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NOTICE

This report was prepared as an account of work sponsored by

the United States Government. Neither the United States nor

the United States Nuclear Regulatory Commission, nor any of
their employees, nor any of their contractors, subcontracters,
or their employees, makes any warranty, express or implied,
nor assumes any legal liability or responsibility for the accuracy,
completeness or usefulness of any information, apparatus, pro=-
duct or process disclosed, nor represents that its use would

not infringe privately owned rights.

Available from
National Technical Information Service
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1. INTRODUCT!ON

1.1 General Philosophy Pertaining to Review Process

Many of the early nuclear facilities were designed and constructed
during the time when seismic design procedures for su-h specialized systems
were beginning to be developed. It is recognized that in many cases these
L.ants were designed to criteria that are less rigorous than those used for
recent piants. |a view of the rapid development of the state-of-the-art
of seismic design during the past two decadss even some of the more molern
plants, designed as recently as ten years ago, may need review in the light
of current criteria and present knowledge.

The purpose of this report is to set forth seismic criteria and
design concepts appiicable to review analyses and upgrading for selected
nuclear power plants, a!thuugh tne principles are applicable generally to
older operating plants.

At the outset, it is expected that the review process would
consist of two general tasks, one pertaining to detailed review of the
existing plant in the light of applicable review criteria and the second
involving detailed design and analysis studies to develop the desired
(and possible) upgrading of the seismic resistance.

It is envisioned that the detailed review would encompass
inspection of the plant, review of existing documentation (reports, plans,
and calculations) as appropriate with identification of those systems which
realistically and economically are amenable to upgrading. As a part of
this review it may be desirable to carry out a risk analysis (o help proviae

a basis for the decisions that must be made as to the desirability and
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1.2 Genz2ral Design and Analysis Concepts

When a structure or a piece of equipment or instrumentation is
subjected to earthguake motions, its base or support tends to move with thé
ground on which it is supported or with the element on which it rests.
Since this motion i. relatively rapid, it causes stresses and deformations
in the item considered. If this component is rigid, it moves with the
motion of its base, anc the dynamic forces acting on it are very nearly
equal to those associated with the base accelerations. However, if the
component is quite flexible, large relative mctions or str2ins can be
induced in the component because of the differential motions between the
masses of the component and its base. In order to survive the dynamic
motions, the element must be strong enough as well as ductile encugh to
resist the forces and deformations imposed on it. The required strength
and ductility are functions of stiffness or flexibility, among other things.
In assessing seismic effects it should be remembered that the seismic
actions generally are in addition to those already existing, i.e., arising
from dead load, live load, thermal effects, etc.

Unfortunately, the earthquake hazard for which an element or
component should be designed is subject to a high degree of uncertainty.
In only a fev areas of the world are there relatively long periods of
observations of strong earthquake motions. The effects on a structure,
component, or element, depend not only on the earthquake motion to which
it is subjected, but on the properties of the element itself. Among these
properties, the most important are the energy absorption within it or at
interfaces between the element and its support, eicher due toc damping or

inelastic behavior, its period of vibration, and its strength or resistance.
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advantages of carrying out the upgrading. Such studies also could be
helpful in deciding on the timing of the upgrading program since in many
cases it may not be possible to carry out the entire retrofit construction
program during one time period.

It is well known that upgrading and retrofitting constitute
expensive operations when they can be accomplished at all. In many cases
it is economically, if not physically, impossible to carry out significant
seismic upgrading improvements. In those cases where it is possible
economically it is desirable to take advantage of the latest concepts
pertaining to development O seismic resistance. Thus in the evaluation
of the existing facility, and in the subsequent detailed design studies
for physical upgrading of structural or mechanical systems, the authors
believe it is possible (and desirable) to take into account the modest
amount of nonlinear behavior that can be permitted in many portions «f
such systems without significant decrease in the margin of safety agains:
safe shutdown or containment. A number of other concepts (in the sens=2 of
applications to nuclear facilities) are identified herein as well, including
spectrum concepts for handling close-in versus distant earthquakes, and
bounding of forces likely to be felt by equipment.

Last, but by no means least, is the observation that the inherent
seismic resistance of well designed and constructed systems is usually much
greater than that commonly assumed, largely because nonlinear behavior is
mobilized to limit the imposed forces and accompanying deformations. For
such systems where the resistance is nondegrading for reasonable deformations

the requirements for retrofitting may be nonexistent or at most minimal.
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11, SELECTION OF EARTHQUAKE HAZARD FOR REVIEW AND DESIGN

2.1 General Concepts

The process of earthquake resistant review and design requires
selection of earthquake hazards as well as estimates of structural strengths,
either implicitly or explicitly, as an integral part of the review arocedure.
Unless these determinations are made in a consistent manner, the final design
may be either grossly uneconomica! or dangerously unsafe. Both sets of
parameters are probabilistic in nature aithough, for convenience, many of
the aspects of the determination of structural strength may reascnably be
approximated as deterministic. However, the earthquake motions themselves
for which the design review is to be accomplished, or even the occurrence
itself of an earthquake affecting the site, must be considered as probabilistic.

In the design of nuclear power plants under current criteria it
is customary to provide resistance against two earthquakes: (1) a "'maximum
credible earthquake'', which has only a small procability of occurrence during
the lifetime of the plant, with a long return period for which the design
is made at yield levels or limit strength conditions; and (2) ar earthquake
having a much higher prchzbility of occurrence, with a return period shorter
than that applicable in (1), ofter taken as half of the earthquake excitation
defined in (1), for which the design is made at somewhat lower aliowable
stresses and for somewhat different combinations of conditions. At present
the Nuclear Regulatory Commission defines these earthquakes as Lhe Safe
Shutdown Earthquake (SSE) and the Operating Basis Earthquaxe (0BE) raspectively.

As part of the review process for existing plants it is recommended

that a thorough investigation of the seismic hazard be made in accordance with
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1.3 Scope of Report

The report that follows contains a discussion of those cr:;eria
and principles which it is believed would be of primary concern in a review
of an existing nuclear facility. The aim in preparing :his summary has
not beer to discuss each topic in great depth but instead to place ir
perspective the points of engineering concern and to delineate the major
items that should be considered in the review.

The text that follows begins with a general ciscussion cf the
earthquake hazard which should be used for the review. It is ou" z2iief

that the seismic hazard should in general be re-evaiuated for each exiscing
plant with consideration of current NRC procedures. This section is fc!llowed

by @ section on seismic motions to be used in upgrading, Jamping .3d .re gy

absorption, soil-structure interaction, and a brief discussicn ¢’

of dynamic analysis. Thereafter follows a discussion of 3zec.®ic .u
which must be considered in detail in the review process inciuliry 5. .o
items as the material properties, load combinations, resronsc snec.r
uplift, and response of equipment.

