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1 INTRODUCTION

Increasing knowledge in geoscience has led to a better understanding 
that, although highly unlikely, it is possible for a nuclear power plant 
to be subjected to earthquake ground motion greater than the design 
basis; consequently interest has developed in performing seismic margin 
assessments (SMAs) to demonstrate that nuclear power plants can safely 
withstand these postulated larger earthquakes. This larger earthquake 
is commonly referred to as a seismic margin earthquake (SME).

The primary impetus for having SMAs performed has come from the Advi­
sory Committee on Reactor Safeguards (ACRS), and from seismic probabi­
listic risk assessment studies (SPRAs) which have shown that seismic 
risk, although small, is generally not negligible when compared to other 
sources of risk.

EPRI/NRC held a workshop on the subject [EPRI, 1985]. The consensus 
was that large seismic margin generally exists beyond the safe shutdown 
earthquake (SSE). It was concluded that SMAs should be treated as 
safety reevaluations and not as design evaluations and that new appro­
priate criteria and approaches should be established for conducting 
practical and economical SMAs. The purpose of SMAs should be to demon­
strate adequate margin over the SSE for plant safety and to find the 
"weakest links" which would govern the ability to safely shutdown the 
plant in the event of a SME.

2 OVERVIEW OF MARGIN ASSESSMENT APPROACHES

In mid-1984, the NRC formed and "Expert Panel on the Quantification of 
Seismic Margins" to make recommendations on an approach for seismic 
margin review. This panel has produced two reports [Budnitz, 1985 and 
Prassinos, 1986] on such an approach. This panel recommended approach 
was considered to be cost-effective for demonstrating high confidence of 
a low probability of seismic-induced core damage and for determining the 
"weakest links" in the safe shutdown systems. The recommended approach 
utilizes event tree and fault tree analysis of the important plant 
systems but relies heavily on seismic ruggedness screening to reduce the 
level of seismic capacity reevaluation work required. This ruggedness 
screening is derived from earthquake experience data, generic 
qualification and fragility test data, results of prior SPRAs, and an 
extensive use of expert judgment and experience. The "Expert Panel" 
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recognized that this ruggedness screening approach was most cost- 
effective for SME levels less than about 0.3g, where an extensive 
testing and experience data base exists. As the SME level is increased 
above 0.3g, the approach becomes significantly more difficult as less 
data exist in the "data base" and expert judgement becomes less well- 
founded.

The Electric Power Research Institute (EPRI) initiated a program in 
mid 1985 which further simplifies and expands upon the NRC "Expert 
Panel" recommendations for utility implementation of seismic margin 
reviews. This paper highlights the EPRI program recommendations and 
compares and contrasts these with the recommendations of the "Expert 
Panel". The primary difference is that the EPRI program recommends a 
more deterministic (less probabilistic) approach than the NRC program. 
It is believed that such an approach will be more amenable to use by 
experienced design engineers and utility staff engineers.

The goals of the EPRI seismic margin assessment program are:

1. To determine a ground motion level for which a high confidence of 
low probability of seismic-induced core damage can be assured.

2. To identify any "weak-link" components which tend to govern the 
seismic capability of the plant.

These goals can be achieved by performing a seismic probabilistic risk 
assessment (SPRA). However, unless PRA event tree and fault tree models 
already exists; performing an SPRA is not as cost-effective or practical 
as the recommended deterministic approach. An essential feature of both 
approaches, however, is the coupling of system evaluations with seismic 
ruggedness assessments to reduce the number of components requiring a 
detailed evaluation.

In the system aspects, the NRC Expert Panel reports recommend devel­
oping nearly complete sets of fault and event trees for a reduced number 
of vital plant functions. In the EPRI approach, it is only necessary to 
define those components required for an operational sequence of plant 
systems that will bring the plant to a stable condition (either hot or 
cold shutdown) and maintain that condition for at least 72 hours. 
Herein, this set of components is called a "success path". Several 
possible success paths exist. The idea is to select the success path or 
paths for which it will be easiest to demonstrate an adequate seismic 
margin. Only those components within this success path need to be 
included in the SMA.

Whichever route is taken for the system investigations, the seismic 
capability engineers must provide a lower-bound estimate of the ground 
motion level for which they have high confidence of a low probability of 
failure (HCLPF) for each component not screened out of the margin review 
by the systems engineers. If the SME review level is set sufficiently 
low (such as 0.25g to 0.3g), then it may be possible to use earthquake 
experience data, generic qualification and fragility test data, and the 
combined experience and judgement of the seismic capability review team 
to eliminate many components from detailed review.

