradation from indirect sources (fires, missiles, and damage from 
equipment failures, e.g. cranes, failures of systems or components placed closely), cyclic 
stresses (including cyclic thermal stratification), piping supported by masonry block walls 
and brittle-cleavage type fracture [30]. 
 
There are several difficulties for the application of LBB to smaller lines than those used in the 
primary system. These latter received approval for NRC for the use of LBB, but few received 
approval when it was related to auxiliary lines such as pressurizer surge lines (because of the 
thermal stratification that increases with shutdown) and residual heat removal lines, as well as 
the safety injection lines and bypass lines of the primary circuit. “Furthermore, the LBB 
concept might not apply for pipes with inside diameter 102 mm (4 in.) or less because of the 
comparatively large flaw size associated with the 38 L/min. (10 gpm) leak rate. The 
circumferential length of the resulting flaw becomes large for the small pipe, leaving the 
small uncracked ligament, resulting in the large uncertainty in the analysis due to pressure-
induced bending.” [31] There is also the need to understand better each material degradation 
mechanism provoked by aging and its influence in the LBB concept and its application, so 
that the analyst can dispose of an appropriate methodology of analysis, inspection and 
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monitoring. [31] In NUREG/CR-1061, Volume 3, Chapter 5.0, a procedure is described for 
the application of LBB in nuclear reactors, according to the steps below: 
• Step 1 - Establish initial conditions and properties, and then the stresses. 

Demonstrate fatigue resistance, that means the largest flaw permissible under ASME 
Code Section XI criteria will not grow significantly during service due to fatigue; the 
Paris-Law expression is used. Demonstrate that the leakage size crack will not experience 
unstable crack growth if 1.4 times the normal plus SSE loads are applied, based on a 
through-wall crack limit-load analysis or more sophisticated J-estimation scheme 
analyses or finite element analyses [30] [31]. 

• Step 2 - Establish a detectable, through-wall, “leakage crack” size, which provides a 
leakage rate 10 times greater than that detectable by the leakage detection system and 
demonstrate that it is stable under safe-shutdown earthquake (SSE) loads with appropriate 
margins [31]. 

• Step 3 - Determination of the largest stable through-wall “critical flaw” size. This is 
the “critical flaw” size. Demonstrate that a factor of 2 exists between the size of the 
“leakage crack” and the “critical flaw” size [31]. 

 
There are three safety factors that are introduced into the LBB analysis according to different 
materials utilized: A margin on leak detection of 10 on the minimum leakage detectability 
limit; a margin on crack size of 2 between the detectable leakage flaw and the critical crack 
size; a margin on loads of 1.414, in case of normal operating and SSE load are combined in a 
square-root-of-the-sum-of-the-squares way. A margin of 1.0 is applied if the absolute values 
are summed [31]. 
 
When the draft of SRP 3.6.3 was published in 1987, the research in the fracture mechanics 
field was still in its beginnings. We did not intend here to provide a detailed description of 
theoretical foundations in this area and its analysis methods (see, for example, the reference 
[32] or the NUREG in the reference [30]). For the determination of critical crack sizes or 
allowable loading levels, several methods are available: numeric methods (finite elements), 
load limit calculations, as for example, Plastic Limit Load (PLL) and Flow Stress Concept 
(FSC) and fracture mechanics methods, for example, the GE/EPRI method and R6 method. 
FSC is used mainly at Germany and some other countries. Usually for application practice, 
PLL or FSC are used to assure the integrity of pressurized components. In both methods, they 
use as maximum stress (failure criterion) the flow stress [33]. The problem with the load limit 
analyses is that they have limited applicability. One of the basic assumptions in such analyses 
is that the crack section achieves fully plasticity conditions. This only happens in pipes of 
smaller diameter and for materials of high toughness values (e.g, stainless steel) [30]. “In 
addition to J-based tearing instability theory, limit-load solutions such as the Net-Section 
Collapse analysis method were also available for predicting the critical crack size of a 
cracked piping system. Unlike the J-based solutions, the limit-load analyses do not require 
knowledge of the fracture toughness of the material. They depend solely on a knowledge of 
the strength, as measured in terms of flow stress, in their prediction of the critical crack size. 
Obviously, this independence of toughness required a screening criterion to define its limits 
of applicability.” [30] In SRP 3.6.3, the use of the equations of load limit was limited to 
stainless steel that presents inherent high toughness. SRP 3.6.3 precludes the generic use of 
load limit analyses to evaluate conditions of LBB. However, it allows the use of modified 
load limit analysis for austenitic steels. [30] In 1985, the approach of using J-integral and 
tearing modulus T to evaluate instability was preferred. The stability criterion says that a 
crack will tear in a stable way in case of loading in which applied J value exceeds the JIe of 
the material when the applied tearing modulus (Tapplied) is less than the tearing modulus of 
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the material (Tmaterial). If J value exceeds the JIc of the material and Tapplied is greater than 
Tmaterial the crack will tear in an unstable manner. [30]. 
 
