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INTRODUCTION

A probabilistic risk assessment (PRA) of the Millstone 3 Nuclear
Power Station is being conducted by Northeast Utilities (NU). In this
evaluation, system models, event trees, and fault trees are utilized to
determine the frequency of radicactive release from the site due to
random equipment failure anc Tiilures initiated by natural hazard
events. Earthquakes are one of the extreme ratural hazards being
considered in this PRA, Structural Mechanics Assciates, Inc. (SMA) is
under contract to NU to provide the required information for earthquake

(seismic) capacities of structures and equipment items that are included

in the risk models.

The frequency of seismicallv-induced failure as a function of
effective peak ground acceleration for bcth safety-related structures and
eéquipment has been developed by SMA for the Milistone 3 facility., Also

included is the expected variability in the frequency .f failure. The

determination of the seismic hazard is being conducted by others. The
information for both the frequency of occurrence of different levels of
effective peak ground acceleration and the frequency of failure of the
safety-related systems and components will then be incerporated into the
risk iiodels by NU to determine the frequency of seismic-1induced
radicactive release from the site.

In order to correctly interpret the fragilities derived in this
report, it is necessary to define the effective peak acceleration to which
these fragilities are anchored. It is recognized that the damage
potential of an earthjuake depends on many factors, among which are magni-
tude, peak acceleration, and duration. For the Milistone site, it is
estimated that the majority of seismic risk results from earthquakes that
have magnitudes between 5.3 and 6.3. This is the range represented by
the ground response spectra used to evaluate the fragilities. Because




the ground response spectra used in this study are centered around this
magnitude range, the fragilities given in this report are to be anchored
to the mean peak acceleration, This acceleration is the average of the
peak acceierations from two orthogonal horizontal components, Note that
if the magnitude range were different, say 6.0 to 7.0, a somewhat
different set of median spectra would be required,

The »i11stone 3 Nuclear Power Station was designed in the 1970's
‘N accordance with criteria and codes in effect at that time (Reference
1). Table 1-1 lists some of the more important codes and specifications
used in design r. the structures. The Millstone 3 systems and components
which are essential to the prevention or mitigation ot consequences of
accidents which could affect the public health and safety were designed
to enable the facility to withstand the effects of natural forces
including earthquakes. The design criteria included the effecte of
simultaneous earthquake and loss-of-coolant-acc:dent (LOCA) conditions,
The plart was designed to withstand both an Operating Basis Earthquake
(OBE) and a Safe Shutdown Earthquexe (SSE). The structural design
criteria for the SSE was based on 0.17g and the OBE on 0.09g peak

horizontal ground accelerations for all Seismic Category I structures,

vertical accelerations of two-thirds of the corresponding horizontal
values were used for both the OBE and SSE.

The plant structur2s and equipment were originally divided into
two categories according to their function and the degree of integrity
required to protect the public. These categories are Category I and
non-Category I. Millstone 3 Nuclear Power Station structures, systems
and components important to safety, as well as their foundations and
supports, were designed to withstand the effects of an CSF and an SSE and
were, thus, designated as Seismic Category 1. Seismic Category I
structures include:




Containment and Internal Structure
Containment Enclosure Building
Auxiliary Building

Fuel Building (Partially)

Control Building

Cable Tunne)

Emergency Generator Enclosure and Diese) Building
Fuel 01) Tank Vault
Engineered Safety Features Building
Main Steam Valve Building
Circulating and Service Water Pumphouse (Partially)
Hydrogen Recombince> Building
Circulating Water Ditc~urge Tunnel
and Discharge Structure
Raiiroad Canopy
Refueling Water Storage Tank (RWST)
Demineralized Water Storage Tank (DWST)

Not all ot these structures house equipment which is important
to prevent core melt. For instance, the Fue) Building, Hydrogen
Recombiner Building, and Railroad Canopy were designed as Cateaory I
structures but are not essential to prevent core melt. Other structures
such as the Turbine Building and the Containment Enclosure Building were
evaluated only to the extent that their failure could cause damage to one

of the essential structures. The structures evaluated in detail consist
of:

Reactor containment huilding and concrete internals structures
Engineered safety features building

Auxiliary building

Control buiiding

Emergency generator enclorure

Service water pumphouse

The Millstone 3 site is located on the Millstone Point near
Niantic Bay on the south shore of Connecticut on the Long Island Sound.
The site consists of competent rock overlain in some areas by ablation
ti1l and dense basal till. Plant grade is at approximately E1. 24 ft.

The following elastic constants were developed for use in the design
analysis of the structures dynamic response:




Young's | Shear ]

Modulus, | Modulus, | Poisson's
Material __~ E(psi) | 6 (psi) | Ratio

Rock | ax106 1.5x106 . 0.33
Basal Til] 4x105 ~ 1.4x105 ' 0.44
Ablation Ti1) 2x7x104 9.0x103 | 0.49

Most structures important to safety are founded on bedrock with
the exception of the Emergency Generator Enclosure and the Control
Building. The Control Building is founded on 1 to 4 feet of structural
backfiil overlying 1 to 15 feet of basal till. The Emergency Generator
Enc losure 1. founded on approximately 20 feet of structural backfil)
overlying a 20 foot thick layer of basal till. No evaluation of any
possible soils-related failures was conducted. The Demineralized Water
Storage Tank is founded on concrete f111 to bedrock. The effects of the
sofl-structure interaction for structures founded on fil) was accounted
for in the design analysis using finite element methods. For structures

founded on bedrock, elastic half-space springs based on the rock

properties were used.

The ground response spectra used in the design of Millstone 3
are Newmark-type spectra which are similar to those recommended in USNRC
Regulatory Guide 1.60 (Referernce 2). The horizontal ground response
spectra are anchored to 0.17g for the SSE and 0.09g for the OBE. The
horizontal spectra used for design are shown in Figures 1-1 and 1-2.

Both mocal response spectrum and modal time-history analyses were
conducted for the Millstone 3 Category I structures. In general, the
response spectrum analysis results were used for evaluation of the struc-
ture seismic loads and stresses while time-history results were used to
generate in-structure response spectra for the design and evaluation of




Piping and equipment., The synthetic time-histories were generated based
on the ground response spectra. Comparisons of the ground response
spectra jenerated by these artificial time-history records compared to

the SSE design spectra are shown in Figures 1-3 through 1-6 for 2, 5, 7

and 10 percent damping (Reference 1).

Structures, equipment, and components which are important to
plant operation, but are not essential for preventing an accident which
would endanger the public health and safety and are not essential for the
mitigation of the consequences of these accidents, are classified as
non-Category I. An example of a non-Category 1 structure is the Turbine
Building. Non-Category I structures were investigated in this project
only to the extent their failure could damage a safety-related structure
or component. Examples of non-Categury ! equipment include the offsite

power and the station power transformers.

For the most part, results of existing arialyses and evaluations
of structures and equipment for the Millstone 3 plant were utilized in
this study. As pari of this evaluation, some limited analysis based on
original design analysis loads was conducted to determine the expected
seismic capacities of the important structures. The approach adopted in
thi, study was to determine the median factor of safety and its statisti-
cal variability which exists for the SSE in order to estimate the expected
response at failure. The median effective peak ground acceleration was
used to d=fine failure, rather than an instrumental peak acceleration
Sich is not considered to be as aicurate a descriptor of damage. It is
known that earthquakes with only one or two h‘gh acceleration spikes are
not as damaging to structures and equipment as longer duration earthquakes
with multiple peaks at close *. the maximum acceleration level. This is
because the shorter duration earthquakes do not have sufficient enerqy
content to develop rescrances. fFor this reason, the fragiiity evaluations
described in this report are keyed to an effective peak acceleration and
an earthquake of the duration expected at Millstone 3. This type of
earthquake is expected to develop narrow band response spectra,




An evaluation of the individual important structures and some of
the equipment was conducted for specific itewss and failure modes.
However, much of the piping and equipment were evaluated on the basis f

a number of generic categories. Ithough inelastic energy dissipation is

included in determining the factors of safety, no nonlinear analyses have

been conducted for either the structures or equipment for Millstone 3,

and all evaluations were based on elastic analysis and load distributions.

These results can be used together with the estimated annua)
frequency of occurrence of various ground motion levels to determine the
frequency of seismic-induced failure for each safety-related structure or

At in the plant, 1In the total study, these conditional component

frequencies are used with systems models to determine the prnba-
core melt frequencies and radioactive release frequencies.
5ults are then comhined with the results of the conseguance

jetermine the risks induced Oy earthquakes.
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TABLE 1-1

CUDES AND STANDARDS USED IN THE DESIGN OF

LATED £y (!

Structurai Component Decign Codes and Specifications

ACT 211.1-70 Recommended Practice for Selecting Proportions
for Normal Weignt Concrete

214-K5 Recommended Practice for Evaluation of
Compression Test Results of Field Concrete

301-72 Specification for Structura) Concrete for
Buildings

304-59 Recommended Practice for Measuring, Mixing, and
Placing Concrete

305-72 Resommended Practice for Hot Weather Concreting

306 - 66 Recommended Practice for Cold Weather Concreting
Butiding Code Requirements for Reinforced Concrete
Recommended Practce for Cuncrete Formwork

Specification for the Design, Fabrication ana
Erection of Structural Steel for Buildings
Seventh Edition (February 12, 1969): Supplement
No. 1 (Novemier 1, 1970), Supplement Ne. 2

(December 8, 1971), and Supplement No. 3 (June
12, 1974)

Specification for Structural Jjoints Using /STM
A325 or A490 Bolts (April 18, 1972)

11. ASTM A 36-74 Specification for Structura) Stee)
12, ASTM A 193-73 Standard Specification for Alloy Sieel and

Stainiess Steel Bolting Materials for
High-Tem_ :rature Services




TABLE 1-1 (Continued)

CODES AND STANDARDS USED IN THE DESIGN OF
URE

.y \ l‘u..

Vi

Structural Component Design Codes and Specifications

13. ASTM A 307-74 Specification for Low Carbon Steel
Externally and Internally Threaded Standard
Fasteners

325-74 Specification for High Strength Bolts for
Structural Steel Joints Including Suitable
Nuts and Plain Hardened Washers

440-74 Specification for High Strength Structural
Steel

441-74 Specification for High Strengtn Low-Alloy
Structural Manganese Vanadium Steel

490-74 Specification for Quenched and Tempered
Alloy Steel Boits for Structural Steel Joints

588-79 Specification for High-Strength Low-Alloy
Structural Steel with 50,000 psi Minimum
Yield Point to 4 Inches Thick

Standard Specification for Deformed Billet
Steel Bars for Concrete Reinforcement
including Supplement S-1 (December, 1972)

31-69 Making and Curing Concrete Compressive and
Flexural Strength Test Specimens in the Field

. 33-71 Standard Specification for Concrete
Aggregates (and 1978 Revision)

4-71 Specification for Ready-Mixed Concrete
109-1973 Method of Test for Compressive Strength of
Hydraulic Mortars (using 2-inch (50 mm) Cube
Specimens)
ASTM C 143-71 Methed of Test for Slump of Portland Cement
ASTM C 150-73 Specification for Portland Cement
ASTM C227-71 Test for Potential Reactivity of Cement
Aggregate Combinations (Moriar Bar Method)

1-8




TABLE 1-1 (Continued)

CODES AND STANDARDS USED IN THE DESIGN OF
CATEGORY I STRUCTURES (R:FERENCE 1)

Structural Component Design Codes and Specifications

. ASTM C 233-69 Stardard Method of Testing Air-entraining
Adnixtures for Concrete

. ASTM C 260-69 Air-entraining Admixtures for Concrete

. ASTM C 289-71 Test for Potential Reactivity of Aggregates
(Chemical Method)

. ASTM C 295-1965 Recommended Practice for Petrographic
(1973) Examination of Aggregates for Concrote

. ASTM C 586-6S Test for Potential Alkali Reactivity of
Carbonate Rocks for Concrete Aggregates

. AWS D1.1-72 Structural Weldinj Code
Rev. 1-73

. AWS D12.1-61 Recommended Practices for Welding Rein-
forcing Steel, Metal Inserts and Connections
in Reinforced Concrete Construction

. NRC Regulatory Guides as qualified in FSAR Section 1.8 (Reference
1) on the following tupics:

Cadweld Splices

Reinforcing Bar Testing
Structural Acceptance Testing
Placement of Concrete

Design Response Spectra
Seismic Damping Values

Basic Building Code of the Building
Officials and Code Administrators
International, Inc., 1970

. State of Connecticut Basic Building Code, 1971
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GENERAL CRITERIA FOR DEVELOPMENT OF
MEDIAN SEISMIC SAFETY FACTORS

The factor of safety of a structure or component i defined
herein as the resist»nce cepacity divided by the response associated with
the Safe Shutdown Earthquake (SSE) of 0.17g effective peak acceleration.
The development of seismic saisty factors associated with the SSE is
based on consideration of several variables. The variability of dynamic
response to the specified acceleration and the strength capacity of the
structure or equipment component are the two basic considerations in

etermining the variability in the factor of safety. Several variables
are involved in determining both the structural response and the struc-
tural capacity, and each such variable, in turn, has a median factor of
safety and variability associated with it. The overall factor of safety
is the product of the factors of safety for each variable. The median of
the overall factor of safety is the proauct of the median safety factors
of all the variables. The variabilities of the individual variables also
combine to determine that of the overall safety factor.

Variables influencing the factor of safety on structural capac-
ity to withstand seismic-induced vibration include *the strength of the
equipment or structure compared to the design stress level and the
inelastic eneryy absorption capacity (ductility) of a structure or its
ability to carry load beyond yield. The variability in computed struc-
tural response for a given effective peak free-field ground acceleration
is made up of many factors. The more significant factors include vari-
ability in (1) ground motion and the associated ground response spectra
for a given peak free-field ground acceleration, (2) energy dissipation
(damping), (3) structural modeling, (4) method of analysis, (5) combina-
tion of modes, (6) combination of earthquake components, and (7) soil-
structure interaction., For structures which may be susceptible to

sliding, the varia>ility in the amount of sliding is also significant.




Equipment located inside a building acts as a secondary systm and

requires the previously mentioned structural response factors together

with a similar set of equipment response factors which are specific to
the equipment itself (see Ch )ter 5). The ratio betwaen the median value
of each of these factors and the value used in design of the Millstone 3
plant and the variability of each factor are quantitatively estimated in
Chapters 4 and 5 for various structures and components., These estimates
are based on available test data for Millstane 3 structures and eguipment,
limited analysis, and engineering judgment and experience in the anzlysis
of nuclear power plants and components.

2.1 DEFINITION OF FAILURE

In order to estimate the median factor of safety against the

structure or component failure for the SSE effective peak acceleration
0.17g9), it is necessary to define what constitutes failure.

Seismic Category I Structures

For purposes of this study, Ca.»gory I structures are considered
to fail functionally when inelastic deformations of the structure under
seismic loac are estimatad to be sufficient to potentially interfere with
the operability o7 safety-reiated equipment attached to the ctructure.
These limits on inelastic energy absorption capability (ductility limits)
chosen for Category I structures are estimated to correspond to the onset
0° significant structural damage. For many potential modes of failure,
this is believed to represent a conservaiive bou.d on the level of
inclastic structural deformation which might interfere with the upera-
bivity of componeits hous:d within the struc.ure. It is important to
note that considerably greater margins of safety agaiast structural
~ollapse are pelieved to exist for these structures than many cases
reported within this study. Thus, the conditional probavilities of
failure for a given tree-field ground acceleration reported herein for
Catetory I structures are considered appropriate for equipment opera-
bility 1imits and should not necessarily be inferred as corresponding to




structure collaps2. Structures which are susceptiule to siiding are

consideruvd to have failed when sufficient sliding deformation fs incurred
to fail buried or interconnecting piping or electrical duct banks.

2.1.2 Seismic Category 1 Equipment and Pining

Piping, electrical, mechanical and electro-mechanical cquipment
vital to safe shutdown of the plant or mitigation of an accy " - are
considered to fail when they will no longer perform their desigrated
functions. Rupture of the pressure boundary on mechanical equipment is
also considered a failure. Therefore, for mechanical equipment, a dual
failure definition exists: failure to function and pressure boundary
rupture. Deperding upon the equipment type, one or the other definition
will govern. For active equipment, the functional fa’lure definition
usually governs as equipment pressure boundaries are generally very
conservativeiy designed for equipment such as pumps and valves. For
piping, failure of the support system or plastic collapse of the pressure
bourdary are considered to represent failure. The inelastic eneraqy
absorption limits (ductility limits) associated with .hese failure modes

have been conservatively estimated in order to derine the margins of
safety.

2.1.3 Non-Category I Structures

In the Millstone 3 plant, no components identified as important
to safety are located within non-Category I buildings. The non-C-‘egory
[ structurcs are separated from Category I structures. The turbine
building was evaluated only for the failure modes deemzd vikely to damage
the adjacent important structures. No other non-Category I structures
were analyzed since failures in these structures were judged to have no
effect on any Category I buildéng.

2.1.4 Non-Seismic Category I Equipment and Piping

Failure of non-seismic Category I piping, electrical, mechanical
and electro-mechanical equipment is defined as for Category I equipment;




t.e., failure to perform its ‘ntended functiun or failure of the pressure
boundary. No items of non-seismic Category ! equipment whose failure is

like'y to cause damage tc safety-related equipment were identified during
the piant visit,

B BASIS FOR SAFETY FACTORS DCRTVED IN STUDY

There was a general lack of detailed information available for
this study on seismic fragility of specific Millstorne 3 structures and
equipment. This condition exists for al] plants and occurs because

existing codes and standards do not require determination ~f ultimate
seismic capacities, either for structures or equipment qucl.fied by
analysis, or for equipment :r compcnents qualified by testing. There-
fore, most median safety factors, estimates of variability, and condi-
tional frequencies of failure estimated in this study are based on
existing analyses and qualified engineering judgment and assumptions.
Limited additional analyses wer: conducted to evaluate the expected
failure capacities of the important structures. The ad- itional analyses
were based for the most part on the original design ana'yses which were
available, howeve:. Some additional analyses were conducted to develop
structural lcalds and load distributions for several structures.

- 55 Structural Response and Capacity

The results from dynamic analyses which were used in the design
of the important structures were extensively used in this study. These

were supplemented as requirad to provide estimates of load redistribu-
tions resulting from localized failures, etc. Levels of conservatism
associated with the method of analysis used in design were ostimated such
that safety factors reflecting this analysis could be estimated for the

building structures and for the seismic excitation of equipment mounted
within the duilding.

Detailed structural design calculations were not reviewed, but
the design criteria used in design as defined in the FSAR (Reference 1)
were reviewea. Some ultimate load cepacity analyses were conducted which
served as a basis for estimating the median factor of safety on struc-
tural resistance to the SSE.




2.2 Seismic Category I Piping and Equipment Response and Capacity
For most of the safety-related equipment, informatior. on
analysis methods was available in summary form in the FSAR. Seismic
response information for the selected sample of sa’ety-related equipment
evaluated in this study was obtained from available vendor seismic
qualification reports or design calculations for specific components. In
soile cases such as for piping, only the seismic analysis requirements and
stress acceptance criteria were known. Safety factors for response and

structural or functional capacity were estimated from existing
information. No new analyses were conducted.

In-structure response spectra for all Category I structures were
gererated during the design process. From these typical floo: resronse
spectra and knowledge or estimates of equipment fundamenta) freguencies,
an estimate is made of the peak equipment response. The peak equipment
response estimate is then compared to the dynamic response or equivalent
static coefficient used in design to determine a median safety factor on
response,

Capacity factors are derived from several sources of informa-
tion; plant-specific design reports, test reports, generic fragility test
data from military test programs and generic analytical derivations of
Capacity based on governing codes and standards. Two failure modes are
tonsidered in developing capacity factors for piping and cquipment:
structural and functional. Equipment and piping design reports delineate
stress levels for the specified seismic loading plus nerm:] operating
conditions. Where the equipment f2ils in a structura] mode (i.e.,
préssure boundary rupture or 1oss of support), the median capacity factor
and its variability are derived in the same manner as for structures
considering strength and energy absorption (ductility). In cases where
equipment must function, the capacity factor is derived by comparirg the
equipment functional failure (or fragility) level to the design level of
seismic loadino. Some fragility test data are availabie on generic
classes of equipment that have been utilized in hardened military




installations. Such equipment was off-the-shelf without special shock-
resistant design but is similar to nuclear power plant equipment. These
data provide estimates of the fragility levels, and thus, safety factors
can be developed for the specified design eartnquake. Fragility levels
are not normally determinable from equipment qualification reports, but
the achieved test levels can be utilized to update generic fragilities
derived from the military data.

% FORMULATION USED FOR FRAGJLITY CURVES

Seismic-induced fragility data are generally unavailable for
specific plant components and are certainly unavailable for the specific
Millstone 3 structures. Thus, fragility curves must be developed
primarily from analysis combined heavily with engineering judgment

supported by very limited test data. Such fragility curves will contain
a greac deal of uncertainty, and it is imperative that this uncertainty
be recognized in all subsequent analyses. Because of this uncertainty,
great precision in attempting to define the shape of these curves is
unwarranted. Thus, a procedure which requires a minimun amount of
information, incorporates uncertainty into the fragility curves, and

easily enables the use of engineering judgment, was used in this study.

The entire fragility curve for any mode of failure and its
uncertainty can be expressed in terms of the best estimate of the median
grourd acceleration capacity, A, times the product of random variables.
Thus, the ground acceleration, A, corresponding to failure is given by:

(2-1)

in which ‘R and ©, are random variables with unit median representing

the inherent randomness (failure fraction) about the median and the
uncertainty (probability) in the median value, respectively. Equation

2~1 enables the fragility curve and its uncertainty to be represented as
shown in Figure 2-1; i.e., as a set of shifted curves with attached
uncertainty levels. Thus, it is assumed that all uncertainty in the
fragility curves can be exprossed through uncertainty in the median alone.




Next, it is assumed that both R and £ are lcgnormally

distributed with Togarithmic standard deviations of ¢ Sp and E
respectively. The advantages of this formulation are:

U

The entire fragility curve and its uncertainty
can be expressed by three parameters - A, €,

and “y: With the very limited available data on
fragiiity, it is much easier to only estimate
three parameters rather than the entire shape of
the fragility curve and its uncertainty,

The formulation in Equation 2-1 and the lognorma)
distribution are very tractable mathematically.

Another advantage of the lognormal distribution is that it is easy to
convert Equation 2-1 tu a deterministic composite "best estimate"
fragility curve (i.e., one which does not separate out uncer tainty from
underlying randaﬁﬂess) defined by:

(2-2)

where “c s a lognormal random variable with unity median and

logarithmic standard deviation ¢ given by:

2-3)

This composite fragility curve (shown in Figure 2-1) can be used in

preliminary deterministic safety analyses if one only needs a "best
estimate” on failure fraction and does not desire an estimate of uncer-
tainty. In this study, the quidelines used to estimate the values of

“g and & for each variable affecting A were based on considering the
inherent randomness, “ps to be associated with the earthgirake character-
istics themselves, and "y to be associated with other lack ~¢ knowledge.
Thus, such variability as resulting from earthquake response spectra
shapes and amplification, earthquake duration, numbers and phasing of - ak




excitation cycles, etc., together with their contributions to structure
ductility and response characteristics is attributed to randomness. In
general, it is not considered rossible to significantly reduce randomness
by additional analysis or test based on current state-of-the-art
techniques., Uncertainty, on the other hand, is considered to result
primarily from analytical modeling assumptions and other lack of
knonledge concerning variables such as material strength, danping, etc.,
which could in many cases be reduced by additional study or test.

The lognormal distribution can be justified as a reasonable
distribution since the statistical variation of many material properties
(References 3 and 4) and seismic response variables may reasonably be
represented by this distribution (Reference 5). 1In addition, the central
1imit theorem states that a distribution consisting of products and
quotients of distributions of several variables tends to be lognormal
even if the individual distributions are not lognormal. Use of this
distribution for estimating failure fractions on the orde. of one percent
or greater is considered to be quite reasonable. Lower fraction esti-
mates which are associated with the extreme tails of the distributions
must be considered less accurate.

Use > lognormai distribution for estimating very low failure
fractions of components or structures associated with the tails of the

distribution is considered to be conservative because the low-frequency
tails of the lognormal distrib.tion generally extend farther from the

median than actual structural resistance or response data might indicate.
Such data generally show cut-off limits beyond which there is essentially
zero failure fraction., The degree of conservatism introduced into the
probability of release is dependent not only on the conservatism in the
fragility description, but also on the seismic hazard description at low
seismic levels, If the seismic hazard for low seismic input levels is
large enough, it is apparent that very low level earthquakes can govern
the seismic-induced release. This is considered unrealistic for engineered
structures and equipment found in nuclear power plants. Structures and




equipment are subjected to low levei dynamic loads from a number of
sources including wind on a repetitive basis which lLave never been known
to produce nuclear power plant structural failures. Similarly, for low
level earthguakes, it is expected that below some threshold, there is
virtually no chance of failure due to seismic excitation. Material
strength data, for instance, normally does not fall to very low values
compared to the median value but instead normally exhibits some lower
bound (Reference 3 and 4). Other variables, such as damping, also
indicate both lower and upper bounds which are not zero or infinite.
Extensive studies have been conducted to develop esponse spectra from
available earthquake records and while dispersion exists about the median
values, spectra with essentially zero or infinite response do not occur
(Reference 5). For these as well as other variables contributing to the
seismic fragility of a given structure or component, it is apparent that
sane lower and upper bound cutoffs on the tails of the dispersion exist.
Since the overall fragility curves are based on a combination of these
variables, it is expected that a threshold exists below which no failurec
will occur, This is supported by experience. Although quantitative data
are lacking, this threshold value is expected to be at approximately
minus two lognormal standard deviations for the median curves using the
“best estimate" or composite fragility variability. The composite

lognormal standard deviation, £ is used for the basis of the cut-off
rather than randomness or uncertainty since the composite value combines
the effects of both dispersions.

