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ABSTRACT

On August 23, 2011, a MW 5.8 earthquake occurred with its epicenter at Mineral, Virginia, USA, 18 km 

southwest of the North Anna Power Station (NAPS).  Both Units tripped automatically.  Response spectra 

developed from the recorded time-histories at the plant exceeded the design basis or the safe-shutdown 

earthquake (SSE) spectra at certain frequencies in all directions.  After significant effort leading to the 

restart, a long-term seismic margin management program (SMMP) was implemented at the plant.  Then, 

because of the implications of the April 11, 2011, MW 7.1 Fukushima earthquake, new seismic hazard 

curves and ground motion response spectra (GMRS) were developed at North Anna. The newly 

generated GMRS significantly exceeds the original plant design SSE spectrum.  Dominion Nuclear has 

elected to conduct a new seismic probabilistic risk assessment (SPRA) to address both this exceedance 

and to characterize the margin beyond the 2011 Mineral earthquake. 

This paper describes the approach being taken to perform an SPRA at the North Anna plant.  This SPRA 

approach includes key improvements to the existing methods including the development of technical 

positions for various elements of the SPRA.  In addition, in-process independent reviews of these 

positions as well as of the ongoing work is being conducted by experts to ensure that the entire process is 

done efficiently and will facilitate a smooth review by a peer review team at the project completion.  The 

position papers being prepared include issues such as the selection of input motions, screening of 

components, structural analyses, walkdown process etc.  An approach is developed to ensure that once the 

SPRA is complete, the SMMP and the SPRA will merge into a single efficient process.  This single 

systematic process will address the beyond design basis seismic safety of the plant including changes and 

modifications, and will address the impact of potential future revisions of the site-specific hazard curves 

that may occur if ground motion models and seismic source catalogues are updated, or site properties are 

better defined.

INTRODUCTION

Immediately after the restart of the North Anna Nuclear Plant following about three months of shutdown 

due to the MW 5.8 Mineral, Virginia earthquake of 2011, Dominion Nuclear, which owns and operated the 

North Anna plant, implemented a seismic margin management program (SMMP) to meet a long term 

commitment to enhance the seismic safety of the plant.  The SMMP requires seismic evaluation of 

modifications or changes to structures, systems and components (SSC) to both – the design basis SSE 

seismic spectra and the spectra developed from the recorded motions of the Mineral earthquake. 

In February 2013, in response to US Nuclear Regulatory Commission (NRC) Fukushima near-term task 

force (NTTF) recommendation 2.1, the Electric Power Research Institute (EPRI) developed an SPRA 

guidance document, called the “Screening Prioritization and Implementation Details” or SPID. In 2014,

new performance-based seismic GMRS and hazard curves were developed for the North Anna site using 

the probabilistic seismic hazard analysis (PSHA) approach.  These new GMRS and hazard curves were 
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submitted to the NRC in March 2014, as part of a requirement for the central and eastern US (CEUS) 

plants to resolve Fukushima NTTF 2.1. Based on NRC’s screening and prioritization of the CEUS 

nuclear plants, North Anna has been placed in the first priority group of plants that are required to 

perform an SPRA using the new GMRS and hazard curves.

A systematic approach is developed to conduct the SPRA for North Anna that includes developing plant-

specific technical positions on the various elements of the SPRA at the outset.  These technical positions 

are documented in position papers and are reviewed by experts. This paper discusses the steps in 

performing an SPRA for North Anna and the key technical positions that are being developed.

To address the seismic safety of North Anna plant beyond its design basis once the SPRA is complete, the 

SMMP and the SPRA can be merged into one program for seismic evaluations of future changes to the 

plant. An approach to accomplish this goal is discussed.

SEISMIC MARGIN MANAGEMENT PROGRAM (SMMP) AT NORTH ANNA

After the restart of the North Anna plant following the Mineral, Virginia earthquake of 2011, one 

significant long term action for Dominion Nuclear was to implement a long term seismic margin 

management program.  Under this program, dynamic analyses of safety-related structures were performed 

utilizing the motions recorded at the Reactor Containment basemat from the August 23, 2011 Mineral, 

Virginia earthquake, and in-structure response spectra (ISRS) were developed.  The loads and ISRS 

calculated from this earthquake are used as an additional SSE case.  As an alternative, it is acceptable to 

conservatively envelop the ISRS from the SSE and the Mineral earthquake.  The applicable codes, 

standards and other criteria for the SMMP remain the same as those being used for North Anna’s design 

basis SSE.  The SMMP provides assurance that North Anna can operate safely in the long-term and is 

capable of withstanding another earthquake.  The NRC stated that the SMMP can be rescinded with a 30-

day notification to the NRC, if comparable actions such as Fukushima NTTF 2.1 resolution are taken.

