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!

1. BACKGROUND

Structures and components of nuclear power facilities are designed for a large
number of load combinations. These load combinations include both multiple
dynamic loads and static loads. In most cases, peak responses from each of

the dynamic loads are calculated elastically. These results are then combined
to obtain a resultant peak combined dynamic response. Once the resultant peak
combined dynamic response has been determined from a proper combination of the
multiple peak dynamic responses, the resultant i{s added absolutely to the elas-
tically calculated static response. This elastically calculated combined maximum
response is then compared to code allowable stress levels with the acceptance
criterion being that the combined response must be lower than the code allowable
level.

The question of how to combine several multiple peak dynamic responses has

been studied extensively for earthquake and blast response of structures.
Appendix A summarizes some of these studies and contains an extensive reference
1ist of napers which can be consulted for further details. In 1951, Rosenblueth'
first proposed that peak dynamic seismic responses be combined using the square-
root-sum-of-the-~squares (SRSS) method. This method is founded on a statistical
basis summarized in Section 5 such that peak' combined response 1s expected to
have approximately the same nonexceedance probability as exist: for each of the
individual peak responses being combined. The method was first published in
1953.2 Since that time, this method of response combination has been widely studied
(see Appendix A) and, with a few well-defined exceptions, has been accepted as
the preferred method for response combination in the field of earthquake response
of structures.

As other transient loadings on nuclear power facility components have been
identified, it has become necessary to combine peak responses from these tran-
sient loadings also. For such loadings, peak responses have been generally

combined using SRSS based upon extenaive experience in earthquake response anal-
ysis. However, questions were raised by the Nuclear Regulatory Commission (NRC)

'Throughout this report, the words "peak response™ are used to represent the
maximum peak response,
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as to whether the SRSS method is5 an appropriate'method for combining such responses.
Several studies were initiate to demonstrate the adequacy of combining peak
dynamic responses from other transient loadings using the SRS3S method.3'n’5

Reference 3 documents a methodology for developing cumulative distribution func-
tion curves (called CDF curves) of the conditional probability of nonexceedance
of any peak combined response as a result of multiple input response time histo-
ries having random relative time phasing. These nonexceedance probability curves
are based upon a defined probability density function for relative time phasing
between the multiple dynamic inputs. All of the multiple dynamic responses in
the response combination are assumed to occur concurrently. Thus, the resultant
nonexceedance probabilities are conservative in that they ignore the possibility
that the events may not occur concurrently.

These CDF curves present exceedance probabilities resulting from the randomness

of time phasing only and do not consider uncertainty of amplitude of the indi-
vidual peak response or the nonexceedance probability at which the individual

peak responses being combined are defined. The actual nonexceedance probability
of the peak combined response is a function of both the nonexceedance probability
of the amplitude of the individual peak responses and the nonexceedance probability
obtained from the CDF curves resulting from random time phasing. So long as

the individual peak responses are conservatively defined, the actual nonexceedance
probability of the peak combined response will be greater than that defined by
these time phasing only CDF curves. Throughout this report, the term CDF curves
refers to plots of nonexceedance probabilities associated with random time phasing
only, which is in accordance with how such curves were developed in Reference 3.

A total of 291 different load combination cases whicn included multiple dynamiec
response time histories generated from actual Mark II plant structures and com-
ponents were studied. For the cases studied, it was shown in References 3 and

5 that the median probability of nonexceedance of the SRSS combined response
associated with random time phasing (i.e., am:litude known) was about 86%, with
about 98% confidence that the nonexceedance proovability was greater than 50%.
Furthermore, it was shown that the median probability of exceeding the SRSS com-
bined response by more than 20% was only about 4% with about a 98% confidence

that the probability of exceeding the SRSS combined response by more than 20%

was less than 158, For such transient response cases, one can conclude that

1-2
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there is a low conditional probability of exceedance of the SR3SS combined responsa
and a very low probability of significant exceedance due to random time phasing.

