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OVERVIEW

Nuclear power plant structures and equipment are designed to accommodate many
operatioual and transient type loads and load combinations. Included are such
postulated events as tne loss of coolant accident and high intensity earth-
quakes. In most cases for dynamic loadings, the peak structural dynamic response
is calculated using linear elastic multi-degree of freedom system analysis.

When two or more structural dynamic responses are considered, the peak response
from each dynamic loading event is combined using the square root of the sum

of square rule (SRSS). Subsequently, this combined peak dynamic response is
added absolutely to the calculated static or sl-wiv varying response. Use of

the SRSS method for combining dynamic responses has bren restricted to separate

physical events which are postulated to occur together but for whichr the pre-

cise timing (phasing) is unknown. Furthermore, the use of the SRSS combina-

tions of peak responses has also been limited to physical loading events and

structural systems where the dynamic responses have rapidly varyinj amplitudes

and short duration responses. Application of SRSS combination are limited to
combining earthquake, LOCA and Safety Relief Valve (SRV) actuation dynamic

responses.

To date, technical justification for the use of SRSS has centered around the
facts that:

. the maximum peaks of individual responses are highly unlikely
to coincide in time and

o the large conservatism in the total design process ensures

sufficient structural design margin to protect against failure.

The purpose of this executive summary report is to highlight the significant
results and conclusions of the Mark II SRSS study (Reference 37) and to
present important information from subsequent technical studies described
herein. A key result that quantitatively demonstrates the dynamic design
margin inherent in nuclear plant structures designed to meet ASME Code

(or equivalent) stress limits is shown to be related to the emergy absorp-

tion capability of the component. For structures exhibiting even moderately
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ductile behavior, this margin is significantly greater than the ratio of
static failure stress to code allowable, and therefore assures sufficient
additional margin to protect against structural failure even in the unlikely

event that peak combined dynamic response exceeds the SRSS value.

Based on the material presented herein, it is concluded that the use of SRSS
method is technically justifiable and represents a prudent and practical
engineering approach for the combination of dynamic responses originating
from earthquake, LOCA transients and SRV discharge loadings.



1. INTRODUCTION

Structures and components of nuclear power facilities are designed for a large
nurber of load combinations. Many of these load combinations i{nclude static
loads combined with multiple dyamic loads. In most cases, peak responses from
each of the dynamic loads are calculated elastically and are combined using
the square-root-of-the-sum-of-the~square rule (SRSS). Then, the resultant
peak combined dynamic response is added absolutely to the calculated static

or slowly varying response. This combined maximum response is used to calcu-
late component stresses. The maximum component stress must be shown to be

lower than the code allowable values.

Since the phasing between simultaneous dynamic responses, such as earthquake
and LOCA, is unknown, the SRSS rule provides a reasonable representation of
resultant responses assuming their simultaneous occurrence. Combining the
individual responses by direct addition of the individual response peaks by
*he so-called absolute sum (ABS) method is unnecessarily conservative because
of the low probability of the peaks being coincident. Hence, this "probable"
response combination, accounting for the low probability of coincidence, is
appropriate and thus has been the most common practice. Such a probable

response combination is provided by the SRSS rule.

The SRSS rule has been used in the following three distinct engineering
applications (Reference 43):

3 Combination of seismic modal responses,

® Combination of three responses along each of the three earthquake

directions,

“ Combination of two or more dynamic responses in a given direction.



The justification for the use of SRSS in these applications is based on

random vibrations and prorability theory, and observation of:

« amplitude variations in time and uncertain phasing of the

responses, and
0 rapid variation and the short duration of the peak responses.

Thus, the maximum peaks of individual responses are unlikely to coincide.
Furthermore, the probability of the actual response combinatiom significantly
eaceeding the SRSS value is exceedingly small. Quantification of the above is
given in Section 4.0 and Appendix A of this report.

In addition to the low probability of significantly exceeding the SRSS value,

the consequences of exceedance are negligible because of:

« Existence of margins at all steps of the design process; e.g.,

I dynamic load definition, structural models, damping parameters
|
|
\

and allowable stress values in industry codes;
-——' to short duration of the peak responses and energy absorption
capability of the structure.

|
. The additional inherent structural dynamic reserve margins due
\
|
|
These additional dymamic reserve margins are quantified in Section 5.0 of

|

this report.




