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ABSTRACT 

The U.S. nuclear power industry collectively developed a far-reaching program that incorporates 
seismic reviews relative to the newly developed seismic hazard at all U.S. nuclear sites. These seismic 
reviews consist of two separate seismic assessments: 
1. Evaluating the plant’s existing safety-related system’s ability to safely survive a newly developed 

earthquake level, and  
2. Evaluating the plant’s ability to use the newly added FLEX systems to demonstrate that a 

mitigation strategy to survive this new earthquake level exists. 
 
This paper focuses on the second of these two initiatives: the new seismic mitigation strategy 

assessment (MSA) approach/methods for beyond design basis earthquakes. The key elements of the 
seismic MSA program include innovations such as: 
 A graded approach incorporating five paths depending on the relative size of the new earthquake 

to the existing seismic design basis at the plant. 
 Seismic evaluation approaches based on seismic margin methods, seismic probabilistic risk 

assessment (SPRA) methods, and seismic fragility methods. 
 Acceptance criteria based on the use of a 10% failure probability. 

 
This methodology has been developed by a team of experts led by Electric Power Research 

Institute (EPRI) and Nuclear Energy Institute (NEI) and has been approved by the U.S. Nuclear 
Regulatory Commission (USNRC). The methods and the results from the U.S. post-Fukushima seismic 
programs will be beneficial to other countries as they are assessing their own post-Fukushima seismic 
programs. 

INTRODUCTION 

The 11 March 2011 accident at the Fukushima Dai-ichi nuclear power plant in Japan was caused 
by an earthquake and tsunami that significantly exceeded the design basis of the facility. The tsunami 
flooded important safety systems at the plant, resulting in an extended loss of electrical power. This loss of 
electrical power prevented operators from adequately cooling the reactor cores, which led to overheating, 
core damage, and the release of radioactive materials to the environment. 

The USNRC took a number of actions following the Fukushima accident to strengthen the 
protection of U.S. nuclear plants against events that could exceed a plant’s design basis. These included 
issuing orders and requiring licensees to conduct several evaluations associated with the lessons learned 
from the Fukushima event. The U.S. nuclear power industry initiated a program to add new capabilities 
and equipment to each plant. This initiative is referred to as FLEX and includes the incorporation of 
strategies to safely respond to an assumed extended loss of alternating current (AC) power (ELAP) with a 
loss of normal access to the ultimate heat sink (LUHS) from an unspecified event. The USNRC developed 
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a recent regulation (NRC Draft Rule - Mitigation of Beyond Design Basis Events (2016)) which requires a 
beyond design basis event review for these new FLEX mitigation systems. Relative to earthquakes, this 
rule requires the assessment of the impact on the mitigation systems to the re-evaluated seismic hazards 
which have been developed for all U.S. nuclear power plants. Figure 1 (developed by the USNRC) 
provides a graphic characterization of the elements of the new rule. 
 

 
 

Figure 1. Characterization of the proposed mitigation strategies rule. 
 

NEI and EPRI developed a methodology to comply with this new USNRC rule and which 
demonstrates the reasonable protection of mitigation equipment for beyond-design-basis seismic events. 
The purpose of this paper is to provide the key elements of that methodology documented in NEI 12-06 
Revision 4 (2016).  

MITIGATING STRATEGIES ASSESSMENT FOR NEW SEISMIC HAZARD INFORMATION 

The MSA is performed in order to determine if the FLEX strategies developed and implemented 
per NEI 12-06 can be implemented considering the impacts of the Mitigation Strategy Seismic Hazard 
Information (MSSHI). The MSA evaluates the plant equipment, FLEX equipment, operator actions, plant 
and site conditions, and procedures required to successfully implement the FLEX strategies so that a site 
may cope indefinitely with the effects of the MSSHI. The process for determining the appropriate MSA is 
illustrated in Figure 2 and is described in detail in Appendix H to NEI 12-06 (2016).  
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Figure 2. Elements of the mitigation strategies assessment for seismic. 