The next section lists and discusses briefly a nuabur of spazi.
topics which may need consideration as a part of the review, ircluaing
fault motions, conduits, vaults and tanks, quality control and ri-.x
assessment. The rcport concludes with some observations on audit; and
systems summaries, specifically with reference to topics which shculd be
examined as a part of the seismic review.

The material in the report is drawn in part frcm matecial
previously prepared by the authors, but has beer supplemented with much
additional material reflecting our laczst studies, understanding, and

views particularly as they relate to review ind upgraaing.
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The gecmeiric standard deviation, T, designed as the ratio for the median
oius cne standard deviation value to the median value, was very nearly 2.0,
indicating that the spread in the data was quite large.

For data from 214 San Fernando records, Donovan obtained a
larger attenuation and a smaller spread in the data, corresponding to the

relationship (applying to the magnitude for this earthquake of 6.4):

6.4/2

a=21.5ge (R + 25)~2-04 (2)

where the geometric standard deviation was determined to te !1.6. This more
rapid attenuation has been notad by others, and is consistent with the data
reported in Ref. 2.

In all cases, reference to the figures will show that only
sary limited data existed for earthquakes closer than about 20 km tc the
nypocenter. The only definitive study of close-in earthquake motion is
that contained in Ref. 3, and the most recent interpretation pertaining
to close-in effects on nuclear plants is contained in Amendment 50 and
companion NRC studies for the Diablo Canyon Plant.

The second procedure for developing the earthquake hazard in a
region is used when occurrence of earthquake is not generally associated
with surface faulting, or when insufficient data are available from records
and observations. Under these conditions, relationships nave been developed
for correlating ground motions, generally maximum velocities or maximum
accelerations, to a qualitative measure of the intensity of motion, &5 fc
example that of the '"Modified Mercaili Intensity'". Although these relations
are not as readily subject to mathematical determination as the relations

for earthquake shock propagation, there are sufficient otservations to
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criteria and Standard Review Plans currently employed by the NRC. In turn
this hazard should be used consistently in the review evaluation in order
to permit valid comparison against criteria and design as might be found
in newly designed plants. Such comparisons will be required as part of

the decision process concerning upgrading.

2.2 Regional Motions, Including Propagation and Attenuation

In general, two procedures are available to define the earthgquake
nazard. In the first where there is an extensive history of earthquake
activity and geologic and tectonic investigations are feasible, estimates
can be made of the possible magnitude and the location of future earthquakes
affecting a site. In many instances, such earthquakes will occur along well
defined faults. One can then make estimates of the earthquake motion
intensity propagated to the site, taking into account the experimental and
observational data available for this purpose as described for example in
detail in Refs. | and 2.

Donovan (Ref. 1) plotted data a; various distances for accelaralicns
from 678 world earthquake records ranging in magnitude from less than S to
greater than 8. He found a great deal of scatter, which ne was at!e to
reduce somewhat by normalizing the data to the ential of cne-half the
magnitude. He was able to show also that the probability distribution cf
the data is logarithmic normal. For the median of the acceleration, a,
measured in gravity units, g, Donouvan derived a relation involving the
hyperfocal range R, in wn, measured from the earthquake focus to the point
on the ground surface where the record was taken in terms of the Richter
nagnitude M, as given by the following equation:

a®i.10 "

(R + 25)° (1)



increases above VIiI!, however.

It is believed that the relationship between maximum ground
veloc.ty and MM Intensity is nearly independent of the properties of the
soil, but the relationship between velocity and acceleration is slighcly
soil dependent and there may be some dependence of soil properties on the
relationship for acceleration stated above. Nevertheless, the observations
of MM Intensity are most strongly influenced by building tvpe rather than
by soil properties when intensity is associated with building damace.

In other words, the soil type has implicitly been taken into account in
the observation of damage or in the observational cata lzading to the

MM Intensity reported.

2.3 Site Amnplification and Modificatien

The regional motions that one derives from the methods described
in the above must be modified to take account of the geclogic and strato-
graphic conditions pertaining to the site. Although there has been a great
deal of study and research involved in this topic it must be considered
still a controversial matter. Nevertheless, it is clear from observations
that the type of scil or subsoil has a major influence on the motions that
are recorded. In general, for the same earthguake, where the intensity is
low (possibly maximum acceleration less tnan 0.2 3, where g is the accelera-
tion of gravity) the measured accelerations are generaily higher on sediments
than on rock. However, when the acceleration is high (greater than 0.2 g),
then tne accelerations measured on rock appear to be iiigher than those on
soil. In most instance: the measured velocities are nearly the same.

Studies of the nature of the motions on sites of different stif®nesses are
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permit useful probabilistic data to be obtained. Such data are summari...
in Refs. 4 and 5.

These data show even more scattar than those from acceieraicn,
and distance from the focus. They are complicated oy the fact that the
MM Intensity is a subjective measure in large part, and for nighe: 'p :!c
of damage it depends to a great extent on type of building, properties </
building materials, foundation conditions and the like; for ther: reasc s
for example, on. would expect some changes in damage assessment Jver scor?
of years as the quality of construction materials improved. DJata frun
quarry blasting indicates that plaster cracking rarely begins at ies. . .
0.5 in/sec maximum ground velocity and generally is quite prevalent for
velocities greater than 2 in/sec. Finally, the observation (< =mine th-r
in the El Centro earthquake of 1940, the maximum ground veiociry wa: = .-
14 in/sec, and the Modified Mercalli Intensity was reported as ! 1.

These and other data suggest that the median vaiue . 0o
ground velocity can be inferred from the Modified Mercalli intensi:
using the relationship that the maximum ground velccity is approximate'y
8 in/sec for MM VIl and changes by a factor of 2 for each unit c¢harc: -
MM INtensity below MM V1IIl, but increases apove this leval mors sicw'v.

It is believed that this relationship corre,ates wel!l with observation.
from all dynamic sources. By comparison of the acceieratic” and veloci .y
with the relationship that a velocity of 48 in/sec corresponds to a | g
maximum acceleration in competent soils, one obtains the resulc that for
Modified Mercalli Intensity VIIl, the acceleration is 0.157 g cnd zhaaces

by a factor of 2 with each unit drop in MM Intensity. These relaciorships

should drop off somewnat from the factor of 2 incr2aces as the intensity



by metnods involving only the vertical propagation of a horizontal shear
wave.