Reference 3 also repobted reliability studies which compare the c.mponent
reliability for components designed using SRSS combination of peak dynamic

responses versus those designed using absolute summation combination when
both were subject to dynamic loadings. So long as:

1. The design dynamic load events (such as earthquake ground acceleration) are
defined with sufficient conservatism to cover reasonable uncertainty in their
definition so that there is high confidence that the likelihood of occurrence
of more severe load events is no greater than the likelihood of occurrence
upon which the corresponding allowable stress criteria a-e based,

2. The dynamic loadings (such as design response spectrum anchored to ths
earthquake ground acceleration) for the given dyramic event are also defined
with sufficient conservatism to cover reasonable uncertainty, and

3. The allowable stress criteria are designed with sufficient conservatism (low
probability of component failure consistent with the likelihood of exceedance
of the design load when stresses are held to allowable stress criteria),

then it can be concluded that use of absolute combination of peak dynamic
responses does not result in signi?tcant increase in component reliability

over that obtained from SRSS combination of peak dynamic responses. In other
words, a low probability of structural failure can be achieved by the proper
application of the sources of conservatism defined above. When this is done,
very little added structural reliability is achieved by requiring a conservative
response combination procedure (i.e., absolute summation of responses). In fact,
requiring excessive conservatism in the response combination (i.e., absolute sum-

mation of responses) may lead to lesser reliability under normal expected loading
conditions.

Reference 4 documents the results of a study conducted to show that structures
designed elastically to code allowable stress levels generally b.ve much greater
margin against failure when subjected to dynamic loadings than when subjected
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to static loadings. In this study, the dynamic margin, RD' was defined as the
ratio of the dynami¢ time history load amplitude which results in failure strains
to the dynamic time history load amplitude corresponding to code allowable stress
levels for elastic analysis., Similarly, the static margin, Rs. was defined as
the static load of failure divided by the static load cor esponding to the same
code allowable stress level for elastic analysis. Then, the dynamic to statie
margin ratio (D/S Margin) is defined by:

D/S Margin = R,/R

D°'S

For structures with even very moderate ductility (inelastic energy absorption
capability), it is shown that for earthquakes or pulsive dynamic loadings whish
result in dynamic structural response, this D/S Margin is greater than 1.3
(often much greater than 1.3). It i{s also shown by other studiesu that this
D/S Margin alone is sufficient to cover the possible exceedance of the SRSS
combined response from multiple dynamic events. For moderate ductility strue-
tures subjecied to dynamic responses, one can conclude that the combination

of dynamic responses by SRSS generally results in greater rese-~ve margin than
is obtained for static responses when both responses are held to the same coce
allowable stress levels for elastic analyses.

The Nuclear Regulatory Commission Working Group on Methodology for Combining
Dynamic Responses recently issued a report6 recommending the approval, on a
limited basis, of the SRSS response combination method for conmbining peak
responses from transient loadings. That report also provided guidance for
developing justification for a more generic acceptance of the SRSS method.

The need for general criteria for determining when transient responses can

be reasonably combined using the SRSS method was clearly demonstrated. Such
ceriteria must provide reasonable assurance that the conditional probability
of the combination of dynamic responses exceeding the SRSS va.ue is acceptabdly
low (given the condition of simultaneous occurrence of events).

Based upon this need for generic criteria against which to Judge the applica-
bility of the SRSS method of response combination, the authors developed and
presented suggested criteria in August 1978. These criteria are presented in
Section 2 of this report. They are based upon the conclusions summarized above,
study of the references reported in Appendix A, and profeasional Judgnent

1-4
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concerning the important parameters inrluenciné the applicability of the SRSS
method,

Section 2 documents the recommended acceptance criteria and Seetion 3 1is intended
to eclarify our intent on several potentially ambiguous points. Section 4 pre-
sents the philosophic basis for the overall criteria while Section 5 documents
the basis for Criterion 1 and Section 6 does the same for Criterion 2.

1-5/1-6
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The probability distribution for the responses to earthquake motions is based
on the concepts underlying U.S. NRC Regulatory Guide 1.60, where the standard
deviation is 30 to 40% of the median value.

It was proved some decades ago that modal responses to earthquake motions may

be conservatively combined by SRSS methods with the same degree of conservatism
as that of the motions. If each of such reaponses is considered to be at the
level of mean plus one standard cdeviation, the SRSS value i3 also at this level.
For the same reasons, responses from the three component directions of :arthquake
motions may also be conservatively combined by SRSS methods.