NEW GROUND MOTION RESPONSE SPECTRA AND HAZARD CURVES

Figure 1 – North Anna SSE, GMRS and Mineral Earthquake Response Spectra
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The GMRS and hazard curves developed for North Anna and submitted to the NRC in March 2014 are 

being used in the SPRA.  In accordance with NRC Interim Staff Guidance 01, the GMRS is considered as 

SSE for new builds.  For North Anna, an older vintage plant, SSE was deterministically based and is 

described in plant’s safety analysis report.  A comparison of the North Anna SSE spectrum, the GMRS 

and the Mineral earthquake recorded spectra for the horizontal direction is shown in Figure 1.  The 

control points of these curves vary slightly but the differences in the shapes and spectral amplitudes are 

small since North Anna is a rock site.

NORTH ANNA SEISMIC PRA APPROACH

The steps in a seismic PRA are outlined in various industry documents such as the EPRI SPRA 

implementation guideline.  In broad terms, the efforts in an SPRA include: developing seismic hazard 

curves, developing a seismic equipment list (SEL), performing walkdowns of equipment, structures and 

other commodities, dynamic analysis of structures, screening of SSCs, fragility analyses of screened-in 

SSCs, developing a logic model, and quantification of accident sequences to obtain seismic core damage 

frequencies (SCDF) and seismic large early release frequencies (SLERF).  A systematic approach is 

developed to perform the SPRA for North Anna, which, in broad terms, includes the following:

! Developing plan and schedule

! Communication and training

! Developing technical positions

! Performing the effort, and  

! Documentation, closure plan, and future actions

Planning and scheduling are part of any major project and are not discussed here.  Frequent 

communication between the seismic/fragility analysts and the system/logic model analysts is essential to 

the success of the SPRA project.  Communication with contractors and project management is important 

throughout the process.  In addition, phone calls and meetings with industry peers are held on a regular 

basis.  The project team is experienced and trained in the structural / fragility, and the system / logic 

model areas of the SPRA and training continues on an ongoing basis on technical topics, including 

participation in frequent industry workshops on various SPRA topics.

TECHNICAL POSITIONS ON VARIOUS ASPECTS OF NORTH ANNA SPRA

The primary emphasis in this paper is on the key technical positions developed for this SPRA.  The 

purpose of these positions is to provide technical guidance to the engineers working on the project.  The

positions are expected to be beneficial to the peer review team towards the end of the project.  They are 

documented in white papers and reviewed by experts.  Positions developed or being developed are:

! Extent of Compliance with Industry Standards.

! In-Process Technical Reviews and a Peer Team Review at the End of SPRA.

! Walkdown of SSCs

! Input Motions for Structural Analyses

! Structural Dynamic Analyses

! Screening of SSCs

! Treatment of Seismic-Induced Fire and Flood.

! Approach to Address High-Frequency Spectral Amplitudes

! Evaluation of Relays

! Acceptance Criteria for SCDF and SLERF
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As stated earlier, the SPRA is being performed primarily to resolve NTTF 2.1 in accordance with the 

NRC endorsed SPID; however, the SPID does not contain guidance on some aspects of SPRA.  A 

standard developed jointly by the American Nuclear Society (ANS) and the American Society of 

Mechanical Engineers (ASME) contains high level requirements for each element of an SPRA.  In 

general, this external event standard will also be followed. It is expected that by meeting this standard, the 

SPRA will have the technical rigour such that it can be used in potential future risk-informed initiatives.  

In-process technical reviews are being performed by independent industry experts on each of the key 

SPRA activities.  They consist of reviewing the methodology and approach, and a sample of calculations, 

as appropriate.  A peer review team will be assembled to perform the final peer review when the SPRA 

effort is near completion.

