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ABSTRACT

This paper describes improved seismic evaluation criteria and analysis
methodologies used as part of the seismic reevaluation of San Onofre Nuclear
Generating Station, Unit 1. The plant had originally been designed for 0.25g
ground acceleration and was required to be upgraded to a 0.67g ground
acceleration as part of the plant's Long Term Service Seismic Reevaluation
Program. The application of the criteria and methods described in this paper
to demonstrate the seismic capability of the plant resulted in efficient plant
modifications with considerable cost savings to the plant owner. The NRC
accepted these criteria and methods based on favorable results of reviews,
audits and independent verification of the theories, bases and implementa-
tion procedures of the proposed criteria and analysis methods.

INTRODUCTION

This paper presents key aspects of the design
criteria and analysis methods used to demonstrate
the seismic capability of an older vintage nuclear
power plant. Specifically, the criteria and analysis
methods described in this paper were developed for
the requalification of structures, systems and
components at the San Onofre Nuclear Generating
Station, Unit 1 (SONGS-1).

SONGS-1 was originally designed to a 0.25g
ground acceleration using equivalent static analyses
and the codes and standards in effect at the time of
its construction (1964 to 1967). In the late 1970's
SONGS-1 was selected for seismic reevaluation as
part of the Nuclear Regulatory Commission's (NRC)
Systematic Evaluation Program (SEP). The SEP
reevaluation included reverification of the plant's
systems and components necessary for hot safe
shutdown under a 0.67g peak ground acceleration.
Such a design criterion represents a significant
increase over the original design basis, is one the
highest in the USA, and is especially severe for a
plant that has been operating for over 20 years.

From the outset, the plant owner recognized that
the indiscriminate and uniform application of "stan-
dard" existing seismic criteria and analysis methods
resulted in an unacceptable number of plant up-
grades and associated expenditures. Instead,
supplementing existing criteria and methods with
more advanced techniques that would provide a
more realistic assessment of the inherent seismic
resistance of the existing structures, systems and
components was necessary. A description of these
criteria and analysis methods is the subject of this
paper.

The overall philosophy used for seismic requalifi-
cation of SONGS-1 was that proposed by Dr. N.M.
Newmark in NUREG/CR-0098 (Reference 1), which
in page 2 states:

"It is well known that upgrading and retrofitting
constitute expensive operations when they can be
accomplished at all. In many cases it is economi-
cally, if not physically, impossible to carry out
significant seismic upgrading improvements. In
those cases where it is possible economically it is
desirable to take advantage of the latest concepts
pertaining to development of seismic resistance.
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Thus in the evaluation of existing facility, and in the
subsequent detailed design studies for physical
upgrading of structural and mechanical systems, the
authors believe it is possible (and desirable) to take
into account the modest amount of nonlinear behav-
ior that can be permitted in many portions of such
systems without significant decrease in the margin
of safety against safe shutdown or containment."

It was further observed that "the inherent seismic
resistance of well designed and constructed systems
is usually much greater than that commonly as-
sumed, largely because nonlinear behavior is mobi-
lized to limit the imposed forces and accompanying
deformations. For such systems where the resistance
is nondegrading for reasonable deformations, the
requirements for retrofitting may be nonexistent or at
most minimal.''

Based on the philosophy described above, current
methods of analysis coupled with more realistic
seismic criteria were developed and implemented to
demonstrate functionality of the plant's systems and
components. The implementation of the above
approaches to this older vintage reactor led to a
significant decrease in hardware modifications, as
compared with those resulting from the application
of "standard" criteria, without a significant decrease
in the plant's safety margins.

Key features of the SONGS-1 criteria and analy-
sis methodologies consist of the following: Use of
state-of-the-art soil-structure interaction (SSI)
analysis methods to evaluate seismic response; use
of direct generation of response spectra technique
for computation of floor response spectra; use of a
strain-based criterion to qualify piping systems; use
of ductility limits to qualify structural steel; use of
ASME Code Case N-411 damping values with both,
the Envelope Response Spectrum analysis method
and the Multiple Level Response Spectrum (MLRS)
analysis method; and use of improved methods for
modal combination of modal responses, among
others. Each of these criteria and methods of
analysis are described in detail in References 2 and
3 and are summarized in Section 3.0 of this paper.

ANALYSIS METHODS AND EVALUATION
CRITERIA

Generation of Floor Response Spectra Using
the SASSI and CLASSI Computer Programs

New floor response spectra were generated using
current, state-of-the-art methods of analysis for soil-
structure interaction analysis (SSI). The new floor
response spectra were generated using the computer
codes SASSI and CLASSI.