However, it is also apparent that some variability should be
associated with the cut-off. Essentially no data are available to
establish the distribution of this variability or its range. A lognormal
distribution is, therefore, assumed consistent with the majority of the
uither variables encountered in the PRA. The following approximation is

recommended for establishing the cut-offs for the various fragility
curves:




The cut-off on the lower tails of the median (50 percentile)
fragility curve should be:

C/7]
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where A_  is the cut-off on the median curve, A is the median effective
peak ground acceleration for failure, and “r is the compocsite lognormal

-

standard deviation,

The cut-off for the lower tails of the other tragility curves
should be:

Ao = Ao [exp (-x:cll.65)}

where x is the ratio of the deviation divided by the standard deviation.
For instance, for the median curve, x = 0; for the 25 percentile curve,

x = =0.67; for the 5 percentile curve and pelow, x = -1.65; and for the

95 percentile curve and above, x = 1,65,

It is recommended that the cut-off on the upper tails be
establiched as +3 ¢ for all fragility curves. Similarly, for fragility
curves invclving only uncertainty, it is recommended that the cut-offs be

set at ~3-“ for the lower bound and *B.U for the upper bound,
respectively,

Some characteristics of th® Tognormal distribution as applied to
seismic capacities are discussed in Appendix A of this report.

DESIGN AND CONSTRUCTION ERRORS
An inadequate dat2 base exists upon which to determine explicitly
the contributions of design and construction errors to most Millstone 3

structures and equipment seismic capacities. In one exception to this,
the possibility of a large througnwall flaw was considered as a lower
bound for generic piping. In general, for a plant as new as Millstone 3




with current design and PA procedures, the possibility is considered
remote that design and cc Jction errors may exist which can signifi-
cantly affect the seismic capacity of a component, Aithough some
d.screpencies have been identified and others may be in the future, these
items have been modified as necessary or shown tu have no safety
implications. Thus, these items are not expected to significantly affect
the seismic capacity of the equipment or structures after they have been
identified. However, there is a possibility that unidentified design and
construction errors mav exist which can affect the seismic capacity.

[t should be recognized that design and construction errors do
not necessarily always result in a decrease in capacity. It is possible
to install higher strength bolts than specified, larger reinforcing bars
or more ciosely-spaced bars than required, or slip a decimal point in the
conservative as wel! as in the unconservative direction in the analysis.
Some additional confidence exists in that structures and equipment are
subjected to normal operating loads continually. In many cases, these
loads may be large; as for instance, in the case of pressure, water
hammer, and thermal loads in fluid systems when compared to seismic
loads. In other cases, as for instance the wind forces on structures,
the loads may be less than seismic loads but occur on a much more

frequent basis. Pressure tests of containment vessels, while producing
difterent types of response than seismic, would 1ikely provide an

indication if significant construction errors exist in these structures.
Thus, although data on which to quantify accurate estimates of the
effects of design and construction errors are not available, these are
expected to affect a minimal number cf components.

CORRELATION BETWEEN FAILURE MODES

Many of the potential failure modes discussed in the followin>
sections are not considered to be completely independent. The most
obvious examples involve failure of one item caused by failure of a
separate component. For instance, if a potential mode of failure is the
collapse of a structure, faiiure of the equipment and piping located in




that structure is also expected. Similarly, failure of relatively heavy
equipment may often be expected to fail lighter equipment in the immediate
vicinity. Some degree of correlation exists €nr 311 items and for al)
modes of failure since they are all excited by the same earthquake, An
example of very hign dependency of failure modes of components and struc-
tures include two identical items located very close to each nther in the
same structure. For two components which are identica! but located in
different structures or different locations in the same structure, some

degree of correlation is expected but less than 100%.

For different modes of failure in a given structure, or in
similar structures, some degree of correlation between mrdes is also
expected. For instance, if the capacity of the lateral force resisting

? 2

\1.e., the shear walls) is actually higher or lower than the value

ch
system

ised in the analysis, the acceleration capacities of all failure modes
(including different structures) governed by the shear walls would be
expected to be proportionately higher or lower. The actual capacity of
the force resisting system may be different from that used in the
evaluation due to differences in strength or modeling assumptions. These
effects are of course included in the variabilities associated with each
wode of failure for a given structure or component. However, different
degrees of correlation may exist from mode-to-mode. For instance, for a

given structure with given concrete and reinforcing stee) strengths, the

variability on strength from mode-to-mode may be strongly correlated,

while different modeling assumptions may result in little correlation for

different failure modes.

There is also a certain degree of interdependency between
structural and sliding modes of failure that could be considered. In
Section 4, fragilities are presented for failure modes associated with
structure sliding or failure of the structure itself (i.e., shear wa'l
failure). These fragilities were developed assumina that the sliding and
structural failure modes were cosnletely independent. That is, structural
failure acceleration capacities were based upsn crismicr loads with the




structure bonded to the supporting rock [or soil), even if sliding was

expected at lesser acceieration levels. In realitv, the accurrence of
sliding will limit the structure inertial loads since accelerations in
excess of those corresponding to sliding cannot be transmitted throuah
the structure/rock (or soi’' interface. Treatment of the structure
fragilities which incorporate ilie prodability that sliding does occur
1d

would likely result in higher structure capacities,

For failure modes with 1ittle contribution to risk, considera-

tion of correlation between modes is orobably u.importast. However,

consideration should be given to possible rorrelation Letween controlling

seismically-induced failure modes.
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3, DIFFERENCES BETWEEN CRITERIA USED FOR DESICN

OF MILLSTONE 3 AND PARAMETERS USED IN THE
EVALUATION OF THE SEISMIC CAPACITY

The seismic design of the Millstone 3 structures and equipment
was based for the most part part on currently accepted methodology and
criteria in conformance with NRC licensing requirements. Some
differences exist in the use of the Newmark-type ground spectra, in the
directiona! combination and in the damping ratios used. Also, some
differences exist between the design and analysis of the Millstone 3
Nuc'ear Steam Supply System (NSSS) and non-NSSS Category I components.
Howevor, these criteria and methods together with the design codes in use
at the time of the design form a conservative design basis and ensure
that substantial factors of cafety are introduced at various stages in
the design procedure. The exact magnitude of wany of these safety
factors is still a matter of considerable discussion. Nevertheless, in
order to ectablish a realistic value of the actual seismic capacity of a
structure or equipment comprnent, the amount of conservatism along with
its variability must be established as accurately as possible. In this
Chapter, the design basis of the most important parameters affecting
seismic capacity are identified, and the general methods used in
obtaining more realistic values associated with very high seismic
response levels are discussed. The detailed determination of these
parameters is described in Chapters 4 and 5 for structures and equipment,
respectively, The estimated seismic capacities ¢ the most probable
failure modes are also developed in Chapters 4 and 5.

The general approach used in the evaluation of the Millste 2 3
seismic capacities is to develop the overall factor of safety associated
with each important potential failure mode. Based on the governing
design parameters, a median seismic capacity is then obtained in terms of
some representative seismic input such as free-field acceleration. The




1

overall factor of safety is typically composed of several important
contributions such as strength, allowance for inelasti avergy dissipation

(ductility), and differences in median structure respo: -e compared to

design values resulting from such parameters as earthquake characteris-
tics, damping, and directional load components.

3.1 STRENGTH
The design strength of a structure or an equipment component is

typically determined from applicable codes and standards such as the ACI
building codes for cuncrete ur the ASME boiler and pressure vessel code
for mechanical equipment., Inherent in these design codes is a factor of
safety on material sirength. Sometimes this factor is known reasonably
accurately, such a< the design alluwable being one-half the minimun yield
strength or some similar relationship. At other times, it is less well
defined or may be a function of the geometry or other physical character-
1stizs of the component such as for reinforced concrete shear walic, For
metal structures and components, the safety factor included in the codes
is usually fairly accurately known as are the relationships between
minimum and mean or median strengths. For concrete structures, the
factor of safety is normally less accurately known. In this case, the
strength of the eiement is a functi~n of the concrete strength, the

mount and sirergth of the reinforcing steel, and the configuration of
the element including the element geometry 2nd reinforcing steel

details. In establishing the strength and seismic capacity of concrete
comporiénts, the results of concrete compression tests and reinforcing
steel strength and elongation tests provide a valuable basic for
establishing the element strength capacity. However, the increase in
concrete strength with age together with the specific details of the
element must also be considered. These effects are discussed in more
detail in Cnapter 4 for structures and Chapter 5 for the piping and
equipment.




DUCTILITY

In order to establish realisiic seismic capacity levels for most
structures and components, an assessment of the inelastic energy absor)-
tion must usu*liy be considered. Exceptions to this are scme modes
involving brittle failure, functional faiiure or elastic buckling,
However, most failures due to seismic response involve at least some
degree of yielding. This is true of reinforced concrete as well as the
somewhat more ductile metal siructures and components.

Consideration of structure ductility typically results in the
ability of the structure to withstand greater seismic excitatinn than
would be predicted using linear elastic techniques. In the design
analysis of the Millstone 3 structures, all design aralyses were based on
Iinear elastic analyses although both cracked and uncracked properties
were considered for the contaimment. No nonlinear analyses of the
structures were conducted. Although inelastic analysis would be
desirable in order to more accurately guantify the inelastic effects, the
dissipation of inelastic energy may be adequately accounted for without
the time and expense of performing nonlineur analyses, This can be
accomelishe. by the use of the ductility-modified response spectrum
approach (References 6 and 7) together with a knowledqge of tae 2lastic
model results and the expected ductility ratius of the critical elenants
of the structure or component., This approach is based on a series of
noniinear time-history analyses using single-degr2e-of-freedom modeis
with various nonlinear resistance functions and levels of damping. For
different levels of ductility, the reduction in seismic response for the
nonlinear system compared to the equivalent elastic system response is
calculated. This reduction has been shown to be a function of the
frequency and damping of the system as wel)l as the ductility. However, a
reasonably cccurate assessment of the reducticn in resaonse of a
structure -r component can be made provided the results of the elastic

arialysis are available and a realistic evaluation of the system ductility
can pe made. In the current evaluation. the effective ductility was also
censidered to be a function of the earthquake magnitude.




SYSTEM RESPONSE

A number of parameters must be evaluated when considering the
expected system response rear failure compared to the design conditions.
Among these are the expected compared to the design earthquake character-
istics, directional combinations, system damping, load combinaticns, and
system medeling approaches and assumptions. 1In addition, the duration of
the earthquake must be considered since short duration earthquakes do not
possess sufficient energy to fully excite the structural systems. Sowme
of these parameters may be essentially median centered and irntroduce
little change in the expected seismic capacity while other design criteria
may be quite conservative., Several of the more importart parameters

required in evaluating the system seismic response are discussed beiow.
The factors of safety associated with these parameters are developed in
the following chapters for the specific failure modes identified.

3.3.1 tarthquake Characteristics

The Millstone 3 Seismic Category I structures: are founded on

rock or soil deposits overlying the rock. Equipment within the
structures was designed for an SSE of 0.17g defined by the Newmark-type

free-field ground responze spectra shown in Figure 1-1. These spectra
were developed from a number of earthquakes that occurred on bath soil
and rock sites. They were developed for deeign purposes and are smoothed
envelopes of the actual earthquake spectra from which they were
developed. Site-specific spectra are not available for Millstone 3. The
spectra chosen as representative broadband spectra for the site were
derived from Reference 8, A comparison between these spectra and the
design spectra is presented in Figure 3-1. A comparison of the uesign
spectrum at 5% design damping with the site.specific spectrum at 10%
damping is shown in Figure 3-1. As noted in Section 3.3.2 and Table 3-1,

10% damping is estimated to be a median value for reinforced concrete

structures approaching yield. A comparisen of these spectra indicates

that the design spectrum typically exceeds the site-specific spectrum
except at fregquencies in excess of 20 Hz.




3.3.2 System Damping

Damping values used for the design analysis of the Millstone 3
plant are shown in Tables 3-1 and 3-2 for the non-NSSS and NSSS SSE
design, respectively, For the non-NSSS design, the damping ratios were
specified in terms of stress level for the component rather than
explicitly for the SSE or OBE as listed in US NRC Reg. Guide 1,61
(Reference 9), Damping in the rock springs used for the structures
founded on bedrock was assumed to be 10 percent of critical for transla-
tion and 5 percent for rocking degrees of freedom. These values are
considered tc be conservative but since the overall rock spring
stiffnessess are so high, the 4amping assumptions are not expected to
significantly affect the response of the structures. The soil-structure
interaction design values are generally considered to be essentially
median centered for structures founded on a layer of till. At response
levels of structures and equipment near failure levels, the damping
ratios based on stress levels used for design are considered conserva-
tive when used in Lonjunction with the ductility factors used in this
evaluation. Very little actual test data for damping ratios exist at
failure levels, particularly for structures. However, the damping values
used for design, even at the higher stress levels, are generally lower
compared with median centered values recommended in References 6, 10 and

11. These damping values for structures and equipment at or near yield

are shown in Tables 3-1 and 3-2 in comparison with tnose used for design
analysis. In accordance with the recommendations in Reference 10, the
lower levels of the pairs of values shown in Tables 3-1 and 3-2 are
considered to be lower bounds while the upper levels are considered to be
essentially average values. The values of damping used for this
evaluation were taken from Tables 3-1 and 3-2 assuming the upper level to
be a median value. Review of piping damping values derived from
experiments support the use of 5 percent of critical (Reference 11).

3.3.3 Load Combinations

The load combinations on which the design of the Millstone 3
station Category I structures were based are shown in Tables 3-3 through
3-5 (Reference 1). These load combination criteria define a large number




of load combinations that must be considered in design. For the reactor
building structure and much of the equipment contaired within the reactor
building, these load combinations include a combination of a loss of
coolant accident (LOCA) and the SSE loads. Random LOCA events have an
extremely low frequency of occurrence as do seismic events such that the
frequency of both events occurring simultaneously is so small that their
inclusion is judged to be not important to the risk analysis results.

3.3.4 Modal Combination

The Millstone 3 seismic design analysis was conducted on *he
basis of loads determined by the square-root-of-the-sum-of-the-squares
(SRSS) method for both the NSSS and non-NSSS structures and equipment.
Closely spaced modes were considered in accordance with USNRC Requlatory
Guide 1.92 (Reference 12). SRSS methods are considered to qive approxi-
mately median centered results. Although some frequency shifts are
expected as structures approach failure, these shifts in frequency are
normally not large unless very high ductility ratios exist. Also, the
relationship between loads developed from individual modes may be
expected to chinge once nonlinear response levels are reached. In the
absence of a nonlinear analysis, the changes in the modal ratios are
unknown. For the seismic evaluation of Millstone 3, it is assumed that
the load response relationships between modes does not change signifi-
cantly once the structures reach the yield point. For systems where most
of the response results from one mode, this assumption introduces negli-
gible possibility for error. For systems with a large number of modes
with significant response levels, some additional uncertainty is
introduced. The resulting assumed dispersion is discussed in Chapter 4
for structures.

3.3:9 Combination of Responses for Earthquake Directional Components

With the exception of the auxiliary building, the design of the
essential Millstone 3 structures was based on loads developed from the
absolute sum c¢f the accelerations in one direction due to the simul-
taneous responses from all three directions of input. For the design of




the auxiliary building, the dynamic forces of the members were computed
by the square-root-of-the-sum-of-the-squares (SRSS) method. Structure
loads were computed using response spectra methods and a comparison was
made with time history loads. Where torsion was significant, the
structure was analyzed by a tF -ee-dimensional model which inciuded the
effects of torsion.

Depending on the degree of coupling in the structures, the
absolute sum of the three-directional components may be very conservative.
Current design procedures are specified in Regulatory Guide 1.92
(Reference 12). This approach requires that the effects of two hori-
zontal directional respcnses be combined with the vertical response by
the SRSS, and, thus, does not require that the maximum response in cach
direction occur at the same instant as the maximum response in the other
two directions. Other methods of combining directional components such
as delineated in Newmark and Hall (Reference 10) also yield realistic
results. This approach recommends adding 100% of one directional
component to 40% of the remaining components. This method has the
advantage of being easy to use and retains a consistent relationship
between loads and stresses. Both the $2SS and the 100%, 40%, 40% method
yield similar results and are considered tu be essentially median
centered. Therefore, nu increase in the factor of safety to account for

earthquake directional components was included for the auxiliary building,

Generic earthquake component response factors were developed for

components of different geometries by comparing rcsulting acceleration
vectors for the applicable design criteria to median response vectors as
defined by either the SRSS methodology or the 100%, 40%, 40% methodalogy.

3.3.6 structure Modeling Consideration:

In the seismic design analysis of Millstone 3 structures, both
two-dimensional and three-dimensional, lumped-mass models were developed
for the Category I structures. Two-dimensional finite element models
were developed for structures founded on a layer of .o0il above the
bedrock. To reflect the rock foundation, the design models for




structures founded on rock have base flexibilities developed from elastic
half-space theory, For these buildings, no stifinesses were included to
represent the embedment of the structures. For rock founded structures,
this will generally have very little effect on the frequencies that were
calculated using no embedment effects. The remaining details of the
models are consistent with state-of-the-art seismic analysis and do not
appear to introduce significant degrees of either conservatism or
unconservatism into the results.

Some aspects of the analysis procedure yield variations which
can be gquantifiably assessed compared to the design results. For
instance, the increase in the actual concrete strength compared to the
design values may be used to evaluate the change in stiffness and, hence,
the change in frequencies of the concrete structures compared to the
design values. The modified frequencies may, in turn, be used to

reevaluate the modal responses. Another area where modified responses
are considered is in the load distribution for structures where local
yielding occurs 1n some elements before others or through diaphragms

containing relatively large cut-outs. Neglecting the cut-outs typically
overestimates the stiffness of the diaphragm and may consequently over-
estimate the seismic loads calculated. For a single stick model,
typically no diaphragm loads are computed. However, an estimate of the
stiffness of the diaphragn with cut-outs, and, if necessary, in the
failed condition, may be used to redistribute the seismic loads if
redundant load paths are available and, thus, provide a more realistic
ultimate seismic capacity. The details of these and similar evaluations
necessa~y to account for change between parameter design values and
values more representative of seismic response levels near failure are
discussed in the following chapters,




FABLE 3-1

COMPARISON OF CRITICAL DAMPING FOR NON-NSSS STRUCTURES AND EQUIPMENT

Percent Critical Damping

Type of
Condition of Structure, Millstone 3 Fragility
Stress Level _System or Component Design (Ref. 1) Evaluation* (Refs.

1. Low stress, well Steel, reinforced concrete; no 0.5 to 1 NA
below proportional cracking and no slipping at joints,
limit. Stresses piping or components
below 0.25 yield
point stress

Working stress . Welded steel, well reinfurced
limited to 0.5 concrete (with only slight
yield point stress cracking)

Bolted steel
At or just below . Welded steel

yvield point b. Reinforced concrete
Bolted steel

At all stress . Rock (translation)
levels . Rock (rotation)

Lower values are considered to be approximately lower bounds;
upper values are considered to be essentially median centered.




TABLE 3-

COMPARISON OF CRITICAL DAMPING FOR NSSS EQUIPMENT

Percent Critical Damping

Millstone 3 Fragility
Ttem SSE Design (Ref. 1) Evaluation* (Refs.

Primary coolant loop system components 4 5
Welded steel structures 1 5 to 7
Bolted and/or riveted steel structures 7 7 to 15
Fuel assemblies 10 10

CRDM's/CRDM supports 5 7

* Lower values are considered to be approximately lower bounds;
upper values are considered to be essentially median centered.




TABLE 3-3

LOADING CONDITIONS - LINER PLATE AND ACCESS OPENINGS (REF. 1)

Design
Allowables
Load (per ASME III
Category Conditions Nomenclature)

Emergency D+P_+T +SSE P _+P_+Q<3S
D D m b~

Test D+1.15? P_“<O.9Sy

P <1.35
PP’ b 2 SY

+"CAT" curve con-
siderctions

1 NB-3222.4 ‘d) or (e)

es of AT
les of 1/2~SSE

Severe ) +T . 1/2-SSE P <5 Without
Cperational e F'*P;<1.SS temper-
. - ature
P +P +Q<3S
m b © m
ANCHCRS
Emergency ) Max. shear < .42°% Su

Severe E Max. tensile <0.45 SL
Operational s o

NCOTE:

The normal and test load combinations are producing negligible
effects.

Where:

D Dead load effect of reinforced concrete structure acting
on the liner plus dead load of the liner

Design pressure (pressure reculting from design basis
acciaent and safety margin)

Load due to thermal expansion, resulting when the liner
is exposed to the design temperature

Stresses In the liner derived from applying the effect of
the safe shutdown earthguake
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TABLE 3-3 (Continued)

ANTNG AONRTITIANC
LO :‘A W0 \\.\k\._ | 4 UVIND

pressure (100 cycles are assumed on the basis
r refueling cycles per year on a 40 year span)

Loac due to thermal expansion, resulting when the liner 1is
exposed to the differential temperature between operatiig
and seasonal refueling temperatures (400 cycles are assumed
on the basis of 10 such variations per year, on a 40 yea:
span (100 cycles of 1/2-SSE is an assumed number of cycles
for this type of eartiguake.)

Minimum pressure resulting during operation of the
containment

Load due to thermal expansion resulting when the liner

s exposed to the minimum pressure

Yield strength f the materaial

The smaller of 1/3-ultimate strength or 2/3-yield strength

Ultamate strength of the stud material.




TABLE 3-4

LOADING CONDITIONS, PENETRATIONS (REF.

Areas of

Analysis

(See Figures

3.8-5 thru

9 and Stress Allowables

S thru (per ASME 111

2) ry Load Combinations) Nomenclature)

3.8~
3.8~
3.8~

: |
4
-
<

Mp or Tp or Jax Pp < 0.9 S,
or J.n Po *+ Py< 0.9 S‘v
P concrete beafring
< 2,400 psi

Pg+t Tat R P+ Pyt Q<35

M_or orJ P <0.98.*
&r Jsf,p - Pm + Pb< 029 Sy

Pg+ Tg + Design‘?? (Pm ¢+ Pp) + (Pp + Py
*Q)(BSm
Design 1 Pg + Tg

Pg + T+ ke ASME TII Table
2
NC3611.1(b)
(3)-1 or Para.
NB3222.4(d)
or (&)

refer to Section 3.7.3.1.

Yielding moment = Required bending moment to produce
stresses equal to the yield strength of the pipe material

Yielding torque = Required torsional moment to produce
stresses equal to the yield strength of the material

Axial jet force = Load equal to the piping design
pressure times the inside area of the pipe, acting in the
axial direction of the piping

Shear jet force = Load equal to the piping design
pressure times the inside area of the pipe acting
transversely to the pipe




D
P

n o (2)
Design‘?

e

S
a

TABLE

CONDITINNS
CUNUIL T IUNS ,

ontainment design pressure
Containment design temperature

Piping design pressure

ing reactions due to normal operation (including 1/2 -
ntl? © the sizing of the sleeve and attachment

the evaluatior of stresses in the area

to
of Analysis 2 du the given load combinations




TABLE 3-5

LOADS AND LOADING COMBINATIONS (REF. 1)

Concrete Structures (Containment Internal Structures and Category I
Structures, other than the containment mat, shell, and dome).

Loads and loading combinations are based on ACI 318, and "AEC
Enclosure 3 - Structural Design Criteria for "valuating Ef ects of High
Energy Pipe Breaks on Category I Structures Outside the Containment, "
Structural Engineering Branch, Directorate of Licensing.

1. Uus=l,. + 1.7L

1. 1.

.4D l.
.9D 1.

73 { 1. * 3.7+ 1. W)
J.90D + 1.3W

.75 (1.4D + 1.7L + 1.7 x 1.1 (1/2 SSE)
.90D + 1.3 2 1.1 (1/2 SSE)

l.1 SSE

2 D * 1.1 L%
0.9D + 1.1 Wt

+ L + Ta + Ra 1.5Pa

+ L + Ta + Ra 1.25Pa + 1.25 OBE + 1.0
Y] + ¥m)

10. + L + Ta + Ra Pa + SSE + 1.0 (Yv + Y] + ¥Ym)

Notes - Concrete Structures

(1) U is the required section strength based on strength design
methods described in ACI 318-71.

(2) In combinations 8, 9, and 10, the maximum values of Pa, Ta, Ra,
Yj., Yr, and Ym, including an appropriate dynamic load factor,
shall be used unless a time-history analysis 1s performed to
justify otherwise.

For load combinations 9 and 10, local section strengths and
stresses may be exceeded under the concentrated loads Yr, Yj,




TABLE 3-5 (Continued)

LOADS AND LOADING COMBINATICNS (REF. 1)

and Ym, provided there will be no loss of function of any
safety related system.

For load combinations 7 and 7a, local section strengths and
stresses may be exceeded under the tornado missile load

provided there will be no 1loss of function of any safety
related system.