PATH 1: GMRS ≤ SSE 

If the ground motion response spectrum (GMRS) is bounded by the safe shutdown earthquake 
(SSE) spectrum at frequencies 1 Hz and greater, then additional evaluation is unnecessary. For the 
purposes of determining if the GMRS is bounded by the SSE spectrum, both narrow band exceedances in 
1 to 10 Hz range and certain GMRS exceedances in any frequency range above SSE accepted in the site-
specific NTTF 2.1 final determination letter (Dean, 2015) can be considered to meet the Path 1 screening 
assessment criteria. The narrow band exceedances in 1 to 10 Hz range are acceptable provided they meet 
the criteria of Section 3.2.1 of EPRI 1025287 (2012). The narrow band exceedances are similar to 
exceedances found to be acceptable in industry standards, such as IEEE Std. 344-1987. 

PATH 2: GMRS < SSE WITH HIGH FREQUENCY EXCEEDANCES 

For plants where the GMRS spectrum exceeds the SSE spectrum only above 10 Hz, the adequacy 
of the FLEX strategies with respect to the MSSHI is evaluated by performing an MSA that consists of an 
evaluation of high frequency (HF)-sensitive plant equipment required for strategy implementation. 

If the plant GMRS is less than the SSE in the 1 to 10 Hz range but is not bounded at frequencies 
greater than 10 Hz, an MSA should be performed as described in this section. For the purposes of 
determining if the GMRS is bounded by the SSE spectrum in the 1 to 10 Hz range, certain GMRS 
exceedances above SSE accepted in the site-specific NTTF 2.1 final determination letter (Dean, 2015) 
can be considered to meet the Path 2 screening assessment. 

EPRI 3002004396 (2015) describes an HF evaluation process focusing on contact control devices 
subject to intermittent states (e.g., relays and contactors that could chatter) in seal-in and lockout circuits. 
This evaluation process is based on the results of the HF testing program described in Section 2 of 
EPRI 3002004396 (2015). For the MSA HF evaluation, the acceptance criteria from NEI 12-06 Section 
H.5 (NEI, 2016) can be used, and the scope of circuits to be reviewed include plant equipment credited for 
the Phase 1 response as well as permanently installed Phase 2 structures, systems, and components (SSCs) 
that have the capability to begin operation without operator manual actions. 

PATH 3: ALTERNATE MITIGATION STRATEGY BASED ON IPEEE RESULTS 

An Individual Plant Examination for External Events (IPEEE)-based MSA relies on the seismic 
evaluation of plant equipment to demonstrate robustness of SSCs to the MSSHI. Licensees that are eligible 
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to use this path rely on the previous seismic evaluations that were conducted under the IPEEE effort and 
accepted by the USNRC per Enclosure 2 of their 9 May 2014 letter (Leeds, 2014) or in a subsequent 
screening determination that was issued through their 27 October 2015 letter (Dean, 2015). For those 
eligible plants, the MSA may be based upon the IPEEE. 

IPEEEs relied on the results of an SPRA, an EPRI seismic margins assessment (SMA) 
methodology, or a USNRC SMA methodology to demonstrate the capability to bring the plant to a safe 
shutdown condition following a review level earthquake (RLE) as described in NUREG-1407 (USNRC, 
1991). These seismic evaluation approaches evaluated two safe shutdown success paths. The safe 
shutdown success paths provide independent means of achieving a safe shutdown condition following a 
severe seismic event (e.g., core cooling by heat removal from the steam generators and core cooling by 
the Reactor Coolant System ‘feed and bleed’). 

To provide a complete MSA seismic evaluation, the IPEEE evaluation is supplemented by 
reviews of spent fuel pool cooling functions and high frequency exceedances (as applicable). 