It is not entirely rational to depend only vn calculational
methods to modify earthquake motions from some deep layer or bedrock to
the surface. It would seem desirable to base inferences about site
intensity modification on actual observations of surface motions as well as
on calculations until such a time as measurements of motion become available
from actual earthquakes at various depths beneath the surface for a number
of different foundation conditions.

in spite of the fac: that there is such uncertainty, it is
possible to assign values to the parameters of importance in assessing site
effects based on the general nature of differences in motions that appear

reasonable, however.

2.4 vertical Motions

Several recent statistical studies have been made of vertical and
norizontal earthquake motions (Refs. 9 and 10). Although the scatter in
results is quite great, it is our recommendation that the design motions
in the vertical direction be taken as 2/3 of the value in the horizontal

direction across the entire frequency range.
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summarized in Refs. & and 7 in terms of the so-called ''response spectra'
applicable to the measured records at various sites.

Although analytical methods have been proposed purporting to
explain phencmena uch as those described in the referances previously
cited, in most cases these analyses consider a condition not representziive
of actual conditions. The principal assumption (that the earthquake motions
consist of horizontal shear waves propagated vertically upward from scma
base layer where the motions are defined) is contrary to observaticns.

For example, it is shown in Ref. 8, and it has long been considered,
that for longer period motions, possibly where the periods are ore seccnu
or longer, the motions are primarily due to surface waves such as Rayleigh
waves or Love waves. It is quite likely, however, that ‘o~ moderate
distances, beyond those corresponding to the depth of focus, surface wav:s
have an important effect even for higher frequencies or shorter peri~c
motions, and more ccmplex motions must be consicered other than those Jue
toc horizontal shears propagated vertically upward. Morecvaer, the fact
that vertical motions occur cannot be accounted for bty the simple horizont:
shear wave mode!.

Considerations leading to variation in intensity of moiion wizth
depth beneath the surface are very complex. There are few data that directly
relate surface motions to motions beneath the surface. The coservational
data for motions beneath the surface, compared with surface motions, includes
two or three small earthquakes in Japan. These and other |imited data
indicate scme reduction with depth of surface motion intensity, but “or
large motions or hijh intensities, they do not support the contention that

cne can compute accurately variations in intensities of motion with ceptnh
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the structure itself. Mcst, if not all, of these parameters are subject
to considerable uncertainty in their value. 8ecause so many of the para-
meters .. s/lved have probabilistic (rather than deterministic) distributions,
it is not proper to take each of them with a high degree of conservatism
because the resulting combined degree of conservatism would then be
unreasonable. At the same time it is desirable to have an assured margin
of safety in the combined design conditions. Hence, 3 choice must be made
as to the parameters which will be taker with large margins of safety and
those which will be taken Qith more reasonable values closer to the mean
or expected values cof the parameters.

The relation between magnitude of energy release in an earthquake
and the maximum ground motion is very complex. There are some reasons
for inferring that the maximum accelerations are, for example, nearly
the same for all magnitudes of relatively shal 'ow earthquakes for points
near the focus or epicenter. However, for larger magnitudes, the values
do not drop off so rapidly with distance from the epi-enter, and the
duration of shaking is longer. Consequently, the statistical mean or
expected values of ground motions show a relationship increasing with

magnitude, although not in a linear manner.

3.2 Design Seismic Motion

In selecting the earthquake harards for use in design or review,
the general concept used for the DBk, as d scussed earlier, is that the
earthquake magnitude selected should be at least as large as those that
have occurred in the past, and these earthquakes are generally considered
*o have equal probabilities of occurring at any point within regions of

similar or closely related geologic character. |In particular, the

1521 123



12

111. DESIGN SEISMIC LOADINGS

3.1 Actual versus Effective Earthquake Motions

Although peak values of ground motion may be assignea o the
various magnitudes of earthquake, especially in the vicinity of the su-Tcie
expression of a fault or at the epicenter, these motions are in gener:,

considerably grzater than smaller motions which occur many more :times .0

i
T

L4

fec

)

an earthquake. Design earthquake response spectra are based on '
values of the acceleration, velocity and dispiacement, which occur sevar3!
times during the earthquake, rather than isolated peax values of fis. . e .3l
readig. The effective earthquake hazards selected for getermining ~2573n
spectra may be as littie as one-half the expected isolatec p=ak irs iui:L
readings for near earthquakes, ranging up to the latter vaiues for d . .ir.
earthquakes.

Design response spectra determined from these paramerters .2n
take into account the var‘ous energy aosorption mecnanisms, both in the
ground and in the element, inciuding radiation of energy inta Laz2 oro.
from the responding system.

In the design of any system to resist seismic excitacion, as
discussed earlier herein, there are a number of parameters and cesian
considerations that must b¢ taken into account. Among these arc the
magnitude of the earthquake for which the cesign is to be mace, the
distance of the facility from the focus or fault, the parameters governing
attenuation of motions with distance from the focus or epicenter, the soil

or rock cenditions as well as the generai geol!ogic conditions in the

vicinity, and the parameters governing the response of the facility or
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IV. SOIL-STRUCTURE INTERACTION

When a structure is founded within or on a base of soil and/or.
rock, it interacts with its foundation. The forces transmitted to the
structure and the feedback to the foundation are complex in nature, and
modify the free-field motions. Methods for dealing with soil-structure
interaction have been proposed by a number of writers. These methods
invalve: (1) procedures simi'ar to those applicable to a rigid olock
on an elastic half space; (2) finite element or finite d:7ference procedures
corresponding to various forcing functions acting nn the combined structure=
soil complex; (3) substructure modelling techniques wiich may or may not
include use of the direct finite element method. Summaries of some of the
factors and uncertainties affecting these calculations are given in Refs.
11 through 15. More advanced techniques are under development at a number
of institutions, but all methods have yet to be tested and therefore
conservative interpretation of the results of analysis is required.

However one makes the calculation, one determines a fundamental
frequency and higher frequencies of the soii sysr- which interacts with
the structure, and effective damping parameters for the soil system taking
into account radiation and material damping. Both of these quantities are
necessary in order to obtain rational results. Procedures that emphasize
. @ but not the other cannot give a proper type of interaction.