Steel Structures

A. Elastic Working Stress Design Service Load Conditions

1. D+L

D

-
~

.6 S . Pa + SSE + 1.0 (Yr+Y)+¥Ym)

Plastic Design

Factored Load

9. 0.9Y D .5 Pa

10. 0.9Y D L+ Ta+ Ra+ 1.25 Pa + 1.25 OBE
1.0 (Yr+Yj+¥m)

11. 0.9Y D+L+Ta+ Ra+ Pa+ SSE + 1.0 (Yr+Yj+¥m)
Notes -~ Steel Structures

(1) 5 is the required section strength based on the elastic design
methods and allowable stresses defined in Part 1 of the AISC
“Specification for the Design, Fabrication, and Erection of
Structural Steel fo:r Buildings."

Y is the section strength required to resist design loads based
on plastic design methods described in Part 2 of the AISC




TABLE 3-5 (Continued)

LOADS ARD LOADING COMBINATIONS (REF. 1)

"Specification for the Design, Fabrication, and Erection of
Structural Steel for Buildings."

Both cases of L having its full value or being completely
absent are checked for load combinations 1, 2, 3, 4, and 5.

In combinations 4 to 8 and 9 to 11, thermal loads are neglected
when it can be shown that they are secondary and self-limiting
in nature, or where the material is ductile.

In combinations 6, 7, and 8, and 9, 10, and 11, the maximum
values of Pa, Ta, Ra, Yr, ¥), and ¥Ym, including an appropriate
dynamic facter, are used unless a time-history analysis is
perfcrmed to jJustify otherwise.

Combination 5 shall be satisfied without the tornado missile
load. Combinations 7, 8, 10 and 11 shall be first satisfied
without ¥r, Yj, and Ym. When considering these loads, however,
local section strengths may be exceeded under the effect of
these concentrated loads, provided there will be no less of
function of any safety related system. Furthermore, in
computing the required section strength, S, the plastic section
modulus of steel shapes may be used for combinations 7 and 8.

Loads, Pefinition of Terms, and Nomenclature

1. Normal Lo2ds - Those loads encouvitered during normal plant
operations and shutdown. They include the following:

D Dead loads or their related internal moments and
forces including any permanent equipment loads

Live loads or their related internal moments and
forces, including any movable equipment loads and
other loads which vary with intensity and occurrence

Lateral and vertical oressure of liquids, or their
related internal moments and forces (included in D
above)

- Lateral earth pressure, or its related internal
moments and forres (included in L above)

Thermal loads during normal operating or shutdown
conditions, based on the most critical transient or
steady-state condition (included in L above)

Pipe loads during operating or shutdown conditions,

based on the most critical transient or steady-
state condition (included in D above)
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TABLE 3-5 (Continued)

LOADS AND LOADING COMBINATIONS (REF. 1)

Severe Environmental Loads - Those loads that could
infrequently be encountered during the plant life. They
include:

OBE - Loads generated by the operating basis
earthquake

- Loads generated by the design wind specified
for the plant site (Section 3.3.1)

Extreme Environmental Loads - Those loads which are credible
but highly improbable. They include:

SSE - Loads generated by the safe shutdown earthquake

Wt - Loads generated by the design tornado specified for
the plant site (Section 3.3.2)

Abnormal Loads. Those locads generated by a postulated high-
energy pipe break accident within a building and/or compartment
thereof. Included in this category are the following:

Pa = Maximum differential pressure load generated by a
postulated break

Thermal loads under accident conditions generater
by a postulated break

Pipe and equipment reactions under accident condi-
tions generated by a postulated break

Loads on the structure generated by the reaction on
the broken high-energy pipe during a postulated
break

Jet impingement load on a structure generated by a
postulated break

Missile impact load on & structure generated by or
during a postulated break, such as pipe whipping.
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4. STRUCTURES

In this chapter, the median factors of safety and logarithmic
standard deviations for the important structures are developed. Based on
these factors of safety, median acceleration levels associated with
seismic failure are presented. For most of these structures, the
original design dynamic models were used when available to generate
seismic response characteristics in order to determine the median factors
of safety and logarithmic standard deviations for each of the variablas
associated with structure response. A1)l seismic analyses were based on
linear response model results, but some seismic design loads were
modified to more closely approximate the expected inelastic response at
the high acceleration levels expected for failure.

4.1 MEDIAN SAFETY FACTORS AND LOGARITHMIC STANDARD DEVIATIONS
As discussed in Section 2.3, the seismic fragilities of struc-

tures and components are described in terms of the median ground accelera-

tion, A, and random and uncertainty logarithmic standard deviations,
and

"R

ue In estimating these fragility parameters, it is computationally
attractive to work in terms of an intermediate random variable called the
factor of safety, F. The factor of safetv is defined as the ratio of the

ground acceleration capacity, A, to the Safe Shutdown Earthquake (SSE)

acceleration used in design. For equipment and structures qualified by

analysis, it is easier to estimate the median factor of safety, F, and

variability parameters, °g and £, based upon the original SSE stress
analysis than it is to directly estimate the fragility parameters. Thus,

(4-1)

From the existing analyses of the important structures together
with a knowledge of the deterministic design criteria utilized, median
factors of safety associated with the SSE ground acceleration of 0.17g




Can be estimated. These are most conveniently sep>rated into those
factors associated with the seismic strength capacity and inelastic
energy absorption capability of the structure and those factors
associated with the expected building response.

The factor of safety for the structure seismic capacity consists
of the following parts:

The strengin factor, Fs, based on the ratio of
actual member strength to the design forces.

The inelastic energy absorption factor, F ,
related tc the ductility of the structure and to
the magnitude range that is believed to contribute
to most of the seismic risk.

Associated with the median strength factor, Fe, and the median

ductiiity tactor, F , are the corresponding logarithmic standard

» g and £ . The structure strength factors of safety and
logarithmic standard deviations vary from structure to structure and
according to the different failure modes of a given structure. Factors
of safety for the most important modes of failure are summarized in

sections,
The factor of safety, FR, related to building response is
determined from a number of variables which include:

The response spectra used for design compared to
the median centered spectra for rock sites from
multiple seismic events.

Damping used in the analysis compared with
damping expected at failure.

Modal combination methods.
Combination of earthquake components,
Modeling accuracy.

Soil-structure interaction effects.




Based on the characteristics of the Tognormal distribution,
median factors of safety and logarithmic standard deviations for the
various contributing effects can be combined to yield the overall
estimates. For instance, the capacity factor of safety of a structure,
Fcap' is obtained from the product of the strength and ductility

factors of safety which, in turn, may include effects of more than one
variable,

(4-2)

The methods of determining these safety factors are discussed in the

Y
b
b |

|

following sections. The logarithmic standard deviation on capacity,

“cap»

As discussed in Section 2.3, the logarithmic standard deviations are

composed of both an inherent randomness and uncertainty in the median
value,

Median factor of safety, F, and variability, g and £,
estimates are made for each of the parameters affecting capacity and
response. These median and variability estimates are then combined using
the properties of the lognormal distribution (described in Section 2) in
the same manner as Equatinns 4-2 and 4-3 to obtain the overal]l median
factor of safety and variability estimates required to define the

fragility curve for the structure.

For each variable affecting the factor of safety, the random
variability, py, and the uncertainty, Sys Must be estimated separately,
The random variability, “Rs represents those sources of dispersion in the

factor of safety which cannot be reduced by more detailed evaluation or




by gathering more data. Thus, “g is due primarily to the variability

of an earthquake time-history and, therefore, to a structure's response
when the earthquake is only defined in terms of the peak effective ground
acceleration. The uncertainty, “u» represents those sources of
dispersion which could be reduced only through better understanding or
more knowledge. B, is associated with such items as our lack of
ability to predict the exact strength of materials (concrete and steel)
and of structures (shear walls and diaphragms); errors in calculated
response due to inaccuracies in mass and stiffness representations as
well as Toad distributions; and use of engineering judgment in the
absence cf plant specific data on fragility levels.

tach of the factors presented in Chapter 3 will be discussed in
more detail in the following sections. Examples are included to assist

in the understanding of the application of the methodology.

4.1.1

The primary lateral load carrying systems of the Category I

structures that were analyzed are of reinforced concrete construction

eling water storags tank which is
11

oad carryir.ai systems which are
composed of reinforced concrete, the structure strength is a function of
material strengths associated with the concrete and the rzinforcing
steel. The determinations of these strengths are presented in the
following two sections.

4.1.1.1 Concrste Compressive Strength

The evaluation of the strength of most concrete elements, whether
loaded in compression or shear, is based on the concrete compressive
strength, f;. Concrete compressive strength used for design is normally
specified as some value at a specific time from mixing (for example, 28
or 60 days). T1.is value is verified by laboratory testing of mix samples.

The strength must meet specified values allowing a finite number of




failures per number of trials. As previously stated, there are two major
factors which justify the selection of a median value of concrete strength
above the design strength,

l. To meet the design specifications, the contractor
attempts to create a mix that has an "average"
strength above the design strenath,

As concrete ages, it increases in strength,

Results of concrete compression testing were available for the Millstone 3
structures (Reference 13). Table 4-1 summmarizes these results.

As concrete ages, its strenjth increases. This must also be
accounted for in determiniry the median strength compared to the design
strength. Figure 4-1 from Reference 14 shows the increase of the
concrete compressive strength with time assuming the concrete poured in
the field is adequately represenied by the curve designated as “air

Cured, dry at test." At 28 days, the concrete has a relative strength of

a
50 percent which approaches 60 percent asymptotically. The median factor
relating the strength of aged concrete to the 28-day strength is,

therefore, 1.2. Similarly, the median aging factor for concrete tested

at 60 days was estimated to be 1.11. No information is available on the
standard deviation expected for aging. Logarithmic standard deviations
associated with the aging factors were estimated to be 0.10 and 0.05 for
concrete tested at 28 and 60 days, respectively. Median concrete compres-
sive strengths and variabilities used in the fragility evaluations for

the Millstone 3 structures are listed in Table 4-2.

Other effects which could conceivably be included in the
concrete strength evaluation include some decrease in strength in the
in-place condition as opposed to the test cylinder strength, and some
increase in strength resulting from rate of loading at the seismic
response frequencies of the structures. The variation in the strength of
in-placc concrete compared with the test cylinder strength is accounted




for to a large degree in the use of empirical representations of shear
wall capacities. These empirical capacities are typically developed by
comparing actual wall strengths to the cylinder test strengths of the
wall's concrete. Although experimental data on the in-place and rate
effects are limited, that which is available would tend to indicate these
effects are relatively small and of the same order magnitude. Since the
two effects are opposite, they were negiected.

4.1.1.2 Reinforcing Steel Yield Strength

Grades 40, 50, and 60 reinforcing steel were used in the
construction of the Millstone 3 structures. The results of tensile
testing conducted on the reinforcement were reported in Reference 13.
Median reinforcement yield strengths and logarithmic standard deviations
used in the structure fragilities caiculations were based on these data
and are listed in Table 4-3. Grade 60 reinforcement was substituted for
Grade 40 at some locations through the structures. This was accounted
for in the fragility evaluations based on information contained in

¢ - . B
Reference 13.

Two other effects must be considered when evaluating the yield
strength of reinforcing steel. These are the variations in the cross-

sect’onal areas of the bars and the effects of the rate of loading. A
survey of information (Reference 16) determined that the ratio of actual
to nominal bar area has a mean value of 0.99 and a coefficient of varia-

tion of 0.024. The same reference notes that the standard test rate »f
loading is 34 psi/sec. Accounting for the rate of loading anticipated in
seismic response of structures results in a slight decrease in yield
strength of reinforcing steel in tension. This effect is neglected n
concrete compression,




4.1.1.3 Shear Strength of Concrete Walls

Recent studies have shown that the shear strength of low-rise
concrete shear walls with boundary elements are conservatively predicted
by the ACI 318-71 code provisions (Reference 17). This is particularly
true for walls with height to length ratios in the order of 1 or less.
Barda (Reference 18) determined that the ultimate shear strength of

low-rise walls tested could be represented by the following relationship:

Ultimate shear strength, psi

Contribution from concrete,

Contribution from steel reinforcement, psi

reinforcement ratio

Toe contribution of the concrete to the ultimate shear strength

of the will as a2 function of hw/ - is shown in Figure 4-2. Also shown
in Figure 4-2 are the available test values (References 18 through 21)

and the corresponding ACI 318-71 formulation. The tests inzluded load




v

reversals and varying reinforcement ratios and hw/'w ratios. Web
crushing generally controlled the failure of the test specimens, Testing
was performed with no axial loads, but an increase in shear capacity of

N/4-wh was recommended, where N is the axial load in pounds, and h is
the wall thickness in inches.

The coatribution of the steel to the ultimate shear strength
to ACI 318-71 is:

= horizontal steel reinforcement ratio.

Furtiiermore, one of the conclusions reached by Oesterle

(Reference 21' is that for low-rise shear walls (specifically hw/.w =1),

vertical steel has no effect, and the entire contribution to shear
strength is due to the horizontal steel.

In order to estimate the effects that the horizontal and vertical
stee]l have, the steel contribution to wall shear strength was determined
from test values for \ < h /i, < 2. Test data from
the above references used. The effective steel shear strength was

assumed tc be in the

AVgy * Bvgy

constants and

vertical steel contribution to shear
strength

horizontal steel contribution to shear
strength




The constants A and B were then caiculated assuming the concrete
contribution to the ultimate strength is given as shown in Equation 4-4,

Based on the results of this evaluation, the constants A and B can be
shown to be:

strength is given by:

Where .o = Ao, ¢+ Bcyp with A and B determined as shown above. Based on

an evaluation of the same experimenta) data, the logarithmic standard
deviation was estimated to Se 0.15.

The data used to substantiate the median shear strength equations
presented above were derived from tests conducted on cantilever walls.

The height h, for these walls is known. However, the walls evaluated in
*his study typically span more tkan one story. For these walls, the
eylivalent cantilever wall height, hee Was taken as the ratio of the in-
plane moment to the in-plane shear at the section under consideration.




The equivalent heignt Nye Was used to d2termine the median wall shear

strength and provides a more accurate representation of the moment-shear
interaction.

4.1.1.4 gxample of Shear Wall Failure in Shear

fhe determination of the median shear strength of the north
exterior wall of the auxiliary building for the story from E1. 4'-6" to
E1. 24'-6" is selected as an example. This wall is 2 feet thick, 102
feet long, and reinforced by #11 bars spaced at 10 inches at each face
and in each direction. From Table 4-2, the median concrete compressive
strength corresponding to the specified 3000 psi design strength was taken
to be 5000 psi. Grade 60 reinforcement steel was substituted for Grade 40
steel in the constructicn of this wall. From Table 4-3, this reinforce-
ment has a median yield strength of 69 ksi. The equivalent cantilever
wall height was determined to be 71 feet., The median concrete shear

strength was found to be:

reinforcement ratios in the horizontal and vertical directions




The steel shear strength was found to be:
0.0130 (69,000)
897 psi
129.2 ksf

The increase in shear strength provided by axial compression is typically
small and was neglected. For rectangular walls with uniformly distributed
vertical reinforcement, the effective dopth, d, from the extreme compres-
sive fiber to the resultant of the tension force was taken to be 0.6 ?w
from Reference 21. This approximation neglects the increase in the
effective depth provided by transverse, intersecting walls which behave

as flanges. The madian wall shear strength was found to be:

= (77.8 + 129.2)(2) [o.s (102)]

J

The applied shear load based on an elastic load distribution was found to
be 4090 k. The median strength factor corresponding to shear failure of
this wall was then determined to be 6.2.

4.1.1.5 Strength of Shear Walls in Flexure Under In-Plane Forces

Data on reinforced concrete shear walls failing in flexure under
in-plane forces can be found in Reference 21. Equations found in
Reference 20 may be used to calculate the moment capacity for walls
without chord steel. However, chord steel can be accounted for by
increasing the depth from the extreme compressive fiber to the neutral
axis to account for the yield strength of the tensile chord steel. The
compression chord steel is neglected since it is near the neutral axis,
and its effect on the moment capacity is small. The total moment
capacity of reinforced concrete shear walls in flexure under in-plane
forces is then:




Depth to neutral axis from extreme
compression fiber

Area of distributed steel
Area of chord steel

Wall lenath

Steel yield strength
Axial load

Distance from the extreme compressive fiber
to the centroid of tensile chord steel

Ratio of depth of eguivalent rectanqular
concrete stress block to depth to neutral
axis (c)

4.1.1.6 Example of Shear Wall Failure in Flexure

-

The same wail that was analyzed for shear in Section 4.1.1.4

will be analyzed for flexure. The values to be used in Equation 4-8 are
as follows:

69 ksi

(as with shear strength)

5000-4000
O.BS-0.0SW = (0,8




From balancing the tensile and compressive forces, ¢ = 26.9'. Using the
valuzs in Equation 4-8, the median in-plane moment capacity for this wall
was found to be 1,060,000 k-ft. From the elastic load distribution, the
applied in-plane moment was determined to be 289,000 k-ft. The median

strength factor correspondirg to flexural failure of this wall was calcu-
lated to be 3.7.

4.1.1.7 Struct'.ce Sliding

Resistance to structure sliding is provided by static friction
between the structure foundation and the rock (or soil) below, lateral
earth pressures from backfill placed against exterior walls, and shear
keys embedded into rock (or soil). Gross structure sliding initiates
when the base shear acting at the foundation-rock (or soil) interface
equals the available resistance. Initiation of sliding does not consti-
tute structure or equipment failure. As a structure slides as a rigid
body, it* accelerations and relative story drifts cannot exceed those
values occurring at the initiation of sliding. Failure modes resulting

from structure sliding are displacement-dependent. For example, pining
attached at one end to the structure that is sliding and at the other end
to some adjacent structure may fail under relative enc displacement,

Also, impact with adjacent structures may cause concrete spalling and sub-
sequent damage to equipment or piping mounted near the localized spalling
regions. However, the sliding displacements necessary to cause these

failure modes are substantial and can occur only under peak ground accel-
erations well in excess of acceleration levels initiating sliding.

An approach recommended by Newmark (Referenze 15) was used to
rredict structure sliding displacements. This approach is simple and
results in conservative estimates of the sliding displacement. Figure 4-3
summarizes the features of Newmark's approach. The ground beneath the
structure experiences a single horizontal acceleration puise Ag that lasts
for a time duration ty» and results in a velocity V. The structure is
represented as a rigid body that begins to slide relative to the ground
when its rigid body acceleration reaches Ng, where N is a coefficient




relating the net sliding resistance to the total structure weight. Since

the ground acceleration is conservatively assumed to be a square pulse,

sliding initiates instantaneously. Structure sliding ends at time t, when

the structure has achieved the ground velocity V. The relative dispiace-
ment between the ground and the structure is determined by integrating

the relative velocity between the ground and the structure from time t = 0
to time t = L

With estimates of the net sliding resistance coefficient, N, and
the peak ground acceleration, V, as a function of the peak ground accel-
eration, Equation 4-9 (see Figure 4-3) can be used to determine the ground

resulting in sufficient relative sliding displacement, Us s

failure mode under consideration. Newmark's approach is
conservative since the ground acceleration is actually a reversing
function rather than a single pulse which would greatly reduce the sliding
time duration and thus the relative sliding displacement.

Oue to the highly uncertain nature of structure behavior past
the initiation of sliding, the logarithmic standard deviation associated
with Newmark's approach was estimated to be 0.4. Because no relative
displacement can occur until sliding initiates, the acceleration capacity
corresponding to the initiation of sliding can be treated as a cutoff on
the fragility curve for sliding-induced failure in a manner similar to
that describerd in Section 2.3

L e

4.1.1.8 " of 511ding-Induced Fajilure

Datermination of the ground acceleration causing s1iding-induced
failure of piping attachaqd to the auxiliary building will be presented as
an example of the application of Newmark's approach. Accounting for
s1iding rasistances provided by static friction 7rom the net structure
weioht, the shear keys embedded in rock, and at-rest lateral earth

pressure, the sliding resistance ~pofficient was found ro be:

N=1,118 -0.1734 A




The second term above accounts for the reduction in sliding resisiance

associated with a vertical seismic acceleration acting upward., The peak

bedrock velocity corresponding to a peak ground acceleration of lg was

estimated to be 28 in/sec Lased on Reference 5. Typically, two irches
clearance exists around the periphery of the pipe and the penetration so
that contact between the pine and the peneiration does not occur during
the first 2 inches of sliding, and additional motion is required before
failure can occur. Because piping systems are very ductile, the median
relative end displacement necessary to cause piping failure was taken to
be 4 inches. The acceleration capacity was found by solving for A using

r 0

tquation 4-9:




4.1.2 tructure Ductility

A much more accurate assessment of the seismic capacity of a
structure can be obtained if the inelastic energy absorption of the
structure is considered in addition to the strength capacity. One
tractable method involves the use of ductility modified response spectra
to determine the deamplification effect resulting from the inelastic
energy dissipation. Early studies indicated the deamplification factor
was primarily a function of the ductility ratio, u, defined as the ratio
of maximum displacement to displacement at yield. More recent analytic
studies (Reference 7) have shown that for single-degree-of -freedor
systems with resistance functions characterized by elastic-perfectly
plastic, bilinear, or stiffness-degrading models, the shape of the
resistance function is, on the average, not particularly important,
However, as opposed to the earlier studies, more recent analyses have
shoun the deamplification factor is also a function of the system
damping. For systems in the amplified acceleration region of the
spectrum (i.e., between 2 Hz and 8 Hz), Figure 4-4 from Reference 7 shows
the deamplificatior factor for several damping values as a function of

the ductility ratio.

One drawback to using the Riddell-Newmark formulation from
Reference 7 as it currently exists is that it does not reflect the corre-
lation between earthquake magnitude and system ductility. It is well
known ti:at the fewer the number of strong motion cycles that a structure
has to withstand, the greater the structure ductility for a given peak

ground acceleration since the structure can abecorb more energy per cycle,

There is a rough correlatinon between magnitude and number of strong motion

cycles. As the magnitude increases, the number of strong motion cycles
tends to increase. Thus, at higher magnitudes, a structure will exhibit
less ductility at failure than at lower magnitudes.

To include this relationship in the Riddel]l-Newmark formulation,
results from Reference 22 will be employed. As part of this analysis,
four different shear wall elements, with frequencies between 2.14 and
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8.54 Hz and 7 percent damping, were subjected to different earthquake
acceleration records. Two different ductility levels were used to define

failure. The Tower one, = 1.85, represented the best estimate of

inelastic deformations which would occur in a shear wall designed to

remain essentially elastic for the design earthquake. The higher
ductility, = 4,27, represented a conservative lower bound for the onset
of significant structural damage. The structural model yield capacities
were determined from the elastic spectral acceleration of each earthquake
at 7 percent damping for each frequency. The input grourd motion was
then scaled by a factor, F, and the maximum inelastic response was
computed by time history nonlinear structural response analyses., The

factors from Reference 22 necessary to achieve the ductility ratios

29
&

are presented in Tables 4-4 and 4.5, respectively. For
factors are separated into two qroups: those derived

in the 6.5-7.5 Richter magnitude range and those derived
from earthquakes in the 4.5-6.0 Richter magnitude range. The mean, the
median, and the range are also given for each group. No*e that the
distribution as represented
iffice to c e an approach that approximately

-

1ar w end of range.

The Riddell-Newnark method for computing the ductility factor,

is as follows:

amplified acceleration region,
amplified velocity region,
anplified acceleration region.
the amplified velocity region.
percent of critical damping to be used.
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Thus, for the frequency range of interest, only the q and r values for
the acceleration region apply. For 7 percent damping, q = 1,67 and r =
0.411. For v = 1,85, F = 1,63; for v = 4,27, F. = 2.55. Comparing
these F values to the four median F values taken from Tables 4-4 and 4-5,
the Riddell-Newnark method overpredicts the median scale factor for the
6.5-7.5 Richter magnitude range and underpredicts the median scale factor
for the 4,5-6.0 Richter magnitude range. Thus, to more accurately predict
he ductility used in the Riddel1-Newmark formula needs to be &n
tive ductility, u*, The following formulation was developed to

ate the effective ductility:
-1.0)

varies depending on the magnitude range. It was found that

L XY ~11 ~ ‘.<l ¢
the foll WIing vaiues for

~

p Produced scile factors re in good

agreement with the median Factors from Tables 4-4

calculating the variabilities due to uncertainty, y» and randomness,

actual scale factor was said to have only a 1 percent probability
of being less than 1.0. Thus, the combined variability, Be, was

determined as follows:

g~ 15 the resu:t of 2, and r being combined by the square-root-of-the-

sum-of-the-squares method. Bp is a measure of the dispersion that is
represented by the range in F values as shown in Tables 4-4 and 4-5. It

With this value for ¢

was decided to let gp = 0.8 8. and i 0.6 Be o

the ranges of + 2 8o formed around ¥ are similar tc those shown in Tables

4-4 and 4.5, especially at the low eﬁd. Values at the high end are of no




concern, since only the low end contribuies significantly to the risk. A
comparison of the analytic results from Reference 22 with the results
derived fram the amended Riddell-Newmark procedure are shown in Table 4-6,

As stated in Chapter 1, the majority of seismic risk for
Millstone 3 is estimated to result from earthquakes that have Richter
magnitudes between 5.3 and 6.3. This range slightly exceeds that for
which Cy = 1.40. Therefore, for the Millstone 3 evaluation, a value of

1.30 was used for Ch.
U

4.1.2.1 Example of Ductility Factor

Typical values used fur Millstone 3 stru~tirres were 10 percent
damping and a system ductility of 4. Thus, from Section 4,1.2:

These values

0.6(0.407) = 0,24

These values are appropriate for structures having fundamental frequenciss

corresponding to the amplified acceleration region of the response
spectrum (approximately between 2 Hz and 8 Hz). For structures having

fundamental frequencies associated with the transition region of the
response spectrum (approximately between 8 Hz and 20 Hz), f

s F was interpc-
lated between the value above and that appropriate for the rigid response
region (see Reference 7).