Another position paper describes the walkdown approach.  When a group of components are similar 

including construction, dimensions, location, anchorage type, and configuration, then only one component 

is required to be walked-down in detail; for others, a less detailed “walk-by” is acceptable.  A walk-by is 

also acceptable for generally rugged SSCs.  The seismic review team (SRT) can take advantage of 

information from previous walkdowns and new walkdowns need not be as detailed, or may not be needed 

at all for some items of equipment depending on the quality and vintage of existing data available to the 

SPRA team.  Seismic walkdowns were previously performed at North Anna for the resolution of NRC’s 

unresolved safety issue (USI) A-46 and Individual Plant Examination of External Events (IPEEE), and 

more recently after the Mineral earthquake of 2011 and for the recent Fukushima NTTF initiatives.  The 

SRT must consist of at least two experienced seismic engineers, one of whom must have completed a 

one-week training course or equivalent on seismic walkdown of equipment.

The technical guidance developed for screening of SSCs is not discussed here; another paper at this 

SMiRT conference addresses this issue.  Some of the other technical positions listed above are yet to be 

fully developed and therefore not discussed here.  Three key technical positions that have been developed 

and reviewed by experts are discussed below.

Input Motions for Structural Analyses

Past SPRAs have traditionally used mean uniform hazard response spectrum (UHRS) curves at 1E-4 (or 

at 1E-5) annual exceedance probability (AEP) to develop in-structure responses and to perform fragility 

analyses.  UHRS curves at several AEPs and a GMRS at a defined control point were developed for 

North Anna’s SPRA.  The GMRS is an interpolated spectrum obtained from the 1E-4 and 1E-5 UHRS 

curves, using the approach described in NRC Regulatory Guide 1.208 and it has a representative shape 

over the AEP of interest for an SPRA.  North Anna’s SPRA is using the GMRS or GMRS-consistent 

foundation input response spectra (FIRS) to perform structural dynamic analyses and fragility analyses.   

One advantage of using GMRS is that if the SMMP is rescinded for North Anna, future plant 

modifications could be performed using ISRS that correspond to GMRS.  As noted, GMRS is considered 

as the SSE for new builds per ISG-01; therefore this approach is favoured for regulatory acceptability for 

design.  

UHRS curves have been used in SPRAs because the probabilities of exceeding spectral amplitudes at 

various frequencies are “uniform” or about the same.  This leads to consistent calculations of fragilities in 

an SPRA.  Since the median capacities developed in fragility calculations of SSCs are typically anchored 

to the peak ground acceleration (PGA) of the ground motion spectrum, the fragility results do not change 

whether a UHRS or the GMRS curve is used, provided the shapes are similar.  Figures 2 and 3 show 

comparisons of the control point GMRS, 1E-4 UHRS, and 1E-5 UHRS curves, and the Service Water 

Valve House (SWVH) FIRS respectively, normalized to their respective PGAs.
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Figure 2 - North Anna Control Point GMRS, 

1E-4 UHRS & 1E-5 UHRS Normalized to PGA

Figure 3 - North Anna SWPH FIRS:  GMRS, 

1E-4 UHRS & 1E-5 UHRS Normalized to PGA

In the range of 1 to 100 Hz, the shapes of the control point normalized curves are nearly identical with a 

maximum difference of less than 3% between the normalized curves.  This is negligible and the shape of 

the GMRS is considered similar to the UHRS shapes for purposes of the SPRA.  The SWVH at North 

Anna is soil founded and the shapes of the FIRS can be affected by soil non-linearity.  Although the shape

of the 1E-4 UHRS based FIRS is slightly different than the corresponding GMRS based FIRS for this 

structure, the UHRS with 1E-5 AEP is very close to the corresponding GMRS shape.  The comparison is 

similar for other soil-founded structures.  Therefore, soil non-linearity is not a significant factor and 

GMRS based FIRS are used in the dynamic analysis of each North Anna plant structure.  Industry experts 

have reviewed and concurred with this position.

Structural Dynamic Analyses

North Anna is primarily a rock site; some structures are rock founded, some are on soil and some others 

are partially on rock and soil.  Lumped mass stick models (LMSM) were available for each structure from 

previous design basis analyses.  Some of the positions on dynamic analysis are as follows:

! The shape of the GMRS is completely different from the ground motion, therefore scaling of 

ISRS from previous analyses is not considered appropriate.