PATH 4: GMRS ≤ 2X SSE 

Path 4 was developed for those plants whose GMRS has spectral ordinates greater than the SSE 
but no more than two times the SSE anywhere in the 1 to 10 Hz frequency range. The Path 4 approach 
takes advantage of previous seismic evaluations to the extent that they apply. This includes the design 
basis evaluations for the plant and the Expedited Seismic Evaluation Program (ESEP) evaluations for the 
FLEX strategies in accordance with EPRI 3002000704 (2013). The ESEP evaluations remain applicable 
for this MSA since these evaluations directly addressed the most critical 1 to 10 Hz part of the new 
seismic hazard using seismic responses from the scaling of the design basis analyses. In addition, separate 
evaluations should be performed to address high frequency exceedances under the HF assessment process 
defined in EPRI 3002004396 (2015). These HF evaluations should be performed as applicable for the 
equipment supporting the FLEX strategies. The new evaluations should use the MSA seismic performance 
goal defined in NEI 12-06 Section H.5 (NEI, 2016). Licensees following this path may also have HF 
GMRS exceedances above the SSE at frequencies above 10 Hz. The specific assessment of the HF 
exceedance for the Path 4 plants is identical to the procedure described in Section H.4.2 and should be 
used here also. Figure 3 summarizes the steps involved in the Path 4 assessment. The key steps include: 
1. Defining the scope of the SSCs included in the MSA scope. 
2. Document those SSCs already evaluated for beyond design basis seismic input by the ESEP 

program. 
3. Screen out those SSCs which are either inherently rugged or sufficiently rugged (the basis for 

determining both the inherently rugged and sufficiently rugged SSCs for the Path 4 reviews are 
described in NEI 12-06 Appendix H). 

4. Evaluate the remaining SSCs to demonstrated seismic adequacy based on a new 90% probability 
of success criteria described below. 
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Figure 3. Evaluation of Path 4 SSCs with the MSA. 
 
FLEX Strategies Robustness Methodology 
 

The definition for robustness for SSCs relied upon in the FLEX strategies consists of 
demonstrating that these SSCs have adequate capacity to withstand the GMRS level of seismic hazard at 
the site. The FLEX strategies serve as a defense in depth to the existing safety systems and, as such, a 90% 
probability of success criteria is judged sufficient to verify adequate capacity for this beyond seismic 
design basis review. 

The use of a 90% probability of success is equivalent to a 10% probability of unacceptable 
performance. This use of the 10% probability of unacceptable performance has been used in the past as a 
criteria for demonstrating seismic adequacy for beyond design basis seismic performance reviews in 
standards such as ASCE 43-05 (2005) and in commercial criteria such as ATC-63 (2007). Further 
discussion of the use of the 10% probability of unacceptable performance criteria in these two standards is 
provided in NEI 12-06 (2016). 

The mean confidence of a 1% probability of failure is referred to as the C1% seismic capacity 
value. This value is equivalent to a high confidence of low probability of failure (HCLPF), which is a high 
confidence (95%) of a low probability (5%) of failure. The calculation approach for a seismic HCLPF 
have been well documented in the literature (EPRI, 2012; EPRI, 1991). In a similar manner, the 10% 
probability of failure is referred to as the C10% seismic capacity value. In order to utilize the extensive 
guidance and experience which already exists for the HCLPF calculation, a relationship between the 
HCLPF and the C10% was developed and is documented in NEI 12-06 Appendix H (2016).  
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Table 1 provides recommended values for βC, βR, βU, and the ratio of the median capacity C50% to 
the C1% capacity taken from EPRI 1025287 (2012). The recommended βC values are based on Dr. Robert 
Kennedy’s recommendations (1999) and on average are biased slightly conservative (i.e., slightly low βC 
on average). Because random variability βR is primarily due to ground motion variability, a constant βR 
value of 0.24 is recommended regardless of the SSC being considered. In addition to the values provided 
in EPRI 1025287 (2012), values are also included associated with a βC of 0.3. This lower bound βC value 
could represent the variability associated with failure modes with the least difference between the median 
and HCLPF values. Past fragility and HCLPF assessments have shown that some brittle failure modes and 
some block wall failure modes could have values that might approach this 0.3 βC level. The recommended 
uncertainty βU values are estimated from the recommended composite βC and βR values. The β values for 
Table 1 apply to fragilities tied to ground motion parameters (e.g., peak ground acceleration [PGA] or 
Peak Spectral Acceleration at 5 Hz). The ratios of the 10% failure probability capacity (C10% to the C1% 
capacity) were calculated and are shown in the last column of Table 1. 
 

