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Abstract
In order to develop a risk based seismic design criteria the following four issues must be
addressed:

1. What target annual probability of seismic induced unacceptable performance is acceptable?
2. What minimum seismic margin is acceptable?
3. Given the decisions made under Issues 1 and 2, at what annual frequency of exceedance
should the Safe Shutdown Earthquake ground motion be defined?
4. What seismic design criteria should be established to reasonable achieve the seismic margin
defined under Issue 2?

The first issue is purely a policy decision and is not addressed in this paper. Each of the other
three issues are addressed.

Issues 2 and 3 are integrally tied together so that a very large number of possible combinations of
responses to these two issues can be used to achieve the target goal defined under Issue 1.
Section 2 lays out a combined approach to these two issues and presents three potentially
attractive combined resolutions of these two issues which reasonably achieves the target goal.
The remainder of the paper discusses an approach which can be used to develop seismic design
criteria aimed at achieving the desired seismic margin defined in resolution of Issue 2.
Suggestions for revising existing seismic design criteria to more consistently achieve the desired
seismic margin are presented.

1. Introduction

The U.S. Nuclear Regulatory Commission (NRC) has requested that all existing nuclear power
plants define their plant seismic margins in terms of the High-Confidence-Low-Probability-of-Failure
(HCLPF) seismic capacity (Ref. 1). The seismic margin for the design basis Safe-Shutdown-Earthquake
(SSE) can then be defined by the ratio between the HCLPF and SSE ground motion levels. In addition,
the NRC is moving toward defining the SSE ground motion response spectrum with a specified annual
frequency of exceedance (Ref. 2).

Two obvious questions:

1. What seismic margin (HCLPF/SSE ratio) is sufficient to achieve a specified seismic performance
goal defined in terms of a target maximum annual probability of unacceptable seismic performance, given
that the SSE is defined in terms of an annual frequency of exceedance?
2. What deterministic seismic design/evaluation criteria will reasonably achieve this desired seismic
margin?

This paper lays out a framework for addressing these two questions. Specifically, the paper defines the



relationship that exists between a specified seismic margin and the ratio Rp, where:

Rp= HSSE

Pf (1)

in which HSSE is the annual frequency of exceeding the SSE (hereafter called SSE exceedance
frequency) and Pf is the annual probability of unacceptable seismic performance (hereafter called failure
probability). Next, the paper lays out guidance for establishing deterministic seismic design criteria which
will roughly achieve the desired seismic margin. It will be suggested that the seismic demand (response)
analysis should be performed with sufficient conservatism to achieve roughly an 84% non-exceedance
probability on the computed demand. Next, the seismic capacity should be established sufficiently
conservative to achieve a specified factor of safety on the 1% conditional probability of failure capacity
given the condition that the computed demand actually occurs. The required factor of safety will be
shown to be approximately equal to the desired HCLPF seismic margin.

A risk based seismic design criterion can be established by:

1. specifying a target permissible seismic-induced failure probability Pf for seismic safety

significant structures, systems, and components (hereafter called a component).
2. specifying seismic response and capacity criteria aimed at achieving a specified desired

HCLPF seismic margin
3. determining the ratio Rp consistent with the specified HCLPF seismic margin from

Table I as will be discussed in Section 2
4. specifying the SSE ground motion level at an exceedance frequency HSSE given by:

HSSE = RpPf(2)

Following this approach, the U.S. Department of Energy (DOE) has adopted a risk based seismic design
and evaluation criterion approach in DOE-STD-1020-94 (Refs. 3 and 4) for DOE facilities.

2. Relationship Between Seismic Margin and Probability Ratio RP

Figure 1 presents two representative probabilistic seismic hazard curves expressed in terms of
mean annual frequency of exceedance versus peak ground acceleration. Over any ten-fold difference in
exceedance frequencies such hazard curves may be approximated by:

H (a) =KIa-KH

where H(a) is the annual frequency of exceedance of ground motion level "a", KI is an appropriate
constant, and KH is a slope parameter defined by:

KH = 1( )

in which AR is the ratio of ground motions corresponding to a ten-fold reduction in exceedance frequency
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In order to compute the probability ratio Rp corresponding to any specified seismic
design/evaluation criteria, one must also define a mean seismic fragility curve for a component resulting
from the usage of these seismic criteria. This mean seismic fragility curve describes the conditional
probability of an unacceptable performance versus the ground motion level. This mean fragility curve is
most often defined as being lognormally distributed and is expressed in terms of two parameters: a
median capacity level and a composite logarithmic standard deviation , (see Ref. 2 for further
amplification). The logarithmic standard deviation P will generally lie within the range of 0.3 to 0.5 for
structures and equipment mounted at ground level. For equipment mounted high in structures, P will
generally lie within the range of 0.4 to 0.6.

For any component, mean probability PF of unacceptable performances is obtained by
convolution of the seismic hazard and fragility curves expressed by:

PF = .C (a) JPF/ada

where PF/a,is the conditional probability of failure given the ground motion level "a" which is defined by

the mean fragility curve.

Approximating the seismic hazard curve between the SSE exceedance frequency HSSE and the
failure probability PF by Eqn. (3), Ref. 4 shows that:

R = HSSE = (FP )KI ef
PF (6)

f =XPK 1P 1/2(KHP (7)

where Fp is the factor of safety (seismic margin) between the SSE and the component seismic capacity S

p associated with the conditional failure probability PF/a, and Xp is the standardized normal variant
associated with the failure probability PF/a. For example,

X p 7flp PF/AZF
F/Al ll l
1% 2.326 10% 1.282
5% 1.645 ;wl6% 1.0

Initially, the HCLPF seismic capacity was defined as the level at which one had approximately
95% confidence of less than about 5% probability of failure. However, in Ref. 1 the NRC has suggested
that this HCLPF seismic capacity can be approximated as the 1% composite (mean) probability of failure.
With this approximation, one does not have to separate their estimates of variability into "uncertainty"
and "randomness," but can work with a single composite (mean) fragility curve which defines mean
probability of failure versus ground motion level. For simplicity, this composite (mean) approximation of
the HCLPF capacity will be used herein. Therefore, the probability ratio Rp can be defined in terms of the
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HCLPF seismic margin FH by setting Xp = 2.326 in Eqns. (6) and (7).
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For the Central and Eastern United States (CEUS), within the mean exceedance frequency range
from 10 4 to 10-5, the AR ratio for ground motion spectral accelerations is typically:

CEUS AR = 2.0 to 4.0 (5 to 10 Hz)
AR = 3.0 to 6.0 (1.0 Hz)

However, for California and other high seismic sites with seismicity dominated by close active faults with
high recurrence rates associated with tectonic plate boundaries, the corresponding AR ratio is typically:

Calif. AR = 1.5 to 2.0 (5 to 10 Hz)
AR = 2.0 to 3.0 (1 Hz)

Therefore, the appropriate AR ratio to use in Eqn. (4) to define KH is both a function of the site location
and the natural frequency at which the ground motion spectral acceleration is being defined.