For those components not eliminated by screening, the EPRI program 
provides deterministic criteria to determine HCLPF capacities.

3 STEPS OF SEISMIC MARGIN ASSESSMENT

A seismic margin assessment (SMA) consists of the following steps:
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1. Selection of Seismic Margin Earthquake (SME) level

2. Selection of Assessment Team

3. Preparatory Work Prior to Walkdowns

4. Systems and Elements Selection ("Success Paths") Walkdown

5. Seismic Capability Walkdown

6. Seismic Margin Assessment Work

7. Documentation

Because of space limitations, it is not be possible to discuss each 
step in detail. Several of the more important seismic capability as­
pects are outlined herein. Step 1 involves extensive geotechnical 
studies and negotiations between the utility and regulatory agency and 
is not discussed in this paper. Steps 2 through 6 are summarized.

To be cost-efficient, a SMA should incorporate a procedure where 
elements are quickly "screened out" from further evaluation. This 
screening is based upon experience and judgment concerning seismic 
ruggedness to withstand the specified SME level. "Screening-out" of 
rugged elements enables the margin review to concentrate on those ele­
ments for which there might be a legitimate concern about seismic 
ruggedness. Thus, the effort is concentrated where it has value rather 
than being spread thinly over documenting seismic capacity of all ele­
ments. Essential ingredients for this "screening out" of elements are:

1. Application of screening guidelines which are based on general 
industry and regulatory consensus that there are wide classes of 
components (elements) in nuclear power plants which have demon­
strated substantial seismic ruggedness by the documentation of 
performance in past earthquakes and available generic ruggedness 
and fragility data, or because seismic margin capacity has 
previously been demonstrated on like components.

2. A plant walkdown by experienced engineers capable of applying the 
guidelines and exercising the necessary judgment to "screen out" 
from further review, seismically rugged elements.

This first ingredient requires the establishment of some guidelines 
which are generally accepted as conservative for screening, while the 
second ingredient is covered by the performance of a plant-specific 
walkdown. Recommendations for screening guidelines are summarized in 
Section 5. The walkdown preparation and walkdown procedures are pre­
sented in a companion paper (Campbell, 1987).

4 SELECTION OF ASSESSMENT TEAM

The seismic margin assessment criteria suggest that plant-specific 
screening be conducted by a three to five-member Seismic Review Team 
(SRT) who among them should possess the following qualifications:

1. Knowledge of the failure modes and performance of similar compo­
nents and structures during strong earthquakes.
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2. Knowledge of nuclear design standards and seismic design prac­
tices.

3. Ability to perform fragi lity/margins-type evaluations including 
structural/mechanical analyses of essential safety systems.

4. Some general understanding of seismic probabilistic risk assess­
ment conclusions and systems analysis.

The SRT takes primary responsibility for ruggedness prescreening and 
walkdowns. The SRT is complimented by systems and structures engineers 
who assemble and review design documents and assist in the walkdown 
under the SRT direction. The purposes of the SRT walkdowns are to:

1. Aggressively screen out from further review all elements for which 
they are prepared to state high-confidence-low-failure probability 
at the specified SME level using and applying the screening guide­
lines and their combined experience and judgement as appropriate.

2. Clearly define the failure modes (such as anchorage failure or 
relay chatter) and elements (such as a water storage tank or a 
lightly reinforced block wall) which are not screened out and the 
types of review which should be conducted.

3. Add to the SMA any potential systems interactions (SI) items which 
the SRT judges to be potentially serious problems.

5. SEISMIC CAPACITY SCREENING GUIDELINES

The "Expert Panel on Quantification of Seismic Margins" has provided 
seismic capacity screening criteria [Budnitz, 1985]. The EPRI Seismic 
Margin Program has reviewed additional data and has refined the NRC 
Expert Panel recommendations (Kennedy, 1986], [NTS, 1987]. The EPRI 
Seismic Margin Program screening guidance is intended to provide generic 
conservative estimates of the ground motion below which it is generally 
not necessary to perform a SMA for generic element types because they 
have demonstrated HCLPF capacities above this ground motion level. For 
given ground motion levels, tables are provided which list the elements 
which should be "screened out" from further review (see example in Table 
1). In this way, effort is concentrated on those components for which a 
legitimate margin issue might exist. The screening "guidelines" are 
intended as guidelines and should not be used except in conjunction with 
a walkdown of plant-specific elements by the SRT. The SRT must exercise 
is collective experience and judgement in the use of these guidelines 
for any specific component.