4.1.3 Structure Response Used for Structure Fragility Evaluations

Determination of the structure response factors and their vari-
abilities in fragility evaluations is typically performed using structure
responses predicted by the original design dynamic analyses. The avail-
able design information regarding the Millstone 3 structure loads was
reviewed and determined to be described in insufficient detail to permit
an accurate assessment of the median structur2 loads. As an alternative,
details of the original design dynamic models and eigensolutions were
obtained. Eigensolutions predicted using the model information supplied
were generated and compared to the original design eigensolutions to
verify that the dynamic model information was correctly interpreted.
Madian-centered overall structure loads were then developed using the
median-centered methods described in Section 3. These structure loads
were then used to determine the median strength factors in the structures

fragilities evaluations.

Because median structure responses were used directly, median
response factors were taken to be unity in the structures fragility
evaluations, An exception is tne emergency generator enclosure. The
original design response was used in the fragility evaluation since it
was based on a finite element representation of the soil-structure

interaction effects that could not be improved upon within the limita-

tions of this study. Also, equipment fragility evaluations were typically

performed on the basis of the original design in-structure response
spectra since generation of median-centered, in-structure spectra would
require greater effort than warranted.

The following discussion describes the determination of the
median structure response factors based upon comparison of the median
versus design responses, This convention is retained for the benefit of
understanding the structure response factors used in the emergency
generatory enclosure and equipment fragility evaluations.,
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4.1.4 Spectral Shape, Damping, and Modeling Factors

As previously discussed, the important Millstone 3 structures
were designed using the ground response spectra shown in Figure 1-2, For
the SSE, five percent of critical damping was used for the reinforced
concrete structures. For the reinforced concrete comprising the lateral
load carrying structures for Millstone 3, ten percent of critical damping
is considered to be the median value expected at response levels near
failure (Reference 10). As shown in Figure 3-1, the ten percent damped
median-centered response spectrum exceeds the five percent damped SSE
spectrum except at frequencies in excess of about 20 Hz. The frequencies
predicted by the Millstone 3 original design dynamic models were
available. The spectral shape factor for each structure was based on the
mode or modes contributing to most of the seismic response. The spectral

shape factor at the frequency under consideration is given by:

(4-10)

where Sp go represents the 5 percent damped design spectral accelera-

tion and BM represents the estimated spectral acceleration
1N

ssociated with the median site-specific response spectrum for 10 percent
As noted in Section 4.1.3, structure loads used in the structure
ty evaluations of all structures except the emergency generator
enclosure were derived from the median-centered response spectrum. The

median spectral shape factors for these structures are therefore unity,

In computing the spectral shape factor of safety, it is
convenient to combine the damping and ground response spectrum effects.
In the development of logarithmic standard deviations on spectral shcoe,
however, it is informative to consider the damping effects separately,
This implies a factor of safety of unity on damping alone since it has
already been included in the factor of safety on spectral shape.




The logarithmic standard deviation on ¢pectra) acceleration,
Bgps May be estimated from References 8 and 10. Reference 8 provided
the mean site-specific spectrum and associated variabilities for five
percent damping. It also presents a procedure by which mean spectra at
other damping values could be calculated, but does nct give the variabil-

ities for these other spectra. These variabilities were estimated with
the aid of Reference 10.

The deviation on spectral acceleration resulting from damping,
E_» Can be estimated from:

(4-11)

where §, | 5. 1s the spectral acceleration from the median site-specific

spectrum at seven percent damping, and Su =10z 'S the spectral accelera-

tion from Lhe te t damped median site-specific spectrum. Seven
percent damping is estimated by Reference 10 to be one standard deviation
below the median damping value of ten percent. The randomness and

uncertainty components of are judged to be approximately equal. Thus,

The original design dynamic models of the Millstone 3 structures
were typically determined to be adequate to predict the seismic response,
In generating loads ior the structures fragility evaluations, model modi-
fications were incorporated if necessary. Modeling factors of unity
typically were used,




Variability in modeling predominantly influences the calculated
mode shapes and modal frequencies. Since the concrete strength and,
consequently, the stiffness of the structures is above the design values,
calculated frequercies would be expected to be somewhat less than z:tual
values, at least for low to moderate levels of response. At response
levels approaching failure, softening of the structures due to concrete
cracking occurs, and for structures analyzed using uncracked section
properties, some decrease in the actual frequencies compared to the
calculated values is expected. Calculated frequencies were generally
assumed to be median centered unless material properties uced in the
original analyses differed from the material properties calculated from
test cata enough to significantly change the calculated frequencies.

The mode shapes were assumed to stay the same regardless of whether or not
frequencies changed.

Modeling uncertainties from both the mode shapes and modal
frequencies enter into the uncertainty on calculated modal response as

defined by

where mMc and £y are estimated logarithmic standard deviations on

structural response of a given point in the structure due to uncertainties

in mode shape and due toc uncertainties in modal frequency, respectively.

Based upon experience in performing similar analyses, Eme was estimated

to be typicall bou The modal frequency variability shifts the
frequency at which s accelerations are to be determined, so that:




exceedance probability frequency estimate, The logaritimic standard devi-
ation on frequency was estimated to be approximately 0.30 for the
structures evaluated,

where fy is the median frequency estimate, and . is the 84 percent

4.1.4.1 Example of Spectral Shape, Damping, and Modeling Factors
As an example, determination of the spectral shape, damping, and

modeling factors and variabilities ippropriate for failure modes associ-

-ed with E-W response of the auxiliary building . ;11 be presented.
Review of the moda: responses indicated that nearly all of the response
quantities in the E-W direction are associated with the fundamental E-W
mode. This mode was found to have a median elastic frequency of 8.8 Hz
compared to the original design frequency of 7.8 Hz. This frequency
shift can be attributed to the increase in structure stiffness associated
with the median rather than design concrete compressive strength,

As noted in Section 4,1.3, evaluations of the structural failure
modes for the auxiliary building were tyically based on median-centered
structure loads. The median spectral shape “actor for these failure modes
is therefore unity. For failure modes whose fragilities were derived
from the original design basis, the median spectral shape factor would be

based on a comparison of the original design spectral acceleration of

0.38g at the original design frequency of 7.8 Hz for five percent design

damping with the median spectral acceleration of 0.301g at the med:.n

frequency of 8.8 Hz for ten percent median damping:*

From information defining the median-centered spectrum for the Millstone 3
site, the variability associated with randomness was estimated to be 0,20

at the median frequercy. The uncertainty was estimated to be 2/3 of the
randomness.




0.13

The composite variability associated
comparison

with damping was based on a
of the median spectral acceleration of 0.322g for seven percent

damping at the median frequency at 8.8 Hz with the median spectral accel-

eration of 0.30g for ten percent damping.

For this structure, uncertainty on frequency was estimated to be

0.30. The -1t frequency was found to be:

The modeling uncertainty associated with freouency was then based on the

maximum spectral acceleration for the ten percent damped median response

spectrum of 0.311g which falls within the + 1¢; range.

\
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This value was combined with tre estimated modeling uncertainty associated
with mode shape of 0.15 to give the total modeling uncertainty:

4,1.5 Mcdal Combination

The seismic design analysis of Millstone 3 structures was
performed by response spectrum analysis; therefore, phasing of the
individual modal responses was unknown. Most current design analyses are
normmally conducted using response spectra techniques. The current
recommended practice of the USNRC as given in Regulatory Guide 1,92
(Reference 12) is to combine modes by the square-root-of-the-sum-of-
the-squares (SRSS). This was the approach used in the Millstone 3
analyses. Many studies have been conducted to determine the gegree of
conservatism or unconservatism obtained by use of SRSS combination of
modes. Except for very low damping ratios, these studies have shown that
SRSS combination of modal responses tends to be median centered. The
coefficient of variation (approximate logarithmic standard deviation)
tends to increase with increasing damping ratios. Figure 4-5 (taken from
Reference 23) shows the actual time-history calculated peak response
versus SRSS combined modal responses for structural models with four
predominant modes. Based upon these and other similar results, it is
estimated that for ten percent structural damping, the SRSS response is
median-centered. The median modal combination factor of safety was

therefore taken to be 1,0 for structural and equipment fragilities based
on the original design information., Similarly, the SRSS method of modal
combinatiun was used to develop the median structure loads described in

Section 4.1.3. The median moda! combination factor for structural
fragilities based on these loads was also taken to be 1.0. Where
individual modal responses were known, the absrlute sum of these




responses was used to estimate the coefficient of variation., The

absolute sum is an upper bound estimated to be three standard deviations
above the median SRSS response.

4.1.6 Combination of Earthquake Components

The design of the essential Miilstone 3 structures with the
exception of the auxiliary ' .i1ding was based on loads developed from the
absolute sum of the accelerations in one direction due to the simultaneous
responses from all three directions of input. For the design of the
auxiliary building, the dynamic forces of the members were computed by
the square-root-of-the-sum-of-the-squares (SRSS) method. Current
licensing requirements consist of the SRSS combination of responses from
three principal directions (Reference 12). Alternatively, it is
recommended (Reference 10) that directional effects be combined by taking
100 percent of the effects due tc motion in one direction and 40 percent
of the effects from the two remaining principal directions of motion.

This was considered the median condition for the current evaluation,

Depending on the geanetry of the particular structure under
consideration together with the relative magnitude of the individual load
or stress components, the expected stresses due to the 100, 40, 40
percent method of load combinations are decreased when compared with
those calculated using the original design methed. For shear wall
structures where the shear walls in the two principal directions act
essentially independently and are the controlling elements, the two
horizontal loads do not combine to a significant degree except for the
torsional coupling. Thus, only the vertical component aftfects the
individual shear wall stress. A moderate amount of vertical load
slightly increases the ultimate shear joad carrying capacity of

reinforced concrete walls. However, there is an equal probability that
the vertical seismic component will add to or subtract from the dead-
weight loads at the time of maximum horizontal loads. Thus, while the
dead load is sometimes included in the analyses, the vertical seismic
component is ignored. Consequently, the factor of safety is not strongly
influenced by the directional component assumptions,




The coefficient of variation is calculated in the same manner as
it was for the modal combination factor. The absolute sum of the three
components is an upper bound, estimated to be three standard deviations
above the median,

4,1.7 S0il-Structure Interaction Effects

Two types of soil-structure effects are considered in the
analysis of nuclear power stations., The first involves the variation in
frequency and response of the structure due to the flexibility of the
soil and the dissipation of energy into the soil oy radiation (geometric)
damping. For structures founded on competent bedrock such as most of the
Millstone 2 Category I structures, these effects are usually small and
are typicalily neglected in current design analyses. A second effect is
the amplification of the bedrock motion through the soil. Again, for
structures founded directly on the bedrock, essentially no amplification
occurs, and the motion is normally specified at the foundation level as
was done in the design of the Millstone 3 struottures. Thu , the design
of the Millstone 3 structures founded on rock was conducted using current
state-of-the-art assumptions and methods of analysis in regard to the

soil-structure interaction effects.

The original design analysis of the emergency generator
enclosure, which is founded on soil, was performed using a finite element
representation of the structure and the supporting media. The soil
material properties were treated as being linearly viscoelastic.
Nonlinear behavior of the soil properties was accounted for by the use of
the Program SHAKE. The bottom boundary of the finite element model was

established at bedrock while the side boundaries were represented as being
energy transmitting. Seismic input consisted of the design time-history
input at bedrock.




The finite element mode1 of the emergency generator enclosure
described above directly acrounts for the stiffness and radiation damping
representation of the major soil-structure interaction effects normally
considered in seismic 2nalysis. Alsu, because the desian time-history

was input at the bedrock boundary, amplification of the bedrock motion up
through the soil to the structure foundation was directly accounted for

in the seismic analysis, Based upon a review of the soil-structure
interaction represencation of the emerqgency qenerator enc]asurn, the
median soil-structure interaction factor was estimated to be 1.0, with
logarithmic standard deviations associated with randomness and uncertainty

of 0.06 and 0.22, respectively.

+ELs
The original design seismic analysis of the control building was
conducted using a fixed-base representation of the soil-structure inter-
action effects. It appears that the seismic analysis was later revised
using a finite element soil-structure interaction model similar to the
*mergency generator enclosure model. A comparison of the fundamental
frequencies predicted by both models indicated very little frequency shift
when soil-structure interaction effects were accounted for. This is
consistent with the presence of the very shallow laver of stiff basal till
separating the structure from bedrock. For contro) building fragilities
based on loads generated by the original design model, the median soil-
structure interaction factor was estimated to be 1.0, with logarithmic

associated with randomness and uncertainty of 0.0?

One other possible area of concern is the slab uplift of the
structures at high input acceleration levels. For structures founded on
competent rock, there is insufficient enerqy in the low freguency earth-
quake waves to sustain overturning motion of the structure at the very
long response periods required to overturn an auxiliary buildina or
containment structure. At the frequencies of maximum input enerav
content, although a very small amount of uplift may occur, the directinn

of input motion is reversed before any significant rockinag mation can

occur. So leng as significant rock or concrete crushing does not occur,




reiative motion sufficient to cause piping or electrica) conduit failure
is not considered a possible failure mode. The bedrock at the Millstone 3
site is considered to be of adequate strength to preclude failures
resulting from base slab uplift.

4,2 STRUCTURE FRAGILITIES

The significant failure modes for each of the Millstone 3
structures included in this study were evaluated. The resultina
fragilities for each of these structures are discussed in the following

sections.

4.2.1 Containmen. and Internal Structures

The containment structure is a reinforced concrete structure
consisting of a circular cylindrical wall caoped by a hemispherical dome.
The containment wall is supported by a base mat bearing on rock.
Principal dimensions of the containment structure are:
Radius
Thickness

1

Liner plate thickness
Inside radius
Wall thickness a'-g"

Liner plate thickness 3/8"

Height to springline 131'.3"

Inside radius 70'-0"

Wall thickness 2" -6"

Liner plate thickness 1/2"

The controlling mode of failure for the containment structure
was found to be shear failure of the wall near the base. Concrete with 2a

design compressive strength of 3000 psi at 28 davs was used to construct

the wall. Reinforcement in the meridinnal and hoop directinns were




provided with additiona) reinforcement included at the discontinuities to

resist increased stresses imposed by LOCA loading. Diagonal reinforce-
ment was also provided in the wall for additiona) resistance against
horizontal seismic shear forces.

Horizontal shear forces due to seismic response of the contain-
ment structure introduce tangential shear rtressec in the wall, The
median shear strength of the wali was determined using empirical relatinn-
ships derived from testinag conducted on models of prestressed and rein-
forced containment structures. Resistance to horiz ital seismic shear is
provided by the concrete and the four-wav reinforcement pattern. Thic
failure mode was found to have a median acceleration canacity of appoxi-
mately 4.9g3. Median factors of safety and variabilitiec for this failure
mode are listed in Table 4-7. This mode of failure results in loss-of-

, failure of the reactor coolant pressure boundary, and

of the safety systems and components.

The containment internal structure consists of walls and floors
supporting the equipment housed within the containment structure. The
internal structure also provides biological shielding and missile
protection. Towards the base of the internal structure, the main lnad-
carryirg elements are the crane wall, the primary shield wall, the in-core

b |

instrumentation tunnel 'S, and the steam generator columns. These

wal
elements are founded on the base mat common with the containment

structure. Dimensions at the crane wall and primary shield wall are:

Crane wall Outer radius -6"

— -

Thickness -6" above F1, 46'-10"

Height 2'=-10"

Primary shield wall Inner radiue

——— —

Thickness

Height




Review of the internal structure indicated that failure due to
seismic response will obviously occur towards the base of the structure.
At this location, the crane wall is perforated bv several large openinags
that create a series of wall segments twpically 3'-0" by 10'.D" sparning
from the top of the base mat to E1. (-)0'-9", Internal structure failure
is expected towards the base mat due to the reduction in material
available to resist seismic loading. Because the walls ahove E1. 3'-0O"
are essontially interct it is aopropriate to treat the walls and

columns below E1, 3'-0" as being tied toqether.

provide a more refined evaluation of the seismic load distri-
butions to the individual members, 2 more detailed static mode] of the
structure below E1. 3'-0" was created. The walls and columns were repre-
sented by individual elements and were riqidly connected at F1. 3'-0".
plied loading was based upon overall seismic loads acting on the

internal structure predicted by the median response spectrum analvsis.

Capacity of the internal structure was found to be controlled by
seismic loads acting primarily in the E-W direction. Structural vielding
initiate in the 3'-0" by 10'-0" crane wall columns at the
the structure due %o tension resulting from the overall
overturning moment. Because of redundancy, initiation of
yielding at these columns dnes not imply structural failure of the
internal structure. After adijusting the static model for 1ocal nonlinear-
ities, failure of the internal structure was found to be contrnlled by in-
plane shear failure of the long crane wall column at the south side of
the structure., Crane wall failure was determined +n have a median accel-
eration capacity of approximately 2.2q. Median factores of safety and
variabilities for this failure mode are listed in Table 4-8. This
1

structural failure is expected to result in failure of the reactor coolant

essure boundary. Also, the integrity of the liner cannot be quaranteed
1

VV‘
following failure of the concrete internals.




Other failure modes investigated for th: containment and
internal structures included flexural failure of the containment wall and
sliding at the foundation. Flexural failure of the containment wall due
to the overturning moment generated by horizontal seismic response wae
estimated to have a median acceleration capacity of approximately 6.1q.
Although structure sliding is expected to initiate at a median
acceleration of approximately 1.1g, damage to the structurc or equipment
is not expected as a result. The containment hase mat is embhedded in
bedrock with a + 6" gap provided between the vertica) base mat and rock
forces. This gap is filled with concrete sealer and hollow concrete
block. Even if the concrete block is crushed, the maximum sliding
displacement that can occur is expected to be only slightly more than one
inch. This upper bound displacement is believed to be insufficient to
fail piping attached to the structure. Overturning of the containment
Structure is not considered to be a credihle mnde of “ailure. The
periods required to result in overturning are so larae compared to the
rigid body rotation periods of the structure that the earthquake input is

reversed in direction before significant base slab uplift can occur.

Auxiliary Building
The auxiliary building is a reinforced concrete structure
equipment related to the chemical and volume control, component
and reactor protection systems. It is founded on a base
which bears on bedrock and spans four stories up to the
The primary resistance to lateral loadina is
shear walls. These wails alse serve as bearina walls alona

stee]l and concrete columns %o supnort vertical loads.

The controlling failure mode leading to qross structure failure
of the auxiliary building is expected to be shear wall failure. Raced
upon an elastic load distribution of the overall median structure lnads,
yielding due to in-plane overturning moment is expected to initiate at

the south exterior wall between E1, 4'-6" and E1, 24'-6", Similar to the

containment internal structure as described in Section 4,.2.1, the latera)




load-carrying system for the auxiliary buiiding is redundant so that
yielding of one wall does not imply gross structural failure. The seismic
load distribution was modified to account for this load redistribution.
Shear wall failure was found to be controlled by failure of the north
exterior wall between E1. 4'-6" and E1. 24'-6" at a median acceleration
capacity of approximately 1.4g. Median factors of safety and vari-
abilities for this failure mode are listed in Table 4-9. Shear wall
failure is expected to lead to damage to the critical equipment located

in the auxiliary building.

Other failure modes leading to localized structiure damage
include diaphragm failure, steel and concrete column failure, and
structure sliding. The concrete floor slabs serve as diaphragms trans-
mitting structure inertial forces to the walls and redistributing shear
wall loads due to changes in wall stiffnesses from story-to-story. The
slab at E1. 43'-6" adjacent to the east exterior wall is perforated by a
series of several openings with removable slab covers. Faiiure of this
portion of the slab is expected at a median acceleration capacity of

approximately 1.2g9. Damage only to equipment or piping mounted tn the

slab at E1. 43'-6" between Lines F.8 and F.9 is expected at this capacity.
Although sufficient damage is expected to the floor slab in this location

to result in possible loss of equipment anchorage, no failure of any fluid
or electrical systems passing through the openings in the slab is
expected. Remaining diaphragms are expected to have acceleration
capacities in excess of this value. Median factors of safety and
variabilities are listed in Table 4-10.

Many of the steel and concrete columns in the auxiliary building
must provide vertical support for shear walls that are not continuous to
the base mat. In-plane overturning moments acting on these walle must be
resisted by axial loads on the columns. Evaluation of the columns was
conducted on the basis of desiy~ dead, live, and SSE loads. Typically,
capacities of the columns were found to be controlled by tension due to
seismic uplift rather than compression. The median acceleration capacity




of 0.29g for Steel Column N9 was differentiated from the median accelera-
tion capacity of 0.71g for Steel Columns N5, N8 and N11 because Column N9
was anchored to the slab by high-strength bolts while the other columns
were anchored by Hilti bolts. The initial damage to Column N9 is expected
to occur as a result of tensile failure in the bolts at the top of the
column. However, the detail of the column will nrevent the bolts from
falling out and, together with the shear lugs in the top plate, these
bolts will provide sufficient lateral support that the column will retain
its compressive capacity once the earthquake load reverses. The capacitly
of the column in compression is significantly greater than tension, and

no failure of equipment attached to or adjacent to this column is expected
as a result of fracture of the upper bolts. A similar condition exists
for the columns anchored by Hilti bolts excent that the bolts are

expected to yield rather than fracture. The amount of bolt distortion is
small since the overall structure displacements result in deformation-

controlled loads into the columns. The bolts and shear lugs in the

column end plates will assure the columns cannot displace laterally, so

their compressive capacity is not lost. The median compressive capacity
is over 2g peak effective ground acceleration for these columns.

The median acceleration capacity for initial damage to the
concrete colunins was estimated to be approximately 0.68g. The concrete
column tensile capacity was found to be limited by pullout of the dowels
from the tase mat. These dowels are not hooked to develop the full
median yield strength. Because the columns are not part of the primary
lateral-load resisting system, gross structural failure is not expected
to result from column dowel pull out. The column earthouake loads are
deformation controlled by the overall structure, and the dowels will
provide sufficient lateral capacity to assure the concrete columns will
function in compression after load reversal. Column uplift is not
exnected to result in failure of any piping or equipment attached to the
coiumr or in the immediate vicinity. The concrete columns have signifi-
cantly higher capacity in comprassion and even after compression damage
occurs in the cclumns, although some pipe anchorage may be lost, the




pipes are expected to have sufficient flexibility that failure will not
occur. Based on the expected damage to both the steel and concrete
columns and a site investigation of the equipment attached to the
columns, failure to the equipment is not expected prior to the overall
structure failure which is governed by the shear walls.

In addition to the failure modes described above, the possibility
of structure sliding was evaluated. Resistance to structure sliding 1is
provided by static friction between the bace mat and the gravel layer on
which it bears, shear keys embedded in bedrock, and lateral earth
pressure. Although structure sliding is expected to initiate at a median
acceleration capacity of approximately 0.68g, damage to piping attached
to the auxiliary building and running to other structures is not expected
until a median acceleration capacity of approximately 2.2q.

Control Building

The control building is composed of reinforced concrete floor
slabs and shear walls with structural steel framing provided for
additional vertical load support. The structure is founded on a base mat
which bears on a thin layer of backfill overlying 1 foot to 15 feet of
basal till. Equipment related to the reactor protection and electric
power systems is containec within this structure. The cable spreading
area and the control room are located on the floors at E1. 24'-6" and
El. 47'-6", respectively.

The controlling failure mode for the contro) building was found
to be the diaphragm at E1. 64'-6" adjacent to the west exterior wall.
This region of the floor slab is perforated by openings for a stairwell
and ducting, thus reducing the material available to resist seismic shear.
The applied load consists of floor inertial forces as well as load from

the discontinuous east wall at the story above, which is redistributed to

the west exterior wall. The median acceleration capacity for this failure
mode was estimated to be approximately 1.0g. Median factors of safety

and variabilities are listed in Table 4-11. Due to the lack of redundancy




in the lateral load-resisting system, diaphragm failure is expected to
lead to gross structural failure of the contro) building with resulting
damage to the equipment housed within.

Other control building f21ilure modes investigated included
structure sliding, shear wall failure, and failure of the control room
block wall. Resistance to structure sliding is provided by shear keys
embedded in the soil below and static friction imposed at the base
mat-soil interface. Structure sliding is expected to initiate in the
west direction at a median acceleration capacity of approximately 0.43q.
As noted in Secti., 4.1.1.7, the initiation of s1iding does not neces-
sarily imply damage to critica) equipment. Should the control building
slide 2 inches and impact with the adjacent building, there is a
possitility of concrete spalling with subsequent damage to equipment
located or or very near the west exterior wall, This failure mode was
found to have a median acceleraticn capacity of approximately 1.2g.
Median factors of safety and variabilities for this failure mode are
listed in Table 4-12,

Median acceleration capacities for shear wall and control room

block wall failure were estimated to be approximately 1.5g9 and 2.0gq,

respectively. Review of the control room ceiling specification indicated
that the ceiling was required to be safety-wired. Inspection of available

drawings indicated that the light fixtures above the control room ware

braced. Failure of either of these systemc are expected at acceleration
levels in excess of the controlling failure mode.