A desirable feature of the procedure for SSI
evaluation was to be able to directly use existing
structural model information. Models had already
been generated and reviewed as part of the initial
SEP evaluations. Dynamic model properties, in
terms of fixed-base mode shapes, frequencies, mass
participation factors and modal damping ratios had
already being calculated, and it was highly desirable
to use this information already available. Addition-
ally, because the models were relatively large (of the
order of thousands of degrees of freedom) direct use
of the existing model information resulted in signifi-
cant cost savings associated with model recoding,
reanalysis rechecking, verification, review and
licensing.

Thus, an approach was selected in which the
SASSI code was used to generate the frequency-
dependent, complex valued impedance functions
representing the site/foundation system; and the
CLASSI code was used to perform the response
calculations using the SASSI-genera ted impedance
functions and the already available fixed-base
dynamic properties of the superstructure.

The existing Reactor Building model consisted of:
(1) a 3-dimensional representation of the Reactor
Containment Building which includes the primary
shield wall, secondary shield wall, refueling canal
walls, operating deck and steam generator compart-
ments; (2) the Containment Sphere which is a ball-
shaped, partially embedded steel structure; and (3)
the Enclosure Building, which is a surface-founded
reinforced concrete structure surrounding and
enclosing the Steel Sphere structure and Reactor
Containment Building.

The foundation of the Reactor Containment
Building is deeply embedded and is of a hemispheri-
cal shape. In addition, it is in close proximity to the
Enclosure Building foundation which is a surface-
founded ring-shaped footing surrounding the
Reactor Containment Building foundation. Founda-
tion-to- foundation interaction would influence the
in-structure response of the structures and, there-
fore, impedances were developed for the coupled
two-foundation system. The SASSI program is
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capable of generating impedance functions for
multiple foundations, each of arbitrary geometry
and embedment configuration, The frequency-
dependent foundation impedances were explicitly
calculated using a 3-dimensional finite element
model of the Reactor Building and Enclosure Build-
ing foundations.

The procedure used to generate the impedance
functions is to first generate the compliance (flexi-
bility) coefficients by applying harmonic loads of
unit amplitude at frequencies covering the fre-
quency range 0.5 to 20.0 Hz. and tracking the
corresponding displacements. The unit harmonic
loads are applied at the centroid of each foundation
(hemispherical Reactor Containment Building and
ring-shaped Enclosure Building foundations) and
correspond to each global degree of freedom (i.e. x, y,
z, xx, yy, and zz directions). To reduce model size, a
one-quarter model of the coupled foundation system
is used. A separate analysis is performed for each
type of load application using the appropriate
boundary conditions. Displacements resulting from
the application of the unit loads are the flexibility
coefficients necessary to form each term of the
compliance matrix. The impedance matrix is then
obtained by direct inversion of the 12x12 compliance
matrix. The impedance functions are frequency-
dependent and complex-valued. The real part of the
impedance term represents the stiffness and the
imaginary part represents the damping of the site/
foundation system.

The SASSI-generated impedance functions are
then used by CLASSI together with the dynamic
properties of the superstructures to obtain struc-
tural time history responses from which in-structure
response spectra was generated.

The applied methodology including the theory,
implementation aspects and limitations of the
approach were extensively reviewed by the NRC
staff and consultants. The review took the form of
audits of the program's documentation, formulation
of test problems to compare SASSI/CLASSI solu-
tions with other solutions, and independent verifica-
tion of plant specific results. Based on the favorable
results from this extensive review, the NRC ac-
cepted the approach and the results obtained.

The applied approach resulted in significant
reductions in floor response spectra, as compared
with the soil-spriri approach and resulted in

significant reduction of unnecessary plant upgrades
with a concomitant cost savings and increased plant
reliability.

Qualification of Piping Systems Using Strain-
Based Criteria

The qualification criteria for piping systems were
based upon the requirements set forth in Section III,
Subsection NC of the 1980 ASME B&PV Code
(Reference [4]) with stress allowables taken from
the SEP criteria, as previously applied to SONGS-1.

As an alternative to the above criteria, piping
systems were qualified by inelastic strain criteria
using a stress-strain correlation. This qualification
required that the piping systems strain associated
with an elastic-calculated primary stress be deter-
mined and limited, as defined below:

£| £ 1 percent for carbon steel
£l £ 2 percent for stainless steel

where &t = maximum piping membrane-plus-
bending strain (amplitude) due to Code Level D
loadings.