2.3 CRITERION 2

When response time histories are available for all multiple d+ .amiec loadings
being combinad, SRSS methods may be used for peak combined response when CDF
calculations, using appropriate assumptions on the range of possible time lugs
between the response time histories, show the following criteria are met:

1. There is estimated to be less than approximately a 50% conditional probabil-
ity that the actual peak combined response from these conservatively defined
loadings exceeds approximately the SRSS calculated peak response, and

2. There is estimated to be less than approximately a 15% conditional probabil-

ity that the actual peak combined response exceeds approximately 1.2 times
the SRSS calculated peak response.

2-2
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2. CRITERIA FOR COMBINATIONS OF EARTHQUAKE
AND/OR OTHER TRANSIENT RESPONSES

N. M. Newmark

Q R. P. Kennnady

2.1 PREAMBLE

{ |
The intent of the methods proposed for combinations 6! transient, dynamiec
responses is to achieve a nonexceedance probability of approximately 84% for
the peak comdbined response of the system, component, or element considered.
This goal is achieved by compliance with any one of the following criteria, or
any alternative method that meets the intent stated above, provided that the
intensity of loads or accelerations for each input are conservatively repre-
sented (approximately at the level of the 84th percentile, or the mean plus
one standard deviation, of the expected input intensity).

2.2 CRITERION 1

Dynamic or transient responses of structures, components, and equipment arising
from combinations of dynamic loading or motions may be combined by SRSS provided

that each of the dynamic inputs cr responses has characteristics similar to

i
|
|
those of earthquake ground motions, and that the individual component inputs
can be considered to be relatively'uncorrelated; i.e., the individual dynamiec

inputs or responses considered are either from independent events or have

random peak phasing. This similarity invol '~s a limited number of peaks of
force or acceleration (not more than 5 exceeding 75% of the maximum, or not
more than 10 exceeding 60% of the maximum), with approximately zero mean and
a total duration of strong motion (i.e., exceeding 50% of the maximum) of 10

seconds or less.

which are combined conservatively by the use of SRSS, the descriptions of dynamie
or transient inputs are based on those applicable to earthquake motions. The
coefficient of correlation for these is less than 0.4, and the pattern of peaks
{s bzsed on Table 2 of Circular 672 of the U.S. Geological Survey descridbing

Explanation. Since earthquake motions In various directions produce responses
earthquake ground motions for use in the design of the Alaska oil pipeline.

2-1
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3. CLARIFICATION OF THE CRITERTA

In the eriteria preamble (Secticn 2), it 13 stated that the intensity of loads

or accelerations for each input must be conaservatively represented (approximately
at the level of the 8ith percentile). This level of conservatism has been histor-
{cally (and, in our opinion, properly) chosen for defining the earthquake input
motion associated with a peak ground acceleration (10ad case) for use in design

of nuclear power facilities, With the load case combinations conservatively
defined, the Jith percentile level of conservatism in the loading'definltion

{s considered to provide a reasonable conservatism to cover loading definition
uncertainties., No major significance should be placed on the 84th percentile
number contained in the preamble., It is simply our intent to require a conservative
loading d=finition and to provide some guidance as to a reasonable level of conser-
vatism. It is not our intent to require statistical studies to be conducted

to define all nonexceedance probabilities cn loading amplitude. Loadings based

upon limited test results or analyses in which the tests or analyses are known
to conservatively bound the true event meet this intent.

It is intended that either Criterion 1 or Criterion 2 can be used to determine

the adequacy-of combining dynamic responses by the SRSS method. It is not intended
that both criteria must be checked or that both criteria must be met. Criterion 1
represents a simple check which can be relatively easily performed but which may

be overly restrictive and be subject to differing interpretations in some cases.
Criterion 2 requires the development of CDF curves based on the assumption of
random relative time phasing between the individual response time histories being
combined. Development of such curves requires the availability of response time
histories for each loading. Criterion 2 is intended to be used primarily for

those cases which might not meet Criterion 1 because of its reatrictiveness.

Criterion 1 may be met either at the input or response level. A substantial

body of evidence exists, from the studies referenced in Appendix A, that earth-
quake ground motion {nduced responses can be rationally combined by the SRSS
methods., For the reasons described in Section 5, it 1is considered to be equally
applicable to combine all other transient responses which are aimilar to earth-
quake ground motion responses by the SRSS method. It is judged that, {f the input
function has similar characteristics to earthquake ground motion, then the
responses will automatically be similar to responses from earthquake ground motion.