Table 1 presents the minimum probability ratio Rpmin obtained over the typical seismic fragility
logarithmic standard deviation p range of 0.3 to 0.6 for various candidate HCLPF seismic margins FH
ranging from 1.0 to 1.67 as a function of the ground motion ratio AR. It can be seen that a constant R

Pmin ratio cannot be achieved over the full range of typical AR ratios using any of these candidate
HCLPF seismic margins.

Based both upon performing HCLPF seismic margin calculations for many components at a
number of nuclear power plants and upon reviewing HCLPF seismic margin calculations performed by
others, it is the author's opinion that the current Standard Review Plan (SRP) seismic criteria contained in
Ref. 6 typically leads to a HCLPF seismic margin of 1.25 to 1.5 when the SRP criteria is just barely met.
This opinion is bolstered by the observation reported in Ref. 7 that after anchorage, seismic-interaction, or
other significant deficiencies caught as a result of a careful seismic walkdown of a plant have been
corrected, seismic probabilistic risk assessments (PRA) and seismic margin studies conducted on existing
nuclear power plants have reported HCLPF seismic margins of 1.25 or greater. Therefore, it is expected
that establishing seismic design criteria aimed at achieving a HCLPF seismic margin FH in the range of
1.25 to 1.5 would result, on average, in the minimum required changes to SRP seismic acceptance
criteria.

2.1 Consequences on Establishing An SSE Exceedance Freguencv

Strictly speaking, Rp defined by Eqn. (6) presents the ratio between the mean annual frequency of
exceedance of the SSE and the mean annual probability of unacceptable performance. However, although
not rigorous, this ratio also accurately approximates the ratio between the median exceedance frequency
and the median probability of unacceptable performance. Therefore, so long as the seismic risk goal is
defined in terms of a median failure probability, Rpmin from Table I may be used to determine the
appropriate median hazard exceedance frequency Hsse. Because the ground motion corresponding to a
median hazard exceedance frequency has been found to be more stable when compared between various
prediction procedures then the ground motion corresponding to a mean hazard exceedance frequency, the
proposed D.R.G. 1032 (Ref. 2) currently defines the SSE in terms of a median exceedance frequency. A
seismic risk based design criteria can be developed and defined in terms of either a mean or median risk
goal. The only requirement is that both the hazard exceedance frequency and the probability of failure
goal be defined in the same term (median or mean).
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If the SRP deterministic seismic acceptance criterion is aimed at achieving a specified HCLPF
seismic margin in the range of 1.25 to 1.5, the goal of a target minimum annual probability of
unacceptable seismic performance PF for a component cannot be universally achieved even
approximately for all sites and over all natural frequencies by specifying the SSE ground response
spectrum by an Uniform Hazard Spectrum (UHS) at a constant specified annual exceedance frequency H

SSE. The exceedance frequency HSSE must be made a function of the ground motion ratio AR
appropriate for the site's spectral acceleration hazard at the natural frequency at which the spectral
acceleration is being defined.

For example, if at a typical CEUS site the appropriate ground motion AR is 2.25 over the natural
frequency range of 5 to 10 Hz and AR is 3.75 at 1.0 Hz, then a median annual probability of failure goal
of I x 10-6 is reasonably achieved with a HCLPF seismic margin FH of 1.33 by setting the SSE spectral

acceleration at the median 1 x 10-5 annual frequency of exceedance in the 5 to 10 Hz range, and at a
median 5 x 10-6 annual frequency of exceedance at 1.0 Hz (see Table I for the Rpmin estimates upon
which these exceedance frequencies are based). Therefore, in this case, the median annual frequency of
exceedance of 1 x 10-5 proposed in Draft Regulatory Guide 1032 works well in the 5 to 10 Hz range if
the goal is a I x 10-6 annual probability of failure. However, at 1.0 Hz, with an AR of 3.75 the
corresponding KH is 1.74 which means that the median 1 x 10-5 exceedance frequency spectral

acceleration would have to be increased by a factor of (0.5)-1/1 74 = 1.5 to correspond to a median 5 x 10
-6 exceedance frequency.

Many engineers, including this author, do not believe that a UHS set at an annual exceedance
frequency appropriate in the 5 to 10 Hz range provides an adequate degree of conservatism at low natural
frequencies. The previous paragraph illustrates one of the concerns. A second reason is concern that the
spectral accelerations at around 1.0 Hz and lower are more influenced by the displacement time history of
the ground motion than by the acceleration time history particularly for earthquakes with magnitudes of
6.0 or less and typical CEUS site conditions. For recorded earthquake ground motions the displacement
time history has considerable uncertainty because it is typically obtained by double integrating the
recorded acceleration time history record and is thus sensitive to instrument and base line corrections. The
low frequency spectral accelerations may be significantly inaccurate and thus under predicted by at least
some attenuation relationships. A third concern is that damage of many ductile components is likely to be
most related to the spectral displacement content of the input motion at natural frequencies significantly
below the elastic frequency of the component. Therefore, the low frequency spectral accelerations (or
spectral displacements ) are of considerable importance when predicting the realistic seismic capability of
ductile components with elastic frequencies in the 5 to 10 Hz range. Each of these three issues needs to be
addressed by any future seismic design criteria in order to reasonably achieve a target minimum annual
probability of failure over the entire natural frequency range of interest.

Whereas a deterministic acceptance criteria aimed at achieving a HCLPF seismic margin FH of

about 1.33 coupled with an SSE ground response spectrum defined at the median 1 x 10-5 exceedance
frequency in the 5 to 10 Hz range is a reasonable way to achieve a median failure probability of 1 x 10-6
for a typical CEUS site with AR = 2.25, this criteria is excessively conservative for a California site with
seismicity dominated by close active faults with high recurrence rates where AR is likely to be between
1.5 and 1.75 in the 5 to 10 Hz range. For this site, from Table 1 an appropriate Rpmin. would be about 30

so that the median exceedance frequency for the SSE should be about 3 x 10-5 in order to achieve a 1 x
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10-6 failure probability. However, because of the low AR ratio, a threefold increase in the hazard
exceedance probability does not correspond to a large reduction in the SSE. For example, with AR = 1.7
the corresponding KH is 4.34 which means that a threefold increase in the exceedance frequency would

correspond to a (3.0)-1/4.34 = 0.8 factor on the SSE spectral accelerations.
In conclusion, establishing the SSE ground motion in terms of a specified annual exceedance

frequency as is done in D.R.G. 1032 is an essential first step toward establishing a risk based seismic
design criteria. However, the use of a constant median exceedance frequency of I x 10-5 for all sites and
over all natural frequencies is not desirable. Such a criteria may lead to unacceptably high seismic risk for
components sensitive to low natural frequencies or other situations where AR exceeds about 3.0. The
required SSE spectral accelerations should be significantly increased when AR exceeds about 3.0.

Conversely, a slight relaxation in the SSE spectral accelerations below the median 1 x 10-5 exceedance
frequency values should be permitted when AR is less than about 2.0. However, this relaxation factor
should not be less than about 0.8 for an acceptance criteria geared to a HCLPF seismic margin of 1.33.

2.2 Potential for Improving Seismic Margin Acceptance Criteria

There is no fundamental reason why the seismic margin should be defined in terms of the HCLPF
or 1% conditional probability of failure seismic capacity SI%. The seismic margin could just as easily be

defined in terms of the 5%, 10%, 15%, or even median (50%) seismic capacity.