The reference [30] describes the approach of Germany for LBB. It is interesting the 
comparison with the American method. In Germany the concept of break preclusion (BP) 
used is based on five pre-requisites: (1) optimized design, material, and manufacturing, and 
defect characterization with non-destructive testing; (2) multiple parties preservice testing for 
independent quality assurance; (3) research and development including full scale component 
tests, and failure investigation; (4) continuous in-service monitoring and surveillance and 
repeated in-service inspection; and (5) verification and validation with Codes, fracture 
mechanics analysis, and non-destructive evaluation. If some of the previous conditions were 
not assisted, they can be compensated through by other suitable measures as inspection in 
service and higher frequency. There are two main prerequisites of the BP concept: basic 
safety and independent redundancies. The independent redundancies required for break 
preclusion are: (1) in-service inspection, (2) load monitoring, and (3) leak-detection systems. 
The initial assumptions to apply this BP are: 
1. Absence of stress corrosion cracking, thermal fatigue, and water hammer 
2. The fracture resistant material properties used in the fabrication of the piping system 

make the rupture of the piping system highly unlikely. 
3. The pre-service and in-service inspections will detect any flaws. If the flaw goes 

undetected, its growth over the life of the plant will be insignificant, i.e., no mechanisms 
exist to develop the through-wall crack. 

4. If an unlimited number of plant lives are assumed, the theoretical through-wall crack may 
develop, but that throughwall crack will not become unstable under the worst cases 
loading conditions. 

5. This stable through-wall crack will leak at the rate such that the leak can be detected by 
the plant's leakage detection equipment, and the plant subsequently shutdown, so that the 
appropriate repairs completed 

 
“LBB is satisfied if: (1) the leakage crack size (2cleak) after the fatigue crack growth of the 
reference defect (after unlimited plant lives) is less than the critical crack size (2ccrit); and, 
(2) the detectable crack size (2cLDS) is less than the critical crack size (2ccrit); and, (3) the 
growth of the resultant through-wall crack is slow enough that there is enough time to detect 
the leak by the leak detection system. …there were no prescribed safety factors (or margins) 
on the leakage detection capability or on the leakage or detectable crack to the critical crack 
size relationship. Discussions had been initiated with the German KTA with the goal of 
achieving a common understanding on the subject of LBB. One of the main items of these 
discussions will be establishing prescribed safety factors.” [30] “Practically all countries use 
the safety factors of 2 on critical crack size and 10 on flow rate, as proposed by USNRC in 
NUREG-1061.” [31] 
 
For practical reasons a superior limit of the area of leak of 0.1A (A corresponds to the pipe 
cross-section) was placed as a requirement even if the break preclusion was demonstrated 
(see guideline of RSK, Chapter 21.1 (1) [17]). In terms of the definition of a design envelope 
involving complex technical processes and to reduce the diversity of individual safety 
demonstrations, RSK is of the opinion that the postulate of a 0.1A leak type represents an 
envelope requirement [34]. 