4.2.4 Emergency Generator Enclosure

The emergency generator enclosure (EGE) contains the emergency
diesel generators and related equipment. The structure is composed of
concrete slabs and load-bearing concrete walls. The walls surrounding

the diesel yenerator units are supported by strip footings bearing on

sofl at E1. 9'-0", Soil was backfilled between these walls up to the slab
on grade at El. 24'-6". The diesel generator pedestals bear on this back-
filled soil, but are separated from the slab on grade by one-inch-thick
compressible material. Walls enclosing the fuel oi] tank vault were cast
integrally and are supported by a base mat.

Resistance to the initiation of s1iding provided by static
friction between the concrete strip footings and base mat and the soi)
below, shearing resistance of the soil entrapped by the EF” wlls through
the horizontal shear plane at the bottom of the strip footings, and
concrete-on-soil friction introduced by lateral earth pressure. As noted
in Section 4.1.1.7, initiation of structure sliding does not necessarily
imply failure. Should the EGE slide in the south direction, the one inch
expansicn joints separating the pedestrian walkway slab from the EGE and
the control building may close. However, this impact is expected to
Cause damage only to the walkway slab since the EGE and control building
walls are much more heavily reinforced. The only important potential
failure mode resulting from sliding is failure of attached piping. For
an estimated median sliding displacement capacity of four inches, the
median bedrock acceleration capacity for sliding-incuced failure was
found tc be approximately 1.3g. Median factors of safety and
variabilities for this failure mode are listed in Table 4-13.

Under N-S seismic response, the E-W walls are subjected to out-
of-plane loading from the adjacent soil outside the structure and
entrapped within the walls and from inertial forces associated with the
slab on grade and the walls themselves. The out-of-plane wall reactions
are transmitted to the strip footings. Any horizontal loading on the
footings in excess of the concrete-on-soil frictional resistance must be




transmitted by the E-W footings acting as horizontal beams to the vault
base mat and the strip tooting below the west exterior wall. The strip
footings are reinforced as horizontal beams with reinforcement concen-
trated at the vertical faces. Evaluation of the footings for conserva-
tively determined lateral earth pressure loading determined a median
acceleration capacity of approximately 0.88g. Median factors of safety
and variabilities are listed in Table 4-14. Failure of the wall footings
is not expected to lead to gross structural failure. However, some damage
in terms of loss of anchorage may be expected to equipment mcunted on the
slab near the walls at E1. 24'-6" and on the walls between E1. 24'-6" and
El. 51'-0". Otner failure modes for the EGE that were evaluated included
failure of the slab on grade (analyzed similar to the wal) footings) and
shear wall failure. Median acceleration capacities of approximately 1.0g
and 1.9g, respectively, were determined.

Engineered Safety Features Building
The engineered safety features (ESF) building is composed of
reinforced concrete floor slabs and load-bearing walls. It is founded on

two base mats bearing on bedrock located at different elevations, one at

E1. 4'-6" and the other at E1. (-)34'-9", The structure is partially
embedded down into bedrock on the north, south, and east sides and
separated from the rock faces by 1/4" thick protect‘an board and concrete
fill. The west side of the structure is separated from the containment

structure by a four inch thickness of compressible material except for
the base mat at E1. (-)34'-9" which butts up against the containment base
mat. The ESF building houses equipment related to the containment

recirculating, quench spray, residual heat removal, safety injection, and
the auxiliary feedwater systems.

The controlling failure mode for the ESF building is a combined
base mat - shear wall failure. Under loading in the west direction, in-
plane shears from the E-W shear walls are transmitted to the base mat at
El. 4'-6". Resistance to sliding in the west direction is provided by a
thickened portion of the base mat beneath the east exterior wall. This




thickened portion performs as a shear key and transmits the base shear
into bedrock. Calculations indicate that friction developed on the
inclined key face are sufficient to prevent the key from sliding up and
out of the rock trench. Capacity of the key is limited by the ability of
the base mat to transmit the west direction shears into the key through
direct tension. Once yielding of the base mat initiates, additional
resistance is provided by the shear walls spanning from the base mat at
ET. (~)34'-9" to E1. 4'-6". Shear from these walls is transmitted from
the ESF bulding base mat to the containment base mat. The median
acceleration capacity for this failure mode was estimated to be approxi-

mately 1.79. Median factors of safety and variabilities are listed in
Table 4-15,

Other potential ESF building failure modes evaluated included

shear wall failure and diaphragm failure. These failure modes were found
to have median acceleration capacities of approximately 2.4g and 2.7g,

respectively. The structure sliding displacements in the north, south,
ind east directions are limited to the thickness of the protection board
separating the structure from concrete fill poured to the vertical bedrock
faces. Displacements of this magnitude are insufficient to faii piping

attached to the structure

Pumphouse

The pumphouse is a reinforced concrete structure housing both
the service water and circulating water pumps The structure is founded
On a base mat bearing on either excavated rock or fill concrete overlying
bedrock. Below the floor at El. 14'-6", the structure is essentially
open to Long Island Sound with transverse guide walls channeling the
water flow.

Capacity of the pumphouse is expected to be controlled by
structure sliding in the west direction with subsequent damage to the
water lines. Resistance to sliding in the N-S direction is enhanced by
shear keys opposing imposed shears. Sliding in the east direction is




restricted by adjacent bedrock which is separated from the structure by
fill concrete. No such condition exists against shear in the west
direction, however, and only resistance provided by the static friction
of the base mat bearing agzinst the excavated/fill concrete surface is
available. Sliding in the west direction is expected to initiate at a
median acceleration capacity of approximately 0.48g. As noted in Section
4.1.1.7, initiation of structure sliding does not necessarily imply
failure. Sufficient sliding displacement to damage the attached piping
or electrical duct banks is expected to occur at a median acceleration
capacity of approximately 1.3g. Median factors of safety and vari-
abilities are listed in Table 4-16. Other pumphouse failure modes
investigated included diaphragm and shear wall failure. Median accel-
eration capacities of approximately 1.5g and 1.6g9, respectively, were
found for these failure modes. Median factors of safety and vari-
abilities for these failure modes are listed in Tables 4-17 and 4.18,

4.3.7 Demineralized Water Storage Tank

The demineralized water storage tank (DWST) is essentially a
reinforced concrete structure with a steel liner. It serves as part of
the auxiliary feedwater system. The concrete walls of the DWST are
supported by an octagonal base mat approximately trn feet thick.

Inspection of field reports indicated that this base mat was poured on a
fill concrete leveling mat over lying bedrock.

The median acceleration corresponding to the initiation of
511ding was estimated to be approximately 0.63g. The sliding resistance
is controlled by the base mat-concrete fill interface. Capacity of the
tank is expected to be governed by the failure of attached piping due to
sliding-induced relative displacements. The median acceleration capacity
for this failure mode is estimated to be approximately 1.6g. Median
factors of safety and variabilities are listed in Table 4-19. Other
failure modes, including failure of the concrete walls and failure of the
liner, were found to be well in excess of this 1.6g capacity.




.8 REFUELING WATER STORAGE TANX

The refueling water storage tank ‘AWST) is fabricated from
oA 240-304 stainless steel. It has a radius of 29'-6" and stands 59'-0"
ta the top of the side wall with plate thicknesse- varying from 3/16" to

1/2". A total of fifty 2" diameter anchor bolts are provided around the
tank perimeter at the bas2 mat. The RWST servas as part of the quench
spray system,

Capacity of the RWST was “ound to be governed by buckling of the

lowest shell course due to overall structure overturning moment. The

v

median acceleration capacity for *his tank was estimated to be approxi-
mately 0.88g. Median factors of safety and variabilities are listed in
Tabie 4-20. Buckling of (he tank wal! is assumed to lead to loss of

contents due to the potential for cracking at a weld.




TABLE 4-1

RESULTS OF CONCRETE COMPRESSIVE STRENGTH TESTING

Structure

Specified
Design

Strength
(psi)

Age at
Testing
(days)

Average
Test
Strength

(psi)

Test
Strength
Standard

Deviation

(psi)

Containment Wall

Containment Internal Structure
Auxiliary Building

Auxiliary Building

Control Building

Emergency Generator Enclosure
Engineered Safety Features Building

Pumphouse

3000
5000
3000
5000
3000
3000
3000
4000

28

28
€0

28

28

4380
6510
4180
6180
2720
4590
4200
493C

350
670
460
350
280
730
450
460




TABLE 4-2

Specified
Design Median . Logarithmic
Strenath Stren(]th‘ ' Standard
Structure (psi) (psi) ¢ Deviation, g
.13
11
15
.08
.13
. L
.15
.14

Containment Wall 3000 5200
Containment Internal Structure 5000 7200

Auxiliary Building 3000 5000

Auxiliary Building 5000 6800
3000 4500

Control Building

Emergency Generator Enclosure 3000 5400

Engineered Safety Features Building 3000 59200
4000 5900

O O O O O O O O

Pumphouse




TABLE 4-3

MEDIAN REINFORCEMENT YIELD STRENGTH AND VARIABILITIES

Median

Yield Logarithmic
Strength Standard
Structure Bar Sizes (ksi) Deviatinn

Containment and Internal Structures #4 to #8 51 11
#9 to 49 .11
#14 59 .05
#18 56 0.04
#7 to #¢ 71 .05

Auxiliary Building ) #4 to 53
#9 to 47

#14 59
#7 to ° 69

Engineered Safety Features #4 to 51
#7 to 71

Pumphouse #4 to 54
#9 to 68

Emergency Generator Enclosure : #4 to 53
#7 to #¢ 69

Control Building i #4 to 51




TABLE 4-4

SCALE FACTORS NEEDED TO ACHIEVE .= 1.85

a) Due to 6.5 - 7.5 Richter magnitude earthquakes
[ — — T -
s Model Structure Frequency
Earthquake Record - : — -
(Comp) | 8.54 Hz | 5.34 H2z 3.20 Hz 2.14 Hz
| | |

—~——————

| OQlympia, WA., 1949 ‘
| (NB6E) | 1.36 | 1.1
- - 1
| Taft, Kern Co., 1952 |
| (S69E) ’ . ‘
| E1 Centro Array No. !
| Imperial valley, 1979, (140)
Pacoima Dam | ;
San Fernando, 1971 (S14W) | 1.2 | 1.38 : 2.19
Hollywood Storage PE Lot, |
| San Fernando, 1971 (NSOQE) ;

1.49 | 1.70

1.50 | 1.78

[

v
1
|
!
|
!
-
o
|
!
d
|

29 | 1.48

45 | 1.65

| E1 Centro Array No. 5 .
| Imperial valley, 1979, (140) 1.58 | 1.60

| - | &
+
!
|
]
| !
| |

Mean = 1.47 Median = 1.47 Range = 1.11 - 2.19

b) Due to 4.5 - 6.0 Richter magnitude earthquakes

| -
: Model Structure Freguency

|

Earthquake Record ‘
(Comp) | 8.5 Hz | 5.38 Hz | 3.20 Hz | 2.14 Hz

[ UCSB Goleta |
| Santa Barbara, 1978 (180) !

| W—

.35

Coyote Lake, |
‘ 1.36

!
]
I
| Gavilan Col

lege
Hollister, 1974 (S | 1.61

¢ (S67W)

' Melendy Ranch Barn, Bear VaT1ey.:

1972 (N29W) 1.45

-

Mean = 1 71 Median = 1.64 Range = 1.35 - 2.18




TABLE 4-5

SCALE FACTORS NEEDED TO ACHIEVE . = 4.27

a) Due to 6.5 - 7.5 Richter magnitude earthquakes

Model Structure Frequency
Earthquake Record -

: | @ 1
(Comp) | 8.54 Hz ! 5.34 Hz | 3.20 Hz | 2.14 Hz

— -

| Olympia, WA., 1949 " % ! :
| A’v . ’ ! ]. | ) { -
| (NB6E) | 56 1.54 h | 3.75
| Taft, Kern Co., 1 f ! | !
| Taft, Kern Co., 1952 | 1.25 1.65 | 2. | 3.38
'\56’{, | |
= ‘ -
| E1 Centro Array No. 12 - , | |
Imperial valley, 1979, (140) ) 3 : 2.14
e
| Pacoima Dam
| San Fernando, 1971 (S14W)

\
f
\
{

| Holiywood Storage PE Lot,
| San Fernando, 1971 (N90OE)
| E1 Centro Array No. 5

Imperial valley, 1979, (140)
| |

Mean = 2.33 Median = 2,22 Range

b) Due to 4.5 - 6.0 Richter magnitude earthquakes

. Model Structure Frequency
Earthquake —_ )
§ - s g | AR 1 |
(Comp) ! 8.54 mz ! 5.34 Hz 3.20 Hz | 2.14 Hz |
| UCSB Goleta
| Santa Barbara, 1978 (

!

{

2.05 | 2. | 1.96

3.85

!
|
|
{ 1

Gavilan Col
| Hollister, |

5.48

-— — —-*—*} ey smao e e

2.07 | 2. {
!

|

! f
| Melendy Ranch Barn, Bear Valley,'
| 1972 (N29w)

!
' .

Mean = 3,33 Median = 2.91 Range = 1.52 - 8.49




TABLE 4-§

COMPARISON QOF RECENT STUDIES (REFERENCE 22)
WITH AMENDED RIDDELL-NEWMARK PROCEDURE

Amended

§ -~ 2
Reference 22 Riddel1-Newmark

Magnitude Range Median Range Median Range




TABLE 4-7

Structure: Containment Structure

Failure Mode: Shear Failure of Containment

Factor

Median
. 8.

Strength

11

inelastic Energy Absorption

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL

0.43

Structure:
Failure Mode:

Median Acceleration Capacity =

29 (0.17g)

TABLE 4-8

Crane Wall Failure

Containment Internal Structure

|

Factor

Median
R,

Strength

6.0

Inelastic Energy Absorption

2.2

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil1-Structure Interaction

TOTAL

13

0.39

Median Acceleration Capacity =

13 (0.173)

4-49

= 2.29




TABLE 4-9

Structure: Auxiliary Building

Failure Mode: Shear Wall Failure

Median
Factor Es s

Strength

Inelastic Energy Absorption

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL

Median Acceleration Capacity = 8.2

TABLE 4-10

Structure: Auxiliary Building

Failure Mode: Diaphragm Failure

Factor

Strength

Inelastic Energy Absorption

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

So11-Structure Interaction

TOTAL R 0.21

Median Acceleration Capacity = 7.3 (0.17g) = 1.2q

4-50




TABLE 4-11

Structure: Control Building

Failure Mode: Diaphragm Failure

‘Median
Fartor s 3.

Strength 4.6

Inelastic Energy Absorption 1.3

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Compcnents

Soil-Structure Interaction

TOTAL

Median Acceleration Capacity = 6.0

TABLE 4-12

Structure: Control Building

Failure Mode: Structure Impact Due to Sliding
Median "
Factor ¥ B -

Strength .8

Inelastic Energy Absorption

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction . 0.02

TOTAL 6.8 0.21

o

Median Acceleration Capacity = 6.8 (0.17g) = 1.2¢g

4-51




TABLE 4-13

Structure: Emergency Generator Enclosur»

Failure Mode: Failure of Attached Piping Due to Structure Sliding

¥edian 8 8
Factor B 3 - U

Strength

Inelastic Energy Absorption

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL

Median Acceleration Capacity = 7.4 (0.17g) = 1.3g

TABLE 4-14

Structure: Emergency Generator Enclosure

railure Mode: Failure of Wall Footing
~Median 1
Factor Fe 3

Strength 4

inelastic Energy Absorption = |

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL

Median Acceleration Capacity = 5.2 (0.17g) = 0.88g
4-52




TABLE 4-15

Structure: Engineered Safety Features Building

Failure Mode: Base Mat/Shear Wall Failure

Median
e

Factor

Strength 7.2

Inelastic Energy Absorption 4

Spectral Shape

Camping

Modeling

Modal Combination

Combiriation of EQ. Components

Soil1-Structure Interacticn

TOTAL 10

Median Acceleration Capacity = 10 (0.17g) =

TABLE 4-16

Structure: Pumphouse

Failure Mode: Failure of Attached Piping Due to Structure Sliding
¥ Median
Factor F. 5. v

-
=]

U

Strength .6 0.45

Inelastic Energy Absorption : 0

Spectral Shape - . 0.12

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil1-Structure Interaction

TOTAL

Median Acceleration Capacity = 7.6 (0.17g)

4-53




TABLE 4-17
Structure: Pumphouse

Failure Mode: Diaphragm Failure
Median
Factor F.S.

Strength 7.4

Inelastic Energy Absorption 1.2

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soi1-Structure Interaction

TOTAL

Median Acceleration Capacity = 8.9 (0.17g)

TABLE 4-18

Structure: Pumphouse

Failure Mode: Shear Wall Failure
Median
Factor P

Strength 4.5

Inelastic Energy Absorption g.3

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL

Median Acceleration Capacity =




TABLE 4-29

Structure: Demineralized Water Storage Tank

Failure Mode: Failure of Attached Piping Due to Structure Sliding
Median 8
Factor F. S. R

-
&

U

Strength .2 0 0.42
-

Inelastic Energy Absorption .0 0 C

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components 1. 0.18

Soil-Structure Interaction _ 0

TOTAL 9. 0.25

Median Acceleration Capacity = 9.2 (0.17g) = 1.6g

TABLE 4-20

Structure: Refueling Water Storage Tank

Failure Mode: Buckling of Shell Wall
Median
Factor E Y

Strength 2

Inelastic Energy Absorption .0

Spectral Shape

Damping

Modeling

Modal Combination

Combination of EQ. Components

Soil-Structure Interaction

TOTAL . 0.30

Median Acceleration C.pacity = 5.2 (0.17g) = 0.88g

4-55
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Effective vertical equivalent

acceleration = A 2
eV

Hydrostatic uplifc = oW

Net vertical contact force on
base = W (l-p=-A )
ev

Static horizontal force = oW

Net horizontal resistance = NW = NMg
Coefficient of friction = u
Then N = yu(l-0=-A ) ~-a

ev

Consider a single pulse of horizonta2l acceleration Ag lasting for a
time t;, giving a velocicy V

Velocity

NEWMARK SLIDING APPROACH (FROM REFERENCE 15)




Elestoplastic Systems
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FIGURE 4-4. DEAMPLIFICATION FACTORS FOR ELASTIC-PERFECTLY
PLASTIC SYSTEMS IN THE ACCELERATION AMPLIFIED
RANGE (FROM REFERENCE 7)




FIGURE 4-5. HISTOGRAMS OF RATIO OF PEAK RESPONSE TO SRSS COMPUTED
RESPONSE FOR FOUR-DEGREE-OF-FREEDOM DYNAMIC MODELS
(FROM REFERENCE 23)




EQUIPMENT FRAGILITY

This chapter describes the fragility development for the
seismically critical equipment within the Millstone 3 Nuclear Power Plant.
The scope of the equipment evaluation effort is limited and is based upon
a preliminary evaluation of Millstone 3 equipment fragilities documented
in Reference 34. SMA has conducted a cursory review of the approach and
methodology used in the preliminary equipment evaluation and has judged
the results to be generally conservative. As a result, the detailed
site-specific reevaluation of equipment fragilities was conducted on only
a selected set of components. Based upon systems information, it was
judged that components exhibiting a median ground acceleration capacity
(A) of 1.50g or greater will have negligible impact upon risk associated
with the Millstone 3 Plant operation. Therefore, the reevaluation of
equipment fragilities documented in this report was conducted on all

components which, based upon the preliminary evaluation, exhibited a
calculated acceleration capacity less than 1.509. The resulting 1ist of

selected equipment used the seismic portion of the Millstone 3 PRA and is
presented in Table 5-1. One additional component, the steam generator
U-tubes, had a predicted median capacity greater than 2g in Reference 34.
Because of the extremely severe consequence of a steam generator tube
bundle failure, a reevaluation of the U-tubes was conducted. The median
ground acceleration capacity was predicted to be greater than 5g, recon-

firming the observed conservatism in fragility development in Reference
24,

Section 5.1 contains a general description of the equipment
fragility methodology with a more in-depth treatment than that provided
in Chapter 3. Section 5.2 presents a set of representative example
fragility derivations which provide the reader with further insight int»
the equipment fragility determination process while Section 5.3 presents
the resulting equipment fragilities for the selected Millstone 3
components,




5.1 EQUIPMENT FRAGILITY METHODOLOGY

Fragility as used in probabilistic seismic safety studies is
defined as a conditional probability of failure for a given hazard
input. In this case, the fragility of a component or system is defined
as the frequency of failure as a function of effective peak ground
acceleration. The development of these fragility levels combined with a
discussion of the available information sources and the selection of

equipment categories are the subject of this section.

9533 Fragility Derivation

The procedure used in deriving fragility descriptions is similar
to that used for structural fragility descriptions, wherein, factors of
safety and their variability are first developed for equipment capacity
and equipment response. These two factors, along with the factor of
safety on structural responce, are then multinlied together to obtain an

verall factor of safety for the equipment item.

Fo = * F

* Fec © er (5-1)

FEC is the capacity factor of safety for the equipment relative to the
floor acceleration used for the design, ﬁED is the factor of safety
inherent in the computation of equipment response, and ESR is the
factor of safety in the structural response analysis that resuited in
floor spectra for equipment desiagn. Sections 5.1.1.1, 5.1.1.2, and
9:1.1.3

factors

safety, F. | is then multiplied by the reference earthquake peak around

acceleration to obtain fragility in terms of peak gqround acceleration.

(5-2)




where:

A Median ground acceleration capacity

AssE Peak ground acceleration of the safe
shutdown earthquake

In most instances, the SSE was used as the reference earthquake; however,
the OBE was used as a reference for those cases where the NBE acceptance
criteria governed the equipment design.

The logarithmic standard deviation, £, for each of tiese factors

is obtained using the locarithmic standard deviations for each of the
above fartors and based upon the lognormal model (Appendix A).

2 g
Bsp) (5-3)

where EC» PERs and “gp are the logarithmic standard deviations of

the equipment capacity, equipment response and structural response,
respectively. The logarithmic standard deviations are further divided
into random variability, ®g» and uncertainty, £,, as described in
Chapter 3.

5.1.1.1 Equipment Capacity Factor

The equipment capacity factor is defined as the failure
threshold divided by seismic design level. For the purposes of this
study, the ultimate failure threshold is the acceleration level at which
the compzient ceases to perform its intended function. This failure
threshold could consist of a breaker tripping on a motor control center,
excessive deflection of the control rod quide tubes or a support failure
of the steam generator., Where several failure modes pertaining to the
same component are found to have roughly the same capacity level, all
significant failure modes are analyzed.




The factor of safety for the equipment seismic capacity consists
of twd parts:

The strength factor, Fg, based on the
components static strength and

The ductility factor, F., related to the
2quipment's inelastic energy absorption
capability.

(5-4)

The logarithmic standard deviation on the capacity can be derived
by taking the SRSS of the logarithmic standard deviations on the strenqgth
factor and the ductility factor. The randomness and the uncertainty por-
tion of the variability can each be derived individually from Equation
5-5, by substituting the random or the uncertainty &'s for the strength
factor and the ductility factor (i.e

for & and 8  for

5¢ e

etc.). R

5.1.1.1.1 Strength Facto x strenqth factor, F

¢y 1s derived from

<

the equation:

Pe N
Py
T -

p E
. "ol
P D

-9

where P. is the median limit state load or stress Py is the normal

operating load or stress, P; is the total normal plus seismic lnad or
stress and P, is the code design allowable load or stress.




Alternatively, this equation can be written:

(5-7)

where Psce is the seismic load or stress corresponding to the safe

shutdown earthquake. The normal and the seismic loads (PN and pSSE)
are typically derived from the seismic qualification reports and the

other information sources described in Section 5.1.2. The calculation of
the capacity load, P.

cs ¥s a function of the failure mode for the

specific equipment item. Equipment failures can be classified into thiree
categories:

Elastic functional failures

Brittle failures

Ductile Failures.

Elastic functional failures involve the loss of intended

functicn while the component is stressed below its vield point.

Examples
of this type of failure include:

Elastic buckling ir tank walls and component
supports.

Chatter and trip in electrical components.

- L

Excessive blade deflection in fans.

Shaft seizure in pumps.

The limit state load for this type of a failure is defined as the load or
stress level where functional failure occurs.




Brittle failures are defined in this study as those failure
modes which have little or no system inelastic enerqy absorption
capability. Examples of brittle type failures include:

1. Anchor bolt failures.
0 Component support weld failures.

3. Shear pin failures.

Each of these failure modes have the ability to absorb some inelastic

energy on the component level, but the plastic zone is verv localized and
the system ductility for an anchor bolt or a support weld is very small.
Thus, the collapse load for a brittle failure mode is defined as the
median ultimate strength of the material. For example, consider a trans-
former structure whose anchor bolts have been determined to be the criti-
cal failure mode. Under seismic loading, the massive transfoimer will
typically be stressed well below its yield level while the bolts are being
stressed well above the bolt yield level. The amount of system inelastic
energy absorption provided by the bolts' plasticity is nealiaqible when
compared to the seismically-induced kinetic enerqy of the transformer
structure, and thus, these bolts will fail in a brittle mode once the
ultimate bolt strength is reached.