In general, consideration must be given to the influence of
local soil and geclogic conditions as affecting the site ground motions,
both in terms of intensity and frequency content. Soft soil conditions,

for example, may preclude the development of high accelerations or
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estimates of motion considered are those appropriate for competent
materials at or near the ground surface, including rock or competent
consolidated sediments at or near the rface. It is fairly well recognized
now that the predominant part of strong earthquake ground motion generated
by a near shallow earthquake energy release, is represented by surface
waves. |n general, these are propagated in a manner consisient with the
properties of the material at a depth considerably beneath the surface and
are not affected to a large extent by the surface properties tramselves.
The design values of motion normally are based on the assumption that the
same values are appliicable in a particular zone fur all competent soils.
In summary, the maximum ground motion values to be used for review and
upgrading may be considerably less than the isolated peak values of motion
(as measured by instruments) that correspond to the magnitudes of earth-

quakes that might be assigned to the zones.
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V. DAMPING AND ENERGY ABSORPTION

5.1 Implications of Damage or Collapse

In considerin:, the response of a structure to seismic motions,
ore must take account of the implications of various levels of damage,
short of collapse, >f the structure. Some elements of nuclear power plants
must remain elastic or nearly elastic in order to perform their allocated
safery function. In many instances, however, a purely linear elastic
analysis may be unreasonably conservative when cne considers that, even up
to th: near vield point range, there are nonlinearities of sufficient amount
to reduce required design force levels considerably. This is discussed in
more detail later herein in Section 7 dealing with review and retrofit
design procedures.

A discussion of the design requirements for various items of

nuclear power plants wher~in nonlinear behavior is permitted, is given in

Ref. 16, in the tabula‘ -ign classes in that reference. Similar
considerations are g b ] -»taining to the Trans-Alaska Qil
Pipeline, where se -~ . "~ cv4 o 47+ ;. * in defining the requirements
to resist damage “.- " s L, o .t oy . .,.*=m. An application

of these conLaz": = °.% x1s rFawcvgr desadyn ioaa o aerall later in

this report

2.3 B .
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velocities within the foundation materials. Consideration must a!so be
given to the development of unstable conditicns such as soil liquefaction,
siope instability, or excessive settlements. Further, because of the niiure
of formation of soil deposits and their lack of uniformity in same situacions,
in order to carry out meaningful calculations it may be cesirable o <o $=
the determination of in-situ properties; in such cases the methocs of s.-~'7. .3
and testing used to infer these properties reed carcful consijerat on.
3ecause of the variations in prope~ties and the difficulty »f catermining
them accurately, some degree of variation in the basic parametars usc. e
calculations should be taken into account.

Finally, the method of calculation used should aveid as =ucr =
possible the introduction of spurious results arising from the calcu’ 1.
technique. For example, it is often necessary to avoid "reflecting’ .-
""hard'" boundaries where these do not actually exist. _

This entire topic is one that requires tha mos: carefui .cnsiseras
tion, and additicnal research and study over the next 4 tace p2rocali:
be necessary before definitive recommendations on soil=structure ince o ..
can be developed. in the interim for review and upgrading, it .3 "CLluim™ocu
that great care be taken in assessing the need for such analysss. Toms
judgment as to the meaning of the results, in the light of che commer -

given herein, is required. Reliance on any single method is to bz aoided.
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the structure (or area under the resistance-displacement curve) at the
effective elastic limit and at the maximum useful displacement must be the
same for the effective curve as for the actual relationship at these two
displacements. For the system shown in Fig. |, the definition of the
ductility factor, u, is shown in Fig. 2.

Ductility levels for use in normal design may range from as low
asz 1.0 to 1.3, or nearly elastic, to more than 5, when a great deal of
energy can be absorbed in inelastic deformation. It is expected that
similar values should be applicable in the review design process.

Ductility levels for use in design are discussed in detail in

Re‘s. 16 and 17, and in cosiderable detail in Section 7 of this report.
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snd easurement but show a fairly wide spread. For conservatism, damping
~lues for use in design of nuclear plant systems are generally taxen at
lower levels than the mean or average estimated values.

Damping is usually considered as a proportion or percentage of
the critical damping value, wnich is defined as that damping in a syste"
~hich would prevent oscillation for an initial disturbance not centinuing
tnrough the motion. Levels of damping, as summarized from a variety of
Lources, are given in Refs. 18-20. For convenience, the damping associated
~ith particular structural types and materials as modified slightiy from
xef. 21 is given herein in Table 1. The lower levels of the pair of value
jiven for each item are considered to be near!y lower bounds, and are
therefcre highly conservative; the upper levels are considered to bz 2/2rage

or slightly above average values, and probably are the values that shc..d

be used in design wnen moderately conservative estimates are mace of th

sther parameters entering into the design criteria. A recent da2tailed
study of damping has been completed as a part of the Diablo Canyon Unirs
i and 2 Review (Amendment 50) and should be considered along with other cica

wher setting up review criteria.

5.3 Ouctility

Energy aosorptieon in the inelastic range is commonly handled
through use of the so-called ""ductility factor'. The ductility factor is
the ratic of the maximum useful (or design) displacement of « structure rto
the "e‘fective’ elastic limit displacement, .he latter being daterminzd na!
‘rom the actual resistance-displacsment curve but from an equivalent 2iast:-

plastic function. This equivalance requires that the energy absordec in
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Let us now consider the case in which the simple oscillator of
Fig. | deforms inelastically as in Fig. 2. It is convenient to use an
elasto-plastic resistance displacement relation because one can draw
response spectra for such a relation in generally the same way as spectra
are drawn for elastic conditions. In Fig. 4 there are shown the two types
of spectra corresponding to the elastic spectrum of Fig. 3. Here tuc
symbols D, V, A refer to the bounds of the elastic spectrum, the symbols
0', V', A' to the bounds of the elasto-plastic spectrum for acceleration,
and the symbols D, V, A", Aé to the bounds for the elasto-plastic spectrum
for displacement. The symbol Ao refers to the maximum g:ound acreleration.
The method of constructing the inelastic spectra is described later in
this report.

6.2 Use of Response Spectra for Multi-Deqree-of-Freedom Systems -~
Mode!l Analysis

For multi-degree-of-freedom systems, the concept of the response
spectrum can also be used in most cases, althocugh the use of the inelastic
response spectrum is only approximately valid as a design procedure. For
a system with a number of masses at nodes in a flexible framework, the

eguation of motion can be written in matrix form as follows:

MU+ CU + Ku = -M(¥) (1] (5)

where the quality in brackets represents a unit vector. The mass matrix M
is usually diagonal, but in all cases both M and the stiffness matrix K
are symmetrical. Wwhen the damping matrix C satisfies certain conditions,
the simplest of which is when it is a linear combination of M and K, then
the systems nas normal modes of vibration, with moda! displacement vectors

Jv_.
n
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VI. METHODS OF DYNAMIC ANALYSIS

6.1 Response Spectrum

The concepts of the response spectrum and its use in dynamic
analysis are discussed in detail in many books and articles, including
Refs. 17 through 20, and 22. The response spectrum is defined as a
graphical relationship of maximum response of a single-degree-ol-frend=2n
elastic system with damping to dynamic motion (or forces). The 7cst usu.
neasures of response are maximum displacement, D, which is a measure of =rw
strain in the spring element of the system, maximum nseudo relative v=' o °,
V, which is a measure of the energy absorption in the spring of the syston,
and maximum pseudo acceleration, A, which is a measure of the maxirum fc-2»
in the spring of the system. Although actual response spectra for car:.-
quake motions are quite irregular, they have the general shape aF & Lraaae
or tent: a simplified spectrum is shown in Fig. 3, piotied o0 3 lcuar .
tripartite graph, and modified so that tne various regions ¢f tne spe..
are smoothed to straight line portions. On the same 3Jrapgn 37& Saowi °
maximum ground motion components, and the figure therefore indicites ™
amplifications of maximum ground motions for the various parts of the

spectrum,

At any frequency, f, the relations between the values of

il

and Af are defined as follows:

V"mof \3’

-

hf-w\lf'uf:)- (4

13
i

where w is the circular natural frequency, 2nf.