5. INSTRUMENTATION & CONTROL AND HUMAN FACTORS ENGINEERING 
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In the reference [35] there is a list of characteristics that the digital systems hold and that 
should be taken in consideration in safety analysis: 
1. The firmware components and software do not behave in a conventional way concerning 

the wastage processes and, therefore, we cannot use the methods of known tests. 
2. The firmware components and software cannot be modeled appropriately with the bathtub 

curve. 
3. Digital systems operate in discrete time and analogical systems operate in continuous 

time. 
4. The complexity of the digital systems implies in dependence among events that happen in 

their components and between them and the rest of the system. 
5. The failure modes of digital systems are not very defined. 
6. Digital systems are more affected by external stressors such as electromagnetic 

interferences, temperature, pressure, radiation and vibration. 
7. Software may be able to mask intermittent failures in hardware. 
8. Digital systems share transmissions of data, functions and process equipments to a much 

larger degree than analogical systems. This characteristic is an advantage of these 
systems, but they turn them more vulnerable to the common cause failures (CCF). 

9. Digital systems are associated to new failure modes. 
10. As the software is not a physical component, we cannot guarantee that it is free from 

errors using only known tests. 
11. The software deficiencies can be hidden for a long time until a specific execution is 

triggered revealing a failure that was not anticipated. 
12. Different from the analogical systems, the digital systems are subject to numeric errors 

truncation in the values of the process variables and parameters [35]. 
 
In the item 9, it becomes necessary to consider, besides the failure of the deliberate function, 
the possibility of executing the non-deliberate functions caused by latent design failures and 
that are triggered by intentional or non-intentional specific interactions with the plant systems 
[36]. In the item 8, we should use the following design principles to avoid the loss of the 
system safety function caused by CMF: (1) functional defense-in-depth, (2) functional 
diversity, and (3) system diversity. In the USA, several diversity types can be used in safety 
analysis. Human diversity tries to optimize the human beings performance in the design, 
development, installation, operation and maintenance of systems. Design diversity consists of 
software or hardware use to solve the same problem. Software diversity consists of the use of 
different programs, elaborated by different design groups, implemented by different teams to 
reach the same safety objective. Functional diversity consists of the use of systems that 
execute different physical functions, but share equivalent safety effects. Signal diversity 
consists of the use of different variables or parameters that may independently indicate the 
same abnormal condition. Equipment diversity consists of the use of different (concerning the 
common mode failures) equipments to execute the same safety function [37]. 
 
In the item 6, “Electromagnetic and radiofrequency interference (EMI/RFI) are the kind of 
environmental stressors in which electric and magnetic fields, or radiofrequency waves, 
generated from certain sources like electric motors, relay switching, and mobile phones, 
interferes with the operation of an electrical or electronic device, by means of noise that is 
added to the electric signals. It can causes digital equipment to perform unexpected 
functions. Events reported to USNRC confirm the existence of such interferences”. [37] 
Lightning is another environmental stressor, causing failures in digital systems by means of 
lightning-induced surge and associated secondary EMI effect. This can causes the collapse of 
the electric transmission and distribution systems. In August 2003, the electrical power 
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blackout in the northeastern of United States resulted in loss of offsite power (LOOP) and 
abnormal operating occurrences (AOOs) in nine NPPs. It is necessary an improved 
understanding of the multiple component and system interactions and how they could 
generate common-mode failures [37]. Related to the latter, transients occurring in the electric 
transmission and distribution network (internal or external) can generate harmonic distortion 
(electrical voltage and frequency fluctuations) in electronic equipment, which is dependent 
upon accurate determination of voltage zero crossings or other aspects of the voltage wave 
shape, causing misoperation [37]. 
 
In the item 7, there is the need of procedures for revision of protocols and communication 
systems, taking in consideration items as two-ways-communications, data density, and 
communication traffic levels adapted for safety related applications. Another aspect is the use 
of COTS (Commercial Off-The-Shelf) for safety-related applications, such as central 
processor units (CPUs) (e.g., Intel, AMD, and Motorola), microcontrollers, local area 
network (LAN) controllers, real-time operating systems, dual-port random access memory 
(RAM), analog-to digital and digital-to-analog converters, etc. [37] It must be considered in 
the evaluations above that failures can be introduced both during operation and maintenance 
and especially in design changes and modifications. Another source of failures can also be 
caused by unauthorized system access [36]. Related to the latter, Cyber-Security is the field 
of safety design that deals with attacks by means of computers access through legitimate 
ways, such as keyboards and modems, or illegitimate ways such as the EMF or RFI, and 
communication network non-authorized access, due the design vulnerabilities of the system 
[37]. 
 