The basis for these strain limits are, in part,
Code Case N-47 (Reference [5]) and component
testing programs (References [6] and [7]). A de-
tailed discussion of these basis can be found in
References [2] and [9].

To calculate the piping strains up to the specifed
limits, a stress-strain correlation methodology is
used. This methodology is based on the fatigue
evaluation procedure of the ASME Code (Reference
[4]) and is further verified by comparison with
Greenstreet elbow test results (Reference [8]). The
selected approach allows the use of standard pro-
duction type linear elastic analysis techniques to
convert the elastically calculated stresses to strains.

The conversion is as follows:

For Carbon Steel Et = Ks ^

For Stainless Steel£t = Ks 2 ' Q CTc

where
E| = pipe strain as previously defined
CTe = elastic-calculated stress for

pressure, gravity and DBE
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loadings, as defined in the Code
Class 2 and 3 Equation (9) - Level
D, using stress intensification
factor approach, psi

(All terms are defined in the Code
[4] and the product of 0.75 i
shall never be taken as less than
1.0)

E = Young's modulus, at operating
temperature, psi

Ks = Strain correlation factor.

The strain correlation factor Kg is defined as
follows:

=1.0

= 1.0

when 3.4 ge < 1.0

when 1.0 < 3.41°-<m
J>y

whenm<3.4°£
S

where
S = Piping material yield strength at maximum

operating temperature, psi
n = Strain hardening exponent
m = Code-defined parameter to produce correct

correlation.

The material parameters n and m used on
SONGS-1 piping are defined in Table NB-3228.3(b)-
1 of the ASME Code [4] and are summarized below:

Material

Stainless Steel
Carbon Steel

Application Limits

m
1.7
3.0

11

0.3
0.2

Piping was qualified by the strain criteria above,
subject to the following limitations:

(1) In calculating the intensified primary stress
ao, at least 50% of oo is due to earthquake
loading.

(2) In calculating moments due to earthquake
loading, a response spectrum method is used,
with damping not exceeding that specified in
Code Case N-411 [22].

(3) Diameter/wall thickness ratio (DQ/t) does not
exceed 50.

(4) Weldments as well as piping base materials
are ductile. (No quenched and tempered
ferritic steels or cold worked austenitic stain-
less steels.)

(!?) Joints are butt welded or girth fillet welded.
(Bolted-flanged joints are qualified per the
requirement of NC-3658 of the ASME Code
[4].

(6) The cumulative usage factor due to a Modified
Housner Design Spectrum event does not
exceed 0.25.

(7) A clearance check for pipe displacement was
performed for large bore piping qualified by
the strain criteria.

(8) A boundary load capacity check (pipe sup-
ports, mechanical equipment, penetrations,
valves, etc) was performed for large bore
stainless steel piping qualified by the strain
criteria and with strain exceeding 1 percent.

For stainless steel piping, two additional checks
were performed if the calculated strain was in the
range of 1 to 2 percent(both checks 1 and 2 needed
to be satisfied):

(1) Compressive Wrinkling Check: To avoid com-
pressive wrinkling failure, the calculated
strain for stainless steel piping was limited to
2% strain and 0.2t/R. This latter check is
recommended in NUREG 1061, Volume 2
Referencel 101) as a simple and conservative
means of preventing compressive wrinkling
failure in straight pipe. Thus,

X

where
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t = nominal wall thickness of pipe, in

R = mean radius of pipe, in

(2) Low Cycle Fatigue Check: To avoid low-cycle
fatigue, the elastically-calculated stress
O.75SM/Z due to SSE loading was limited by a
fatigue check based on Markl's correlations on
moment-loading fatigue tests (Reference I 111).
The allowable usage factor (Ua) due to seismic
loading was limited to 0.25.

N d

where

n = Number of significant cycles
N = Number of allowable cycles
Ua = Allowable usage factor

N was calculated as follows:

N =

where

M =

91.875
0.75i M

ZJ
Resultant elastically calculated
moment due to the SSE.

The adoption of strain criteria is a significant
departure from current practice. It is, however,
consistent with observed behavior of piping under
seismic loading. Recent studies and tests (Refer-
ences [12] and [13]) indicate that the failure mode of
piping is strain-controlled and the loading to failure,
defined as excessive flow area reduction, is many
times greater than the Code allowable values. The
allowable stresses defined in current criteria are
based on limit load theory which limits piping
stresses to levels that preserve the elastic load-
deflection characteristics of the piping components.
Instead, the strain criteria allow a limited excursion
beyond the limit load levels. The strain limits of 1
percent for carbon steel and 2 percent for stainless
steel are set such as to prevent: (1) the onset cf
plastic tensile instability, (2) low cycle fatigue or
plastic ratcheting, (3) local buckling, (4) excessive
deformation, and (5) function failure of pipe
mounted equipment.