Lal
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calculation. In general, however, there is no real advantage in using a
time history as compared with a response spectrum approach for multi-dejree-
of-freedom systems, unless one is faced with an actual deterministic input.

Another form of time history analysis sometimes employed involves
modal analysis concepts in the sense of identifying the eigenvectors and
eigenvaluec, exciting each of the significant modes by the time history and
summing the weighted modal values of stress, displacement, etc. as a function
of time. This method is cumbersome, obviously must make use of a computer
because of the extensive calculations required, and is not used widely.

It has been common to use time history analysis technigues to
jenerate floor response spectra, especially at upper floor locations in
nuclear power plants. Techniques currently exist for estimating the peak
values of response at such locations (Ref. 23) and additional research
studies currently underway at the University of Illinois are intended to
lead to improved technigues for estimating floor response spectra by
employing modal analysis with response spectrum technigues. In any case
the handling of floor response at multiple attachment locations, by whatever
techrique, is extremeiy difficult and requires exercise of judgment; in such
cases one principal concern is that of adequately providing for relative

displacement,
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when the modes and frequencies of the system are obtained, the
modal responses are determined for each mode considering the ''participation’

factors, C for each mode to be defined as follows:

u: M{1}
cn - —r— (6)
n

If the particular guantity desired -- say the stress at a particular
point, the relative displacement between two reference points, or any other
effect -- is designated by a, then the modal values of 2, are determined for

each mode and combined by use of the relations:

|
Soax = g lcnanonl (7)

" / z \
uprob 3 g (cnanon) (8)

For inelastic response, the quantities to be used are 0;, Vg, or
AA frem caleulations such as those leading to Fig. 4. Equation (7) gives
an upper bound to the value of a, and Eq. (8) the most probable or expectad

value,

6.3 Time history Analysis

Alternatively one may make a calculation of response by considering
the motiors to be applied and the responses computed using a step-by-step
numerical dynamic analysis. This implies a deterministic approach since a
deterministic time history is involved. By use of several time histories
independently considered, dne can arrive at average or conservative upper

bounds of response, at the expense of a considerably increased amount of
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normal distribution. The amplification factors are functions of damping.
Equations for the amplification factors for the log normal distribution,
for both the median or 50 percentile cumulative probability level and the
one Sigma or 84.1 percent cumulative probability level, are shown in
Table 2. Specific numerical values for a range of damping values from
0.5 percent critical to 20 percent critical for the two probability levels
are tabulated separately in Table 3 for acceleration, velocity, and
displacement sensitive regions of the response spectrum as shown in

Fig. 3.

In determining the ground motions for use with Fig. 3, it is
racommended that, lacking other information, for competent soil conditions
a v/a ratio of 438 in/sec/g be used and for rock a v/a ratio of 36 in/sec/g
be used. Also to ensure that the spectrum represents an adequate band
(frequency) width to accommodate a possible range of earthquakes it is
recommended that ad/v2 be taken equal to about 6.0. |In the above a, v and
d are the maximum values of ground motion (acceleration (in/secz),velocity
(in/sec), and displacement (in), respectively).

With these values one can determine for a given earthquake the
smoothed elastic response spectrum for a particular value of damping and

a given probability levei.

7.3 Effects of Size and Weight of S:ructure

There is a good basis for recognizing that a large and heavy
structure responds to motions in the soil or rock supporting it in a
manner different from that of a light and small support for a recording

accelerometer. Crude analytical studies suggest that high frequency
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VIl, REVIEW ANALYSIS AND DESIGN PROCEDURES

7.1 General Considerations

In undertaking review seismic analyses of an existing nuclzar
plant, preparatory to carrying out upgrade design studies, it is assumed
that the general approach outlined in Section | of this report would be
followed. As a par” of the reviev process it is important (o ascertain ine
nominal properties of the materials in the elements under cons.derizion; ir
some cases it may be necessary to carry out tests to determine these proper=
ties, especially if aging, corrosion or other effects could have affactel
the properties.

The loac combinations that should be considered in the r2v ew
should be those for which the upgrade is to be made, and shou'd incluc-
consideration of current Nuclear Reguiatory Commissicon guiZelines.

In other respects it is assumed that the general loadings ana safely
orovisions of the current NRC standards would apply withir the framewora

of the procedures and criteria given in this report.

7.2 Modified Response Spectra

Modified response spectra represerting average (cor sore prota - 1T
above the mean) conditions for earthquake motiuns are discussed in var. “us
books and papers, including Refs. 16-23. In general it.has te2n shown thac
a response spectrum for a particular cumulative probability level can uve
derived from statistical studies of actual earthquakes, most ccnveniently
as a set of amplification factors applied to the maximum Conporsats <
ground motion, as implied in Fig. 3. The probability function which best

describes the range of values is one that corresponds to a logarithmic

1321 136



27

availaple in the literature (for example, Refs. 24 and 29).

].4 Effects of lnelastic Action

The effects on the response of a structure deforming into the
inelastic range have been described and/or summarized in Refs. 16 through 22.
In general, for small excursicas into the inelastic range, when the latter
5 considered to be approximatad by an elasto-plastic resistance curve,
the response spectrum is decreased generally by a factor which is one over
the ductility factor. |If the ductility factor is defined by the symbol u
then the reduction for the two left-hand portions of the elastic response
spectrum shown in Figs. 3 and 4 (to the left of the frequency of about 2
nertz) is reduced by the factor 1/u for acceleration, and by the factor of
1/V2u0 = 1 in the constant acceleration portion to the right, roughly between
frequencies of 2 and 8 hertz. There is no reduction beyond about 33 hertz.
with this concept, one can arrive at design spectra that take account of

inelastic action even in the small range of inelastic behavior.

