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SUMMARY

Recent probabilistic risk assessment (PRA} studies of nuclear power plants have underscored
the important contribution of seismic events to the plant risk. The major reasons are:

1} the unique ability of an earthquake to initiate an accident and simultaneously fail a num-
ber of otherwise redundant components required for mitigating the accident, 2) the generally
large uncertainties associated with the occurrence of large earthquakes and with fragilities
of structural and mechanicai components. Since Tlarge uncertainties exist in the seismic
hazard and fragitities, it is imperative that these uncertainties be explicitly recognized,
quantified, and propagated consistently throughout the analysis. Such an uncertainty analysis
not only provides confidence bounds on the risk estimates but also helps identify significant
cgntributors so that future resources may be properly ailocated for risk reduction.

Discussion in this paper is concentrated on seismic fragilities. Seismic fragility is pre-
sented as a family of curves of conditional frequency of failure piotted against a ground
motion or response parameter; a probability value is assigned to each curve to reflect the
uncertainty in fragility evaluation. The conditional frequency of failure is calculated
taking into account the ultimate strength of the component, its inelastic energy absorption
capacity, and the safety margins impTied in the seiection of seismic input and response analy-
sis. A step-by-step procedure described for the fragility evaluation includes plant familiar-
ization, selection of components, assessment of fragility data at plant-specific and generic
levels, and calcufation of the median values and variabilities of seismic capacities of
components.

Representative values of fragility parameters for typical modern nuclear power plants are
provided. It is concluded that unnecessary conservatism existing in current seismic design
practice could be removed by properiy accounting for inelastic energy absorption capabilities
of structures. Based on about a dozen SRA studies, soms of the key contributors to seismic
risk are identified and possible ways of reducing seismic risk are discussed.
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1. Introduction

Probabiltistic risk assessment (PRA} of a nuclear power plant is an orderly methed of
analyzing potential accidents and estimating their frequencies of occurrences and conse-
quences. Earthquakes are among the events that are considered to initiate such accidents.
To date, the authors have participated in about a dozen published or unpublished PRA studies
of nuclear power plants. These studies have accentuated the important contribution of seis-
mic events to the plant risk. The major reasons for this contribution are: 1) the unique
ability of an earthquake to initiate an accident and simultaneously fail a number of other-
wise redundant components requited for mitigating the accident, and 2} the generally large
uncertainties associated with the occurrence of targe earthquakes and with fragilities of
structural and mechanical components.

The objectives of seismic risk analysis (SRA) are to estimate the frequencies of occur-
rence of earthquake-induced accidents that may lead to different levels of damage {e.g.,
early deaths, latent cancer fatalities and property damage} and to identify the key risk
contributors so that necessary risk reductions may be achieved. The elements of a seismic
risk analysis can be identified as analyses of (1) the seismic hazard at the site, (2) the
responses of plant systems and structures, (3} component fragitities, (4) plant systems and
accident sequences, and (5} consequences, and are depicted in Figure 1. In hazard analysis,
the frequencies of exceedence of different leveis of earthquake ground motion are calculated
taking into consideration the presence of active faults and seismotectonic provinces around
the site, and the earthquake history of the region. These frequencies are presented in the
form of a hazard curve. The uncertainties in the seismic hazard parameter values and in the
mathematical model of the hazard are represented by developing a family of hazard curves; a
probability is assigned to each hazard curve. In the response analysis, the response of
plant systems and structures for a specified seismic input is calculated. The responses of
interest could be spectral acceleration, moment, stress, and deflection at selected struc-
tural, piping, and equipment Tocations. In the evaluation of fragility, the conditional fre-
quencies of component failure for different values of the response parameter are estimated.

The plant systems and accident sequences analysis is performed by developing event trees
and fault trees with the seismic event of a particular ground motion level as the initiating
event. The component fragilities are then used to compute the frequencies of failure for
different safety systems. The frequency of core melt or of radionuclide release for a given
release category is calculated using the event tree and fault tree logic and by integrating
over the entire range of earthquake ground motion. The result of this analysis in the form
of frequencies of release categories is input into a consequence analysis model to estimate
the frequencies of exceedance of different levels of damage.