Direct Generation of Floor Response Spectra

Floor response spectra generated using time
history approach typically contains excess and
unaccounted conservatism due to the fact that the

input time history's response spectrum must enve-
lope the design ground response spectrum over an
appropriate range of damping ratios. This over-
conservatism is typically of the order of 20% to 30%
and is eliminated by use of direct response spectra
generation technique. The FLORA (Reference |4|)
computer program methodology was applied for
certain SONGS-1 structures to remove this excess
conservatism. FLORA uses the "smooth" design
ground response spectrum and directly computes
amplified floor response spectra. Existing dynamic
properties (mode shapes, frequencies, mass matrix,
mass participation factors and modal damping
ratios) calculated as part of previous analyses were
used as input for the direct response spectra genera-
tion computations. The FLORA methodology was
accepted by the NRC. The acceptance of this
method was based on a detailed review of the
theory, and the application procedures. FLORA was
benchmarked against time history methods as part
of the acceptance process.

Mode Combination by Complete Quadratic
Combination (CQC) Rule

The Complete Quadratic Combination (CQC) rule
for mode combination was used in the analysis of
certain SONGS-1 systems. The CQC method is an
accurate method for modal response combination,
particularly for systems such as piping which
typically contain closely spaced, coupled modes. The
CQC method is implemented in computer program
SUPERPIPE (Reference [16 j) for piping analysis
applications and EDSGAP (Reference [18]) for
general linear elastic structural analysis applica-
tions. The method has been validated by time
history methods, and is found to give more accurate
responses than the Regulatory Guide 1.92 (Refer-
ence [19]) methods, particularly when combining
closely spaced, laterally-coupled modes. The CQC
method reduces to the SRSS method for well spaced
modes.

The CQC method requires that all modal re-
sponse terms be combined as:

R =

where R = Combined Response

Py = Correlation coefficient between
modes i and j (based on Ran-
dom Vibration Principles)
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Rj, Rj = Modal responses for modes i
andj (including directional
sign for each mode)

The cross-modal correlation coefficient (Pij) is a
function of the duration and frequency content of
the loading, modal frequencies, and damping ratios
of the piping system. The CQC formulation can be
found in Reference [15],

The coefficients P^ vary between zero (for uncor-
related modes- modes with very different frequen-
cies) and one (for modes which respond in-phase).

Multiple Level Response Spectra

The multiple level response spectra (MLRS)
method allows the appropriate floor response
spectra to be input at the piping system's support
attachment locations. Because each support loca-
tion may have different input, the MLRS method
allows for a better representation of the actual input
to the piping support system. In the MLRS method
the overall response of the piping system is calcu-
lated considering the dynamic (inertial) and the
pseudostatic (seismic anchor movement) compo-
nents of the motion.

When applying the MLRS method, the SRSS
method of response combination was used for
combination of different level responses provided
that the correlation coefficient of the input is be-
tween +0.16 i.e., when the inputs are uncorrelated.
Directional responses were combined by SRSS.
Modal responses were combined in accordance with
Regulatory Guide 1.92 rules.

As an alternative to the above procedures, mode
and level combination could be combined using cor-
relation coefficients derived using random vibration
methods. This approach has been implemented in
RV-SUPERPIPE. The RV-SUPERPIPE methodol-
ogy (References [17] and [20]) gives results which
are consistent with time history analysis results

Use of Ductility Limits for Structural Steel
Qualification

In cases where the elastically calculated tension
and bending stresses of structural steel members
(exclusing columns) exceed the stress allowables
under the Level D loading, ductility calculations
were performed. Ductility ratios of up to 3 were

accepted by the NRC for qualification of structural
steel,

CONCLUSIONS

In this paper, we have presented advanced
seismic criteria and methods of analysis used for the
seismic reevaluation of SONGS-1 - an older operat-
ing nuclear power plant whose seismic design basis
was significantly increased as part of seismic
reevaluation programs. By addressing both the
seismic capacity and seismic demand aspects, the
evaluation criteria and methods presented permit-
ted improved quantification of plant margins and
provided for consistent and more realistic levels of
conservatism. The NRC approved the criteria and
methods based on confirmatory analysis and exten-
sive detailed reviews performed to assure that
adequate margins of safety exist in the proposed
approaches. The application of the criteria and
method resulted in effective and efficient seismic
improvements to the plant, and in considerable
savings to the plant owner.
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