Ductile failures coincide much more closelv with the structure
failures which were described in Chapter 4. Ductile failure modes are
those in which the structural system can absorb a significant amount of

energy through inelastic deformation. Examples of ductile failure modec
include:

Pressure boundary failure of pipina
Structural fajlure of cable trays
Structural failure of ductiig

Polar crane failure.




The collapse load for ductile failure modes consists of the median vield
strength of the material for tensile type loading conditions. For
bending type failure modes, the yield point is defined as the limit load
or stress to develop a plastic hinge. The ductility factor will then

quantify the inherent safety factor above the vield strenath to the
failure threshold.

Each variable within Equations 5-6 and 5-7 has an associated
lognormal probability distribution to express its combined randomness and
uncertainty. To find the overall variance on the strength factor, a
technique commonly referred to as the "Second Moment Method" is utilized.
The mean and variance of a function comprised of lognormally distributed
variables can be derived utilizing the moments (i.e., the mean and
variances) of the logarithms of the distribution of each variable
(Reference 27). The resulting equation for the logarithmic standard
deviation on the strength factor derived from Equation 5-6 is given below:

Logarithmic standard deviation on the
capacity or limit load (stress).

Logarithmic standard deviation on the total
lo24 (stress).

Logarithmic standard deviation on the norma)
Toad (stress).




Similarily, the equation for the logarithmic standard deviation on the
strength factor derived from Equation 5-7 is:

, have previously been defined, and

- 1

“gsf = 'ogarithmic stanoard deviation on the seismic load (stress).

5.1.1.1.2 Inelasiic Enerqy Absorption Factor - The inelastic eneray
absorntion capahility of a piece of equipment is quantified by the
inelastic energy abzorption factor (or ductility factor). Brittle
failure modes and functional failure modes typically have a ductility

factor of 1.0, while ductile type failure modes have ductility factors

0,
which are a function of a deamplification factor. Section 4.1.2 of this

‘eport describes ir great detail the methodology utilized in deriving an
appropriate ductility factor for ®illstone 3. The ductility factor is
based on the Riddell-Newnark methodology presented in Reference 7, but is
hzs besn urdated to reflact the correlation between earthquake magnitude
and system ductiiity. The mediarn ductility factors and their
variahilities were established in Secticn 4.1.2 as a function of the

component's natural frequency, and are summarized below:
J




3.0xj-".

0.48xj
percent of critical damping to be used.

effective ductility ratio
1.0 + Cp (v-1.0)

CE factor accounting for the earthcuake duration and
equals 1.30 for Millstone 3.

For the rigid range,

R, e e T (5-11)
where u* is as previously defined,
For the range 8 Hz < f < riqid range.

A linear interpolation utilizing log-loq paver is
applicable for ductile equipment with natura)l frequencies
in this range. A point at 8 Hz should be plotted usina F.,
from Equation 5-10 and another point should be plotted at
the lowest unamplified (rigid) frequency for the €loor
spectrun using Equation 5-11. A line drawn between these
two points on log-log gqraph paper will uniquely determine
the ductility factors within this frequency ranqge,

The variabilities for these median ductility factor derivations are evalu-
ated by sstimating a 1% probability (-2.332) that the actual ductility
factor is less than 1.0. Thus, the following equations determine the

composite variability, randomness and uncertainty, respectively.




The ductility ratio, u, itself is based upon the recommendations
given in Reference 6. This reference gives a range of ductility values
to be used for design. The upper end of this range is considered to be a
median value. Engincering judument was utilized to match the applicahle

category fron Reference 6 to a particular failure mode for the equipment

component .

5.1.1.2 Equipment Response Factor

The resporse factors are an ectimate of the conservatism or

unconservatism that may have existed in the computation of seismic

response during the design procoss. In this section, individual response
factors are described for both plant specific and qeneric equipment,

These factors riffer according to the seismic qualification procedure

which was used in the ac ipment desiagn.

There are three types of seismic qualifications which were

performed for Millstone 3 plant equipment:
1. Dynamic Analysis
Static Analysis

3. Testinc

e

ror equipment qualified by dynamic analysis, the important

variables that affect the computed response and its dispersion are:

3 Qualification Method (Fom)
2.  Spectral Shape (Fgc)

Modeling (<ffects mnde shape and frequency
resilts) (Fm)

Damping (Fp)

Combination of Modal Responses (for response
spectrum method) (Fywc)

Combination of Carthquake Components (Fgrr}




For equipment qualified by static analysis, two subdivisions
must be considered, For rigid equipment, variabilities due to .pectra)
shape, combination of moda) responses, damping, and for the most part,
modeling errors are eliminated. If the equipment is flexible and vas
designed via the static coefficient method, the dynamic characteristic
variables and their variability must be considered. Thic involves
estimating the range of frequency of the equipment and introduces a much

larger uncertainty in quantifying the response factor.

where testing is conducted for seismic qualification, the

response factor must take into ac~ount:

~

Qualifiction Method (Fom)

~ C 4
Spectral Shape (Fce)

Boundary Conditions in the Test vs Installatinn
f .
(Fee

h‘a'v"‘r\ﬂ (Fu)
vamp ] \

~ %
Spectra

Test Method (sine beat, sine sweep,

compe x wa;,:.(qr-m. pt,:-.‘: (FC.VM\

1-directional Effects (Fune).

The overall Equipment Response Factor is the product of each nf
these variables. The overall variabilities (uncertainty and randomnece )
are calculated by taking the SRSS of the individual logarithmic standard
deviations for each of the variables. A brief descrintion of each of the

variables used to develop the equipment response factor is provided

below. A more detailed discussion is contained within Reference (24),

5.1.1.2.1 Qualification Method Factor - The Qualification Method Factor
is a measure of the conservatism/unconservatism involved in the seismic
qualification method used to seismically qualify the component.
Analytical qualifications can be separated into static analysis and

dynamic analysis techniques. The inherent safety factor in using these




qualification techniques is discussed below, while the variability on

this factor is generally accounted for within the Damping, Modeling and

Mode Combination Factors (i.e., TOMp - :OMH = 0.0).

5.1.1.2.1.1 Static Analysis - The static coefficient method is intended
to be a conservative upper bound method by which simple components may be
qualified. Typically, the peak spectral acceleration is multiplied by a
coefficient and this product is multiplied by the weight of the component
to determine an equivalent static load to be applied at the subsystem
center of gravity. If the component is comprised of more than one lumped
mass, the same procedure may be applied at each lumped mass point in the
static model or may be applied as a uniform’y distributed ‘oad on the
static model. If the componant is riqid (i.e., its fundamental frequency
is above the frequency where the response spectrum returns to the zero
period acceleration), the degree of conservatism in the recponse leve)
used for design is the ratio of the specified static coefficient divided
by the zero period acceleration of the floor level where the eguipment is
mounted. If the equipment is flexible and responds predominantly in one
mode, the degree of conservatism is the ratio of the static coefficient

spectra

~
|

acceleration at the equipment fundamental frequency.

.1.1.2.1.2 Dynamic Analysis - Response spectrum, mode superposition
time-history and direct integration time-history dynamic analysis methods
may be applied in subsystem response analyses. 1f response for a sinale
Jegree-of-freedom mode] with best estimate material properties and damping
are computed by the response spectrum method, the mode superposition
time-history method or the direct integratinn time-historv method, we
would expect to obtain equal median centered results assumina that the

response spectrum and time-history inputs are compatible.

The response spectrum method, based upon a conservative ground
time history, was extensively used for dynamic analysis of components and

systems within the Millstone 3 plant. 1If the applicable Millstone 3




floor response spectra were utilized in the desian anaiyvsis, the Nualifi-

£ " - ; S e s < e e :
catior Method Factor, Fo. 1s equal to unity and the variability is

zero. If conservative generic spectrum were used to seismicallv qualify

a component, F., is the ratio of the spectral acceleration from the
generic spectrum divided by the spectra) acceleration from the Millstone 3

site-specific spectra evaluated at the components' fundamental frequency.

5.1.1.2.1.3 Testing - In vibration testina, the test response spectrum
generally envelopes the required responce spectrum by approximately ten
percent or more depending on the frequency range. If the test response

spectra are available within the test report, the overtest cafety factor

will be accounted for in the Qualification Method Factnr (FOM’ and its

variability (£qy). If the component fragility is beina based on

testing where the test response spectra are not available, F

and
()l
QM are used to account for the overtest safety factor and variability

on a generic case-by-case basis.

5.1.1.2.2

response spectra were computed by means of a time-history (T/H) seismic

analysis. The overall dynamic response of each of the critical buildinas
was modeled by lumping the mass of the structure and riqidlv attached

components generally at each of the floor levels. The synthesized time

history accelerngram for the horizonta) SSE normalized to 0.17a is shown
in Figure 1-4 for 5% damping. This time history was used to gensrate the
response spectra for 0,5, 1.0, 2.0, 4.0, and 8.0 percent dampina. As
depicted in Figure 1-4, this artificial time history was developed to
envelope, as closely as possible, the ground response spectra for the
Millstone 3 site. The combined conservatism/unconservatism involved in
developing the floor response spectra from a time history representation
of the ground response spectra and in using the specified Millstone 3
design response spectra in lieu of median Safe Shutdown Earthquake
spectra is quantified in development of the Spectral Shape Factor

associated with the Structural Response Factor (See Section 5.1.1.3).




The response spectrum method is often referred to as beina
conservative, however, the conservatism compared to a time-history
analysis is primarily due to the method of developina the spectrum.
Spectra used for design purposes are generally smoothed and the peakc are

widened such that the resulting design spectrum is conservative,

5.1.1.2.2.1 Peak Broadening and Smoothina - The effect of smnothing and

peak broadening varies with structure, elevation, frequency and damping.
The criteria utilized in generating Millstone 3 floor response spectra
was to broaden the peak resonant value by plus and minus 15%. Beyond

this rescnant range, the actual amplified response spectra are utilized

exactly as shown. Figure 5-1 shows a typical example of the brnadened

versus unbroadened spectra cumparison for the Auxiliarv Buildina.

Factors of conservatism for peak broadening and smoothing were
generated separately for specific frequency ranges within each of the

Millstone 3 structures. Table 5-2 summarizes these factors together wit

their variabilities for most Millstone 3 structures. The frequency

ranges were selected to reflect the portions of particular floor response
spectra where the broadening was and wasn't undertaken. For any
particular frequency, this peak broadening and smoothing safety factor

can be computed from Equation 5-13 below.

ned and smoothed)

padened and unsmoothed

= Spectral shape factor due to peak broadening
and smoothing

Spectral acceleration value




For the frequency range in question, the median ratio (Fgs  from Equation
5=13) was computed with the minimum value of 1.0 considered to be a -2¢
extreme. Fragility parameters vere determined at each floor elevation
within the structures hnusing equipment to be evaluated, Table 5-2 shows
the spectral shape factors for each of the building floors evaluated.

The values of Fg: shown in Table 5-2 are for the case where all three
earthquake comon%onts contribute to response, Since the varifability,
“ggy 15 due to the shift in the frequency and the variation with floor

elevation, it is considered to be all uncertainty.

0:dsdi 2.3 ModeTﬁqgriactor - In any dynamic analysis there is uncertainty

in resonse due to assumptions made in modeling the structure, modeling
boundary conditions and representing material behavior. Modeling of
complex systems is usually conducted using nominal dimensions, weights,
and material properties and is done in such a manner that further
refinement of mesh size in a finite element representation will not
significantly alter the calculated response. Representation of boundaryv
conditions in a model may have a significant influence on the response.
The misrepresentation of boundary conditions in the dynamic model by
assuming greater or lesser stiffness or treatina nonlinear gap effects
linearly carnot be quantified generically and each model must he treated
specifically to determine a response factor for modelina. Assuming that

the analyst does his best job of mode 1ing, modeling accuracy could be

considered to be median centered (i.e., Fu = 1.0) with the variability

in each of the modeling parameters amounting to variability in calculated
mode shapes and frequencies. The error in calculation of mnde shapes and

frequencies then has an effect on the computed response,.

For complex equipment which have been analyzed using state-of-
the-art dynamic analysis, the logarithmic standard deviation on response
is about 0.2C. For simple single-frequency systems with fundamental
frequencies in the amplified portion of the spectra, the .arjahility is
about 0.10. For single frequency systems with fundamental {requencies




out into the rigid range, the logarithmic standard deviation is 0.0.
These variabilities are considered to be all uncertaintv and are based on

past experience and engineering judgment.

5.1.1.2.4 Pamping Factor - The basis for the damping factor has been
addressed in Section 3.4.2 of this report. Tables 3-1 and 3-2 show the
damping values used for the SSE design analysis of Miiistone 3 equipment ,
Median damping values and their variabi ities are a function of the
material, construction details, size and stress level. Reference 24
suggests that median damping for equipment at the SSE level is about five
percent. Thus, for single-degree-of-freedom systems the damping factor

for Millstone 3 equipment is:

Sd (qual)

Spectral acceleration usinag the
qualification design analysis damping
and evaluated at the equipment
fundamental frequency

Spectral acceleration using the
expected median damping and evaluated
at the equipment fundamental frequency.

For multi-degree-of-freedom systems, Equation 5-14 can be altered to
reflect the summation of the spectral accelerations at each of the

fr-quencies multiplied by their associated mass participation factors.

There is variability in damping and associated resc-nse that
must be considered., It is indicated within Reference 24 that for a
median damping value of 5 percent, the minus one lngarithmic standard
deviation valus is about 3.5 percent. The variability in damping results

in a ]Oqarit'\fﬂf standard deviatinn in resnonse equal to:




Sd

B s 5
D
! ? = 5.0%

= 3.5%

where S, : is the 5 percent damped spectral acceleration and S, ki
is the 3 5 ppr”enY damped spectral acceleration taken at the Pqu1mwnnt

2,53

fundamental frequency using the applicable floor response spectra. The
resulting logarithmic standard deviatinn on the damping response factor,
from Equation 5-15 above, is considered to be all uncertainty. An
additional randomness variability estimated at approximately 20 percent
of the uncertainty variability reflects the earthquake time-histories'
effect on the median damping value.

2.5 Mode Combination Factor - The modal combination technique

tilized within the Millstone 3 seismic design analysis was described in
general in Chapter 3 of this report. A square-root-of-the-sum-of-the-
squares (SRSS) methodology was used for all Millstone 3 equipment. This
SRSS method (allowing for absolute sum for closely spaced modes) is in
accordance with current Regulatory Guide 1.92 (Reference 12) recommended

practice and is considered median centered.

The response factor for combination of modes is then considered
to be 1.0. The variability associated with mode combination depends upon
the complexity of the model. For multi-degree-nf-freedom systems,
Reference 24 recommends that the logarithmic standard deviation due to
mode combination is approximately 0.15. For single-degree-of -freedom
flexible systems, the variability due to mode combination is estimated
within Reference 24 to be approximately 0.10. For a sinqle-deqree-of-
freedon rigid system, the variability is by definition zern. The
variability due to mode combination is considered to be all random due to
the random phasing of modes.




5.1.1.2.6 Earthquake Component Combination Factor - The majority of the

equipment within Millstone 3 were designed based the SRSS combination of

the two horizontal and the vertical earthquake components. Only the
balance-of-plant piping was designed differently using the SRSS
combination of the two horizontal plus the absolute sum combination of
the vertical earthquake components. The square-root-of-the-sum-nf-the-
squares (SRSS) methodology is considered a median-centered approach and,
thus, the factor is unity for components qualified in this manner. It
should be noted a second method using a 100%, 40%, 40% combination is
also considered to yield approximate median results . Reference 10
recommends that the response can be represented by combining the worst
case horizontal response with 40 percent of the orthogonal horizontal
response and 40 percent of the vertical response. The SRSS methoA must
be applied to the end item of interest, while the 100%, 40%, 40% method
can be applied at the input seismic load stage or at the stress intensity
of interest stage with equivalent results. Both methods yield approxi-

mately the same factors of conservatism/unconservatism. In developing

the Earthquake Component Combination Factors for Millstone 3 equipment,

the SRSS combination was taken as the median., The magnitude of this
Factor depends on the orientation, failure mode and response

characteristics of the component under consideration.

A generic study was conducted to develop earthaquake component
combination response factors and their variabilities for common twn- and
three-dimensional equipment idealizations. The amount of conservatism/
unconservatism and the associated variability on this factor are a

function of the followina:




The number and direction of earthquake compnnents
which affect the failure mode under consideration
(e.g., piping failures can be influenced by all
three directional responses, but a particular
relay can fail due to a particular horizontal
seismic excitation while remaining unaffected hy
the vertical and the other horizontal directions)

The amou:t of coupling that exists between
directional response (i.e., does an x direction
excitation cause a response in the v and 2
directions)

Table 5-3 contains the earthquake component combination response
factors for those cases which were applicable to Millstone 3 equipment,
The variability involved in the phasing of the three earthquake
directional components was considered to be all random, while the

variability due to the degree of coupling involved between directions was

considered to be all uncertainty.

5.1.1.2.7 Boundary Conditions Factor (Testina) - The boundary conditions

utilized in equipment seismic testing can be a significant source of
variability that depends almost solely upon the diligence of the test
laboratory aid the qualification review oraanization. In general, a
component that is bolted to the floor in a nuclear power plant and which
is similarly bolted to a shake table for qualification testing, will
experience little variability in response factar due to boundary
conditions. Carelessness on the part of the varisus orqanizations
involved in design, fabrication, testing and installation can re<ul* in a
significant variability. For instance, the lack of a specified hnlt
torque at the mounting interface can result in a 4ifference between the
testing and installation condition which could have a pronounced impact
on the response factor.

The variability of the subsystem response due to test boundary
cenditions would come primarily from any mode shape and frequencyv shift,

The variability of mode shape and frequency and resulting response due to




boundary conditions varies considerably for different genaric types of
equipment. For a large majority of tests conducted by reputable testing
laboratories, the Boundary Condition Factor is 1.0. Enaineering judgment
must be utilized in calculating Boundary Condition Factors fur those
cases where the component to test table attachment mechanism is nnt
representative of the actual in-plant condition. The variability is all
uncertainty and can be calculated based on spectral accelerations
obtained from estimating a 90 percent confidence interval on the

equipment frequency.

9.1.1.2.8 spectral Test Method - Synthesized time-histories are currently

developed directly from the Required Response Spectrum at mos* testing
laboratories, A much better approach, as recommended in Reference 27. is
to synthesize a time-history that corresponds to a power spectral density
which closely envelopes the RRS rather than make the direct step from the
RRS to the synthesized time-history. This approach tends to smooth out
the input time-history, resultina in less chance for an equipment mnde to
coincide with a significant peak or valley. Reference 24 recommends a
spectral test method factor of unity and a total variahility of 0.11.
This variability is entirely uncertainly since the use of better

equipment and techniques could eliminate most of the uncertainty.

23l 00 Multi-Directional Effects - The Multi-Directional Effects
Factor is a measure of the conservative/unconservatism and correspondinag
veariability involved in testing the three different earthquake directiona)
components. Millstone 3 equipment fragilities were developed from plant
specific and generic test data and are based on two types of testing:
biaxial and uniaxial. Biaxial qualification tests are conducted hy
exciting the equipment in one horizontal direction at a time along with
the vertical direction, using randomly phased input time-histories.
Uniaxial qualification tests, on the other hand, are conducted in each of
the three directions independently. Biaxia) testing was conducted for
most plant specific equipment qualified for the Millstone 3 plant. Thus,




multi-directional effect factors werr developed for both biaxial testing
and uniaxial testing and were applied bused upon the test methodoloqy
employed.

5.1.1.2.9.1 Biaxial Testing - There is a slight unconservatism involved

in biaxial testing in that the actual input during a seismic event is
three-dimensional. This unconservatism along with its associated
variability is a function of both the phasing and the coupling between
earthquake directional components. Assuming that the median acceleration
vector can be defined as recommended in Reference 10 as 100 percent of
the acceleration in one direction plus 40 percent of the acceleration in
the other two orthogona) directions, the degree of unconservatism
associated with biaxial testing can be defined as the median responce
vector for biaxial testing divided by the median three-axis response.
The resulting response factor based on both phasing and courling is
calculated to be 0,853, The variability fue to phasing is a function of
the earthquake, and thus, is all random. The phasing variability is
identical to that which has been calculated for the general three-
dimensional condition (Case Na. 1 of Table 5-3) far the Earthaquake
Component Combination Factor and is equal to 0.12. The variability due
to coupling is snall since median coupling in testing exists by
definition for the two input directional components. Usina the uncoupied
case and the 100 percent coupling case as 42.33¢ extremes on counling, an

uncertainty logarithmic standard deviation of 0.04 ‘e calculated,
.

The Multi-Directional Effects Factor and its associated £'s for

random vibration biaxial testing is:
FMDE 0.853
“MDER

SMDE,




5.1.1.2.9.2 Uniaxia) Testing - A uniaxial test is, in general, unconserva-

tive in that coupling and phasing between the three-directional earthauake
components is not accounted for, Again, assuming the median acceleration
vector can be defined -~ recommended in Reference 10 as 100 percent of the
acceleration in one di n plus 40 percent of the acceleration in the
other two orthogonal dir: )ns, the degree of unconservatism associated
with uniaxial testing can be defined as the median response vector for
uniaxial testing divided by the median three-axis response. The resulting
response factor based on both phasing and coupling is calculated to be
0.735. The phasing variability is random and i¢ identical to that for

the biaxial case, i.e., 0.12. The uncertainty variability due to
oupling, based on the uncoupled cace and the 100 percent coupling case

being +2.33¢ extremes, is calculated to be 0.08.

Thus, the Multi-Directional Effects Factor and its associated

s for uniaxial testing is:

Fune

0.08

1.3 Structural Response Factors
Structural response factors as they relate to structural capacit,

for the safety-related structures within Millstone 3 are derived in
Chapter 4, The variables pertinent to the structural response analyses
used to generate floor spectra for equipment desian are the onlv
variables of interest relative to equipment fragilitv. Time-history
analyses, using the same structural models used to conduct structural
response analyses for structural design, were used to generate floor

spectra. The applicable variables for equipment from thnse analyses are:




Spectral Shape

Damping

Mode ling

Soil-Structure Interaction.

Inelastic Energy Absorption of the Buildinag

The explanation of each of these v ~iables is ~ontained in
Chapter 4 and will not be repeated here. Note, the combination of
earthquake components is not included in structural response since that
variable is addressed for specific equipment orientation in the treatment
of equipment response. As discussed in Chapter 4, a totally independent
evaluation of the capacities of the important structures was undertaken
in this effort. As a result, the generated median structural response
factor was 1.0 and included its associated variabilities. This inde-
pendent analysis employed the median qround spectra to define sefsmic
input. Tn evaluating equipment acceleration capacities which are based
upon design analysis results, a spectral shape factor associated with
structural response must be computed which compares the 5% damped time
history spectrum used for desiqn with the appropriately damped median
spectrum. The resultant structural response factors pertaining to the
equipment fragility derivation are included in Table 5-4, Note that the
structura’ response factors for each particular structure are broken up
into two segments. Equipment with capacities lese than the approximate
building yield strength have Structura) Response Factors in the "a" row,
and equipment with capacities approximately equal to or qreater than the
structure yield strength have Structural Response Factors in the "h*
row. The approximate yield level for each of the buildinas was estimated

by taking the ground acceleration capacity for the lowest structural

failure mode (see Chapter 4) and dividing it by the inelastic enerqy
absorption factor.




The structural respeo~se factors within Chapter 4 have been
derived on the basis of the structure being at its failure threshold
level, It should be noted that when the building goes inelastic, the
actual floor level acceleration will be decreased over that which is
predicted using the elastic structural model. At the same time, the
displacement will increase over that which is predicted by the 2lastic
model. Thus, acceleration sensitive equipment must have their capacities
scaled up to reflect the actual lowering of the floor acceleration due to
building ductility, while displacement sensitive equipment must have
their capacities similarily scaled down. Reference 10 recommends ten
percent median damping for reinforced concrete at or above the vield
condition and five percent median damping for reinforced concrete at the
one-half yield condition. In addition, the structures ductility does nnt
modify the response of the equipment unless the equipment fraqility is
above the building's yield level., Thus, for the condition where the
equipment capacity is less than the structure's yield level, 5%
structural damping is considered median and the structure's Aductility
factor is effectively unity. For the case where the equipment capacity
is approximately equal to or greater than the structure's vield level,

10% structural damping is considered median. As a result, a slight

conscrvatism is introduced using the 5% structural damping for a compnnent

whose capacity is less than but is approachina the yield capacity of the
structure.

5.1.2 Information Sources

Several sources of information are utilized in a PRA from which
to develop plant specific and generic fragilities for equipment, Sources
used in this evaluation of Millstone 3 equipment include:

Seismic Qualification Design Reports
Seismic Qualification Test Reports

Final Safety Analysis Report (FSAR)




4, Specifications for the Seismic Desian of Equipment
9 Seismic Qualification Report Summar ies

6. Past Earthquake Experience

€ach of the information sources above are termed “plant
specific" since they pertain to specific equipment within the Millstone 3
plant. Such plant specific sources are preferred since they have been
generated for the specific items in question and their uncertainty level
is reduced from those of potential generic sources of information,

5.1.3  Equipment Categories

Depending upon the uniqueness of the equipment, the failure mode,
inelastic energy a2hsorption capability and the dynamic characteristics of
the equipment, a plant-specific or a generic derivation of the fraaility
description may be appropriate. The factors of safety relative to the
Safe Shutdown Earthquake are widely variable. 1In general, flexible
equipment such 2s piping, which possesses the ability tn undergo large
inelastic deformation, will have a factor of safety against failure of

many times the Safe Shutdown Earthquake even if stressed to the maximum

code allowable stress. Such equipment is a prime candidate for generic

derivation of fragiiity descriptions. The increased uncertainty inherent
in a generic derivation does not have much influence on the outcome of
the seismic risk analysis if large safety factors can be demonstrated,

Cn the other hand, if rigid equipment with relatively brittle failure
modes are stressed to code allowzble for the Safe Shutdown Earthquake,
the factor of safety against failure may be considerably smaller and a

generic treatment may result in unsatisfactory risk predictions.