7.5 Seismic Desian Classification

Because of the major influence that the ductility factor has on
the design spectrum, some guidance is needed with regard to the appreopriate
choice of ductility factors to be used even for vital elements and components
in a nuclear reactor facility. Observations of the performance of structures
in «arthquakes, interpretation of laboratory tests, including those on

earthquake simulators and shake tables, observations of damage to structures
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motions are not transmitted as effectively to the foundation of a structure,

and therefore to the structure itself, as lower frequency motions. ihis may
be ascribed to several factors, the most important of which are probably-the
facts that: (1) the earthquake motion is a wave motion, the higher frequency
components of which may be shorter than the length or width of the‘reSpOnding
structure; and (2) there is a loss of energy in the high frequency range, not
accounted for in the analysis, that comes from possible relative motions
setween the base and the foundation. These observations are corroborated
by the response of the Hollywood Parking Lot and the Hollywood Storage
Building in Los Angeles, which are adjacent to one another, in which in the
first case the instrument is mounted in the so-called "“"free field'" and the
other in the basement of the structure. The Response Spectra and the
Fourier Spectra are practically identical for frequencies lower than abou:
| to 2 hertz, but differ markedly, by as much as a factor of 2 to 3, far
frequencies higher than about 3 to 4 hertz.

For these reasons, it is considered that high intensity earthguacs
motions, and especially those arising from near field sources, have much
less influence on structura! resnonse and damage produced by this response
than do earthquakes having a more distant source, where the major motions
are in frequency ranges to which the structure can respond effectiveiy as
a unit. This is a justification that is often used for discounting high
intensities of acceleration that are measured or inferred, as compared
~ith those used in the development of design spectra. It is our belief
that this type of soil-structure ‘nteraction should be taken into account
in arriving at design spectra for facilities with large foundations, as

for example nuclear plants. Procedures for making such medifications are
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reductions described in Section 7.5, one oL.ains the design spectrum for
acceleration or force by the curve D'V'A'Ao, and for displacement by the
curve DVA"AB, which represents the total displacement and not the elastic
component of displacement, for the elasto-piastic resistance curve. A
specific example of the design spectrum which includes all of the quantities
described in the report, for a peak ground acceleration of about 0.16 g,

5 percent of critical damping and a ductility factor of 3 is presented in

Fig. §S.

7.7 Combined Effects of Horizontal and Vertical Excitation

In the real worlid, earthquake motions occur as random moticns in
horizonta! and vertical directions. In other words, a structure is subjected
to components of motion in each of two perpendicular horizontal directions
and the vertical direction, and one might also consider three components of
rotacrional motion corresponding to a foundation twist about a vertical axis
and two rocking motions about the horizontal axes. These ground motions
have, apparently, statistical independence. Consequently, if one uses time
histories of motion one must either use actual earthquake records or m_.ify
them in such a way as to maintain tne same degree of nearly statistical
independence as in actual records. Consequently, for time histories thac
involve inelastic behavior, it is an oversimplification to consider each of
the components of motion independently since they all occur at the same time
in general. However, there is only a small probability of the maximum
responses occurring simultaneously and methods have been derived for handling
problems such as this as described next.

For design one must consider the combined effects of motion in

various directions. though this can be done in various ways depending
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and structural models in nuclear tests, including damage both from air blast
and ground shock, as well as system safety, ail are pertinent factors in
arriving at a judgment as to the appropriate ductility factor to be usg« 5
in review analyses and upgrade design.

In order to provide guidance, taking into account the facrers
described above, a seismic design classification is suggested in Tabdle 4.
It involves a designation of the seismic design class and a descr'pgticn of
those items that should be assigned to that class. For each class. a range
of ductility factors is given. Obviously appropriate damping vaiues a'se
mnust be chosen for use in evaluating the seismic adeguacy of the sysctems
under study. It is believed that even the upper limit of the range shown
in Table 4 would be adeguately conservative for all items in tha cliss, 2.t
one may choose, for greater conservatism, to use 3 lower vaiue. Classs. s
I, and || might be considered as applicable to various types of nucl=ar
rezstor elements, components, or facilities; Class !l would gereraily -
considered to fall into the range of ordinary scructures which can ko
designed by current or proposed scmewhat modified se.smic design specifi-

cations and codes used for buildings.

7.6 Design Spectra

Using the concepts described above, the design spectrur fo
earthquake motions can be drawn as shown herein in Fig. 4 generallv. The
response spectrum indicated by the line DVAAO in Fig. 4 is the elastic
response spectrum obtained from Fig. 3, using tne proosbility levels. -
damping values and amplification factors, appropriate to the particuliur

axcitation and structural componert. From this, by use of the ductility
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4 greater scress ci one side of the structure than on the other, and the
outer walls and columns will in general be subjected to larger deformations
and forces than would be the case if the structure were considered t»

deform uniformly,

Recently new techniques for estimating torsion arising from ground
motion have been studied and reported in the literature (Ref. 25) but it is
not clear at this moment that such treatment involving a systematic plane
wave is justifiable; in some cases, especially in large buildings, it leads
to values which are higher than appear reasonable. In the interim it is our
recommendation that current code provisions for "accidental' torsion be
employed.

In estimating overturning effects one commonly computes the shears
and moments throughout the structure and computes the ""overturning'' moment
at each elevation and at the base. These moment forces give rise to ~ensions
and compressions in the columns and walls of the structure, and cause tiiting
of the base consistent with the foundation compliance. In some cases this
tilting can lead to partial uplift on one edge of the base and can lead to

overloading of the foundation materials.

7.3 Response of Equipment and Attachments

Many important parts of a nuclear power plant facility are attached
to the principal parts of the structure and respond in a manner determined
Ov the structural response rather than by the genersl! ground motion to which
the structure is subjected. This matter involves a good dea! of difficulty

in analysis, but appropriate calculational techniques are available. Some of
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upon the method of analysis used, it is reasonable to use the response
spectrum amp--i.'. =ven for the multi-degree-of-freedom systems, to arrive
separately at the responses in the individua! directions, and then to
combine the effects in general by taking the square root of the sums of
the squares of the individual effects for stress or motion at a particular
point in a particular direction for the various components of motion
consicer’ed, It is conservative, simpler, and much more readily Zefined
and calcu'ated to take the combined effects as 100 percent of the effects
due to motion in cne particuiar direction and 40 percent of the effacts
corresponding tc the two directions of motion at right angles to the
principal motion considered. It is this combination that is recommended

for general use, especially in nuclear power plant design.

7.8 Unsymmetrical Structures, Torsion, Overturning and Uplift

Consideration should be given to the effects of torsion on
unsymmetrica! siructures, and even on symmetrical structures where torsion
may arise accidentally, because of various reasons, including lack of
homogeneity of the structures, or the wave motions developed in earthquaxes.