The tables in the screening guidelines provide HCLPFs in terms of mean 
peak ground acceleration (PGA) which is the average of two orthogonal 
horizontal components). PGA is only an approximate damage descriptor. 
Damage is influenced by the duration and breadth of frequency content of 
the ground motion [Kennedy, 1984] and the component mounting location in 
a building. The screening guidelines are primarily applicable to 
earthquakes of Richter magnitude 6.0 to 6.5, producing ground motion 
with broad frequency content and total durations of 10 to 15 seconds. 
The guidelines may be unconservative for magnitude 7.0 and greater and 
could be conservative for a low-magnitude earthquake which produces high 
frequency, and narrow-banded input spectra with short duration and 
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negligible spectral displacement. The screening guidance is primarily 
intended for components mounted fairly low (less than about 40 feet 
above grade) in stiff, nuclear-power-plant-type structures. Care should 
be exercised in using this guidance for components mounted significantly 
more than 40 feet above grade or in other spots where large resonant 
build-up of the input motion might occur.

6. CONSERVATIVE DETERMINISTIC FAILURE MARGIN APPROACH

The EPRI Seismic Margin Program recommends the use of a conservative 
deterministic failure margin (CDFM) approach to estimate the HCLPF 
capacity of components which have not been screened out of the seismic 
margin review. In the CDFM approach, the SME loadings are only combined 
with normal operating loads (NOL) which would be expected to occur 
concurrently with the SME. Load factors of unity are used for all 
loadings. One exception is that for the containment, small break LOCA 
accident pressure (Pa) should also be combined with NOL + SME. When 
computing the SME Demand (structure response, or in-structure response 
spectra), conservatism should be introduced only at the location of 
greatest uncertainty, which is the specification of the SME ground 
motion input. The SME input should be defined in terms of an 84% non­
exceedance probability (NEP) site-specific response spectrum. The 
criteria recommend that no additional conservatism in the computed 
response be introduced. Damping, structure modeling parameters, and 
soil-structure-interaction (SSI) evaluations should all be median­
centered. Median-centered SSI evaluation means that full credit should 
be taken for such things as: vertical spatial variation of the ground 
motion, kinematic interaction, and scattering of energy (radiation 
damping) from the structure back into the ground. All of these effects 
should be median estimated with no intentional conservative bias. 
Considerable uncertainty exists in structural frequency estimates, 
vertical spatial variation of the ground motion, and SSI frequency 
shifting effects. These effects should be included by appropriate 
parameter variation. A plus or minus one standard deviation parameter 
shifting variation should be incorporated. Primarily, these parameter 
variations result in frequency shifting of the in-structure spectra. It 
is preferable to treat this variation by conducting response analysis 
for frequency shifted spectra rather than using broadened and enveloped 
spectra. Responses computed in the above manner, using 84% NEP input 
motion, have less than a 16% probability of being exceeded if the SME 
were to occur.

In order to achieve a HCLPF, conservative estimates of the structure 
or component seismic capacity must be made for comparison with the 
estimated demand. The capacity estimate goal is to have high confidence 
that there is less than a 5% probability of failure, should the demand 
be reached. Since it is unlikely that the computed demand will be 
reached, the net effect of this approach is a HCLPF.

For failure modes evaluated by analysis, a seismic capacity estimate 
requires an estimate of: 1) Material strength, 2) Static capacity or 
failure equation and.3) Inelastic energy absorption capability. Each of 
these parameters should be conservatively estimated to achieve the 
above-recommended level of capacity conservatism.

The approximately 95% exceedance probability material strengths should 
be used. This value may be determined from actual test data or, alter­
natively, use of code or design specified minimum strengths.

Static capacity estimates should be based on code-specified ultimate 
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capacity approaches, i.e., the ACI ultimate strength approach, the AISC- 
Part 2 maximum strength approach or the ASME Service Level D allowable 
stresses. Functional failure modes may require lesser limits. In some 
cases, code equations for capacity are excessively conservative. In 
these cases, failure capacity equations based upon actual test data or 
more rigorous evaluation may be used. Moderate conservatism (about 84% 
exceedance) is sufficient for capacity prediction equations.

Nearly all structures and components exhibit some ductility before 
failure. Because of the limited energy content and oscillatory nature 
of earthquake ground motion, this ductility should be accounted for in 
SMAs. An inelastic energy absorption factor, Fu should be used which 
represents the ratio of the SME at which a certain allowable system 
ductility,p, is reached, to the earthquake level for which failure would 
be predicted by linear elastic analysis. With linear analysis, the 
easiest way to account for the inelastic energy absorption capability is 
to mulitiply computed seismic stresses by a reduction factor, k, where k 
is the reciprocal of Fu. For all but the most brittle failure modes, a 
very conservative value of k = 0.8 is recommended without requiring 
detailed justification. Alternately, some form of nonlinear evaluation 
could be performed to justify a much lower k value.