3-1
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Even though it 1is the similarity in response which is of actual intereat, this
similarity can be justified at either tha input or response level.

Criterion 1 requires an approximately zero mean response (or input). The intent

is that during the strong motion of response, the ratio of mean to maximum response
is near zero. If this ratio for the input is near zero, then the response ratio

is automatically near zero for linear analysis. Batios of mean to maximum response
over the duration of strongest response of less than 0.1 meet the intent of this
provision. Higher ratios (possibly as high as 0.2) r.ight also meet :he intent.

Criterion 2 is based upon the development of CDF curves similar to those in Refer-
ence 2. Such curves must be based upon the use of a conservative or reasonable
probability density function for time phasing of the independent dynamic time
history events. Bounds must be set on the range of relative times at which each
time history response event may start. Such bounds must encompass the timing

at which peak responses from all events in the combination are worst-case time-
phased (absolute summed). So long as this time-phasing is encompassed, the nar-
rower the time bounds on time phasing, the more conservative will be the resultant
CDF curve. The time bounds selected on relative time-phasing must be justified.

Use of a uniform probability density function for time-phasing within these time
bounds is considered reasonable,
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4. RATIONALE BEHIND CRITERIA

The eriteria in Section 2 for acceptance of SRSS combination of multiple peak

responses from dynamic loadings are based upon several key assumptions. These
are:

1. Many sources of conservatism exist in each element of the design and evalu-
ation process. These conservatisms are necessary to cover uncertainty and to

ensure an acceptably low probability of unacceptable behavior of structures
and components.

2. Additional conservatism does not have to be incorporated within the method-
ology for comdbining dynamie responses. In fact, conservatism should not
be added at this step in an attempt to cover any posasible unconservatism
in Item 1. The response combination methodology cannot rationally or uni-

formly cover potential unconservatism inadvertently introduced elsewhere
in the desaign proceas.

3. It is recessary only for the response combination methodology to preserve
approximately the nonexceedance probability that exists for the individual
responses. In other words, the combination methudology should reasonably
assure that the peak combined response has no greater probability of exceedance
thar do the individual responses being combined. Conversely, combination
of peaks by absolute sum will always result in probability of nonexceedance
of the combination less than either of the individual peak responses. Hence,

combination by absolute sum is more conservative than either of the individual
events,

The goal of the acceptance criteria in Section 2 is to meet the statement under
Item 3, above. The above three statements represent the key points upon which
to Judge whether dyramic responses should be combined by SRSS.

Sufficient conservatism can be provided in each of the following areas to cover

uncertainty and to provide an adequately low probability of unacceptable behavior
of structures or components:

41
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The design dynamic load cases and combinations can de defined with sufficient
conservatism 3o that the probability of exceedance of the defined load case
combinations is acceptably low. Each load case and combination can be

defined so that there is high confidence that the likelihood of the occur- _
rence of more severe load cases is no greater than the likelihood of occurrence
upon which the corresponding allowable stress criteria are based. As an
example, the operating basis earthquake (OBE) is generally defined in terms

of a peak ground acceleration. The allowable stress criteria for tﬁose load
cases which include the OBE has been selected conaistent with the assumption
of one to five occurrences in the life of the plant. Uncertainty exists

as to the level of peak ground acceleration which might cccur one to five

times in the life of the plant. Thus, the design OBE ground acceleration

level i3 selected sufficiently high that there i{s high confidence that the

design CBE is not likely to be exczeded more than one to five times in the
life of the plant.

The dynamic load time histories associated with a given dynamic load casz

can be conservatively biased so as to reasonably cover possible uncertain-
ties. For earthquake load cases, the earthquake loading is defined in terms
of design response spectra anchored to the peak ground acceleration (load
case). Given the peak ground acceleration, the amplitude of peak responses
at various damping and frequency levels as defined by response spectra are
uncertain. The design response spectra have been defined with sufficlient
conservatism to cover such uncertainty. For a given peak ground acceleration
{load case), the probability of nonexceedance of the design response value
(loading) is estimated to be at about the 8u4th percentile level.