So-cailed ''calculated' torsion in the structure proper arising
from noncoincident centers of mass and rigidity should be handled in the
customary manner. The accidental eccentricities of the horizontal forces
prescribed by current codes require that S percent of the width of the
structure in the direction of the earthquake motion considered be used
as an accidental eccentricity. The stresses arising from the actual
eccentricity should be combined with those arising from the accidental

accentricity in a!l cases. The effect of eccentricity is to produce
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‘H--u;r‘ﬂu (10)

in which M is the mass matrix and u the moda! displacement vector (for
either the equipment or the structure) normalized to a unit participation
factor for either system alone.

It is to be noted that even a mass ratio for equipment to structure
of 0.0001 corresponds to an equivalent added damping factor of 0.0! or |
percent and a mass ratio of 0.U0l to an added factor of about 3.2 percent.

As described earlier in this repor:, a commonly employed technique
for handling equipment response is that of the so-called floor-response or
in=structure response spectrum. The use of this technique involves considarable
judgment in assessing the reasonableness of the peak response values and the
frequency bandwidth of applicability. Multiple connections are even more
troublesome to handle, rrespective of the technique employed.

In any event, however the motions are estimated, the analyst or
designer must pay particular attention to tie-down details and to connecting

elements which can undergo or must sustain relative motiecn,
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these are described in Ref. 23, where a suitable design simplification is
involved in which the response of the attachment is related to the modal
response of the structure. This response is affected by the relative mass
of the attachment and the structure. Where this relative mass is infini=
tesimal, the response is affected primarily by the damping of the structure
and the quipment, but as the relative mass becomes finite, even though
small, an effective relative damping is involved which is relateg to the
square root of the equipment to structure effective mass ratio.

The studies reported in Ref, 23, and more recent unpudblished
research, indicate that in general the maximum response of a light eguipment
mass attached to a structure, even when the equipment mass is tunad to the
same frequency as the structure, will not exceed the basic respsnse specrtrum
to which the structure responds multiplied by an amplification faztor, AF

’

defined conservatively as follows:

|

33 + Bs - VY

AF = (a)

in which
8 = proportion of critical damping for equipment
ss = proportion of critical damping for structure
Y = ratio of generalized mass of equinment to generalized mass 1
structure, when the mode displacement vectors for both the
equipment and structure are taken so as to have unit participa-

tion factors, defined by use of £q. (8)

The generalized mass for the nth node, F;, is defined for aither

the equinment or the structure as:
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the terms ''secondary'' and ''primary'' referring to definitions as given in

current codes. This matter deserves further study.

8.3 Underground Conduits and Piping

Important components of nuclear reactors often involve underground
tunnels or other conduits and piping. In general these may have to deform
in a manner consistent with the deformation or strains in the soil or rock
medium itself, and do not respond in a way anticipated by tne so-called
response spectrum approach or other structural analysis approach. Methods
of handling this problem are described in some detai! in Refs. 23, 26 and
27 and have been used as design criteria for underground piping systems.

In that reference, based on the assumption that over short
distances the earthquake motions propagate as a wave with a velocity of
transmission ¢, it was shown that the maximum longitudinal strain € ina
buried conduit or pipe, except near a surface break or fault, is given by
the relations:

For '"compression waves'' in the ground

€y ® vm/cp (1)

and for ''shear waves'
/
Em'vm/ZCs \12)
in which
v, ® maximum ground velocity

cp = compression wave transmission velocity in medium

cs = shear wave transmission velocity in medium

However, the values of cp and :s snould not be taken as the very small values



34

ViIl. SPECIAL TOPICS

3.1 Fault Motions

Major fault motions may occur in large magnitude earthquakes of
the order of as much as 6 to 8§ meters in relative motion between the two
sides of the fault. Such motions are virtually impossible to design against.
However, small fault motions or motions across subsidiary fauits, or fault
motions for small magnitude earthquakes, may range from a few centimeters
to a meter or so. For these it is possible to provide resistance to the
relative motions by sone means of isolation of the structure., Some methacs
of doing this were described in Ref. 18. More recent studies and recommenda-
tions pertaining to pipelines and other buried facilities are given in

Refs. 26 and 27.

8.2 Relative Motions "

kelative motions between different parts of a facility or between
different elements in a strucrure often have to be considered in design.
Because of the fact that elements and separate items may respond in such a
way that, even though they have the same period of vibration and the same
general response characteristics, they may become cut of phase in their
motions, the design relative motion generally has to be taken as the sum of
the absolute values of the maximum motions of the two components involved.
More details on this topic are contained in Ref. 23.

Another observation of interest in this connection is that for
some elements undergoing restricted motion, as for example buriec piping,
it is possible under certain circumstances that the relative seismic motion

stressing may be ''secondary'' in character as opposed to a ''‘primary'', with
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the properties of the tank materials with respect to their ability to

withstana seismic motion without leaking.

8.5 Equipment Qualification

An important element of the review of existing nuclear facilities
involve, the seismic adequacy of the critical controls and equipment. This
is an area in which improved techniques and practices have been deveioped
with regularity. It is conceivable that some of the items of equipment in
the ex:sting facil'ty which were not evaluated during an earlier design era
may indees be of 3 type which has been evaluated in ensuing years and this
information should be obtained if at all possible. In many cases based on
recent Lesting and analysis experience it is possible to make judgments
about Lie adeguacy of certain types and classes of equipment Insofar as
possihle it s recommended that the equipment qualification be carried cut
in accurdance with Standard 344-75 of IEEE and the accompanying standards
which retate to general qualification requirements. In many cases it is
conceivable that the equipment itself will have adequate resistance for the
seismic hazard involved and that additional resistance of the system can be
developed through the adding of additional anchorage, bracing or other
remedial measures.

In the case of new equipment which is instailed as a part of the
redesign and upgrading, we call particular attention to a recent systematic
program of equipment evaluation that was carried on for the trans-Alaska
pipeline as described in detail! in Ref. 31. This particulat program
involved one of the most systematic and well documented studies 2F th's

type known to the authors.
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that might occur near the surface in soft soi!, because the wave transmission
velocity is affected primarily by the stiffer deep strata.

The strains in a pipe due to changes in curvature in the ground
are discussed in Refs. 23, 26 and 27. They are generally small enough to be

neglected.

8.4 Tanks and Vaults

Analysis.and design procedures for apovegrouna tank3 ars Jauits
nave been based over the years primarily on the work by Housrar, espscially
as summarized in Ref. 28. These procedures have provided a reascnatc:
satisfactory basis for design over the years. More recently several major
studies have been underway, particularly with reference to setroieun 37.va
facilities; the studies noted are those involving experimental festi=~¢ ss
well as analysis under the direction of R. Clough at the University «f
California at Berkeley and theoreticyl studies by A. S. Velatsecs at Ri-e
University in Houston. It is expected that these studies will! lead to naw
guidelines for tank design in the near future. The ancnorage reguire . :
for tanks are now fairly standard and would need review as would canne. o
piping.