Recently, the Nuclear Regulatory Commission and the nuclear industry jointly developed a

[l]for the performance of probabilistic risk assessments of nuciear power

procedures guide
plants. The procedures guide has described two methods that are currently available for

estimating sejsmic risks. The first method was developedtz] and applied to estimate seismic
(3] and the Indian Point P1alnt|:4:I and is called the "The Zion Method.”

The second method was developed in an NRC-funded research program at the Lawrence Livermore

risks at the Zion Plant
National Laboratory - the Seismic Safety Margins Research Program 51 and is called "The

SSMRP Method." The major difference between these methods is in the Tevel of detail in the
seismic response analysis and the plant-system and accident-sequence analysis. The inter-
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ested reader may obtain further detajls of these methods from the above cited references.
This paper discusses a procedure[zj for estimating the seismic fragilities of structures

and components. Based on the experience gained in conducting fragitity evaluation for about

a dozen SRA studies, guidelines are given on appropriate techniques, representative results,

and key contributors to seismic risk.

2. Seismic Fragilities

Fragility of a component might be defined as the conditional frequency of failure for a
given peak ground acceleration. The entire fragility curve for any component and the uncer-
tainty in that curve can be expressed in terms of the best estimate of the median ground ac-
celeration capacity, ﬂ, times the product of two random variahles. Thus, the greund acceler-
ation, A, corresponding to failure is given by

A=h ep Sy’ (1)
in which €p and gy are random variables with median of unity. They represent, respectively,
the inherent randomness (frequency) about the median and the uncertainty in the median value.
If it is assumed that both R and g are lagnormaliy distributed, their variability can be
expressed by their Togarithmic standard deviation, Bp and By respectively. For computa-
tional convenience, we can write

A=F Ap (2}
where F = factor of safety on ground acceleration capacity above the safe shutdown earthquake
Tevel specified for design and ASSE = design ground acceteration of the safe shutdown earth-
quake. For structures, the factor of safety can be modeled as the product of three random
variables:

F = FgF Fog (3) _

The strength factor, FS’ represents the ratio of ultimate strength (or strength at Toss of
function) versus the design code allowable stress level. The inelastic energy absorption
factor (ductility) accounts for the fact that an earthquake represents a limited energy
source and many structures or components are capable of absorbing substantial amounts of
energy beyend yield without loss of function.

The structure response factor, FRS’ recognizes that in the design-analyses, the struc-
tural response was computed using specific (often conmservative) deterministic response para-
meters for the structure. Because many of these parameters are random (often with a wide
variability) the actual response may differ substantially from the design-analyses calculated
response for a given peak ground acceleration ievel. The more significant factors inciude
variabiTity in (1} g¢round motion and the associated ground response spectra for a given
peak free-field ground acceleration, (2} soil-structure interaction, (3) energy dissipation
(damping), {4) structural modeling, (5) method of analysis, () combination of modes and {7)
combination of earthquake components.

For equipment and components, the factor of safety is made up of three parts consisting
of a capacity factor, FC’ a structure response factor, FRS’ and a companent response (rela-
tive to the structure) factor, Feg- Thus,

F="Fe - Frs * Fes (4)

The capacity factor for components may be evaluated as the product of FS and Fu‘ Fer active
components, however, operabiiity 1imits are Tikely to govern so that the inelastic energy
absorption capacity may be smaller than for structures. The structural response factor, FRS’
is based on the response characteristics of the structure at the location of component
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support. The component response factor, Fpg, depends upon the response characteristics of

the equipment and is influenced by the same variables as those listed for structural response
The following procedure is recommended for the evaluation of the fragilities of struc-

tures and equipment.

a. Select components (i.e., structures and equipment) whose fajlure may lead to core melt
or radiological release. Review of the plant design bases and as-built drawings, and a
walkthrough of the plant are useful in identifying these components.