Dynamic analyses can be performed so as to reasonably cover uncertainties
in the analysis parameter values,

The allowable stress criteria can be conservatively selected 20 as to

cover possible uncertainties in structural capacily and to provide an accept-
ably low unacceptable structural behavior probability consistent with the
probability of exceedar.ce of the event combination.

b2
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One must judge the applicability and conservatism of the dynamic loadings
independently of the method of response combination. If the loadings are
not sufficiently conservative to Justify SRSS response combinations, then
they are equally inappropriate for absolute summation combination of
responses.

The goal of a uniform probability of nonacceptable behavior between the com=
ponents in different plants, or different components in the same plant, cannot
be achieved unless the method of response combination simply preserves the

nonexceedance probability that axists for the individual responses.

h-4
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Thus, one has four places in the design process where conservatism can be
added to cover uncertainty and to provide for an acceptably low probability of
unacceptadle performance.

If one were to hypothesize that sufficient conservatism did not exiat at one

or more steps in the evaluation process, then the methodology for combining
dynamic responses would still be an appropriate place to make up for this poten=-
tial deficiency. It is not possible to cover such a deficiency in any consistent
or universal fashion through arbitrarily introducing conservatism in the method
of response combination. Consider an example of a loading condition in which
responses from dynamic loading A are to be combined with those from dynamic load-
ing B. For one component in one plant the relative magnitude of peak responses
from these two loadings will be different from the relative magnitude of these

peak responses for a different component in the same or different plant. Assume
the following conditions:

Ratios of Peak Responses

Component A/B AS/A SRSS/A
1 1.0 2.0 1.414
2 10.0 1.10 1.005

In the first case, the peak responses from A and B are the same while in the
second case the peak response from A i{s predominant over that from B. In the
first case, the use of absolute sum (AS) combination of peak responses introduces
considerable conservatism beyond that obtained from SRSS combinations, while

in the second case use of AS does not introduce such added conservatism. Now

let us hypothesize that A has been underestimated by 20% such that its true value
is A' = 1.2A. This potential underestimation of A is covered by the conservatism
introduced by absclute summation of peak responses in the first case but is not
80 covered in the second case. Thus, conservatism in the response combination
methodologies has not been atle to consistently protect against a potential

unconservatism in the input. The following points should be emphasized:
1. Conservatism in the method of dynamic response combination cannot be used

to cover potential unconservatism at some other point in the evaluation
process.

8-3
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5. BASIS FOR CRITERION 1

Under certain circumstances, a heuristic proof exists that the SRSS method of
response combination does preserve the same nonexceedance probability for the
combined response as exists for the {ndividual peak dynamic responses being so

combined.9 The following conditions are necessary:

1. The response components being combined are statistically uncorrelated and

each is the output of a linear dynamic narrowband system subjected to inde-
pendent stochastic input forcing functions.

2. The mean response is zero. For linear systems this condition is automati-
cally satisfied if the mean input is zero.

From an engineergng viewpoint, response components can be considered statistically
uncorrelated if their input forcing functions result from independent events
(1{.e., random time-phasing within a time band at least as long as the natural
period of the structure) or have random Fourier phase spectra. Linear structural
systems with low damping (on the order of 20% or less equivalent viscous damping)
meet the requirement for linear dynamic narrowband systems. The mean response

can be treated as zero so long as the ratio of mean to maximum response during

the time period of strong response is low (less than about 0.1 to 0.2).

Under the above conditions, the variance of the total combined response arz equals
the sum of the variances of each individual response component 012. Thus,

N
crz = 2 02 (1)
1=1
Note that the standard deviations of response are equal to the square root of
the variances. According to Reference 9, the extreme-values Ri of response (cor-
responding to a given nonexceedance probability) for each response compcnent
of a narrowband system are proportional to their respective standard deviations
(i.e., R1 s °1°1)‘ Assuming the same extireme-value distribution and same nonex-

ceedance probabilities for each response component, the ey values are identical
for all response components. Thus,

(2)
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where RT {s the combined extreme-value of respoﬁse ﬁith the same nonexceed-

ance probability as exists for each individual response component, Ri’ Equation
2 is the SRSS rule for combining peak response components. Thus, within the
limitations of the assumptions, a proof exists that the SRSS combined response
does preserve the same nonexceedance probability for combined responses as exists
for each peak individual response component in the combination. -

It is recognized that the above proof contains several simplifying assumptions
and is rigorous only for the case of independent stochastic input forcing func-

tions. The validity of the conclusion must be emplirically confirmed for other
input motion time histories similar to those for which responses are being com=-
bined SRSS. The many studies referenced in Appendix A present results shich

tend to validate the above conclusion for the case of earthquake grou.d motion
time histories. With a few well-defined exceptions, such validatior exists for
combination of modal responses. Based upon a study of the references in Appendix
A it can be concluded that a similar validation exists for the comdination of
responses from multiple components of ground motion. This validation is briefly
discussed below.