In the case of buried tanks or vaults the probiams ~-o 1.
different in that the tanks will move and deform with tne z-ou-- 15 2
function of the compliance between the tank and ground. Again 't [: a-
interaction problem. To some degres but not entirely, the strain in a tank

or vault can be inferred from the strains in the ground (3ee 3ection 3,70

of

particular concern in review of existing plants would e tanks buriw

for some period of time wnere corrosion or other aging effects could degrads
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levels of risk and struccural or compcnent resistance before risk analysis
can be used as a sole basis for decision as to redesign or upgrading
requirements. Such studies are underway now, both for seismic hazard and
for dynamic response.

Use of probability concepts is almost necessary, however, to
define appropriate levels of damping, energy aosorption capability or
ductitity, and fragility levels of components and equipment, since selec’. "
of all these parameters at extreme or bounding values would lead to
unreasonable, or almost irrationai, seismic design requirements that would.
introduce dangers from overstiff and/or brittie behavior mechanisms that

would be more serious in terms of safety considerations.
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8.6 Quality Control and Details of Construction

|tems which do not lend themselves readily to analytical
consideration may have an important effect on the response of stru::urés
and facilities to earthquake motions and must be considered in the design.
Among these items are such matters as the detaiis and material properties
of the elements and components, and the inspection and control of quality
in the construction procedure. The details of connections of the structure
to its support or foundations, as weil as of the various elements or it{ems
within the structure or component, are of major importance. Failures often
occur at connections and joints because of inadequacy of these to carry the
forces to which they are subjected under dynamic conditions. Inadequacies
in properties of material can often be encountered, lezding to brittle
fracture where sufficient energy cannot be absorbed, even though energy
absorption may have been counted on in the design and may be availatcle
under static loading conditions. Some of the aspects of these topics are
considered in detail in Refs. 28 and 30 for reinforced concrete. Similar
concepts must be followed, however, for other construction materia;s as well.

The review must include examination of details of constructicn,
fastening, and actual material properties to be sure that the resistance

available is adequate to meet the demands of the upgraded design reguirenants.

8.7 Prebability Concepts

Although probability concepts are not generally used in the design
of new reactors, it is likely that they can be used in considering the
appropriate level of upgrading and retrofit to bring an clder reactor fo

acceptable safety levels. However, studies are required %o define accepraonle
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IX. SUMMARY REVIEW AND REPORTING

3.1 Audit Procedure and Systems Summary

As described in Section | of this report a major portion of thz
review and analysis procedure for an operating nucleai plant involves making
an audit of the status of the existing equipment structures, elements, aac
other critical items. The audit should include many things, namely a listing
of those items and systems considered critical, the documentatinn that exists
with regard to them, and the methods used in the analysis of the items. Aiso
it should include any factual details that exist with regard to the strocs
analysis, selection of support and resisting systems, and specifically any
information that exists with regard to the amount of the stra2ss and de’orma-
tion which could be attributed tc the seismic hazard for which the pla== was
designed. This latter item will provide some insight, even in the 'ight af
the methods of analysis used at the time, of the probable significance of
the seismic effects upon the items of consideration.

A thorough and useful audit involves a large amount of time «fu
painstaking effort but is an absolute necessity if documentation and
justification of the existing facilities are required as a part of tha

upgrading procedure, which would be expected.
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TABLE 2. EQUATIONS FOR SPECTRUM AMPLIFICATICN
FACTORS FOR HORIZONTAL MOTION

Cumulative
Quantity Probability, % Fottien
Acceleration 84.1 (One Sigma) 4,38 - 1,04 tn B
Velocity 3.38 - 0.67 tn B
Displacemant 2.73 - 045 tn B
Acceleration 50 (Median) 3.21 - 0.68 tn B
Velocity 2.31 - 0.41 ¢n B
Displacement 1.82 - 0.27 n 8
TABLE 3. SPECTRUM AMPLIFICATION FACTORS
FOR HORIZONTAL ELASTIC RESPONSE

Damping, One Sigma (B8k4,1%) Median (50%)

% Critical A v 0 A v 0
0.5 5.10 3.84 3.04 3.68 2.59 2.01
| L,38 3.38 2.73 3.21 N 1.82
2 3.66 2.92 2.42 2,74 2.03 1.63
3 3.24 2,64 2.24 2.6 1.86 i.,52
5 2N 2.30 2.00 2.12 1.65 1.39
7 2,36 2,08 1.85 1.89 1.5) 1.29

10 1.99 1.84 1.69 1,6k 1.37 1.20
20 1.26 1.37 1.38 1.17 1,08 1,01
NOT REPRODUCIBLE
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TABLE 1. RECUMMENDED DAMPING VALUES

Stress Level

Type and Condition
of Structure

Percentage
Criticai Damping

Working stress,
no more than about
%+ yleld point

At or just below
yield point

Vital plping

Welded steel, prestressed
concrete, well reinforced concrete
(only slight cracking)

Reinforced concrete with
cons |derable cracking

Bolted and/cr riveted steei,
wocd structures with najiled or
b\olud jolints

Vital piping

Welded steel, prestressed concrete
(without complets loss in prestress)

Prestressed concrete with no
prestress left

Reinforced concrete

. Bolted and/or rivated steei, wood

structurss, with bolted joints

wWood structures with nailed joints

|
2

15

to

to

to

to

e

te .

to

to

| >

»

NOT REPRCDUCIBLE
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TABLE 4., PROPOSED SEISMIC DESIGN CLASSIFICATION

CLASS

DESCA.PTION

Il

111

Equipment, instruments, or components performing vital functiors
that must remain operative during and after earthquakes;
Structures that must remaln elastlc or nearly elastic;
Facillties performing a vital safety-related function that must

remain functional without repair, DOuctility factor = | to 1.2,

Items that must remain operative after an earthquake but need
not operate during the event; Structures that can deform
slightly in the Inelastic range; Facilities that are vital but

whose service can be Interrupted untl| minor repairs are mace.

Ductility factor = 1.3 to 2,

Facilitles, structures, equipment, instruments, or components
that can deform inelastically to a moderate extent without
unacceptable loss of function; Structures housing items of

Class | or 1-S that must rot be permitted to cause damage to such
items by excessive deformation of the structure, DOuctility

factor = 2 to 3,

All other Items whi » are usually governed by ordinary seismic
design codes; Structures requiring seismic resistance in order to
be repairable after an earthquake, Ouct!lity factor = 3 to 8,
depending on material, type of constructlon, design of details,

and control of quallity.
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