Table 1. Recommended βC, βR, βU, and C50%/C1% Values to Use in Hybrid Method  
for Various Types of SSCs. 

 

Type SSC 
Composite 

βC 
Random 

βR 
Uncertainty 

βU 
C50%/C1% C10%/C1% 

Structures & Major Passive 
Mechanical Components 
Mounted on Ground or at Low 
Elevation Within Structures 

0.35 0.24 0.26 2.26 1.44 

Active Components Mounted at 
High Elevation in Structures 

0.45 0.24 0.38 2.85 1.60 

Realistic Lower Bound Case 0.30 0.24 0.18 2.00 1.36 
Other SSCs 0.40 0.24 0.32 2.54 1.52 

 
In order to investigate the impact of the use of the C10% capacity criteria described above for 

FLEX strategies, a high level seismic risk assessment was conducted for the entire fleet of nuclear plants 
in the United States. To perform this assessment, point estimates of the Annual Frequency of 
Unacceptable Performance (AFUP) were developed using an approach similar to that developed by the 
USNRC to address the plant seismic risk associated with the new seismic hazards developed in 2010 as 
part of the GI 199 program (USNRC, 2010). The FLEX strategies AFUP estimates were developed 
based on: 
 The most recent seismic hazards for the US nuclear plants submitted to the USNRC, 
 An assumption that the plant level C10% capacity can be estimated to be equivalent to the 

minimum SSC C10% capacity (by definition each SSC C10% capacity will be greater than or equal 
to the GMRS), 

 A plant fragility function using this C10% capacity and a generic Beta value using the Hybrid 
fragility approach, and 

 A convolution of the seismic hazard with the plant level fragility to calculate an estimated AFUP. 
 
The results from these risk studies are plotted in Figure 4. Each curve represents the cumulative 

AFUP distribution for all U.S. plants using one of the sensitivity parameters (βC and structural 
frequency). In all cases, the highest results are lower than 5E-5 AFUP. Given these moderate AFUP 
estimates, the C10% capacity was judged to be an acceptable seismic performance goal for demonstrating 
robustness for the FLEX strategies; the USNRC concurred with this conclusion. 
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Figure 4. U.S. nuclear plant fleet mitigating strategy risk cumulative distribution. 

PATH 5: GMRS > 2X SSE 

Path 5 applies to plants for which the GMRS has spectral ordinates more than two times the SSE 
anywhere in the 1 to 10 Hz frequency range, but can also be used by plants with lower GMRS ratios as 
long as an SPRA has been performed pursuant to the USNRC NTTF 2.1 criteria. The Path 5 methodology 
includes both a deterministic option and a risk-informed option.   
 
Deterministic Approach 
 

The steps for the Path 5 deterministic MSA of mitigating strategies SSCs are very similar to the 
Path 4 steps outlined above. The primary differences between the Path 4 approach and the deterministic 
approach for Path 5 are: 
 The ESEP review conducted for plants with the GMRS > twice the SSE were not conducted to a 

high enough ground motion level. As such, the ESEP evaluations need to be updated to reflect the 
GMRS level for the plant. 

 Path 4 identified specific classes of SSCs which were determined to be sufficiently rugged for the 
Path 4 plants. These SSCs are not necessarily sufficiently rugged for the Path 5 plants and need to 
be evaluated to the GMRS level. Specific guidance is provided for cable trays for Path 5 plants in 
NEI 12-06 Appendix H (2016).  