b. For each component, investigate the potential failure modes. Structures can be consid-
ered to fail when the inelastic deformations under seismic Toads are sufficient to in-
terfere with the operability of safety-related equipment attached to the structure or
when the equipment attachments fail because of severe cracking of the structure. Piping,
electrical, mechanical, or electromechanical equipment vital to the safety of the plant
is considered to fail when it cannot perform its designated function.

c. For each failure mode, estimate the overall factor of safety against SSE. The individual
factors of safety {i.e., strength, inelastic energy absorption, structure-response, and
equipment response) are estimated using the design criteria and the results of response
analysis performed at the plant design stage.

d. For structures such as concrete shear walls, prestressed concrete containment, steel
frames, masonry walls, field-erected tanks and buried structures, the fragility para-
meters are estimated using plant-specific information. For major passive equipment (e.g.,
reactor pressure vessel, steam generator, reactor coolant pump, recirculation pump, major
vessels, heat exchangers, and major piping}, it is preferable to develop plant-specific
fragilities using original design analysis. For other passive equipment (e.g., piping
and supports, cabte trays and supports, HVAC ducting and supports, conduit, and miscel-
Taneous vessels and heat exchangers), it is preferable to use gengric fragilities because
of large quantities of such equipment. For active equipment, use of a combination of
generic and plant-specific information is needed to develop fragilities. Plant-specific
fragilities are developed from design reports including test data on active devices in
subsystems, Generic fragilities for active equipment are developed from Corps of
Engineers shock test data, qualification tests, performance in past earthquakes, and
expert opinion,

3. Representative Fragilities for a Modern Plant

Ref. [2] presented median factors of safety and varjability for representative structures
and components of an older nuclear power plant. Modern plant designs (initiated subsequent
to 1973) have several sources of incréased conservatism in seismic response analyses so that
the response factors, FRS’ presented in Ref. [2] are not representative for a modern plant.
Therefore, Table 1 is presented to update the fragility parameters presented in Ref. [2] for
a representative modern plant de%ign. Obviously, the design practices differ from plant-to-
plant. Therefore, the quantitative vé]ues presented should be considered representative of
an “"average" plant and should be used with caution for any particular plant.

Current practice in seismic design can be summarized as follows. Given the SSE peak
ground acceleration, a conservatively biased {approximately mean plus one standard deviation)
response spectra is anchored to this peak acceleration. This input is used for determinis-
tic, Tinear elastic analysis with conservative specification of the parameters influencing
response, The results are compared to code allowable stress levels which are anchored to
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conservatively specified minimum material strength parameters (values for which there is
generally Tess than a 5 percent probability that actual material strength values might be
lower) selected so as to achieve a given deterministic factor of safety. This process intro-
duces considerable conservatism into the design beyond that already embodied into the speci-
fied SSE peak ground acceleration. The median factor of safety represents the ratio of the
ground acceleration corresponding to a 50 percent probability of the onset of observable
significant structural damage to the specified SSE ground acceleration. This median factor
of safety is the product of the median factors of safety on structural capacity and struc-
tural response. Such factors of safety are then a function of the degree of conservatism
with which the structural capacity and response parameters are specified in current “good”
practice. The variability of this factor of safety are expressed in terms of Togarithmic
standard deviations,

As noted in Table 1, the seismic capacity margin is made up of an ultimate strength capa-
city margin and an inelastic energy absorption capability margin. For a wide range of struc-
ture types, the median ultimate strength capacity ranges from about 1.2 to 2.5 times the code
allowable strength for SSE loadings. The fact that inelastic energy absorption is not in-
cluded in design results in an even greater margin ranging from about 1.8 to 4 for most
structures, In general, it has been observed that the structures with the lowest strength
margin tend to have the greatest inelastic energy absorption capability. The net effect of
these two factors is to produce a median overall capacity margin over the SSE of about 2.5
to 6 with most structures having margins nearer the upper end of the range.

Additional margins exist because responses are conservatively computed incTuding conser-
vative selection of the design response spectra, conservative damping values, and conserva-
tive soil-structure interaction analyses particularly with regard to ground motion deamplifi-
cation with depth into the soil. The total median response of factor conservatism of modern
analyses tends to range from about 1.6 to 2.8 for typical cases.