From a study-of the results presented in the references in Appendix A, for com=-
ponent responses from rea! earthquake ground motion time histories:

iy [R.r >R 4 508 (3)

Tsr!ss]

P [“r 7 1.2 Ry 4 15% (%)

SRSS]
Equation 3 states that the probability that the actual peak combined response
from time history combined response analyses exceeds or is approximately equal

to the SRSS combined peak response is approximately 50%. Equation 4 states that
the probability that the actual time history peak combined response exceeds the
SRSS combined peak response by more than about 20% is about 15%. These proba-
bility statements are applicable for comparison of time history combined response
with SRSS combination of individual peak components of response from real earth-
quake response time hi<:-ries. They lncorporate the influence of random time
phasing between peak component responses but do not incorporate uncertainty about
the peak amplitude of individual component responses. The peak amplitudes of

5-2
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response are known since actual time history records are used. The SRSS combined
responses are based upon the same individual component peak amplitude a3 are used
for the time history combined reaponses. Thus, these statements on probability

of exéeedance of SRSS combined responses due to random time phasing are conaistent
in interpretation with exceedance probabilities obtained from cumulative distribution
function curves from Reference 3 since such curves also account only for randomness
of relative time phasing. The amplitude of each individual peak component response
of an earthquake is also uncertain. For earthquake loadings, each individual

peak component reaponse amplitude used for dezign 13 intended to be defined at
about the 84th percentile nonexceedance probability which tends to be 30 to 40%
above the median peak component response amplitude for each response component.
With the individual peak component response amplitudes defined at the 8ith per-
centile nonexceedance probability, the probability results presented by Equations

3 and 4 for random time phasing are sufficlient to provide reasonable confldence
that appproximately the SRSS combined response is also at about the 84th percentile
nonexceedance probability. Thus, for the case of earthquake type response, approx-
imately the SRSS combined response will be at about the 8U4th percentile nonexceedance
probability if the individual response components are Jdefined at about this nonex-
ceedance probability.

Similar extensive empirical studies of the probability that the time history

peak combined reaponses exceed the SRSS combined response are not available in

the literature for responses from other transient loadings. However, it is our
judgment that the results of the extensive studies using earthquake ground motion
time histories can be extrapolated to other input time histories so long as such
time histories are similar to earthquake ground motion time histories in those

parameters which appear to influence the results presented by Equatlions 3 and §,

In our opinion, the important earthquake ground motion characteristics influenc-

ing these results are:

1. PRandom peak phasing of responses. Responses from independent events with
random phasing of start times over a time interval at least as long as the

structure's natural period are considered to be equivalent.

2. A limited number of excursioas to near peak response for each of the response
time histories being combined. A review of actual earthquake timo histories

5-3
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and Reference T reveals that an earthquake {nput motlon time history 1is
generally echaracterized by a short duration of strong motion and by either
no more than 5 acceleration pulses exceeding 75% of the maximum, or no more
than 10 acceleration pulses exceeding 60% of the maximum. Such input motion
characteristics will result in only a 1imited number of excursions to near
peak response for each individual response component. Such characteristics
are important to provide only a limited number of opportunities for the peak
combined response to approach a maximum value and thus only limited opportu-
nities for the peak combined response to potentially exceed the SRSS computed

combined response.

3. An approximately zero mean response during the time of strong response. This
condition is necessary for the derivation of the SRSS method for combining
responses. An approximately zero mean response will automatically result
for a linear system sub ject to {nput motion with an approximately zero mean
during tae time of strong motion. Such a condition is met for earthquake
ground motion time histories. In order for the results obtained from earth=-
quake ground motion time histories to be extrapolated to other loading condi-

tions, they must also reasonably meet this condition.