Experience gained as tn relative component fragility levels must
also be utilized in deciding which components should be treated
generically and which components should be treated specifically. As a
result, those components which through experience have been shown to
possess a high degree of resistance to seismic loadina mav often be




treated in more of a generic fashion while components which have been
shown to possess low fragility levels are more thoroughly analyzed to
provide as much accuracy as possible. Table 5-5 contains a | 3 of
the relative fragility leve! for general equipment cateqories based on
the data provided in Referance 32, The information provided within Table
5-5 1s utilized within the PRA study to discern which equipment can be
treated generically and which equipment should be treated on a plant
specific basis,

9.2 EQUIPMENT FRAGILITY EXAMPLES

8acause of the amount of equipment to be included within the
risk model, it is impractical to describe the specific fragility deriva-
tion for each piece of equipment. This section contains selected
examples of fragility derivations which a-e judged to be representative
of the different types of analyses which had to be undertaken for
Millstone 3 equipment. The equipment fragility derivation categories
applicable to the Millstone reevaluation PRA are:

Equipment whose fragility descriptions are basei
on stress summaries,

Equipment whose fragility descriptinns are based
on a review of the component qualification stress
report.

Equipment whose fragilitv descriptions are based
on knowledge of the design specifications and the
factors of safety inherent in the governing codes
and standards.

Equipment whose fragility descriptions are based
on component test data.

Equipment whose fragility descriptinns are based
on engineering judgment and past earthquake
experience (non-seismically qualified components).

An example of Millstone 3 equipment whose fragility derivation stems from
each of the above categories is included in this section.




Example of a Plant Specific Fragility Derivation Based

Upon Summary Information

The evaluation of the majority of the equipment associated with
the Nuclear Steam Supply Syst.m (NSSS) was based upon summarv stresc
information provided by Westinghouse., The summary information generally
included the faulted condition stress level for the critical reqions of
the components, failure modes, yield and/or code faulted allowable stress,
and some measure as to what portion of the tota) stress was due to
seismic response. Component fundamental frequencies were also provided
in some cases. The example chosen to illustrate the derivation of
fragility based upon summary information is the Residual Heat Removal

Heat Excha.ger.

Exchanger

e ———_

mnst

critical for RHR Heat Exchanger in terms of seismic stress. These

were:

Anchor Bolts

Heat Exchanger Shell at the Intermediate Support Lugs

3. Baseplate

Based upon the supplied stress information, it was judged that the heat

exchanger fragility would be governed by the shell stresses. The

following information was provided.

Location: ESF Building at Elevation 4'-6" with horizontal
restraints at Elevations 22'-0" and 46'-0",

Fundamental Frequency: Horizontal 21 Hz: Vertical 11 Hz.
Material: SAS515-Gr 70: y * 34,600 psi.

Design Seismic Accelerations: 1.5q (Horizontal): 1.0q
(Vertical).

Faulted Condition Stress: 47,400 psi.

Portion Due to Seismic: 85%.




The failure mode consists of a local punching failure of the sheil due to
the ho-izontal restraint reactions. Failure ie judged to occur at 1.5
times the median yield strenqth of the material and exhibit limited
ductility. The factor of 1.5 is used to properly represent the actual
load the shell can carry subsequent to first yield of the shell and
accounts 10r both the section factor and strain hardening. Based upon
the data presented in Reference 33, a lower bound factor of 1.25 is
estimated to represent a 95% probability of exceedance value (-1.658),

Therefore, the logarithmic standard deviation for uncertainty is
calculated as:

In addition, Reference 38 reports that for soft steels the median vield
strength is about a factor of 1.25 above the ASME code specified minimum
yield strength., Again, considering the Code minimum yield strenath to

represent 95% probability of exceedance value, the uncertainty
variability becomes:

en (1.2

1
65

1
The failure stress and its uncertainty can then be computed as:
64,875 psi
(.11 14°) = 0,18

Using information items 5 and 6 above, the Strenath Factor (Fg) is
calculated in accordance with Equation 5-7,




and the logarithmic standard deviation on strenath uncertainty is calcu-

lated from Equation 5-9 as:

= 64,875(.18)/(64,875-7,110) = 0.20

.l

g

Computing the duration-modified Inelastic Enerqy Absorption

Factor (Ductility Factor, F ) as discussed in Section 5.1.1.1.2, for a

limited median ductility value of u = 1.2 at a frequency of 21 Hz and for

a damping of 5% of critical, F, and its variabilities become:

1.09

The overall Capacity Factor (For) and its variabilities are then

LN

computed as the combination of the Strenagth and Ductility Factors and

their associated variabilities as follows:

RHR Heat Exchanger Equipment Responte Factor

————

The RHR Heat Exchanger was analyzed using a flexible static
analysis approach based upon 1.5g horizontal and 1.0q verti-al seismic
static accelerations. f(he evaluation of the shell strescec included the
effects of both seismic inertial forces and nozzle pining forces but the




division of stresses resulting from tnese two loading sources was not

documented, However, since the portion nf the stress level due to non-

seismic sources is small, it is assumed that stresses resuylting from

nozzle forces and moments is small. Therefore, the derivation of response

factors is based upon the vessel dvnamic characteristics.

Bitedoldd Qualification Method Factor - From the design SSE floor

response spectra for the ESF Building at 5% damping, it was found that a

horizontal acceleration vector of 0

. 3359 was appropriate at the inter-
mediate lugs. Therefore, the Qualification Method Factor (Fam) is
computed as a comparison of the qualification and actual desiagn horizontal

acceleration levels.

The horizontal acceleration

0.419q.

at the upper restraints was found to be
Since there is uncertainty as to wnether the acceleration of the
main support, the intermediate restraint, or the upper support contributes

most to the seismic stress level at the intermediate lugs, the acceler-

ation at the upper supsport is taken as the 95% non-exceedance probability

value resulting in a logarithmic standard deviation of 0.14. This vari-
ability is all considered to be due to uncertainty.

Dalels2 2 Spectral Shape Factor - Since static acceleration

coefficients were used in the desian of the RHR Heat Exchanger and were

compared with the appropriate design spectra at a frequency of 21 Hz,

which is above the region of peak broadening, the Spectral Shape Factor
(Fee) 1s unity with logarithmic standard deviations on both randomnese
and uncertainty of zero.




Bee ® 0.00
e
cg 0.00
-0
Detodeted Modeling Factor - Section 5.1.1.2.3 reflects a Modelina

Facter (Fy,) of 1.00 with an uncertainty variability of 0.15 for medium

complex systems such as the RHR Heat Exchanger.

FV = 1.00
:‘".‘L = 0.00
oy = 0.15
5.2.1.2.4 Damping Factor - In determining the Oualification Method

Factor (Fqoy) the qualification seismic acceleration was compared with the
horizontal acceleration vector from the desiqn floor spectra at 5%
damping which is considered median, Therefore, the Damping Factor (Fp)
Is unity. As described in Section 5.1.1.2.4, there is some uncertainty
as to the actual level of damping associated with equipment failure.

In accordance with Equation 5-15, 3-1/2% damping is taken as a one
logarithmic standard deviation variation. However, at 21 Hz, which is
approaching the rigid response range, the spactral acceleration differ-

ence between 3-1/2 and 5% damping is negliqible and therefore the vari-

abilities are taken to be zero.




o R Mode Combination Factor - Section 5.1.1.2.5 specifies a
nedian Mode Combination Factor (FM() of 1.00 with a logarithmic standard
deviation on randnmness of 0.10.

1.00
0.10

0.00

9.2.1.2.6 Earthquake Component Combination - The qualificatinn of the

RHR Heat Exchanger was based upon a horizontal seismic acceleration of
1.5g and a vertical acceleration of 1.09 with vertical component contribu-
tion to stress at the intermediate lug judged to be negliaqible. In deter-

mining the Qualification Method Factor (Fom) the desian horizonta)

seismic acceleration vector was computed from the desijn floor spectra
using 100% of the highest horizontal aglobal acceleration (North-South)
combined with 40% of the lesser horizontal acceleration (East-West). The
100%/40% has been shown in Reference 10 to be approximately a median
value and therefore the Earthquake Component Combination Factor (FECC) is
taken to be unity. There is, however, some randomness variability on the
actual phasing of the components which mav occur at the Millstone 3

site. Taking 100% phasing and 0% phasing acceleration vectors as
representing + 35 variation at a median value for coupling, the
randomness variability for the case in which the two horizontal seismic
acceleration components contribute to failure is calculated to be 0,10 as
shown in Table 5.3,




9:e8e3e2.7 Overall Equipment Response Factor - The combined Equipment

Rasrsnse Factor (’Ep‘ and the random and uncertainty variabilities then
are:

= (4.48)(1.00){1.00)(1.00)(1.00)(1.00) = 4.48
0.14
0.20

5.2.1.3 RHR Heat Exchanger Structural Response Factor

-—————— e e — e ——

The ESF Building was found in Chapter 4 to exhibit yield and
failure capacities of approximately 1.3 g's and 2.4 9's, respectively,

Since the capacity cf the RHR Heat Exchanger exceeds the yield strenath

of the ESF Building structure, the Structural Response Factor (Fep) is

calculated as the ratio of the desiagn qround time history response
spectral acceleration at the fundamental frequency of the ESF Building
based upon the design analysis (11.4 Hz) and at 5% damping to the median-
centered ground response spectral acczleration at the fundamental
frequency of the ESF structure based upon the median analysis (12.9 Hz)

and at 10% damping. Taken from Table 5-4 Fep and its variabilities are:

~Cr
»n,

U

5.2.1.4 RHR Heat Exchanger Ground Acceleration Capacity

The ground acceleration capacity (A) for the RHR Heat Exchanger
is calculated using Equations 5-! and 5-2.

A= (1.56)(4.48)(1.46)(.17 g's) = 1.73 q's




The logarithmic standard deviations on randomness and uncertainty are cal-
culated as the SRSS combination of the varfabilities associated with the

three factors contributing to overall capacity in accordance with Equation
5-3.

./'

+ .19°)%= 0.24
+ .38°Y2= 0.44

The combined variability, fcs which is a measure of the overal)
variability contributed by earthquake randomness and uncertainty is
obtained by taking the SRSS of £p and B,

0.50

The three factors which make up the overall fragility of the RHR Heat
Exchanger together with their logarithmic standard deviations on
randomness and uncertainty are tabulated in Table 5-1 along with the
remainder of the equipment addressed in this Millstone 3 PRA studv. The
various factors and variabilities calculated for the RHR Heat Exchanger
are presented in Table 5-6.

2.2.2 Example of a Plant Specific Fragility Derivation Based Upon

a Review of thg-Cnmooggnt Qualification Stress Report

The seismic qualification and stress reports were obtained for a
majority of the components selected for reevaluation in this PRA study.
The qualification reports generally contained the basic information
necessary to determine critical failure modes and to calculate component
capacities. As a result, most equipment responses based upon qualifica-
tion parameters could accurately be converted to site-specific parameters
thus reducing the associated variabilities. The example chosen to
fl1lustrate the derivation of fragility based on stress renort information
is the Containment Recirculation Cooler.




5.2.2.1 Contaimment Recirculation Cooler Capacity Factor

The Containment Recirculation Cooler is a vertical heat exchanger
housed within the ESF Building but mounted on the Containment Structure
Shell. Four locations were evaluated to determine that controlling the
fragility of the Cooler., These were:

Upper Restraint Shoulder Pin
Upper Restraint Lug
Cooler Shell at tne Main Support

B W N e

Upper Tuvesheet

Capacity Factors were calculated for each location, and it was found that
the bending failure of the Upper Restraint Shoulder Pin governs, The
evaluation of the fragility of the Recirculation Cooler is based upon the

following information and assumptions:

—
.

Location: ESF Building, attached to the Containment
Structure Shell, Main support at Elevation
28'<3" with horizontal restraints at Flevations
11'-4" and 47'-3",

~N

Fundamental Frequency: 34.2 Hz

3. Design Seismic Accelerations: 0.65q horizontal

4. Pin Material: SA540-CL2; 'y = 140,000 psi, o, = 155,000 ps1

5. Pin Properties: Area = 0,785 in, 7 = 0.098 in3

6. Nozzle Loads: It is judged from previous experience that
assumping 65% of the piping reactions to be
from normal forces and 35% to he from
seismic forces represents median values.

' Worst Case Pin Stresses:

Total = 135,325 psi (88.7% = Nozzle; 11.3% = Inertia)

-‘Norrna" - 78.115 DST

wun
i
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vince high strength steels exhihit only limited strenath be yond
yield, vitimate tensile strergth is uses to define failure. For high
strength steels, Raference 23 reports the median ultimate to be about
factor of 1.1 times the ASME Code specified ultimate tencile strength
with the Code value representing 95% probability of exceedance (-1.65¢6)
The Strength Factor (F.) is then computed from the information qiven

aAbove .

The logaritrmic standard deviation on the uncertainty nf calcu-
lating the capacity strength as 1.1 times the Code ultimate is 0.06. 1In
addition, there is further uncertainty in using the ultimate strength to
define failure. The variability is based upon assessing the vield
strength as representing a 95% lower bound confidence level which also
results in a & of 0.06. Finally, there is also some uncertainty

pertaining to the assumption on the breakdown between normal loads and

seismic loads from the piping which is used to calculate 'Ne Here the

case where 50% the piping reactions are due tn seismic forces (rather

than 35%) is j *d to reprecant 95% confidence upper bound level,

Combining the ' variabilities by SRSS and s,lving for the 1~7jar-
ithmic standard deviat “n the Strength Factor in accordanced with
Eavation 5 he uncertaint, . iability becomes 0.20. Since failure of
the upper restraint pin, which is essentially a "brittle® failure mode,
has been defined in terms of ultimate strength, the Ductility Factor (Fp)
is unity and its variability is zero. Therefora, the overall Capacity
Factor and its variabilities are equal to the Strength Factor and its

corresponding variahilities,




5.2.2.2 Containment Recirculation Cooler Equipment Response Factors

The Recirculation Cooler Support was desiqned using a riqid
static analysis approach based upon specified nozzle forces. It was
assumed that the nozzle loads were defined from a response spectrum
dynamic analysis of the attached piping using the appropriate 1% damped
ESF Building floor spectra.

S.0:2.2.1 Qualification Method Factor - The response spectrum met hod-
p

ology used to evaluate the piping is considered median in terms of the
Qualification Method Factor and therefore Fom = 1.00. However, static
acceleration coefficients of 0.653 in the t;n horizontal directions were
used tc define the inertial load. From the Containment Structure design
spectra, the horizonta! components of acceleration at the Cooler main
support are 0.387 and 0.334g. As a result, the Qualification Met hod

Factor for the inertial portion of the pin stresc is:

Fom = (.65° + .657)" /[.387' + (.8x.338)° |72 = 2,25

W

J

based upon using the 100%/40% earthquake component methodolngy. These
two values of Fope are combined as a weighted average based upon how the
contributions of the seismic nozzle loads and the inertial loade hear on
the total seismic load on the pin. This weighted average value of Fou s
calculatd as follows since the nozzle loads contribute most to the pin

stresses.

[(.35)( 8
l_'.jf(d”
Fom = 1.00 :




Uncertainty exists as to whether the spectral acceleration
vector at the main support (.409 g's) or the vector at the upper restraint
(.473 g's) ¢ a more significant contributor to the stresses in the pin.
Using the upper restraint vector results in the calculation of a weighted
Qualification Method Factor of 1.25. The variability is then calculated
to be of 0.04 assuming the lower value to represent a 95% confidence
iower bound. In addition, there is uncertainty that the weighted average
accurately caiculates the factor. This variability is calculated
assuming that the FQM value associate! with the most significant
contributor to pin stress (rQM = 1.00 for nczzle forces in this case)
represents a 9% confidence lower bound value (8 = 0.17). Combining
these two variabilities which ars both due to uncertainty by SRSS, the
overall Qualification Method Factor and its variabilities become:

0.17

W e 5 Wy Spectral Shape Factor - This factor which accounts for peak
broadening is unity for the inertial analysis since the component is

rigid. However, for the piping anaiysis, which is assumed to have at
least one mode occurring in the peak broadened range for the ESF Building,
a Spectral Shape Factor of 1.05 was calculated with a 8 on uncertainty of
0.02. Ag2in, the overal) Spectral Shape Factor is calculated as a
weighted average.

FSS = 1.05(.3105/.4235) + 1.00(.1130/.4235) = 1.04

The variability on this weighted average is also 0.02. The resulting
overall Spectral Shape Facter and its logarithmic standard deviation

which is all judge’ to be due to uncertainty becomes:




0.0

9.2.2.2.3 Modeling Factor - Section 5.1.1.2.3 gives a Modeling Factor

of 1.00 with an uncertainty variability of 0.15 for medium complex systems

such as the Containment Recirculation Cooler pipina.
Fu 1.00
0.00
0.15

5.2.2.2.4 Damping Factor - Similar to the calculation of Fom and Fgg,
the calculation of the Damping Factor (FD) is based upon a weighted

average of the relative contribution of piping and inertia to overall
seismic stresses. Fp for the inertial portion of the defined load is
unity with a variability of zero since the appropriate 5% damped desian
spectra were used as the basis for determining the inertial portion of
the Qualification Method Factor. However, Reference 1 states tha: 1%
damped spectra were used in the dynamic analysis of Balance-of-Plant
Piping for the SSE loading. Based upon a comparison of the 1% and 5%
(interpolated betweer 4% and 8%) damped floor spertra for the ESF Buildina
in the frequency range between 5 and 20 Hz, a median Dampina Factor for
the piping portion of the pin loading was calculated to be 1.49 with a
variability of 0.19. The weighted average Damping Factor is then calcu-
lated as:

FD = 1.49(.3105/.4235) + 1.00(.1130/.4235) = 1.36




with a resultant uncertainty variability of 0.06. The variability due to
the uncertainty as to the actual damping level associated with equipment
failure is calculated in accordance with Equation 5-15. Taking 3-1/2%
damping (interpolated between 2% and 4%) evaluated at a frequencv of 7 Hz
as a one legarithmic standard deviation variation, the variability on the
damping level is computed toc be 0.24. The three components of uncertainty
variability are combined by SRSS and the variability on randomness 1is
estimated to be equal to 20% o" the uncertainty variability. The overall
Darping Factor and its variabilities then become:

Fp 1.36

5 % 2 9
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Mnﬁq Combination Factor - Since the piping 1nads contribute
most to the stresses in the

pin, a median Mode Combination Factor of 1.00

with a logarithmic standard deviation on randomness of 0.15 is used based

on the information included in Section 5.1.1.2.5.
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9:8.2.2.6 Earthquake Component Combination - In determiring the

Quaiification Method Factor, the median-centered 100%/40% combination

method was used for the inertial portion and therefore, Fece = 1.00.

However, Reference 1 states that the SRSS of the horizontals plus the

absolute sum of the vertical method of earthquake component combination
was used for the balance-of-plant piping. As a result, the Earthquake
Component Combination Factor for Case 1 of Table 5-3 is apolicahle for




the piping portion of the loading, Again computing the overall

Earthquake Component Combination Factor as the weighted average, F

ECC
becomes:

FE(( = 1.12(.3105/.4235) + 1.00(.1130/.4235) = 1.09

with a variability of 0.02. Taking the randomness variability from Tahle
5-3 and combining the uncertainty variabilities by SRSS, the overall
Earthquake Component Combination Factor and its variabilities are:

9:2:2.2.7 Overall Equipment Response Factor - The combined Equipment

Response Factor (Frp) and the randomness and uncertainty variabilities
then are:

Fer = (1.33)(1.08)(1.36)(1.00)(1.00)(1.09) = 2.05

A5 o+ ,127)

+ .03

5.2.2.3 Containment Recirculation Cooler Structural Response Factor

The Containment Structure Shell was found in Chapter 4 to exhibit
yield and failure capacities of approximately 1.9 a's and 4.9 q's,
respectively. Therefore, the Recirculation Cooler is more fragile than
the structure to which it is mounted and will fail at an acceleratinn
level at which the containment shell remains elastic. Therefore, the
Structural Response Factor is calculated as the ratio of the design ground

time history response spectral acceleration at the fundamental frequency




of the Containment Shell based upon the design analysis (4.7 Hz) and at
5% damping to the median-centered ground response spectral acceleration
at the fundamental frequency of the Containment Shell based upon the
median analysis (5.5 Hz) and at 5% damping. Table 5-4 gives the value of

FSP and its variabilities as:

1.46

ep 0.24
U
5.2.2.4 Containment Recirculation Cooler Ground Acceleration Capacitv
The ground acceleration capacity (A) for the Containment

Recirculation Cooler is computed from Equations 5-1 and 5-2.

= (1.62)(2.05)(1.46)(.17 q's) = 0.82 g's

The logarithmic standard deviations on randomness and uncertainty
are calculated as the SRSS combination of the variabilities associated

with the three factors contributing to overall capacity in accordance
with Equation 5-3,

(.00% + .20% + .26°)% = .32

1

(.20% + .427 + ,24°) 0.52
The three factors which make up the overall fragility of the

Containment Recirculation Cooler together with their logarithmic standard

deviations on randomness and uncertainty are oresented in Table 5-1 while

the various factors and variabilities calculated for the Recirculation
Cooler are shown in Table 5-7.




Example of Generic Fragility Derivation Based on

Design Specifications

In the majority of cases in risk studies, detailed information
regarding resulting stresses, deflections, bearing loads, etc., for
safety-related equipment is not readily available to the risk analyst.
Classes of equipment must then be treated generically and the fragility
descriptions derived from knowledge of design criteria, analytical
methods, service experience, etc. In this section, an example of a
fragility description is developed which represents those items of equipn-
ment whose failure modes are structural and for which design reports or
summaries were not reviewed. Balance-of-Plant (BOP) piping, cable trays,
and ducting are typically addressed in this manner. Se’‘smic caprcities
of Class 2 and 3 piping were derived in a generic manner and are chosen
as the example for this section., Balance-of-Plant piping within the
Auxiliary and Engineered Safety Features Buildinas is specifically

addressed,

5.2.3.1 BOP Piping Capacity Factor

There are three failure modes which typically are used to define
the fragility level of the Balance-of-Plant (BOP) pipina. The first
pertains to rupture failure of the piping itsclf and is generally based
upon the buckling capacity of standard weight piping (high eneray piping
generally fails at the tensile flow stress). The second failure mode
pertains to rupture failure of the piping due to excessive movement of
the structures relative to the ground or relative to nther structures,
This failure mode applies to buried or interconnectina pinina and hae
been addressed in Chapter 4, The third mode pertains tn failure of the
piping supports due to weld failure or anchor bnlt tearout, This third
failure mode governs the fragility description of piping contained within
the structures and is chosen as the example to illustrate the derivation

of fragility based upon an understanding of the design criteria and the

design specification.




Due to lack of specific data, the piping supports are evaluated
generically. Piping supports are tyically fabricated from carbon steel
(SA36, SA106-GrB, SA516-3r70) and are at nearly room temperature, Since
higher “amping levels are allowed for faulted conditions, the upset
conditions including the OBE typically govern the design of supports
which carry only seismic loads (1.e., snubbers, horizontal restraints).
Based upon significant experience, it is judged that a seismic stress
level equal to 70% of the allowable represents a median value,

in the evaluztion of piping supports, it has been found that the
fillet welds represent the most critical construction area. For a typical
fillet weld failure mode where both tensile and shear stresses are present
in the throat, it can be shown from an interaction equation that the
capacity of the fillet weld is egual to approximately 73% of the base
material tensile capacity. For normal steels, References 33 and 35 report
the median yield strength to be about a factor of 1.25 times the ASMC
Code specified minimum yield strenath with the code value representinag a

95% confidence lower bound. From the above information, the Strength
Factor is computed as:

based upon an AISC allowable stress of 0.4 c for the OBE event,
y

The logarithmic standard deviation on the uncertaintv of calcu-
lating the capacity strength as 1.25 times the Code vield is 0.14, There
is also uncertainty in specifying the weld capacity as being 73% of the
tensile capacity since for pure shear the capacity could be as low as 60%
of the tensile capacity. Taking the case of pure shear as representing a
95% confidence lower bound value, the uncertainty variahility is 0.12.