The total median margin over the SS5E ground motion generally ranges from 4.0 to 12.0 for
structures analyzed and designed by current procedures. Most of this margin results from the
conservative approach used for capacity evaluations with a lesser portion resulting from can-
servatism in the response evaluation. The greatest single source of conservatism is believed
to be due to ignoring the inelastic energy absorption capacity of the structure considering
that the earthquake provides only a limited amount of energy input. These estimates are
based upon the premise that a "good" current linear eiastic dynamic evaluation has been per-
formed. Such an evaluation must properly account for energy feedback from the structure to
the surrounding soil through the use of appropriate radiation damping factors. If energy
feedback at the soil-structure interface is arbitrarily reduced by Timiting the equivalent
sofl-structure interaction damping coefficient to some specified upper 1imit, then the
factors of safety would be even greater than those reported herein.

In addition to a large median margin {factor of safety} there is also large randomness and
uncertainty in the seismic capability of structures as denoted by Bg and By values of about
0.30 and 0.37, respectively. A review of Table 1 indicates the greatest potential sources of
randomness and uncertainty for the structure factor of safety against the SSE to be in the
inelastic energy absorption capacity of the structure, the response spectra input to the
structure given only the peak ground acceleration being known, and the effects of so0il-
structure interaction. The total randomness in the response analysis tends to be substan-
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tially greater than the randomness in capacity, while the uncertaintjes are similar for
response and capacity.

For a response BR and BU of 0.26 each (midway within the range shown in Table 1), the
median response factor of safety would have to be about 1.8 in order to achieve about a 90%
confidence of a 84% non-exceedence probability (MEP) on computed response. Comparisons with
Table 1 indicate that response factor conservatism may often be slightly larger than neces-
sary if a 90% confidence of a 84% NEP is an acceptable target for the computed response of
structures. Similarly, a Fp and By of 0.14 and 0.27, respectively, for capacity would re-
quire a median capacity factor of safety of about 2.0 to achieve a 90% confidence of less
than a 1% probability of failure if responses were as large as computed. It would seem reas-
onable that 90% confidence of a 84% MNEP on computed response coupled with less than a 1%
probability of failure if the computed response is reached should be sufficient conservatism
for a rare event such as the SSE. Thus, a median response factor of about 1.8 and a median
capacity factor of about 2 would appear to be reasonable goals. The numbers in Table 1 would
suggest excessive conservatism particularly with regard to structural capacity. This excess
conservatism in capacity would be removed if the inelastic energy absorption capability of
structures were realistically incorporated into their design for the SSE.

Table 1 also presents median factor of safety and variabiiity estimates for typical mech-
anical equipment. The median capacity factor (3 to 8) for passive mechanical equipment tends
to be larger than that for structures. On the other hand, because of operational limits the
median capacity factor (1.5 to 4) for active mechanical equipment will tend to be less than
that for structures since inelastic response is 1ikely not to be acceptable for this equip-
ment. The total median response factor of conservatism is made up of conservatism in compu-
ted building response and conservatism in generating floor spectra for equipment response.
Considerable conservatism is introduced to the seismic capacity of such equipment through the
currently used technique for generating floor spectra which are used as input to the equip-
ment. First, an artificial earthquake time history is used as input to the structure model
in order to generate floor spectra. This artificial time history is selected conservatively
so as to generate a ground response spectrum which envelopes the design ground response spec-
trum even though this design ground response spectrum has been conservatively selected {ap-
proximately one standard deviation above the median). Next, the frequencies of the peaks of
the calculated floor spectra are considerably broadened to account for uncertainty in struc-
tural model parameter estimations from which these spectra were generated. This broadening
is certainly valid. However, one should also keep in mind that uncertainty of parameters
aiso lessens the likelihood of peak response occurring at any specific frequency.