Equations 3 and 4 represent statements on the conditional probability that time
history calculated peak combined responaes exceed, or significantly exceed, the
SRSS combined response, respectively. These equations expresid the results of
empirical studies conducted using earthquake ground motion time history inputs.
They represent statements about what one can expect to achieve for {nput condi-
tions which essentially meet the basic assumptions upon which the SRSS method

of combining responics was developed. These probability statements assocfated
with random time phasing (ignoring uncertainty on peak amplitude of component
responses) are sufficient to reasonably assure that approximately the SRSS peak
combined response maintains about an 84 percentile nonexceedance probability

when a similar nonexceedance probability exists for the {ndividual peak responses
in the reasponse combination. Reference 8 compares either the load or response
time histories used in the stndies previously described from Reference 3. The
vast majority of these reaponse time histories meet the time history characteristics
defined by Criterion 1. For every case {n which the loadings or responses meet
Criterion 1, the CDF curves generated 1in the Reference 3 studies at least meot

the probabillstio atatements expressed by both Equations 3 and 4, This provides
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assurance that Equations 3 and 4 are at

meev Criterion 1, there is reas).able
essed by its

Thus, the intent ¢f the criteria in Section 2 as expr

least met.
preamble is met.
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6. BASIS FOR CRITERION 2

The basis for Criterion 2 follows directly from the previous daiscussion for Cri-
terion 1. In the discussion on Criterion 1, it was stated that the probability
statements accounting only for random time phasing defined by Equations 3 and 4
were nconsidered sufficient to meet the intent of the dynamic response combination
methodology which is to approximately preserve for the SRSS combined response

a nonexceedance probability of about 84 percentile when each individual response
in the combination is also defined at about this level. Empirical evidence has
shown that both statements can be reasonably met for responses from multiple
components of real earthquake ground motions. The greatest experience exists

in the use of SRSS combination of responses from earthquake ground motions. It
was considered prudent that other transient responses being combined SRSS should
also meet the intent of Equations 3 and 4. Thus, Criterion 2 allows SRSS combina-
tion of peak responses when properly performed CDF calculations based upon appro-
priate assumptions (see Section 3) on the range of possible time-phasings between
response time-histories show that both of the following are met:

-

P |R R 50% (5)
T2 Tsass] b

-
. - - .

—~

P |R 1.2 R 15% (6)
T? Tsnss] 3

!

These requirements are consistent with those being achieved for earthquake
responses.

6-1/6-2
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APPENDIX A
HISTORICAL APPLICATION OF SRSS METHODS IN STRUCTURAL DYNAMICS

K. L. Merz ‘“
Robert P, Kennedy

Several methods of dynamie analysis require the Superposition of response come
ponents to obtain the peak response of a given system (1.e., acceleration, veloc-~
ity, displacement, strain, streass, etc.) to dynamie loading. When the phase
relationships between the response components are unknown, an estimate of the
peak response is often obtained using the Square Root Sum of Squares (SRSS) "pule”
for combining ... _axima of each component response. The basis of the SRSS rule
is the assumption of Statistically uncorrelated response components viewed as

*ha output of a linesr ynamic system to stochastic (random) input forcing func-
tions. If the response components are statistically uncorrelated, then the vari-

Noting that the standard deviation, 0y 13 defined as the Square root of the vari-
ance, the standard deviation of the total response is given by the square root

of the.sum 9( the squares of the Statistically uncorrelated response component
standard deviations, or

¢ /L of | (A-1)
i=1

where the summation 1is over all n response components considered. Since the
mean extreme-values, Ri’ of response for each component of a narrowband system
(1.e., a Structural system with low damping) are proportional to their respective
standard deviations (e.g., Reference A-1), say R1 =004, it may be inferred

that an estimate of the mean peak response is given by,

n
Lo IE ot (A-2)
i=1

A-1
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which, of course, is the functional statement of the SRSS rule. In general, the
factors Cy are not the same for a gliven exceedance probability and, in general.
are functions of system damping and systen natural frequency. Thus, the heuristiec
development of the SRS3 rule has prompted gseveral empirical studies (Monte Carlo
simulation) to assess the validity of the SRSS rule as an eatimator. Originally,
the SRSS rule was used (Reference A-2) as a means for combining modal maxima,

put the SRSS rule has had other applications such as the combination of spatial
response of a systen subjected to {ndependent excitation in three mutually orthog~
onal directions (Reference A-3) and the compination of the effects of wave passage
due to multiple support excitation of long atructures (Reference A-4). Most

of the applications of the SRSS rule deal with the dynamic analysis of structures
and equipment for earthguake ground motion. Other applications include the dynamic
analysis of structures and equipment for nuclear weapons effects and shock loading
for military and transportation environments. The following {s a brief historical
development of the use of the SRSS rule as an estimator of peak response when

the phase relationships of response components are unknown.