2. CONCLUSIONS

The results of this summary report technically support the selective use of the
SRSS rule for combining dynamic responses from seismic, SRV discharge and LOCA
induced responses. This conclusion is based on the following factors:

1. Consistency with historical experience and technical bases. It is
shown that using SRSS rule for combining multiple aymnamic responses
is not capricious but has substantial historical precedence and a
valid technical basis.

- There is a very low probability of the simultaneous occurrence of
the individual events which produce the dynamic responses being
combined.

3. The conditional probability level of not exceeding the SRSS respouse
level, (based upon the condition that the simultaneous events and
maximum calculated responmses occur), has a meau non-exceedanc:2
value of 86 per cent for nearly the 600 combinaticns of BWR plant
structural and equipment responses evaluated in this study. In
addition, the conditional probability of the SRSS combirad respomnse
being significantly exceeded is very small. The structural com-
ponents selected for this evaluation were all significantly stressed
and the response combinations chosen represent actual design cases

for multiple g<vent responses.

4, (/gcructutcl have large additional dynamic reserve aargins when
| dynamic stresses calculated by linear elastic analysis are held to

1

ASME Code (or equivalent) allowable stresses (than when static

|
!

k_:fresJes are held to this allowable stresc). These additional
dvnamic margins provide assurance that no adverse consequence will
result in the unlikely event that actual peak combined dynamic
response exceeds the SRSS value and that static reserve margin are

lower than expected.

]

nJhy g

«
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6.

The very comservative design of a2 system for certain major dynamic
loads is likely to make that system less reliable under normal
operating conditions. This is especially true for piping systems
and components subjected to thermal cycling. Therefore the SRSS
approach leads to a balanced design, when considering both major
dynamic and operational loads aand is justifiable from a risk/benefit
viewpoint.

The difference in calculated reliability of a component when designed
by ABS and SRSS rules is very small,

Based on these factors, it is concluded that the use of SRSS is technically
justified and represents a prudent sad practical approach for design and

evaluation of BWR plants.

H{3 45



3. HISTORICAL APPLICATION OF SRSS

R

Several methods of dynamic analysis require the superposition of response
components to obtain the peak responses to dynamic loading. When the phase
relationships between the response components are unknown, an estimate of the
net response is obtained using the SRSS rule for combining the maximum of
each component response. Justification of the SRSS rule is based on statis-
tical uncorrelation among the response components viewed as the output of a
linear dynamic system to stochastic (random) input forcing functioms. If the

response components are essentially uncorrclatcd(l), then the variance of the
total response is simpl’ the sum of the variance of each component. Noting
that the standard deviation, o, is defined as the square root of the variance,
the standard deviation of the total response is given by the SRSS of the

essentially uncorrelated response component standard deviations, or

where the summation is over all n response components considered. Since the
mean extreme-values Ri of response for each componment of a narrow band system
(i.e., a structural system with low damping) are proportional to their respective
standard deviations (Reference 9), say Ri =04 it may be inferred that an

,
estimate of the mean peak response is given by,

i=1
which, of course, is the functional statement of the SRSS rule.
The heuristic development of the SRSS rule has prompted several empirical
studies (Monte Carlo simulation) to assess the validity of ‘he SRSS rule.

Originally, the SRSS rule was suggested (Reference 28) as a means for com-

bining modal maxima. Subsequently, the SRSS rule has had other applications

(‘)This means that it is very unlikely that peak values of the responses

| 1
from all the components would occur at the same time, i}(Jfﬁ Q ©
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such as the combination of spatial response of a system subjected to independent
excitation in three mutually orthogonal directions (Reference 8) and the com=
bination of the effects of wave passage due to multiple support excitation of
long structures (Reference 31). Most of the applications of the SRSS rule

deal with the dynamic ‘nalysis of structures and equipment for earthquake

ground motion., Other applications include the dynamic analysis of structures
and equipment for nuclear weapons effects and shock loading for military and
transportation applications. The following is a brief historical summary of

the use of the SRSS rule as an estimator of peak response when the phase
relationships of response components are unknown.

Rosenblueth (Reference 28) first suggested the SRSS rule for combining modal
maxima in an unpublished Ph.D. thesis in 1951. The SRSS rule first appeared
in published literature in 1953 (Reference 11). The justification was based
on statistical analysis of earthquake ground motion viewed as a sequence of
random velocity pulses. A more detailed presentaticn by Rosenblueth (Refer-
ence 29) followed in 1956. The use of the SRSS rule for combination of modal
responses was noted by Housner (References 13, 14) for earthquake response
spectrum analysis of multi-degree-of~freedom structures in 1959 and 1961.