When the seismic margin is defined in terms of HCLPF seismic capacity, the probability ratio Rp

defined by Eqns. (6) and (7) is sensitive to the logarithmic standard deviation P of the component fragility
curve. Table 1 presents the minimum value of Rp over the likely range of P from 0.3 to 0.6. However, as
shown in Table 2, the ratio of the maximum to minimum values of Rp over this range of P values ranges
from 1.8 to 2.5 over the ground motion ratio AR range of 1.5 to 6.0. Therefore, the use of the RPmin
values from Table I can introduce as much as a factor of 2.5 conservatism in establishing the hazard
exceedance frequency HSSE corresponding to a target failure probability PF.

Table 2 also shows the ratio of the maximum to minimum values of Rp obtained when the

seismic margin is defined in terms of the 5%, 10%, 15%, 20%, and median conditional probabilities of
failure. Note that when the seismic margin is defined in terns of the 20% conditional probability of failure
seismic capacity S20% there is negligible sensitivity of Rp to variation of P over the range of 0.3 to 0.6
for AR values of 2.5 and greater. However, this lack of sensitivity to p for AR values of 2.5 and greater is
gained at the expense of a much greater sensitivity to p at AR values of 1.75 and less.

Over AR values of 2.0 and greater which are appropriate for CEUS sites, the 10% conditional
probability of failure seismic capacity Slo% appears to represent a good compromise candidate. Within
this range, the ratio of maximum to minimum Rp is sufficiently small to have negligible impact.
However, when AR drops below 1.8, the use of a seismic margin defined in terms of S1 o% leads to
greater sensitivity of Rp to P than does the use of a HCLPF seismic margin. Overall, defining the required
seismic margin in terms of Sl0% is preferable to using the HCLPF seismic margin in order to minimize
the variation of Rp with P. For this reason, DOE-STD-1020-94 (Ref. 3) aims its deterministic seismic
design criteria at achieving a specified required factor of safety F10% on the 10% conditional failure
probability capacity S10%- The relationship between F1o% on the 10% conditional failure probability
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capacity and FH on the HCLPF seismic capacity is:

(Flo%/ FH) = e1 0 44 0 '(8)

Over a P range from 0.3 to 0.6, (Flo%/FH) ranges from 1.37 to 1.87. Earlier, it was judged that the
existing SRP (Ref. 6) typically leads to a HCLPF seismic margin of 1.25 to 1.5 when the SRP criteria is
just barely met. On the same basis, one can judge that the SRP criteria typically leads to a Flo% of 1.75
to 2.5.

Table 3 shows the minimum probability ratios Rp corresponding to various safety factors Flo%
on the 10% conditional probability of failure seismic capacities. Choice of a Flo% of 1.875, 2.0, or 2.25
should lead to deterministic seismic acceptance criteria which on average are close to existing SRP
seismic acceptance criteria. Choice of Flo% of 1.5 or 1.0 would lead to seismic acceptance criteria
increasingly more liberal on average then existing SRP criteria.

For F1o% = 1.0, from Tables 2 and 3 it can be seen that for AR from 2.0 to 6.0 and P from 0.3 to
0.6, Rp always lies in the range of 1.5 to 2.4 irrespective of both AR and P Therefore, for CEUS sites a
potentially attractive seismic design criterion is to define a criterion Rpc = 2.0 and:

I Set the SSE exceedance frequency HSSE at two times the target annual seismic
induced failure probability PF.

2. Define the deterministic acceptance criteria with sufficient conservatism to achieve
less than about a 10% conditional probability of failure.

For sites at which AR is less 2.0, this seismic design criterion becomes unconservative for components
with very high P values for the fragility curve. At the extreme (AR = 1.5, and f = 0.6), the SSE ground
motion defined by this criterion would have to be increased by a factor of 1.45 in order to achieve the
target failure probability PF.

Even though the above defined seismic design criterion is theoretically very attractive in that the
sensitivity to both AR and f are minimal for AR greater than 2.0, it has two practical difficulties. First, to
achieve failure probabilities consistent with past design practice, the SSE ground motions would have to
be set at a lower exceedance probability (i.e., significantly higher SSE ground motions). Secondly, the
deterministic seismic acceptance criteria would have to be significantly more liberal than current SRP and
code criteria. Winning general acceptance of using significantly higher SSE ground motions and
significantly more liberal acceptance criteria to be used with these ground motions is likely to be difficult.

A second option for a potentially attractive seismic design criterion which leads to deterministic
seismic acceptance criteria reasonably similar to current SRP and code criteria is:

ISet the exceedance frequency HSSE at which the SSE response spectrum is defined at a factor Rpc
above the target failure probability Pf where:

20
AR (9)
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2 Define the deterministic acceptance criteria with sufficient conservatism to achieve
about a 1.875 factor of safety on the 10% probability of failure seismic capacity (i.e., F

10% = 1.875)

For sites at which AR is less than 1.6, this seismic design criteria also becomes very slightly
unconservative for components with very high fragility P values. At the extreme (AR = 1.5 and 3 = 0.6),
the SSE ground motion defined by this criterion would have to be increased by a factor of 1.08 in order to
achieve the target failure probability. This level of increase is considered to be in the noise level and can
be ignored. Over the AR range from 1.7 to 2.75, this criterion is conservatively biased, and accurately
achieves the target failure probability for AR values of 3.0 and greater.

This second option works well over the entire range of AR and P values studied. This second
option is similar to the approach taken in DOE-STD-1020-94 for DOE Performance Category 4
component which is the DOE category most similar to the NRC nuclear power plant Seismic Category 1.

A third option is:

1. Set the exceedance frequency HSSE at the same level as for the second option, i.e., in
accordance with Eqn. (9).

2 Define the deterministic acceptance criteria with sufficient conservatism to achieve
about a 1.33 factor of safety on the HCLPF capacity (i.e., FH = 1.33).

This third option is conservatively biased over the entire range of Ar values, particularly for components
with large fragility , values. Its primary advantage over the second option is that it does not introduce a
new seismic margin definition, but retains the HCLPF seismic margin definition.

The factor FSSE by which the SSE ground motion defined by R, for any of these options would
have to be adjusted to exactly achieve the target failure probability can be obtained from:

1/ P KH

FSSE R
p ) (10)

where Rp is defined by Eqn. (6). The maximum and minimum FSSE factors over the range of P from 0.3
to

0.6 are tabulated in Table 4 as a function of AR for each of the three described options.

From Table 4, it can be seen that Option #2 does the best job of achieving the target failure
probability over the entire AR range. The factor FSSE required on the SSE ground motion to achieve the
target failure probability ranges from 0.74 to 1.08 with a mean value of 0.91. On average about a 10%
conservative bias in the seismic design criteria is introduced with this option. Option #3 introduces more
scatter and generally more conservatism with FSSE ranging from 0.60 to 1.06 with a mean value of 0.82.
On average this option introduces about a 20% conservative bias in the seismic design criteria. Based
upon these considerations,. Option #2 is slightly preferable to Option #3.
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However, to satisfy the IPEEE submittal guidance contained in Ref. 1, every operating U.S.
nuclear power plant should have estimated the HCLPF seismic margin for seismic safety significant
components with low HCLPF capacities. Therefore, at this time a significant level of expertise and a
significant data base exists for estimating HCLPF seismic margins which can be used directly in Option
#3. It is not clear that Option #2 represents a sufficient improvement over Option #3 to warrant the
confusion that might result from introducing an alternate seismic margin definition.