The digital technology can also induce human errors different from those found in analogical 
systems, because computerized main control room is a very integrated system with 
instrumentation and control systems. For example, in computerized visual terminals, the 
vision field is limited. The opening of several operation procedures at the same time to be 
consulted in several directions of the constituent steps, with several process variables in the 
screen, can cause the loss of conscience concerning the plant state and actions that should be 
focused in a certain moment of the operation. The navigation through several information 
windows of these terminals can also cause the same effect. Beside this, these tasks can be 
tiresome for the operators [38]. 
 
The use of CBPs (Computer Based Procedures) can also inhibit the need of the operators in 
obtaining more information from other sources (for example, from hardwired panels), that are 
not available in the terminals. Another characteristic of CBPs is the possibility to evaluate the 
logic of procedures steps, since the CBP’s terminals receive the information about the values 
of variables and parameters of plant systems which can be compared with reference values of 
CBPs. However, if the steps or the values are incomplete or deficient, the operators can be 
induced to errors. The use of CBPs can also inhibit the information shared among the crew 
members, which is crucial for the common understanding of the system state and crew 
actions as a whole. Another important subject is the transition to the paper procedures in case 
of CBP failures. If several procedures are being consulted, monitored and executed in depth 
at the same time, this transition will be difficult and could be an inductor of human errors. 
How the operators will manage failures in such complex situations is still unknown [38]. 
 
 

6. CONCLUSIONS 
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This work has discussed four subjects that have been considered among the most important 
items for nuclear safety in the technical literature. Particularly, this focus has been given in 
the several meetings between the French and German regulatory bodies. Concerning to the 
first topic that discusses the load combination between internal and external events, recent 
studies in the USA show that the combination probability cannot be as low as one thought in 
the past. The future studies will certainly complement these ones, however, the most 
important is the idea that the combination cannot be put aside, as we can verify in the French-
German recommendation as well as in the IAEA Safety Guides and Standards. In the second 
topic it was discussed the importance of evaluating in the design phase of nuclear power 
plants the protection against severe accidents and beyond design basis accidents. To do that it 
becomes necessary to evaluate not only the deterministic aspects of systems and components 
design in such situations, but also the probabilistic aspects, considering a Probabilistic Safety 
Assessment of accident sequences that can lead to beyond design base accidents, which in 
turn, can be transformed in severe accidents. We can identify this concern in the safety 
criteria related to severe accidents, described in the Standard Review Plan of USNRC and in 
the recommendations of the French-German agreement between safety authorities. In the 
third topic which is related to the two previously mentioned, it is useful the reference to the 
concept and applicability of LBB methodology. In this discussion two aspects were 
emphasized. The first is related with the evolution of techniques of elasto-plastic fracture 
mechanics in the last years, the importance of knowing well the influence of materials aging 
and degradation phenomena along the plant life-cycle and of obtaining material 
characteristics related with the fracture mechanics in all the operation modes. Finally, the 
technological evolution in the instrumentation and control was discussed. It happens 
dynamically and demands the need to update constantly the norms and standards, mainly 
because this technology presents new failure modes related in the instrumentation and control 
systems and consequently in the human factors engineering, in view of the large integration 
of the control rooms with the remaining parts of I&C and changes in the operation crew 
behavior dealing with such systems. These four topics demonstrate that the modern licensing 
should be guided by the constant updating of the norms and standards, considering the new 
challenges that the technological modernization and improvements of analysis methods 
impose on nuclear safety. 