! For a few important structures where it was desirable to get accurate ISRS, new finite element 

models are developed.  The LMSMs are further reviewed and used in the dynamic analysis if it is 

determined that they can provide reasonable fidelity of responses in high frequencies, consistent 

with North Anna’s ground motion response spectrum (GMRS) which has a significant frequency 

content in the 20-40 Hz range, as shown in Figure 1.  The LMSMs should have structural modes 

in higher frequencies such that even if the mode-shapes and participation factors for these modes 

are relatively small, the model will provide reasonable responses in frequencies up to about 40 

Hz.  While it is acknowledged that the responses at high frequencies may not be completely 

accurate, these responses should still be sufficiently adequate for use in the testing of high 

frequency sensitive components and for fragility analyses of components.

! In general, the rock founded structures shall be analyzed as fixed-base; provided the best 

estimate of the shear wave velocity is at least 5000 ft/sec.  An exception is the Containment

Structure which is rock founded with a shear wave velocity of about 5200 ft/sec but a soil-

structure interaction (SSI) dynamic analysis is performed because foundation rocking can govern 

its response and also incoherence can be modelled to reduce the high frequency responses.  For 

the soil founded structures, dynamic analyses with SSI shall be performed.
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! To get better responses and variabilities, probabilistic response analyses will be performed for 

four significant structures that contain most of the equipment items in the SPRA. 

! Median and 84% ISRS shall be calculated for use in fragility and margin analyses respectively.  

Approach to Address High-Frequency Spectral Amplitudes for Fragility Analyses

It is well recognized that high frequency spectral accelerations above about 10 Hz, are generally not 

damaging to SSCs, with the possible exception of a few components such as relays, contactors etc.  For 

post-Fukushima evaluations, the NRC stated that if the re-evaluated GMRS, in the 1-10 Hz range, is less

than the plant's existing SSE, then the plant screens out of conducting further seismic risk evaluations.  

Based on the North Anna GMRS in Figure 1, it is expected that the ISRS for some of structures, 

particularly those that are rock-founded, will have significantly high spectral amplitudes in the frequency 

range of 20 to 40 Hz.  While this frequency range is considered non-damaging, high spectral peaks may 

create a challenge in performing fragility calculations of some of the SSCs in North Anna’s SPRA 

seismic equipment list.  One approach to reduce conservatism is to perform peak clipping for functional 

failure mode calculations of fragility such as when using shake-test data.  However, peak clipping is 

generally not considered appropriate for structural failure modes.  For instance, at older plants such as 

North Anna, cabinet natural frequencies are often not available from past analyses or tests and it may be 

difficult to develop natural frequencies for many cabinets of different types although cabinets are unlikely 

to have fundamental horizontal frequencies greater than about 20 Hz.  In the past, spectral peaks have 

been used in anchorage analyses.  If the anchor bolts of a safety-related cabinet cause the governing 

failure mode, its capacity using the high-frequency spectral peak from a static analysis may come out to 

be very low.  The primary reason that high frequencies are non-damaging is because displacements at 

high frequencies are very small; they are inversely proportional to the square of the spectral frequency.  A 

low displacement such as 0.05” is not likely to be consequential for a structural failure mode and if the 

fragility analyst judges that to be valid for an equipment item being evaluated, then the high frequency 

spectral peak corresponding to this displacement can be ignored and lower frequency spectral peaks can 

be used for calculating inertial loads in its capacity or fragility calculation.  Per EPRI TR-102470, anchor 

bolts have displacement capacities of at least 0.1 inch before loss of strength.  Using 0.05” and 0.1” as the 

bases, Figure 4 shows the bounding values of spectral accelerations in the 20 to 40 Hz range, below which 

it may be possible to ignore the ISRS peaks, i.e., peaks within the shaded area of the curves.

Figure 4 – High Frequency Spectral Accelerations Corresponding to 0.05”and 0.1” Displacements
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Another approach to analytically alleviate the impact of high frequency spectral accelerations is the 

consideration of inelastic factor and ductility of the item being evaluated.  For welded anchorage, one 

may need to consider spectral accelerations greater than 20Hz if the cabinet is very stiff since welds may 

not be able to accommodate the 0.05 inch displacements.  The inelastic factor and ductility method in 

EPRI TR-102470 can provide significant relief in these cases.