In addition, there is some uncertainty pertaining to the assumptinn that
the seismic stress is approximately equal to 70% of the allowable. The




case where the OBE stress level is equal to the allowable stress is taken
as a + 1.653 variation resulting in an uncertainty variability of 0,22,
Combining these uncertainty variabilities in accordance with Equation 5-9:

(.14+.12)2 + (.22)2]1% = 0.34

Reference 6 recommends a ductility of 1.5 to 3 for design of critical
piping systems. These are design recommendations: thus, the valus of 3
is considered to be about a median value. A ductilitv of 1.0 represents
the case where the support fails wnile the piping system remains elastic
and is taken tc be a 99% confidence lower bound or a minus 2.33
logarithmic standard deviation value. Using these assumptions and
applying Equation 5-10, the median factor of safetv for ductility was
computed to be 2.46. The logarithmic standard deviations, 8 and &

are calculated from Equation 5-12 to be 0.31 and 0 23, respectively. v

Combining all the factors and variabilities results in a median
capacity factor of safety relative to the OBE and variability expressed
in terms of logarithmic standard deviations of:

FEC 8.01

“Ecy = 0.41

.2.3.2 Piping Equipment Response Factors

The equipment response factors for piping are contained within
Table 5-8 and are explained briefly below. The bulk of the piping was
qualified by response spectrum analysis; thus, a factor of unity and a
variability of zero are applicable for the Qualification Method Factor,
The Spectral Shape Factor (FSS) was taken from Table 5-2 to account for
peak broadening. The average value of the 5-20 Hz cases for al)
buildings was used.

Fss 1.06
TSSR = 0.00
SSy *® 0.03




The modeling cf the piping systems is felt to be median-centered
and of medium complexity, thus,

1.0
0.0
0.15

e damping factor was computed by comparinag response for a one-
half percent damped spectrum to response for an expected median damping
value of five percent at or near failure. One-half percent damping was
utilized in designing the Balance-of-Plant piping for the OBE case.

Since most critical piping systems are at least partially contained within
the Containment Structure for which the Damping Factor was found to be

the least, the Damping Factor (FD) for all BOP piping is taken as:

1.57

0.14

Mode Combination Factor (FM() is unity with random vari-

ability of 0.15 as suggested in Section 5.1.1.2.5 for multiple-degqree-of-
freedom systems,

The Earthgquake Component Combination Factor (FECC) for BOP
piping is taken from Case 1 of Table 5-3 since the design of the BOP
piping was based upon the SRSS of the horizontals plus the absolute sum
of the vertical component combination methodology.

Fece

"ECC
“ECC




The overall equipment response factor, FEQ and the variability,

fp and fy for piping are computed to be:

FER = 1.86
“trg = 0.19
“ERy = 0.24

5.2.3.3 Piping Structural Response Factors

The structural response factors for piping are a function of the
piping location (building and elevation). These structural response
factors are shown in Table 5-4. The structural response factor used as
an example in Table 5-8 for piping is that for the Auxiliarv Building

whici, exhibits the lowest yield capacity and a comparatively high median
fundamental frequency of 9.6 Hz.

.62
). 21
.21

5.2.3.4 Piping Ground Acceleration Canacity

The ground acceleration capacity for piping was obtained by
multiplying the three factors within Equation 5-1 by the OBE level of
0.09g's, since the Capacity Factor was developed based on the OBE and not
the SSE as is generally the case.

2.17 g's
= 0,42
= 0,52

The various factors and variabilities affecting the piping fragility are
shown in Table 5-8.




Example of a Plant Specific Fragility Derivation Based
Upon Component Test Data

Many components within a nuclear power plant must be shown to
properly function during the course of a seismic event cince failure to
function might hinder safe shutdown of the plant. Mechanical equipment
such as active values and pumps and electrical components such as switch-
gear, Datteries anu motor control centers fall into this classification,

Frequently, such demonstrations of functionality is not related to stress

level but to deflection or acceleration limitations. Component testing

is generally employed to demonstrate satisfaction of the operability
requirements. Buth functional and structural failure modes must be
evaluated to determine the controlling fragility level of active
components. The example chosen to illustrate the derivation of fraailitv
based upon component test information is the 480 VAC Motor Control Center

5.2.4.1 48) VAC Motor Control Center Capacity Factor

The Motor Control Centers are subject to two functional failure
modes which are related to chatter and tripping of the circuit breakers.
The following information pertains to the fragility of the Motor Contrn)
Centers:

Location: Various - Auxiliary Ruilding at Flsvation
43'-6" is most critical.

Frequency: 5.2 Hz (S/S); 5.6 Hz (F/B).

Damping: Test at 1% damping.

Testing of active components is conducted to acceleration levels
which envelope the required response spectrum (RRS) but are seldom carried
to the point of failure which could be used to define fragilitv. There-

fore, some basis must be used to define the "failure" capacity.




During the SSE test, a chatter failure occurred which was said
to be due to a "loose bolt." The bolt was tightened and the test rerun
without recurrence of the chatter failure. Therefore, the chatter
fragility was taken to be 1.2 times the qualification level, From the
test response spectrum (TRS), the spectral acceierations at the two
fundamental frequencies is 5.2 and 7.5 g's. Since it is unclear which
mode was excited causing the failure, the chatter capacity is taken as 1.2
times the average of the two or 7.62 q's. Comparing this value to the
spectral acceleration between 5.2 and 5.6 Hz obtained from the 1% damped
Auxiliary Building spectrum for floor Elevation 43'-6" which is 1.70 q's,
the Strength Factor for chatter is calculated as:

= 1.2(6.35)/1.70 = 4,48 (chatter)

The maximum and minimum spectral acceleration valucs ¢t the fundamental

frequencies of the Motor Control Centers are taken as + 1.656 variation

result'ng in a logarithmic standard deviation on uncertainty of 0.11.
Similarly, the uncertainty in specifying 1.2 times the qualification
acceleration to be the chatter capacity is quantified by assuming that
the qualification level represents a -1.0¢ variatior since the chatter
failure was not repeated after the bolt was tightened. The resulting

logarithmic standard deviation is 0.18.

Based upon the Huntsville SAFEGUARD shock test data of qeneric
equipment, the median acceleration defining trip failure is 7.7 qQ's at 5%

damping. The resulting Strength Factor is:
= 7.7/0.85 = 9,06 (trip)

The uncertainty associated with the 7.7 q level used to define trip
failure is quantified by assuming that the chatter Strenath Factor

represents a -1.65: variation resulting in a logarithmic standard
deviation of 0.43.




Since electrical equipment failure are judged to be "brittle",
the Ductility Factor is unity with randomness and uncertainty variabil-
ities equal to zero. As a result, the functional Capacity Factors
for the Motor Control Centers are equivalent to the Strength Factors.

Chatter Trip

5.2.4.2 480 VAC Motor Control Center Equipment Response Factor

The Equipment Response Factor for fragility parameters based
upon testing methods were developed in detail for the Seismic Safety
Margins Research Program (SSMRP) in Reference 24 and are briefly
discussed in the following subsections.

B.8.4.2.1 Qualification Method Factor - The Quilification Method

Factor and its variability quantifies the effects of using the
superimposed multiple sine beat testing as opposed to using a spectral
analyzer to generate a tima history input. The median factor and
variability have been calculated for the SSMRP Program (Reference 24) to
be:

FQM

Z‘Qv

Eqm




5.2.4,2.7 Spectral Shape Factor - The Spectral Shape Factor and its
variabi .ty are obtained for the 5.2 to 5.6 Hz range of the Auxiliary
Building which is outside the peak broadened range. The Strength Factor
was based on floor spectra which were unbroadened and thus, the spectral
shape factors for this case will be:

Fss 1.00
Fgs 0.00
fgs 0.00

5.2.8.2.3 Boundary Conditions Factor - Difference in boundary

conditions between the test lab and the actual plant installation can
cause significant differences in the equipment responses. Reference 24
discusses this variability and provides estimates for different mounting
conditions. The equipment under consideration i predominantly floor
mounted, and is bolted or welded in both the laboratory plant instal-
lations. The response factor due to boundary conditions is considered to
be unity and the estimated uncertainty variability, expressed as a
logarithmic standard deviation, is 0.15.

5.2.4.2.4 Damping Factor - For chatter, Fp equals unity and the vari-

abilities are zero since the test represents median damping. However,
for trip failure there are two separate considerations in defining the
variability in response due to damping. The first deals with the effect
that variation in damping has upon response when the component i3 sub-
jected to a seismic input, defined as an in-structure response spectrum
1.e., the applicable floor spectrum for the equipment location). The
second deals with the conversion of undamped shock test spectra to damned
shock spectra. The complete derivation is contained within Reference 31
with the resulting response factor of 1.0 and logarithmic standard
deviation of 0.20. The variability is considered to be all uncertainty.

Therefore,




1.0
0.00

0.00 8y = 0.20

5.2.4.2.5 Spactral Test Methods Factor - The Spectral Shape Factor

quantified the conservatism and variability involved in using an
acceleration time history to develop the applicable floor response
spectra. There also exists a variability in selecting a given
time-history to represent a required response spectrum in vibration
testing. Reference 31 states that a factor of unitv with random and
uncertainty logaritimic standard deviations of 0.14 and 0.10,
respectively are applicable.

5.2.4.2.6 Multi-Directional Effects Factor - The multi-directinnal

effects factor for biaxial testing is specified in Section 5.1.1.2.9.2 to
be 0.853 with variabilities of fp = 0.12 and 8, = 0,04,

5.2.4.2.7 Overall Equipment Response Factor - The overall equipment
response factor wac calculated to be 0.89 by taking the product of the
individual response factors. The random and uncertainty g's are

calculated to be 0.19 and 0.21, respectively, for chatter and 0.19 and
0.29, respectively, for trip and are determined by takinag the SRSS of the
individual random and uncertainty logarithmic standard deviations.

5.2.4.3 480 VAC Motor Contrnl Center Structural Response Factor

The applicable Structural Response Factor for the Motor Control
Centers is taken from Table 5-4 for the most critical location which is
within the Auxiliary Building which reaches both its yield and failure
capacities prior to failure of the Motor Control Centers. The Structural
Response Factor and its variabilities are:




Cen
SFQ

Ben 0.21
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480 VAC Motor Control Cen*ar Acceleration Capacity

The ground acceleration capacities for both chatter and trip
failure of the Motor Control Centers is calculated as the product of the
three main fragility factors in Equation 5-1 by the SSE ground accelera-
tion level of 0.17 g's. The overall randomness and uncertainty logar-
ithmic standard deviations were calculated from Equation 5-3. The

resulting acceleration capacities for the two functional failure modes is:
Chatter

1.09 g

The factors and variabilities contributing to the fraaility descriptions

of the Motor Control Centers are presented in Table 5-9,

3+2.5

Earthquake Expe~ience

There are several equipment items within the 1ist of comnonents
for the Millstone PRA for which no seismic qualification was required.

These components ware not designed for seismic 1oading; thus, they wil!

generally have a lower capacity and a higher uncertainty than seismically
qualified components. The methodology which has been utilized on the
previous four examples of developing capacity factors, response factors,
duration factors, etc., is generally not applicahle for unqualified

components. The fragility levels for these unqualified components must




be derived based on earthquake exparience and engineering fudgment, The
example which has been chosen in this category is the station off-site
power

5.2.5.1 Offsite Power Ground Acceleration Capacity

Failure of offsite power is governed primarily by failure of
ceramic insulators. A review of insulator failure in six major earth-
quakes, ranging from 0.11g to 0.4g peak ground acceleration, resulted in
a median capacity for ceramic insulators of:

= 0.20g

where A is the median peak ground acceleration capacitv. The logarithmic
standard deviation on this value is about 0.32 of which the estimated

randomness, Eos is about 0.20 and the uncertainty, 8y» 1s about 0.25.

5.3 EQUIPMENT FRAGILITY RESULTS
Table 5-1 contains fragility descriptions for all of the equip-

ment which were selected for this PRA study. Fragility derivations were

conducted for each of these components and are reported for those items
which have a ground acceleration capacity less than 2.5 q's based on
their Capacity and Equipment Response Factors only. It is judged that
equipment with ground acceleration capacities qreater than 1.5 g's will
not significantly influence the Millstone 3 risk. Table 5-1 contains
several components with ground acceleration capacities greater than 2.5
g's. These components did not have ground acceleration capacities ahnve
2.5 g's based on their Capacity and Equipment Response Factors but their
Structural Response Factors were sufficiently high so as to increase the

final acceleration capacity (A) above 2.5 a's.

Table 5-10 contains a list of those components which have around
acceleration capacities less than 1.5 g's. These components will all, to
some degree, 2nter into the overall plant risk.




TABL
SUMMARY OF MILLSTONE 3

Seismic
Component Locatton Ni;:::‘:f ) 'b:'::;‘"'y‘ Fatlure Mode
Reactor Yesse! Core (S, various Fla-inle, Pzssive yramic Analysis Joper Support Plate
ontrol Rod Orives .S, Atop RPY Flexible, Aztive vnamic Analysis Rod Trave)l wousing
RPY [n-Core Instrumentation CS,=27-3" Flexible, Passive Oymamic Analysis nstrumentation Tube
Pressurizer Rellef Tamk (S,~27'-3" Rigid, Passive static Analysis vesse! Shell
RMR Pump ESF, 4 6" Rigid, Active Dynamic Analysis nozzle Flange
RMR Heu @ Cxchanger ESF, ¢'-6° Flexible, Fassive | Static Analysis weat Cxchanger Shell
Reactor Trip Breaker cs, 47'-0° Flexible, Passive Test Anchor Bolt
)ff-Site Power Yard Flexible, Passive None Insulators
% Containment Recircyulation cs, 28'-3° Rigid, Passive Static Analysis Jpper Restraint Pin
l 80P Piping® various Flexible, Passive Cynamic Analysis Supports
Juench Spray Pusp ESF, 19'-67 Rigid, Active Static Analysis Pump Hold Dowr Solts
Comporent Cooling water Pumg Aux, 24'-6" Rigid, Active Static Analysis {wpeller Impact
Comoonent Cooling Surge Tank Ayx, 66'-6" Rigid, Passive Static Analysis Anchor Belt
Motor Driven Aux Feed Pusgp ESF, 19'-6" Rigia, Active Static Analysis imge!ller [mpact
ESF Logic Pane! cs, 4’0" Rigid, Passive Test Function
46U rolt Seitcgear ce, 4V'-5" Flexible, *assive Test (hatter
Yr\p
Emargency Direse! semerator EGE, 24'.-6" Flexible, Passive Static Amalysis ) Cooler Anch L
125 VOC S.tteries c8, 4.6 Rigid, Passive Test Function
128 ¥DC Disiridbution Switchgear)] CB, 4'-6 Flexiblie, Passive Test Trip
20 VAL Converter (s, ¢ -6 Flexinle, Passive Test Function
430 VAL motor Control Cente: Yarious exidle, Passive est Chatter
l 1 rp

*Does not appiy to piping subject to building sliding

**Factor on OBE ground acceleration



1
PONENT FRAGILITIES

—

Ground Acceleration Capacity

——————

at Capacity Factor Equipmen. Respomse “actor Structure! Resoonse Factor .

“ec, .(':‘; Fer ‘eng '(&J '“ ‘o @ i - 3
J.00 0.14 1.0} J.18 0.7 1.0 0.2% 0.2¢ 0.99 0.1 .33 0.8
X0 0.1% » 2.2 70 0.2% M 0 0.3 0.38 L]
NA NA - “ " -~ “ “ 2.5¢C “ v )
N o “ A e “ o kS »2.%0 o N NA
4 LY w - “ A M L2 2. 50 ~ N N~
03 0.20 448 0.4 ol | 4% g.19 M ’3 0.2¢ 0.4 0. 50
0.00 0.28 2.88 2 1.8 147 0.22 2] M 0.3 0.53 0.80
~ “ L) “ i a ~ “ 0.20 20 0.2 0.32
0.00 0.20 0s .20 «Q 1.8 0.2 0.0 0.82 0.32 52 0.6!
0.3 .4 198 9 0.24 1.62 0.21 0.21 17 o.@ 0.52 0.67
3.00 .87 1.7 0.1} 2.3 1.46 0.19 0.0 .93 023 0.68 0.72
0.00 0.7 1.00 0.1} a.m 1.82 0.21 0.1 13 0.2% 13 1
0.00 0.27 1.00 0.03 0.10 1.682 0.21 o .16 0.0 0.3 0.4)
).00 0.17 o0 0.0 0.1f 1.46 0.1% 0. 1.0 0.19 o0.41 0.45
0.00 0.8 .82 J.00 0.9 1.47 2.2 23 .39 o0.22 0.38 0.«
0 '8 20 39 L) 0.21 0.88 0.9 L 9
).00 0.74 ).89 0.18 2 .4 o.n 2.17 1.O9 0.28 0.8} 0.8
20 o.n 0.92 o.N2 0.10 60 0.21 0.28 24 & 08
0.00 n 8.3 0.19 2 00 0.2 0.17 4 29 o.m 04
) 00 ).08 6.82 0.15 0.24 1.23 0.2) 2.7 Ln 0.26 0 0.4
00 0.08 5.1 0.19 7.30 30 0.2 0.V? 28 35 45
3.00 0.21 ). 99 .19 2} 62 0.2 0.21 N 28 6 0.4
0.00 0.22 189 0.19 0.29 1.62 0.21 2.1 2.0 28 §7 0.63

Also Available On
\perture Card




TABLE 5-2

EQUIPMENT SPECTRAL SHAPE FACTORS

Building Elevation Frequency
Range

(Hz)

Control Building

Auxiliary Building

43"(,‘“

66I-6N
Reactor Containment
Internal Structures

Engineered Safety
Features Building

~HERLEIEE Ry SRS

*NOTE: A1l variability from peak broadening is due to uncertainty




TABLE 5-3

EARTHQUAKE COMPONENT COMBINATION FACTORS

e ——————— a——

){Design = SRSS(H)+(V)

Description

. ) Case Median Coupling - A1l directional components
contribute teo failure

2D Case Median Coupling - Both horizontal contribute
to failure

2D Case No Coupling - Both horizontals contribute
to failure

2D Case - Median Coupling - 1 horizontal and the
vertical contribute to failure

2D Case No Coupling - 1 horizontal and the vertical
contribute to failure

1D Case Any one of the directional components alone
is responsible for the failure




STRUCTURAL RESPONSE FACTORS FOR EQUIPMENT

Ground Acceleration
Range (g)*

Engineered
rPﬂ td res

-

of structure




TABLE 5-5

NUCLEAR POWER PLANT EQUIPMENT CATEGORIES

Relative

Capacity Equipment Category
Level

High . Piping, Ducting, Cable Trays and Electrical Conduit
2. A1l Valves (Except small motor operated valves)

Medium-High . Small Vessels and Heat Exchangers
Horizontal Pumps, Compressors and Turbines
Fans and Air Conditioning Units

Diesel Generator

Reactor Coolant Loop Components

Medium . Small Motor Operated Valves

Large Vessels and Heat Exchangers

Batteries and Racks

Vertical Pumps

Reactor Internals and Control Rod Drive Mechanism

Low-Medium . Motor Control Centers, Switchgear, Control Panels,
Instrument Racks

Non-seismically Qualified Components (e.g. Offsite

Power System)




TABLE 5-6

-

FRAGILITY DERIVATION OF RHR HEAT EXCHANGER

Median
Safety
Factor

Capacity Factor

1. Strength

2 r\'dA“'wv
. JUuQC |

ty

v
Comb)nec e
Ly

Equipment Response Facto
1. Qualification Method

Spectral Shape

v
(F
\

D
o o ¢

)
/

Randomness
Variability
"R

Uncertainty
Variability
;'U




TABLE 5-7

FRAGILITY DERIVATION OF CONTAINMENT RECIRCULATION COOLER

mMedian Randomness Uncertainty
Safety Variability Variability
Factor 8p 3




TABLE 5-8

FRAGILITY DERIVATION GF BALANCE-OF-PILANT PIPING

Randomness Uncertainty
Factors Variability Variability

"R U

Capacity Factor

1. Strength

y
sponse Factor (F

rn
EK

Qualification Method
S

pectral Shape

lode
Earthquake Component Combination

v
ok 4 c
CLOMDI neQ ==——w——e=}

Ground Acceleration

*Factor on OBE ground acceleration of .09g's




TABLE 5-9

RIVATION OF 480 VAC MOTOR CONTROL CENTERS

T

Median Randomness Uncertainty
Safet) Variability Variability

ractor “R :‘U

i o T T e
city Factor (rE‘}
Chatter
Trip
) v
1ipment Response Factor (F..
s > Fé r (Feg
Qualification Method 1.04 L 0f 0.11
Spectral Shape J0 4 - UU 0.00
80;1773&"'1 :Qnﬁ‘: ons «UU « Ul C 1!5

Damping 1.00 .00 0.00/0.20

spectral Test Method ; .00 . 0.10

Multi-Directional : 0.85% . 0.04

Ground Acceleration

1. Chatter




TABLE 5-10

MILLSTONE 3 EQUIPMENT EXHIBITING GROUND ACCELERATION

CAPACITY LESS THAN 1.5 g's

Off-Site Power

Containment Recirculation Cooler

4160 Volt Switchgear (Chatter)

mergency

~J

~

Reactor Vessel Core
Control Rod Drives
r Trip Breakers

C Motor Control Center

Component Cooling Water Pump

120 VAC Converter

ESF Logic Panel
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APPENDI X

CHARACTERISTICS OF THE LOGNORMAL DISTRIBUTION

Some of the characteristics of the lognormal distribution which
are useful to keep in mind when generating estimates of A, Bgs and 8 are
summarized in References Al and A2. A random variable X is said to be

lognormally distribited if its natural logarithm ¥ given by:
Y = 2n (X) (A-1)

is normally distributed with the mean of Y equal to tn X where X s the

median of X, and with the standard deviation of Y equal to &, which wil)
be defined herein as the logarithmic standard deviation of X. Then, the
coefficient of variation, COV, is given by the relationship:

COV = Vexp(&°)-1 (A-2)

-

For & values less than about 0.5, this equation becomes approximately:
COV = ¢ (A-3)
and COV and & are often used interchangeably.

For a lognormal distribution, the median value is used as the
characteristic parameter of central tendency (50 percent of the values
are above the median value and 50 percent are below the median value),
The Togarithmic standard deviation, g, or the coefficient of variation,
COV, s used as a measure of the dispersion of the distribution.




The relationship between the median value, X, logarithmic

standard deviation, 8, and any value x of the random variable can be
expressed as:

X=X e exp (neg) (A %)

where n is the standardized Gaussian random variable, (mean zero, standard
deviation one)., Therefore, the frequency that X is less than any value x*
equals the frequency that n is less than n' where:

(A-5)

Because n 1s a standardized Gaussian random variahle, one can simply enter
standardized Gaussian tables to find the frequency that n is less than n'
which equals the probability that X is less than x . Using cumulative
distribution tables for the standardized Gaussian random variable, it can
be shown that X  exp (+g) of a lognormal distribution corresponds to the
84 percentile value (i.e., 84 percent of the data fall below the +¢
value). The X o exp (&) value corresponds to the value for which 16
percent of the data fall below.

One implication of the usage of the lognormal distribution is
that if A, B, and C are independent lognormally distributed random vari-
ables, and if




where g, r, s and t are given constants, then D is also a lognormally
distributed random variable. Furtqer, the median value of D, denoted by
D, and the logarithmic variance By, which is the square of the logarith-
mic standard deviation, €0 of D, are given by:

(A-8)

where A, B, and C are the median values, anc 85, Bg, and 8c are the loga-
rithmic standard deviations of A, B, and C, respectively.

The formulation for fragility curves given by Equation 2-1 and
shown in Figure 2-1 and the use of the ‘ognormal distribution enables easy
development and expression of these curves and their uncertainty,

However, expression of uncertainty as shown in Figure 2-1 in which a range
of peak accelerations are presented for a given failure fraction is not
very usable in the systems analyses for frequency of radioactive release.
For the systems analyses, it is preferable to express uncertainty in terms
of a range of failure fractions (frequencies of failure) for a given
ground acceleration. Conversion from the one description of uncertainty
to the other is easily accomplished as 1llustrated in Figure A-1 and
summarized below.

With perfect knowledge (i.e., only accounting for the random

variablity, EA), the failure fraction, f(a), for a given acceleration a
can be obtained from:

(A-9)




in which ¢(e) is the standard Gaussian cumulative distribution functicn,

and £p is the logarithmic standard deviation associated with the
underlying randomness of the capacity.

For simplicity, dencte f = f(a). Similarly, f' is the failure
fraction associated with acceleration a', etc. Then, with perfect
knowledge (no uncertainty in the failure fractions), the ground acceler-
ation a' corresponding to a given frequency of failure f' is given by:

r ]

a' = Aexp 18g ¢ (f')

~

(A-10)

The uncertainty in ground acceleration capacity corresponding to
a given frequency of failure as a result of uncertainty of the median
capacity can then be expressed by the following probability statement:

r 9
PIA > a®if"| ' (A-11)

.

in which P[A > a* |f'] represents the probability that the ground accelera-
tion A exceeds a* for a given failure fraction f'. This probability is
shown shaded in Figure A-1. However, it is desirable to transform this
probability statement into 2 statement on the probability that the
failure fraction f is less than f' for a given ground acceleration a*, or
in symbols P[f < 7'|a*]. This probability is also shown shaded in Fiqure

A-1. It follows that:

Pif< fla*] = p[A>a"|f] (A-12)

Thus, from Equations A-10 and A-11:




from which:

: ) in(e“/A exp | 8p s’ (f')f)
P f > f' d- 'S 3 o
L J BU

(a-14)

which is the basic statement expressing the probability that the faflure
fraction exceeds f' for a ground acceleration a* given the median ground
acceleration capacity A, and the logarithmic standard deviations Bg and

%

£y associated with randomness and uncertainty, respectively,

As an example, if:

A=0.77, ép = 0.36, 8y = 0.39

then from Equation A-14 for typical values of f and ",
P(f > 0.5/a" = 0.40g, = 0.05

which says that there is a 5 percent probability that the failure
frequency exceeds 0.5 for a ground acceleration of 0.40g.
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