The remainder of this paper will concentrate on Option #3. However, the ideas and concepts
introduced are equally applicable if Option #2 were to be ultimately chosen. These ideas are also
applicable if a HCLPF seismic margin factor FH other than 1.33 were chosen. Simply the Rcp value
would have to be correspondingly modified from that given by Eqn. (9).
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3. Derivation of Seismic Criteria to Achieve Desired Seismic Margin

3.1 General Derivation

In this section an overall deterministic seismic criteria approach is derived to achieve a specified
seismic margin factor FH by which the HCLPF seismic capacity exceeds the design SSE ground motion.
This derivation specifically applies to components whose failure mode is controlled by either stress,
strain, force, displacement, rotation or some other parameter which can be assessed by analysis. However,
the general approach can also be applied to functional failure modes which can only be assessed by test.

The general SRP seismic requirements for components qualified by analysis can be expressed by:

CC 2 DNS + DS(IO)

where Cc represents a specified code capacity, DNS represents the non-seismic demand to be combined
with the seismic demand, and DS represents the elastic-computed seismic demand calculated in
accordance with SRP criteria. A code seismic capacity CCS can be defined as:

CCS = CC - DNS(I 1)

CCS 2 DS(12)

The ratio of the median seismic capacity of any component to the design basis SSE can be
defined by a median factor of safety F50%.defined by the product of the median capacity factor FC5O%,
the median response factor of conservatism, FRSO%, and the median nonlinear factor FNSO% , i.e.:

F50% = (FC50% )FR50% )FN5o% )(13)

FCSO% represents the factor by which the 50% probability of failure capacity lies above the design
capacity CCS. FR5o% represents the amount by which the computed demand DS lies above the 50%
non-exceedance probability (NEP) demand for the SSE input. FNSO% represents the amount that the
median elastic computed demand can exceed the median capacity and still have 50% likelihood of
acceptable behavior because of such things as the short duration and oscillatory nature of the input motion
and the nonlinear hysteretic energy dissipation capability of the component.

In turn, the logarithmic standard deviation (variability) P of the factor of safety can be defined by:

P = [ Rc + 3R + A N1 (14)

where Ace PR, and EN define the variability of the capacity, response, and nonlinear factor, respectively.
The combination of F50% (median), and p define the composite (mean) fragility curve for the component
in terms of a factor times the SSE input. Since the HCLPF seismic capacity corresponds to the 1%
conditional probability of failure on this fragility curve, the HCLPF seismic margin factor FH is given by:

FH =F50%e-2.326A(15)
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The SRP seismic criteria needs to be set sufficiently conservatively so that FH approximately
equals the desired seismic margin when the criteria is just barely met. One approach to achieve this goal
which is believed to result in relatively minimal changes to existing SRP criteria is described.

The code minimum ultimate, code limit-state, or code Service Level D capacities that this author
has investigated all lead to a capacity margin RCI% greater than unity on the 1% NEP capacity. Thus:

2.6260
FC50% = RC,% e (16)

In this author's judgment, response analyses conducted in accordance with the SRP are aimed at
the 84% NEP. However, because of either excess conservatism in some aspects of the SRP response
requirements, or because of excess conservatism introduced by the analyst, most response analyses
achieve a response margin RR84% greater than unity. Thus:

FR5 0% = RR. 4% e (17)

Currently, no specific provisions exist in the SRP for incorporating a nonlinear factor FN.
Nonlinear analysis is permitted, but must be reviewed on a case-by-case basis. There is very little
precedence where nonlinear analysis has been used for seismic evaluation at U.S. nuclear power plants,
and even this limited precedence has primarily been for the evaluation of existing components subjected
to a revised SSE input above that for which the component was designed. However, for ductile failure
modes ignoring FN introduces excessive conservatism. It is herein proposed that nonlinear analysis
should be explicitly permitted with permissible nonlinear distortions aimed at achieving a nonlinear
margin RN16% on the 16% probability of failure distortion level. Thus:

FN50% =RNl6%ePN (18)

By combining Equations (13) through (18):

FH = (RC1% )JRR&4% Y(RN16% )fP)( 19 )

f= ePR+DN-2.326(Pc)0

Typically, for structures and most other primary components, the likely range of Pc is from 0.2 to
0.4 and PR is from 0.2 to 0.3. The variability PN is strongly dependent on FN16% since it is impossible
for FN to drop below unity because unity corresponds to elastic behavior. The author's judgment is that:

ON- <2[FN16% - 1.o](21)

For a brittle failure mode, FN16% = 1.0 and ON = 0. For a highly ductile failure mode, it is highly
unlikely that an appropriate FN16% would exceed 3.0 which means that PN is even less likely to exceed
0.4. Table 5 shows that the fp values computed from Eqn. (20) for the likely ranges of Pc, PR, and PN
range from 0.93 to 1.21. Therefore, with on-average a slight conservatism:
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FH - (RCi% XRR84 % XRNI6 % ) (22)

Thus, the HCLPF seismic capacity (FH =1.0) can be computed by:

1. Setting the seismic capacity at the 1 % NEP capacity level.
2. Computing the seismic demand at the 84% NEP level.
3. If the failure mode is ductile, perform a nonlinear evaluation and permit nonlinear

distortions up to the 16% failure probability level.

In order to achieve a HCLPF seismic margin of 1.33, the HCLPF capacity obtained should exceed the
SSE ground motion by a factor of 1.33. This 1.33 factor can be composed of any product combination of
Rcl%, RR84%, RN16%. Specific suggestions for these factors will be provided in the next section.

3.2 Situation Which Might Warrant Increased Margin

Because of their wide dispersion throughout the plant, and the large variability in details, piping
systems contain a large number of potential failure locations. Failure probabilities at such locations are
neither purely dependent or purely independent. Furthermore, only a few of these locations are likely to
be critical for any given piping system. Even so, because of the large number of at-least partially
independent piping segments, piping will control the plant HCLPF capacity unless piping has
substantially less than a 1% probability of failure at the Plant HCLPF capacity. In order to provide
reasonable assurance that piping will not control the plant HCLPF capacity, the probability of failure Ppf
of a piping segment should be limited to significantly less than I % at the plant HCLPF seismic capacity
level. It is impossible to rigorously define at how much less than I % this failure probability should be set
without performing detailed plant evaluation studies. However, it is judged that seismic design criteria for
piping should be aimed at achieving a conditional piping failure probability Ppf in the range of 0.02% to

0.5% at the plant HCLPF level. For the purpose of illustrating the influence of assigning this lower failure
probability level Ppf on the seismic design criteria, it will be assumed that:

Ppf • 0. 1% at Plant HCLPF Level(23)

To achieve this lesser failure probability, the factor fp defined in Eqn. (20) must be modified to:

fpp = CPRP +PN +XCPPCp -XfppP

Xcp = 2.326 (1%NEP)

Xip =3.090 (0.1%NEP) (24)

and the required HCLPF seismic margin factor FHp for piping becomes:

FHP = FH (fpP ) (25)
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where FH is the desired seismic margin for the plant. Thus, (fpp)-I becomes the required increased factor

of conservatism for piping seismic design criteria.