If the median response factors for buiiding response are combined with the median floor
spectra factor in Table 1, the combined response ‘factor for equipment in buildings will tend
to have a median of 2.3 to 4.4 and Bg between 0.27 and 0.40 with By between 0.26 and 0.41.
Note that both the median response factor and its randomness and uncertainty are greater for
equipment than for structures. With mid-range equipment response Bp and BU of 0.34 each, the
median equipment response factor would have to be about 2.2 in order to achieve a 90% confid-
ence of 84% NEP for the computed response. This response factor of 2.2 is at the lower
end of the range of 2.3 to 4.4 obtained from Tabie 1. The conclusion is that the Tumping of
floor spectra conservatism on top of conservatism in structural response results in a larger
than necessary conservatism in the computed equipment response. On the other hand, if this
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excessive response conservatism were eliminated it might be necessary to increase the conser-

vatism in capacity of some active mechanical components whose capacity is-governed by opera-

tional Timits since a capacity factor of 2.0 is needed to achieve a 90% confidence of tess
than a 1% probability of failure if the computed responses are reached. The required median
capacity factor of 2.0 is greater than has been estimated to exist for some active mechanical
equipment.

4. Lessons Learned in Past PRA Studies
Based on the results and insights gained in recent PRA studies, we have identified the

following as some of the key contributors to the seismic risk at nuclear power plants.

a. Lack of proper anchoring of equipment - In some older plants, the DC battery racks were
not anchored to the floor making them vulnerable to earthquakes. Walkthrough inspections
of operating piants have revealed the possibility of unanchored equipment falling on
critical components during earthquakes.

b. Items that are not qualified in the vicinity of critical equipment - Examples of these are
block walls. In recent years, there has been an industry-wide effort to qualify and
strengthen the block walls. Hence, block walts may not be risk contributors in the
future. V

¢. Impact between structures - In most plants founded on alluvial soil, impact between the
structures (e.g., reactor building and auxiliary building) at accelerations above the SSE
level is a distinct possibility.

d. Location of redundant equipment in the same area of ptant - The ability of earthquakes to
fail redundant components simultaneously has contributed to higher estimates of seismic
risk. This can be countered by introducing seismic redundancy where feasible - i.e.,
Tocating redundant equipment in different structures or elevations, orienting them
differently and by mounting them differently.
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TABLE 1

ESTIMATEQ MEDIAN FACTORS OF SAFETY AND LOGARITHMIC STAKOARD OEVIATION ASSOCIATED WITH

THE SAFE SHUTDOWN EARTHQUAXE {SSE)

MEDIAN FACTOR
OF SAFETY RANDOM UNCERTAINTY
ITEM F Ba By
STRUCTURES
Capacity
Ultimate Strength Versus Code Allowable 1,2 - 2.5 0.06 - 0.12 0.12 - 0.18
Ineiastic Energy Absorption Capability i.8 - 4.0 0.08 - 0.14 0.18 - 0.26
TOTAL CAPACITY FACTOR 2.5 - 6.0 c.10 - 0,18 0.22 - 0.32
Response
Design Respense Spectra 1.2 - 1.4 0.16 - 0.22 0.08 - 0.11
Damping Effects 1.2 - 1.4 0.05 - 0.10 0.05 - 0.10
Modeling Effects 1.0 0 0.12 - 0.18
Moda} and Component Combination 1.0 0.10 - 0.20 [}
Soil-Structure Interaction 1.1 - 3.8 0.02 - 0.06 0.10 - 0.24
: TOTAL RESPONSE FACTOR 1.6 - 2.8 0.20 - 0.32 0.18 - 0.33
TOTAL STRUCTURE FACTDR 4 - 12 0.22 - 0.37 0.28 - 0.46
MECHANTCAL EQUIPHENT
Capacity Facter 1.5 - B.0 0.10 - 0.18 0.22 - 0.32
Building Response Factor 1.6 - 2.8 0.20 - 0.32 0.18 - 0,33
Floor Spectra Factor 1.4 - 1.6 0.18 - 0.25 0.18 - 0.25
TOTAL MECHANICAL EQUIPMENT FACTOR 3.5-20 0.29 - 0.44 0.34 - 0.52
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FIGURE 1. SEISMIC RISK ANALYSIS METHODOLOGY {From Reference 1)
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