 
7. REFERENCES 

 
1. NUREG-0847, “Safety Evaluation Related to the Operation of Watts Bar Nuclear Plant, 

Units 1 and 2”, US Nuclear Regulatory Commission 
2. NUREG-1232, Vol. 4, “Safety Evaluation Report on Tennessee Valley Authority: Watts 

Bar Nuclear Performance Plan, Watts Bar Unit 1”, US Nuclear Regulatory Commission 
3. NUREG-0498, “Final Environmental Statement related to the operation of Watts Bar 

Nuclear Plant, Units 1 and 2”, US Nuclear Regulatory Commission, April 1995 
4. 52 FR 38077 (10CFR50), “Commission Policy Statement on Deferred Plants”, USNRC, 

14 October 1987 
5. NRC Regulations, Title 10, Code of Federal Regulations 
6. NUREG-0800, “Standard Review Plan for Review of License Renewal Applications for 

Nuclear Power Plants”, Rev.1, US Nuclear Regulatory Commission (2005) 
7. US Nuclear Regulatory Commission, Commission Voting Record, Decision Item: SECY-

07-0096, Title: Possible Reactivation of Construction and Licensing Activities for the 
Watts-Bar Nuclear Plant Unit 2, July 25, 2007, www.nrc.gov/reading-
rm/.../commission/.../2007/2007-0096vtr.pdf 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 



 

8. US Nuclear Regulatory Commission, SECY-07-0096, For: The Commissioners From: 
Luis A. Reyes, Executive Director for Operations, Subject: Possible Reactivation of 
Construction and Licensing Activities for the Watts Bar Nuclear Plant Unit 2, June 7, 
2007, www.nrc.gov/.../secys/2007/secy2007-0096/2007-0096scy.pdf 

9. KTA 3201.2 (incl. rectification from BAnz 129, 13.07.00), “Components of the Reactor 
Coolant Pressure Boundary of Light Water Reactors Part 2: Design and Analysis” (06/96) 

10. Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU), 
“Convention on Nuclear Safety Report by the Government of the Federal Republic of 
Germany for the Fourth Review Meeting in April 2008”, October 2007, and Convention 
on Nuclear Safety, Fourth Review Process 2008, Responses to the Questions and 
Comments on the National Report of Germany, www.bfs.de/en/kerntechnik/cns.html 

11. IAEA, “Basic Safety Principles for Nuclear Power Plants 75-INSAG-3 Rev. 1 INSAG-12 
A report by the International Nuclear Safety Advisory Group INSAG-12”, International 
Atomic Energy Agency, Vienna, 1999 

12. NUREG-0933, “Resolution of Generic Safety Issues”, USNRC, August 2008 
13. NUREG-1061, “Report of the U.S. Nuclear Regulatory Commission Piping Review 

Committee”, U.S. Nuclear Regulatory Commission, (Vol. 1) August 1984, (Vol. 2) April 
1985, (Vol. 3) November 1984, (Vol. 4) December 1984, (Vol. 5) April 1985 

14. NUREG-1829, “Estimating Loss-of-Coolant Accident (LOCA) Frequencies Through the 
Elicitation Process”, USNRC, June 2005 

15. Poloski, J. P., et al., “Rates of Initiating Events at U.S. Nuclear Power Plants: 1987–
1995”, NUREG/CR-5750, Idaho National Engineering and Environmental Laboratory, 
Idaho Falls, Idaho (1999) 

16. NUREG-1903, “Seismic Considerations For the Transition Break Size, USNRC, 
February 2008 

17. GRS Safety Codes and Guides – Translations Edition 1/01, “RSK Guidelines for 
Pressurized Water Reactors”, 3rd Edition, 14 October 1981, amended 1982, 1984 and 
1996,  

18. GRS Safety Codes and Guides – Translations Edition 8/98, “GPR/RSK Proposals for a 
Common Safety Approach for Future Pressurized Water Reactors (1995 – 1997)”, GRS 
(1998) 

19. GRS Safety Codes and Guides – Translations Edition 3/94, “GPR/RSK Proposals for a 
Common Safety Approach for Future Pressurized Water Reactors”, GRS (1994)  

20. W. Frisch, G. Gros, F. Rollinger and M. Simon, “Recent Achievement within the French-
German Safety Approach for Future PWRs”, Transactions of the 15th International 
Conference on Structural Mechanics in Reactor Technology (SMiRT-15), Seoul, Korea, 
August 15-20, 1999 

21. RSK Statement of 27.05.2004 - KTA Safety Standard 2201.1: "Design of Nuclear Power 
Plants against Seismic Events; Part 1: Principles"; as amended in 6/90 - 
Recommendations for the review of the safety standard, 
www.rskonline.de/English/downloads/stnseismike.pdf 