Often, functional failure modes will have to be assessed using test 
data. Component-specific qualification or fragility test data or gene­
ric equipment ruggedness spectra (GERS) may be used for this purpose. 
GERS are currently being developed by EPRI for many specific types of 
equipment [ANCO, 1986]. The GERS are intended to represent the highest 
5% damped test response spectrum (TRS) available for a specific type of 
equipment for which no failures were observed.

Either component specific qualification test data or the applicable 
GERS are considered to represent an upper bound on seismic input TRS for 
a piece of equipment. As such, a margin factor between the computed in­
structure required response spectrum (RRS) and the TRS is suggested in 
order to demonstrate a HCLPF capacity. The actual capacity may be much 
higher than demonstrated but is not known on the basis of achieved test 
levels. The following criteria are suggested for an SMA review:

1. Within the frequency range of concern, over any 20% frequency 
bandwidth (for example, 10 to 12 Hz), the average ratio of TRS to 
any individual frequency shifted but not broadened RRS should 
exceed a factor of 1.3.

2. Over frequency bandwidths corresponding to less than 20% frequency 
shift, any condition where an individual frequency shifted but not 
broadened RRS exceeds the TRS should be individually assessed as 
to its consequences.

These recommendations are illustrated in Figure 1.
The most common failure mode for equipment is anchorage. A margin 

review should heavily concentrate on the review of anchorage unless the 
SRT can dismiss the possibility of such failures during their walk­
down. Anchorage failure modes can be evaluated analytically using EPRI 
sponsored anchorage guidelines for nuclear plant equipment [URS, 
1985]. These guidelines are recommended for seismic margin reviews.

7 CONCLUSIONS

The overall approach recommended by EPRI for conducting SMAs is to 
utilize a combination of highly experienced seismic capability engineers 
and systems engineers to screen out from detailed review, those elements 
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that either are not essential for a preferred shutdown path or which 
historically have demonstrated sufficient seismic ruggedness to survive 
the specified SME. By using experience and judgment, rather than blan­
ket application of current industry design and qualification practice 
for all components and structural elements designated "safety", a SMA 
may be conducted in a cost effective manner. A reasonable estimate for 
plants with a well documented seismic design is three to four man years 
of technical engineering staff.
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Table 1. Partial summary of civil structures screening criteria for 
seismic margin evaluation.

Type of Structure

Peak Free-Field Ground Acceleration

<0.3g 0.3 to 0.5g >0.5g

Concrete containment (post­
tensioned and reinforced)

no (1) (2)

Freestanding steel 
containment

(3)(4) (3)(4) yes

Containment internal 
structures

(5) (6) yes

Shear walls, footings and 
containment shield walls

(5) (6) yes

Diaphragms (5) (7) yes

Category 1 concrete frame 
structures

(5) (6) yes

Category 1 steel frame 
structures

(5) (8) yes

Masonry walls (9) yes yes

NOTES FOR TABLE 1

1. Major penetrations should be evaluated.
2. Major and minor penetrations should be evaluated. The concrete 

containment structure only needs to be evaluated for peak ground 
acceleration exceeding 0.8g.

3. No evaluation required if base mat is integral part of pressure 
boundary or steel pressure boundary is keyed to base mat to prevent 
slipping.

4. Mark I tori require evaluation for earthquakes exceeding the design 
basis.

5. Evaluation not required for Category 1 structures if design was for 
an SSE of 0.1g or greater or if structure essentially meets 1985 UBC 
Zone 4 requirements.

6. Evaluation not required for Category 1 structures if design was by 
dynamic analysis for an SSE of 0.1g or greater, and if the structure 
complies with ACI 318-71 or ACI 349-76 ductility detailing 
requirements.

7. Evaluation not required for Category 1 structures if design was by 
dynamic analysis for an SSE of 0.1g or greater, and if the diaphragm 
complies with ACI 318-71 or ACI 349-76 ductility detailing 
requirements, provided the diaphragm seismic loads were explicitly 
calculated.

8. Evaluation not required if structures were designed using dynamic- 
analysis and meet the requirements of AISC, 7th Edition, 1970 or 
later.

9. Evaluation not required for walls which have been externally 
reinforced to withstand an SSE of 0.1g or greater.
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