 Application of Risk Insights into the Deterministic Assessment – For those plants with a peer 
reviewed SPRA, NEI 12-06 Appendix H (2016) documents an approach to use the plant seismic 
risk insights to demonstrate the seismic adequacy for the MSA. The risk-informed approach 
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consists of defining a set of SSC capacity improvements that provide a sufficient seismic risk 
reduction to offset the impact of mitigating strategies SSCs for which the current design does not 
provide C10% GMRS capacity. 

 
Risk-Informed Approach 
 

The steps for the Path 5 risk-informed approach includes the application of SPRA risk insights to 
evaluate the need for modifications to the plant SSCs intended to provide mitigation of the ELAP/LUHS 
scenarios. An entry condition to application of the NEI 12-06 H.4.5.5 (NEI, 2016) guidance is that the 
SPRA must have been submitted to USNRC for the NTTF 2.1 seismic 50.54(f) information request and 
reflect a total seismic core damage frequency (SCDF) ≤ 1x10-4/yr and total seismic large early release 
frequency (SLERF) ≤ 1x10-5/yr. This total seismic risk evaluation addresses the impacts of earthquake-
induced consequential events (e.g., internal flooding) and ensures that the mitigating strategies and plant 
features are sufficient to limit risk from the spectrum of seismic impacts to an acceptable level. If the 
SCDF is greater than 1x10-4/yr. (or SLERF is greater than 1x10-5/yr.), a justification for proceeding with 
the MSA using the results of the SPRA must be submitted to and approved by the USNRC.  

The Path 5 risk-informed process is focused on the safety benefit in terms of delta SCDF and delta 
SLERF considering all sequences in which mitigation strategy SSCs contribute. In this evaluation, if it can 
be shown that the goals for SCDF reduction (ELAP/LUHS delta SCDF) and seismic large early release 
frequency reduction (ELAP/LUHS delta SLERF) are met, no further action is needed. If not, then further 
evaluation of ELAP/LUHS mitigation capability is performed. The process provides options for reduction 
in SLERF, which should be evaluated to addresses the seismic defense-in-depth for containment. 

A sequential process is used to determine the safety benefit of increasing the capacity of 
ELAP/LUHS SSCs to respond to the MSSHI and demonstrate that the likelihood of maintaining key 
safety functions is high. The process is illustrated in Figure 5. Within this process, the ELAP/LUHS 
results of the baseline SPRA are referred to as the ELAP/LUHS base case for SCDF and SLERF.  

 

 
 

Figure 5. Delta-risk process illustration. 
 
Risk reduction options for this Path 5 approach include but are not limited to: 
 Including credit for FLEX capabilities in the SPRA if not already included, 
 Evaluating enhancements to the seismic capacity of some modeled mitigating strategies SSCs to 

increase their C10% capacity to ≥ GMRS, 
 Demonstrating C10% capacity ≥ GMRS for specific aspects of FLEX equipment/capabilities that 

contribute significantly to reducing ELAP/LUHS risk, or 
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 Evaluating enhancements to other plant SSCs or procedures to achieve the desired small delta 
risk. 
 
The risk-informed Path 5 evaluation is complete when making additional changes beyond the 

selected set would not significantly improve protection (would not provide a significant further 
ELAP/LUHS risk reduction). 

CONCLUSION 

The NRC has amended its regulations to establish regulatory requirements for nuclear power 
reactor licensees in the United States to mitigate beyond-design-basis events. Seismic and flood were the 
most critical beyond design basis events that resulted from the Fukushima event in 2011. NEI has 
documented a detailed approach to demonstrate the seismic adequacy of the mitigation strategy systems in 
NEI 12-06 Appendix H (2016) and is the focus of this paper. The seismic methods and criteria for the 
demonstration of MSA seismic adequacy takes a risk informed approach. Five separate risk-informed 
paths are developed for seismic. These five paths have increased requirements as a function of the degree 
that the latest seismic hazard exceeds the seismic design basis at the nuclear plant as well these paths also 
take into account the degree/quality of existing seismic risk/margin evaluations that exist for the plant. 
The requirements and detail of these paths appropriately increase as the potential risk associated with the 
beyond design basis seismic event is deemed to potentially increase based on a screening criteria agreed to 
by both the nuclear industry in the United States as well as the NRC. 