For distributed piping systems, the capacity variability Pcp and possibly the response variability P

Rp are typically larger than those tabulated in Table 5 for structures and other non-distribution system

components. In addition, the coefficient Xfp of 3.090 in Eqn. (24) for fplp associated with 0.1 % NEP is

larger than the corresponding coefficient of 2.326 in Equation 20 for fp associated with 1% NEP. Table 6

presents the resulting estimates for (fpp)-I for piping systems.

This same approach was used to obtain (fpp)_l factors corresponding to failure probabilities Ppf
of 0.02% and 0.5%. With, on average, a slight level of conservatism, it is recommended that:

(fpp) I PPf FHP
0.5% 1.1 1.5
0.1% 1.5 2.0

0.02% 2.0 2.67

For situations where the issue of the combination of multiple independent failure modes becomes
important, it is probably desirable to increase the component HCLPF seismic margin to the range of 1.5 to
2.67 in order to achieve a plant HCLPF seismic margin of 1.33. This increase will not be included in the
discussions contained in the remaining sections, but it could be easily included where deemed
appropriate.

4. Recommendations for Margin Based Seismic Design Criteria
4.1 Seismic Response (Demand) Criteria

The response analysis criteria of the SRP should be aimed at computing the seismic demand Ds at
the 84% NEP level. This level of conservatism should be the goal irrespective of whether the demand
quantity of interest is a shear or moment in a major structure, a floor spectra input to a component, a local
stress in a component, or the in-cabinet spectrum applied to a relay in a component mounted at either a
high or low elevation within a structure.

In summary, the response goal is for:

RR84% 2 1.O(25)

It is recognized that seismic analysts will often introduce additional response conservatism for various
reasons. One of the most likely reasons is to enable the response analysis to be simplified. However, this
additional level of conservatism is unreliable and should not be taken credit for when developing SRP or
code criteria for capacity to satisfy Eqn. (22).

In general, the 1989 Revision 2 of the SRP reasonably achieves the goal of seismic demands
being computed at about the 84% NEP level by the following approach:

1. The SSE is defined in terms of an earthquake magnitude and distance. For this
magnitude and distance, the SSE response spectrum is defined at the 84% NEP
level. 141424



2. For soil sites, soil stiffnesses are varied by approximately one standard deviation to
obtain reasonable upper and lower bound properties as well as best estimate
properties. Seismic demands computed over this range of properties are enveloped
and the largest demands computed within this property range are used.

3. Computed in-structure response spectra are frequency shifted at least ±15% to
account for a reasonable level of uncertainty in structure frequencies.

4. Slightly conservative estimates of median damping levels are specified.
5. In all other aspects the demand analysis is essentially median centered.

In this author's opinion, the SRP could more closely achieve 84% NEP computed seismic
demands if it were brought into closer agreement with ASCE Standard 4-86 (Ref. 8). The SRP response
combination requirements are excessively conservative in two areas. First, closely spaced modes should
be combined algebraically rather than absolutely. Secondly, for distribution systems such as piping with
multiple supports with differing input motion, the current practice is to either envelope the response
spectrum for each support and apply this envelop spectrum to all supports, or to independently compute
response for each support input and to combine these independently computed demands absolutely.
However, the sometimes proposed suggestion to combine responses from these individual support
motions by the square-root-sum-of-squares (SRSS) approach is equally invalid and can lead to significant
unconservatism in some cases. Specific and known relative phasing exists at each natural frequency
between the motions at different supports because each support motion is made up of a combination of
multiple modal building responses for which independent locations are either perfectly in phase or
perfectly out-of-phase, plus the input ground motion which produces the same phasing at each support.
Both the closely spaced mode and independent support motion criteria can be easily improved so as to
enable the SRP criteria to more closely achieve 84% NEP computed seismic demands when the seismic
input is defined at the 84% NEP level.

However, when the SSE response spectrum is defined in terms of either a mean or median annual
frequency of exceedance, the seismic input no longer corresponds to the 84% NEP level. Therefore
responses computed in accordance with the guidance of either the SRP (Ref. 6), or ASCE Std. 4-86 (Ref.
8) will not lie at the 84% NEP level. The problem is that the response spectrum from any real ground
motion will have local peaks and valleys. The natural frequencies at which these local peaks and valleys
occur are random and cannot be predicted for some future ground motion, Therefore, even if on average
this real response spectrum matches the annual exceedance frequency defined SSE response spectrum, at
50% of the natural frequencies the real response spectrum will exceed the SSE response spectrum.

The rigorous ways to compute 84% NEP responses corresponding to an annual exceedance
frequency defined SSE response spectrum is to specify 15 to 30 real or artificial time histories which
reasonably replicate the response spectra peak and valley variability obtained in response spectra from
actual ground motion records. Each time history should then be scaled so that the ratio of the spectral
acceleration from the time history to the SSE spectral acceleration averages unity over some broad natural
frequency range of primary interest. Thus, on average, each time history serves as a reasonable SSE input
motion. In addition, the average spectral acceleration from all 15 to 30 records should closely match the
SSE response spectrum at every natural frequency. Next, 15 to 30 structural response models are
developed with each model having a different combination of soil stiffness, structural stiffnesses, and
damping selected to reasonably approximate the variability of each of these parameters. These models are
randomly combined with the time history records and 15 to 30 analyses are performed. The design
seismic responses should be the responses that are exceeded in only 16% of these analyses. For instance,
if 30 response analyses are performed, the design seismic response should correspond to the 5th highest
result.
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The above described approach of performing multiple analyses should be defined and permitted
by the SRP so as to most rigorously obtain an 84% NEP response. However, it requires considerable work
and should not be required. In the author's experience, a reasonable and slightly conservative estimate of
the 84% NEP response can be obtained using a single analysis conducted in accordance with existing
SRP requirement for frequency shifting and SSI enveloping so long as the results are scaled by a factor of
about 1.2 to 1.25 to account for the peak and valley variability of the input motion.

In summary, it is appropriate to define the SSE response spectrum in terms of either a mean or
median annual frequency of exceedance as is proposed in DRG 1032 (Ref. 2). In fact, the SSE response
spectrum must be so defined if the seismic design criteria is to be aimed at achieving some defined
seismic risk goal defined in terms of an annual probability of failure. However, when defined in this
way, either multiple analyses with multiple time-history inputs need to be performed as described
above, or the response results of a single analysis need to be increased by a scale factor SF so as to
approximately correspond to 84% NEP demands. It is tentatively suggested that:

SF 1.2 to 1.25(27)

4.2 Seismic Capacity Criteria

4.2.1 Capacity Criteria for Brittle Failure Modes

A number of failure modes occur with very little benefit from nonlinear behavior. Examples are
the failure of a weld anchoring a cabinet, pullout of anchorage in the concrete, connection failures in steel
frames, out-of-plane shear failure of concrete beams without shear reinforcement, and compressive elastic
buckling of steel braces. With only slight conservatism, these failure modes can be considered to be
brittle with no credit being taken for nonlinear behavior. Therefore, the entire desired HCLPF seismic
margin factor FH must be applied to the code capacity if the seismic demand is defined at the 84% NEP

level.