SPRA CLOSURE AND SEISMIC SAFETY OF NORTH ANNA PLANT AFTER SPRA

The North Anna SPRA calculations are being prepared and reviewed in a quality manner with in-process 

independent technical reviews and a review by a team of peers at the end.  The dynamic analyses of 

structures additionally meet the requirements of Appendix B to Title 10, Part 50 of the Code of Federal 

Regulation; this is conservative and not typical in an SPRA but the GMRS-based ISRS may be potentially 

used for design in the future for North Anna.  The SPRA is expected to provide risk insights and may lead

to modifications or replacement of components and / or update of plant procedures.  Refined analyses and 

new shake-testing of equipment may be done to better define capacities of some SSCs.  These steps can 

improve the seismic safety of North Anna plant or the calculated plant’s seismic core damage frequency 

(SCDF) and the seismic large early release frequency (SLERF).  Once the SPRA to address NTTF 

recommendation 2.1 is complete and a peer review is done, a final summary report will be prepared and 

submitted to the NRC.  The SPRA and the back-up documentation are planned to be maintained as a 

living effort.  An advantage of maintaining the SPRA model as current or living is that the model can be 

available in future exigent risk-based initiatives such as a significance determination process.  Another 

benefit is discussed below.

The Mineral earthquake based SMMP puts a significant burden on engineers who must evaluate plant 

modifications and new/replacement equipment to two sets of spectra – the SSE and the SMMP.  Figure 1 

shows that the performance-based GMRS is significantly higher than both the DBE and the Mineral 

earthquake spectrum, with the exception of low frequencies.  After the SPRA is complete, it will be 

resource intensive as well as redundant to maintain both the SPRA and the SMMP. Therefore, the 

following measures are planned:

! Rescind the SMMP with a 30-day notification to NRC.  This is consistent with the NRC 

expectation arising from Mineral earthquake actions, provided comparable actions are taken.

! For a safety-related modification, change or new addition to plant, evaluate or seismically 

qualify the changed or new/replaced component to the plant SSE; this is required per North 

Anna’s licensing commitment.  Following that, the following actions are planned to be taken:

1. From the living SPRA logic model, determine if the component is risk significant, i.e., 

whether its seismic capacity will have an impact on the accident sequence or the plant 

SCDF.  If the impact is negligible, no further action is needed.

2. If the new/replaced component is risk-significant based on SPRA quantification, perform 

either a seismic margin assessment (SMA) in accordance with EPRI NP-6041 SL to show 

that its high-confidence-of-low-probability-of-failure (HCLPF) capacity is greater than the 

GMRS, or perform its seismic qualification per North Anna’s design basis, to the GMRS 

based ISRS.  It is also acceptable to envelop the ISRS from the SSE and the GMRS cases 

and perform a single seismic qualification using the enveloped ISRS. 

3. As an option, if it is cost effective, action 1 above need not be taken if a seismic 

qualification or an SMA of the new/replacement component is directly performed to the 

GMRS or to an envelope of the GMRS and the SSE.  In this case, the seismic capacity of
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the new/replacement component or modification should still be entered in the SPRA 

model so that the model will remain current.

The above approach is expected to maintain the seismic safety of North Anna plant beyond its design 

basis.

CONCLUSIONS

This paper presents a systematic approach that is being used for North Anna nuclear plant to address the 

post-Fukushima seismic requirement in the US for performing an SPRA.  Technical guidance or positions 

for various aspects of the SPRA are developed, reviewed by experts and SPRA is performed in 

accordance with these positions.  The positions are planned to be periodically reviewed during the 

execution of the SPRA and updated if necessary, if new information becomes available.  There may be 

other technical issues that arise as the SPRA effort progresses and guidance can be developed for new 

issues, as needed.  After the SPRA is complete, a closure plan can be put in place and the SMMP that was 

instituted after the 2011 Mineral earthquake can be rescinded to provide an efficient and cost-effective, 

beyond design basis safety of the North Anna nuclear plant.
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