REFERENCES 

American Society of Civil Engineers (2005). Seismic Design Criteria for Structures, Systems, and 
Components in Nuclear Facilities, ASCE/SEI 43-05, Reston, Virginia. 

Applied Technology Council (2007). “Recommended Methodology for Quantification of Building System 
Performance and Response Parameters – 75% Interim Draft Report,” ATC-63, Redwood City, 
California. 

Dean, W. (2015). “Final Determination Of Licensee Seismic Probabilistic Risk Assessments Under The 
Request For Information Pursuant To Title 10 Of The Code Of Federal Regulations 40.54(f) 
Regarding Recommendation 2.1 “Seismic” Of The Near- Term Task Force Review of Insights 
From The Fukushima Dai-ichi Accident”, Letter to all Power Reactor Licensees et al., U.S. 
Nuclear Regulatory Commission, Washington, D.C. 

Electric Power Research Institute (1991). “A Methodology for Assessment of Nuclear Plant Seismic 
Margin,” EPRI NP-6041-SL, Revision 1, Palo Alto, California. 

Electric Power Research Institute (2012). “Seismic Evaluation Guidance: Screening, Prioritization and 
Implementation Details (SPID) for the Resolution of Fukushima Near-Term Task Force 
Recommendation 2.1: Seismic,” EPRI 1025287, Palo Alto, California. 

Electric Power Research Institute (2013). “Seismic Evaluation Guidance: Augmented Approach for the 
Resolution of Fukushima Near-Term Task Force Recommendation 2.1: Seismic,” EPRI 
3002000704, Palo Alto, California. 

Electric Power Research Institute (2015). “High Frequency Program: Application Guidance for Functional 
Confirmation and Fragility Evaluation,” EPRI 3002004396, Palo Alto, California. 

Kennedy, R.P. (1999). “Overview of Methods for Seismic PRA and Margin Analysis Including Recent 
Innovations,” Proceedings of the Organization for Economic Co-operation and Development 
(OECD)-Nuclear Energy Agency (NEA) Workshop on Seismic Risk, Tokyo, Japan. 

Leeds, E. (2014). “Screening and Prioritization Results Regarding Information Pursuant to Title 10 of the 
Code of Federal Regulations 50.54(f) Regarding Seismic Hazard Re-Evaluations for 
Recommendation 2.1 of the Near-Term Task Force Review of Insights from the Fukushima Dai-



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division VII 

Ichi Accident”, Letter to all Power Reactor Licensees et al., U.S. Nuclear Regulatory 
Commission, Washington, D.C. 

Nuclear Energy Institute (2016). Diverse and Flexible Coping Strategies (FLEX) Implementation Guide, 
NEI 12-06, Revision 4, ADAMS Accession Number ML16354B421. 

U.S. Nuclear Regulatory Commission (1991). NUREG-1407: Procedural and Submittal Guidance for the 
Individual Plant Examination of External Events (IPEEE) for Severe Accident Vulnerabilities, 
ADAMS Number ML063550238, Washington, D.C. 

U.S. Nuclear Regulatory Commission (2010). “Implications of Updated Probabilistic Seismic Hazard 
Estimates In Central And Eastern United States On Existing Plants Generic Issue 199 (GI-199), 
Safety Risk Assessment”, Washington, D.C. 

U.S. Nuclear Regulatory Commission (2016). “10 CFR Parts 50 and 52 [Docket Nos. PRM-50-97 and 
PRM-50-98; NRC-2011-0189 and NRC-2014-0240] RIN 3150-AJ49 Mitigation of Beyond-
Design-Basis Events”, Washington, D.C. 

 