In summary a 1.33 HCLPF seismic margin is approximately achieved for brittle failure modes by:

1. Requiring the code seismic capacity CCS to exceed the 84% NEP computed
seismic demand, and

2. Setting the code seismic capacity sufficiently conservative to achieve a 1.33 factor
of safety on the 1 % NEP capacity.

Conservatism in code capacities is generally achieved by both conservatively specifying code
material strengths, and through the use of a conservatively biased code limit state equation. Conservatism
in the code limit state equation is typically obtained by applying either a strength reduction factor (
4 factor) or a factor of safety to a nominal limit state equation which might also be conservatively biased.

In general code specified material strengths typically lie at about the 5% NEP. Therefore, if the
code limit state equation is specified with sufficient conservatism to achieve a factor of safety RL5% on
the 5% NEP limit state equation, then the resulting code capacity factor RCl % can be estimated from:

RC,% =RL5%efc (28)
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fc = I.645(PM+PL)-2.326Pc(29)

Pc = [p2 +PLI (30)

where PM is the variability in capacity due to material property variability and I3L is the limit state
capacity variability when material properties are known. For practical problems:

0.5<PM <1.00
- PL (31)

and from Eqn. (29) for Pc • 0.4:

0.95 S efc: 1.00(32)

so that:

RC,% ;RL5%(3 3)

Thus, to achieve a 1.33 HCLPF seismic margin, the code limit state equation should be established
sufficiently conservatively to achieve about a 1.33 factor of safety on the 5% NEP limit state equation for
brittle failure modes.

4.2.2 Seismic Capacity Criteria for Ductile Failure Modes

Many failure modes exhibit significant ductility prior to failure. Examples are in-plane shear
failure of shear walls and braced frames, flexural failures in general, and any other situation where
significant yielding occurs prior to failure. Code capacities generally take partial credit for this nonlinear
behavior by establishing the code limit state equation less conservatively for ductile failure modes than
for brittle failure modes. This practice is considered appropriate.

In order to achieve a 1.33 HCLPF seismic margin (i.e., FH = 1.33) it is recommended that:

RC1% =1.0

R N16% = 1.33(34)

since FH is equal to the product of these two factors. In other words, the desired seismic margin is

achieved by limiting the amount of credit which may be taken for nonlinear behavior.

For ductile failure modes, it is suggested that either elastic or nonlinear analysis be permitted. The
following criteria is proposed to achieve a 1.33 HCLPF seismic margin.

Elastic Evaluation
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Set seismic capacity at the 1 % NEP capacity and require this code capacity to exceed the 84%
NEP elastic computed seismic demand. However, if this provision is not met, a nonlinear evaluation
should be permitted.

Nonlinear Evaluation

For a nonlinear evaluation, the 84% NEP seismic demand should be increased by a nonlinear
margin factor SFN of 1.33 to achieve the desired HCLPF margin. Note that this nonlinear margin factor is
in addition to the scale factor SF defined by Eqn. (24) needed to achieve an 84% NEP demand for an
exceedance frequency based SSE response spectrum. Thus the total scale factor SFT becomes:

SFT = (SFN)(SF) = 1.6 to 1.67(35)

unless 15 to 30 nonlinear analyses are performed and the nonlinear response is computed at the 84% NEP
level in which case a nonlinear scale factor SFN is still required.

The capacity of the nonlinear hysteretic model should be limited to the same seismic code
capacity level as that described above for elastic evaluation. For acceptance, the computed nonlinear
distortions (strains, displacements, or element rotational hinges) should be less than the estimated 16%
probability of failure distortion level.

4.2.3 Seismic Capacity Criteria for Components Qualified By Test

Current SRP and code provisions require that a broad frequency Test Response Spectrum (TRS)
envelope the Required Response Spectrum (RRS) by a factor of at least 1.1 where the RRS is defined by
a broadened in-structure response spectrum. However, when the RRS is defined at the 84% NEP level,
this 1.1 factor is insufficient to achieve a 1.33 HCLPF seismic margin for a broad frequency RRS.

For a broad frequency RRS, the required factor FTB between the TRS and the RRS should be:

FB =1.33efTpc

fT = (2.326-X)PT)( 3 6)

to provide a factor of safety of 1.33 on the 1% probability of failure capacity, where Pc represents the
sample to sample variability (logarithmic standard deviation) for the tested component, and XpT
represents the standard normal variant corresponding to the confidence provided by the test of acceptable
equipment performance at the TRS level.

Based upon a review of fragility results presented in Bandyopadhyay, et al. (Ref. 9), PC is
estimated to be about 0.20 for equipment qualified by test. The value of XpT to use must be based on
judgment and should preferably be established by the consensus of a committee of experts. However,
based upon Appendices J and Q of Ref. 10, for the purpose of this example, it is judged that such
qualification testing provides somewhere between 90% and 98% confidence of acceptable equipment
performance at the TRS level. Thus:

I Assumed | XpT FTP 181824



Confidence Level
98% 2.054 1.4
95% 1.645 1.5
90% 1.282 1.65

However, most in-structure response spectra have a narrow bandwidth (i.e., narrow frequency
content) particularly for spectra at high elevations in structures. Experimental observations by Merz (Ref.
11) and others indicate that a narrow frequency input spectrum must be scaled to a higher level than a
broad frequency input spectrum in order to produce relay chatter or structural damage. Merz states:

"The peak values of narrow-band amplified mounting response cannot be compared directly with
the broad-band type of inputs used in multi-axis relay testing which form the basis of relay
GERS...

For complex devices such as relays, a narrow-band input is judged to be less severe from a
fragility standpoint than a broad-band input, due to the absence of multi-mode response (Ref.
12), variable RMS severity over the bandwidth of test spectra (Ref. 13), and the lack of
interaction of nonlinear responses in the narrow-band case. Recent studies (Ref. 13 through 16)
have concluded that a constant correction factor can be applied to narrow-band data to produce
an approximately equivalent broad-band result.

Both Merz (Ref. 11) and Kana (Refs. 13 and 17) suggest that a correction CB should be applied to the
narrow frequency high spectral peaks of the RRS to produce a damage-effective RRS.

Kana (Refs. 11 and 12) has suggested that equipment malfunction is dependent not only on peak
spectral amplitude, but also on the RMS amplitude of the wave form, and has developed relationships
between the mean ratio of the RMS to peak spectral amplitude as a function of the bandwidth to central
frequency ratio B as defined in (Ref. 13 and 14):

B AfO8
fc (37)

where AfO. 8 is the total frequency range over which spectral amplitudes exceed 80% of the peak spectral
amplitude and fc is a central frequency for the frequencies which exceed 80% of the peak amplitude.
Assuming damage is purely dependent on the RMS amplitude of the waveform and is independent of the
peak spectral amplitude, Kana (Ref. 11 and 12) has suggested a relationship between a correction factor

CB and B which can be closely approximated by:

Cj 3  0.32 + O.4B (0.15 < B ' 0-9) (38)

Because Eqn. (38) is based on the assumption that damage is purely dependent on RMS amplitude, CB
provides a lower bound (unconservative) estimate of an approximate reduction factor CGB. If damages
were purely dependent on peak spectral amplitude, than CB would be unity (no correction). In reality, CB

lies somewhere between CB and unity, but probably much closer to Cn than to unity.