Rosenblueth (Reference A-2) first suggested the widely used SRSS rule for combln-'
ing modal maxima in an unpublished Ph.D thesis. The SRSS rule first appeared in
the puqlishgghliterature in 1953 (Reference A-5). The Justification was based

on arguments stemming from a statistical analysis of earthquake ground motion
viewed a3 a sequence of random velocity pulses. A more detailed presentation

by Rosenblueth (Reference A-6) followed. The use of SRSS rule for combination

of modal responses was noted by Housner (References A-7 and A-8) for earthquake
response spectrum analysis of multi-degree-ot-freedom structures. The SRSS rule
was recommended for use in the modal analysis of structures sub jected to nuclear
weapons effects (Reference A-9). Since 1960, the SRSS rule has been the preferred
method for combining modal responses in the earthquake design analysis of building

structures using the response spectrus method (Reference3 A-10 through A=15).

A number of rumerical studies have been conducted, peginning with Hudson (Refer-
ence A-16) and Jennings and Newmark (heference A-i7), which compare the effective-
ness of the modal SRSS method as an est imator of peak response of multi-degree=

of -freedom structures. Notable additional astudies were conducted by Merchant and
Hudson (Reference A-18), Newmark, et al. (Reference A-19), putzel and Merchant
(Reference A-20), and Merchant and Golden (Reference A-21). Review of these
studies indicates that the SRSS estimator tends to be a mean centered es§lnato

A-2
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of peak response for a variety of different types of tnput (ranging from single
pulses to earthquake éround motion) to multi-degree-of-rreedom structures. A
general trend of the SRSS nethod toward more conaservative eatimates ({.e., above
the mean) in lightly damped systems subjected to earthquake motion has also been
noted (Reference A-21). '

Random vibration theory has been used by a number of investigators to better
define the technical basis and limitations on the use of the SRSS rule for model
response combination in modal analysis (References A-22 through A-28). The use
of the SRSS rule for modal analysis of 1ight secondary systems has also been
studied (References A-29 through A-31).

Additionally, consideration of random vibration theory {ndicates that the
responses of a linear system to separate statistically independent input fore-
{ng functions are also statistically independent (e.g., Reference A-1). Thus,
the peak responses of separately applied dynamic loads may be combined by the
SRSS rule to obtain an estimate of the peak response to the simultaneous applied
loading if the loading conditions are statistically uncorrelated. Newmark and
Rosenblueth (Reference A-24) indicate that the SRSS rule is applicable, even
when there ig_considerable correlation between inputs, for response components
of systems that have negligible coupling between dynamic degrees-of—treedo&.
Studies (Reference A-15) have {ndicated that the three orthogonal components

of earthquake ground motion are essentially uncorrelated (i.e., statistically
independent). The SRSS combination of modal response in independent directions
using the response spectrum method has been demonstrated (References A-3 and
A-32 through A-34) for earthquake loading. The SRSS combination of peak earth-
quake response in each of the three component directions is a recommended method
for design analysis (Reference A-35) and 1s reflected in the current NRC guide-
lines (Reference A-36) as the preferred method for combination of spatial com-
ponents of response for structures and equipment for earthquake effects. It
should be noted that SRSS combination of peak responses determined from any
separate dynamic loading conditions should be a valid procedure as long as the

forcing functions are essentially uncorrelated.

Thus, the SRSS method of combining response components which are essentially
uncorrelated has sybstantial historical precedence and a firm technical basis

stemming from random vibration theory. The combination of multiple spatial

. S ——

A-3 .
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dynamic effects due to earthquake by SRSS i3 the current regulatory position

of the NRC on the basis that the earthquake component motions (forcing functions)
are essentially uncorrelated. From a technical viewpoint, the SRSS rule must

be equally applicable for the combination of any peak response components which

are uncorrelated.

A-4
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