22. IAEA, “Design of reactor containment systems for nuclear power plants”, Safety 
Standards Series no. NS-G-1.10, Safety Guide, International Atomic Energy Agency, 
Vienna, 2004 

23. Abe Hiroshi, Japan Electric Association (Utilities) Technical Guidelines for Seismic 
Design of Nuclear Power Plants JEAG4601 (1300pages) - Outline of Japanese Seismic 
Design Review Guide of Nuclear Power Reactor Facilities, Japan Nuclear Energy Safety 
Organization, 7 Sept. 2007, http://www.n.t.u-tokyo.ac.jp/~fujiwara/JSDR.pdf 

24. IAEA Safety Standards Series, “Safety of Nuclear Power Plants: Design Requirements 
No. NS-R-1”, International Atomic Energy Agency, Vienna, September 2000 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

http://www.rskonline.de/English/downloads/stnseismike.pdf
http://www.rskonline.de/English/downloads/stnseismike.pdf
http://www.rskonline.de/English/downloads/stnseismike.pdf


 

25. NUREG-0800, “Standard Review Plan”, USNRC, March 2007 
26. SECY-93-087, Policy Issue (Notation Vote), For: The Commissioners From: James M. 

Taylor, Executive Director for Operations, Subject: Policy, Technical, and Licensing 
Issues Pertaining to Evolutionary and Advanced Light-Water Reactor (ALWR) Designs, 
April 2, 1993 (the corresponding SRM, issued July 21, 1993), www.nrc.gov/about-
nrc/regulatory/research/digital/regs-guidance.html 

27. USNRC, “Combined License Applications for Nuclear Power Plants (Draft issued as DG-
1145)”, Regulatory Guide 1.206, USNRC, June 2007 

28. IAEA-TECDOC-1487, “Advanced nuclear plant design options to cope with external 
events”, IAEA, February 2006 

29. NUREG-0609, “Asymmetric Blowdown Loads on PWR Primary Systems”, USNRC, 
January 1981 

30. NUREG/CR-6765, “Development of Technical Basis for Leak-Before-Break Evaluation 
Procedures”, USNRC, May 2002 

31. IAEA-TECDOC-1361, “Assessment and management of ageing of major nuclear power 
plant components important to safety Primary piping in PWRs”, IAEA, July 2003 

32. David Broek, Elementary engineering fracture mechanics, Fourth Revised Edition, 
Kluwer Academic Publishers (1986) 

33. Eberhard Roos, Karl-Heinz Herter, Peter Julisch, Frank Otremba and Xaver Schuler, 
“Probabilistic Procedure to Evaluate Integrity of Degraded Pipes Under Internal Pressure 
and Bending Moment”, Transactions of the 17th International Conference on Structural 
Mechanics in Reactor Technology (SMIRT 17), Prague, Czech Republic, August 17 –22, 
2003 

34. Eberhard Roos, Karl-Heinz Herter, Frank Otremba and Klaus-Jürgen Metzner, “General 
Concept for the Integrity of Pressurized Components”, Transactions of the SMIRT 16, 
Washington (2001) 

35. NUREG/CR-6901, “Current State of Reliability Modeling Methodologies for Digital 
Systems and Their Acceptance Criteria for Nuclear Power Plant Assessments”, USNRC, 
February 2006 

36. IAEA-TECDOC-1327, “Harmonization of the licensing process for digital 
instrumentation and control systems in nuclear power plants Report prepared within the 
framework of the Technical Working Group on Nuclear Power Plant Control and 
Instrumentation”, IAEA, December 2002 

37. NUREG/CR-6842 ORNL/TM-2004/74, “Advanced Reactor Licensing: Experience with 
Digital I&C Technology in Evolutionary Plants”, USNRC, April 2004 

38. NUREG/CR-6947 BNL-NUREG-79828-2008, “Human Factors Considerations with 
Respect to Emerging Technology in Nuclear Power Plants”, USNRC, October 2008 

INAC 2009, Rio de Janeiro, RJ, Brazil. 
 


	NA