The minimum required ratio FT between a broad frequency TRS and the peak spectral
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acceleration of an 84% NEP RRS should be:

(RRS) (39)

In-structure spectra (5% damping) at high elevations within civil structures will tend to have B ratios in
the range of 0.15 to 0.6. So long as the bandwidth factor B is less than 0.6, it seems reasonable to retain
the current requirement that the ratio (TRS/RRS) be at least 1.1 However, for a broad frequency ground
response spectrum, B is typically about 1.5 and no CB correction should be applied. In this case it would
be more reasonable to require a (TRS/RRS) ratio of about 1.5.

In summary, it is suggested that to achieve a 1.33 HCLPF seismic margin, the required ratio of
(TRS/RRS) should be a function of the bandwidth factor B of the RRS. For this purpose, the bandwidth
factor B should be defined in terns of the unbroadened in-structure response spectrum. A reasonable
requirement would appear to be:

B (TRS/RRS)
S 0.6 1.1
2t 1.5 1.5

with linear interpolation for B values between 0.6 and 1.5.

4.3 Comparisons To Other Seismic Margin Based Criteria

The seismic design criteria presented herein is heavily based upon and similar to the Conservative
Deterministic Failure Margin (CDFM) criteria for computing HCLPF seismic margins originally
proposed in Ref. 19, and extensively expanded upon in Ref. 10, with examples provided in Ref. 20. The
ideas for computing a probability ratio between the desired seismic failure probability and the seismic
exceedance frequency for the SSE response spectrum is based on the work performed to develop the
DOE-STD-1020 (Ref. 3) as expanded upon in Ref. 4. The resulting criteria presented herein is similar to
the DOE seismic design criteria for Performance Category 4 components.

The primary difference between the proposed seismic design criteria and the CDFM criteria is
that the CDFM criteria is aimed at computing a HCLPF seismic capacity while the proposed design
criteria is aimed at achieving a 1.33 seismic margin by which the HCLPF capacity exceeds the design
SSE response spectrum. Both define the demand (response) in terms of the 84 NEP demand. For brittle
failure modes, both are based upon defining the capacity in terms of the 1% NEP capacity. However, for
ductile failure modes a slight difference exists. The CDFM ductile failure mode capacity is defined in
terms of the 2% NEP capacity and a nonlinear factor FN = 1.25 is used in lieu of the nonlinear analysis
suggested herein. The criteria proposed herein eliminates some of the excess conservatism that exists in
the CDFM criteria for ductile failure modes.

The primary difference between the proposed criteria and the DOE seismic design criteria for
Performance Category 4 components is that the DOE criteria aims at achieving a factor of safety of 1.875
against the 10% NEP conditional probability of failure capacity. This goal is slightly less conservative
than the goal of a 1.33 HCLPF seismic margin. The DOE criteria is more median centered on achieving
the desired annual failure probability while the criteria presented herein introduces a conservative bias
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through the use of the HCLPF capacity as was shown by the comparison of Options #2 and #3 in Table 4.

The DOE criteria requires that the seismic demand computed from an exceedance probability
defined design response spectrum be increased by a scale factor SF of 1.25 which is similar to the 1.2 to
1.25 range proposed herein. The DOE nonlinear factor FN is aimed at the 5% probability of failure
distortions which is slightly more liberal than requiring a safety factor of 1.33 on the 16% probability of
failure distortions as proposed herein. Either criteria serves as a reasonable seismic margin based design
criteria which can be used to aim at a specified seismic risk goal.

4.4 Example Application of Margin Based Seismic Design Capacity Goals

Questions are always arising as to whether a specific code capacity provides an adequate seismic
margin. These questions can be more easily addressed if a target seismic capacity goal is established as
has been done in Sections 4.2.1 and 4.2.2 for brittle and ductile failure modes, respectively. Furthermore,
over time, greater consistency can be achieved between various code capacity provisions if target seismic
capacity goals are established. Thus, when questions come up concerning a proposed revision in a code
capacity such as the recent revision in piping stress allowable for seismic loading, it should be easier to
reach a consensus if the desired seismic capacity margin goal has been previously agreed upon.

As an example application, it is assumed that the target capacity goal for longitudinal shear
failure of fillet welded connections is a factor of safety of 1.33 on the 1% NEP capacity as proposed
herein for brittle failure modes. It is desired to determine whether the LRFD provisions of the AISC Code
(Ref. 21) roughly achieve this goal.

Based upon extensive testing of fillet welds under longitudinal shear reported in Refs. 22 and 23,
the median shear strength t5 O of the fillet weld can be defined in terms of the median ultimate strength ca

50 of the electrode by:

t50 = 0.84a 50 (40)

with an equation logarithmic standard deviation, PEQN, of 0.11. The median ultimate strength is defined
in terms of the minimum code nominal tensile strength, FEXX, by:

050 = l.IFEXX( 4 1)

with a logarithmic standard deviation, PMAT, of 0.05. In addition, a logarithmic standard deviation, P
FAB, of 0.15 due to fabrication tolerances should be considered for normal welding practice. The code
shear capacity tc specified in AISC-LRFD (Ref. 21) for the limit state strength approach for design is:

tc =0.75(0.6)fEXX(42)

Thus the median capacity factor of safety Fc is

1.1(0.84) 2.05

50  0.75(0.6)

with the capacity logarithmic standard deviation, PC, estimated to be:
212124



PC =(EQN + 2 ApAT +2 f 2 = [(O.11)2 + (0 .0 5 )1(0.1 5 )2 } = 0.19

Thus, the capacity margin RCl% from Eqn. (16) is:

R c% = 2.05e 2 .326(o0 19) = 1.32

which is very close to the desired factor of 1.33.

The author has performed similar checks on a number of the AISC-LRFD, ACI Ultimate
Strength, and ASME Service Level D Capacity provisions and believes that most of these provisions
reasonably meet the capacity goals defined in Sections 4.2.1 and 4.2.2. Thus, if the seismic margin based
capacity goals of these sections are selected, no wholesale changes in code capacities should be required.

5. Suggested Revisions to SRP Seismic Provisions

In order to better achieve a seismic annual probability of failure risk goal, four significant
revisions to the SRP seismic provisions of Refs. 2 and 6 are suggested.

First, as discussed in Section 2, a constant SSE exceedance frequency HSSE should not be
established for all sites or over the entire natural frequency range at any particular site. Instead, a target
annual probability of seismic-induced failure should be established for Seismic Category 1 components.
The permissible SSE exceedance frequency should be a function of the slope of the hazard curve which
can be defined by the ratio AR of the ground motion over a 10-fold change in the annual frequency of
exceedance. If the seismic design criteria are aimed at producing either a 1.33 HCLPF seismic margin, or
a 1.875 margin on the 10% conditional failure probability capacity, then the SSE exceedance frequency H

SSE can be established at a factor Rpc given by either Table I or Eqn. (9) above the target annual failure
probability. If a median lxI O-5 exceedance frequency HSSE is appropriate for a typical CEUS site over
the 5 to 10 Hz frequency range, the spectral acceleration at I Hz should typically be a factor of 1.5 times
the median lxWO exceedance frequency spectral acceleration because AR is typically much greater at I
Hz than it is in the 5 to 10 Hz range.

Secondly, as discussed in Section 4.1, if the seismic response analysis is performed for a single
input motion that matches the exceedance frequency defined SSE response spectrum, the computed
seismic demands should be scaled by a scale factor of about 1.2 to 1.25 in order to approximate 84% NEP
demands. Alternately, multiple analyses using multiple seismic inputs should be performed and the SSE
demands should be established at the 84% NEP results from these multiple analyses as described in
Section 4.1.

Third, the SRP should explicitly allow nonlinear analyses to determine the seismic capability of
components whose failure is ductile. Unless nonlinear analysis is allowed and encouraged, a HCLPF
seismic margin capability cannot be realistically determined for such components. As a result, excessive
conservatism is introduced for ductile failure modes. Suggested guidance for nonlinear evaluation
criteria aimed at a 1.33 HCLPF seismic margin for ductile failure modes is given in Section 4.2.2.

Lastly, the current requirement for components qualified by test that the Test Response Spectrum
(TRS) only needs to exceed the Required Response Spectrum (RRS) by a factor of 1.1 does not provide
adequate conservatism to achieve a 1.33 HCLPF seismic margin when the RRS has broad frequency



content and is defined at the 84% NEP level. In Section 4.2.3, it is suggested that the ratio (TRS/RRS)
should be a function of the bandwidth of the unbroadened in-structure RRS. For a broad frequency RRS a
(TRS/RRS) ratio of 1.5 is suggested. Since most in-structure response spectra have narrow frequency
content, this increase should be necessary in only a limited number of situations.

6. Concluding Remarks

A framework for developing seismic design criteria aimed at any desired seismic risk goal
defined in terms of an annual probability of seismic-induced failure is presented. An integral part of this
framework is the establishment of an acceptable seismic margin above the design SSE response spectrum
input. Three options are suggested in Section 2.2 for this acceptable seismic margin and the advantages
and disadvantages of each are discussed. Next, specific goals must be established for both the seismic
demand analysis and the seismic capacity evaluation in order to approximately achieve whatever target
seismic margin has been established. A candidate set of seismic demand and capacity goals are proposed
in Section 4 to achieve a 1.33 HCLPF seismic margin. These target criteria are based on the derivation
contained in Section 3. Lastly, a specific set of suggested changes to the SRP seismic provisions are
provided in Section 5 to better achieve a seismic risk and seismic margin based design criteria.
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Table 1: Minimum Probability Ratio RPmin as a Function
of HCLPF Seismic Margin and Ground Motion Ratio

(evaluated over Q range from 0.3 to 0.6)

FH = 1.0

AR Rpm.
mmn

1.25 1.33 1.5 1.67
1.5 8.3 30. 42. 83. 153.
1.75 8.2 21. 27. 44. 68.
2.0 6.2 13. 16. 24. 34.
2.5 4.4 7.6 8.9 12.0 16.
3.0 3.5 5.6 6.4 8.3 10.4
3.5 3.1 4.7 5.2 6.5 8.0
4.0 2.8 4.1 4.5 5.5 6.6
5.0 2.5 3.4 3.7 4.4 5.2
6.0 2.3 3.0 3.3 3.8 4.4

Table 2: Ratio of RpmaxlRpmin over Pi = 0.3 to 0.6 Range
for Various Seismic Margin Definitions

SX%
X =2.326 Xp=1.69.

AR Ratio Rpmx /R p =

HCLPF
S 0%Si% S15% S20% S

Xp 1.282 Xp 1.037 Xp 0.842 50%

X

1.5 1.8 4.7 8.8 13. 19.
1.75 1.8 1.4 2.0 2.7 3.5 9.8
2.0 2.3 1.2 1.3 1.6 1.9 4.4
2.5 2.5 1.5 1.2 1.1 1.2 2.3
3.0 2.4 1.6 1.2 1.1 1.1 1.8
3.5 2.3 1.6 1.3 1.1 1.0 1.6
4.0 2.2 1.6 1.3 1.2 1.1 1.5
5.0 2.1 1.5 1.3 1.2 1.1 1.3
6.0 2.0 1.5 1.3 1.2 1.1 1.2

Table 3: Minimum Probability Ratio Rpmin as a Function of Slo% Seismic
Margin and Ground Motion Ratio

(e valuated over n range from 0.3 to 0.6
ARj| RPmin

Flo% = |1.0 1.50 | 1.875 | 2.0 | 2.25
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1.5 0.24 2.4 8.4 12.2 24.
1.75 1.1 6.0 15. 19. 32.
2.0 1.8 6.8 14. 18. 26.
2.5 2.0 5.5 9.6 11.3 15.
3.0 1.8 4.3 6.9 7.9 10.0
3.5 1.7 3.7 5.5 6.2 7.7
4.0 1.7 3.3 4.8 5.3 6.4
5.0 1.6 2.8 3.9 4.3 5.0
6.0 1.5 2.6 3.4 3.7 4.3

Table 4: Adjustment Factor FSSE on the SSE Ground Motion

AR

Required to Achieve Target Failure Probability
(P range of 0.3 to 0.6)

Option #1 Option #2 Option #3
Max Min Max Min Max Min

1.5 1.45 0.99 1.08 0.74 0.82 0.74
1.75 1.14 0.96 0.94 0.79 0.81 0.70
2.0 1.03 0.96 0.90 0.83 0.87 0.68
2.5 1.00 0.95 0.93 0.88 0.96 0.67
3.0 1.04 0.94 0.99 0.89 1.02 0.67
3.5 1.07 0.94 1.02 0.89 1.05 0.67
4.0 1.11 0.94 1.03 0.88 1.06 0.66
5.0 1.18 0.97 1.02 0.84 1.05 0.64
6.0 1.21 1.00 0.98 0.80 1.01 0.60

'T`~hlP S-4 nr.lVul~ fnr;- Ff-Pt- f- 4n-r ctn-nt-ur-
I-tSU . V Ll. ..4 Ve IUI ui, a UtLUI I UI V LAUkLUIL,

And Most Other Components

fo
PN

PC PR |PR

0.2 0.4
=0.0 __

0.2 0.2 1.01 1.06 0.93
0.31 0.93 1.01 0.92

0.3 0.2 1.06 1.15 1.05
0.3 1.01 1.11 1.04

0.4 0.2 1.09 1 1.21 1.14
0.3 1.07 1.19 1.15_

Table 6: Typical Values for Factor (fv-for Pipinp and

Uther extensive Distribution Systems

I I ~(fop)-l
PcP j3 PN 0.2 0.4

0.3 0.2 1.24 1.19 1.44
0.3 1.37 1.29 1.50
0.4 1.56 11.44 1 1.62
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0.45 0.2
0.3
0.4

1.32
1.38
1.51

1.22
1.27
1.37

1.37
1.39
1.47



0.6 0.2 1.43 1.29 1.37
0.3 1.46 1.31 1.37
0.4 1.54 1.37 1.42
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