The SRSS rule was recommended for use in the modal analysis of structures
subjected to nuclear weapons effects in 1961 (Reference 1). Since 1960, the
SRSS rule has been the accepted method for combining modal responses in the
earthquake design analysis of building structures using the response spectrum
method (References 5, 16, 24, 26, 27 and 34).

A number of numerical studies have been conducted (References 7, 15, 18, 20,
21 and 23) which compare the effectiveness of the modal SRSS method as an
estimator of peak response of multi-degree-of-freedom structures. Review

of these studies indicates that the SRSS result tends to be a mean centered
estimate of peak response for a variety of different types of input (ranging
from single pulses to earthquake ground motion) to multi-degree-of-freedom
structures. A general trend of the SRSS method toward more conservative
estimates (i.e., above the mean) in lightly damped systems subjected to earth-

quake motion has also been noted (Reference 21).
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Consideration of random vibration theory has led several investigators to
perform additional studies of the SRSS modal method (References 2, 4, 22, 25,
30 and 32). The use of the SRSS rule for modal analysis of light secondary
systems has also been studied (References 3, 17, 33). The viewpoint of random
vibration theory has provided the technical basis and limitations of the SRSS
rule in modal analysis (Rcference 36).

Additionally, consideration of random vibration theory indicates that the
responses of a linear aystem to separate essentially uncorrelated input

forcing functions are also essentially uncorrelated (Reference 9). 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 loads if the loading conditions are essentially uncorrelated. Newmark
and Rosenblueth (Reference 25) indicate that the SRSS rule is applicable for
response components of systems that have negligible coupling between dynamic
degrees-of-freedom even when there is some correlation between inputs. Studies
(Reference 27) have indicated that the three orthogonal components of earth-
quake motion are essentially uncorrelated. The SRSS combination of modal
response in independent directions using the respongse spectrum method has

been demonstrated (Reference 6, 8, 10, 19) for earthguake loading. The SRSS
combination of peak earthquake response in each of the three component directions
is an accepted method for design analysis (Reference 12) and is reflected in
the current NRC guidelines (Reference 35) as the preferred method for combina=-
tion of spatial components of response for structures and equipment for earth=-
quake effects. The SRSS combination of peak responses deotermined from any
separate dynamic loading conditioms is a valid procedure when the forcing

functions are sufficiently uncorrelaced.

Thus, the SRSS method of combining response components which are essentially
uncorrelated has substantial historical precedence and a firm technical basis
stemming from random vibration theory. The combination of multiple spatial
dynamic effects due to earthquake by SRSS is the current regulatory position

on the basis that the earthquake component moticas (forcing functions) are
essentially uncorrelated. From a technical viewpoint, the SRSS rule is equally

applicable for the combination of any peak response cowponents which are uncor-

nyade

related.



From the above discussions, it is seen that the choice of using SRSS rule
for combining multiple dynamic responses is not capricious but has substantial

historical precedence and a valid technical basis.



4, SRSS TECHNICAL STUDY SUMMARY

A technical study was conducted by CFE in cooperation with the Mark II Owner's
Group in 1977 to justify the use of the SRSS for cembining dynamic responses.
The results of this study, in the form of technical justifications for com=

bining dynamic responses by SR35 were provided in Reference 37. Justification
includes:

- Quantification of the low probability of exceeding the SRSS values
and the even lower probability of significant exceedance of SRSS
(as shown in Figure 4~1) for Mark II dynamic responses,

2. Consistency with common engineering practice,

3. The low probability of the simultaneous occurrence of postulated
events,

4. The negligible change in reliability when the most conservative
rule (ABS) is used, and

3. Use of the SRSS combination leading to a balanced design.

Appendix A to this Executive Summary Report briefly summarizes all of the
assumptions used and results generated in Reference 37 to justify the use

of SRSS. The assumptions and results for each major step in the process are
summarized in this Appendix. It is concluded in the study that the use of
SRSS was technically justifiable and represents a prudent and practical engi-
neering approach.

N tl\ﬁlﬁ'l
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5. DYNAMIC RESERVE MARGINS

In addition to the technical bases covered in Reference 37, the consequences
of design respcnse exceeding SRSS response has been further considered oy
evaluating the actual reserve margins in structures subjccted to dynamic loads
and comparing them to the code d<uign margin. This evaluation is discussed in

this section.

The peak amplitudes of multiple dynamic responses of structures and components
of auclear power plants are calculated elastically and are combined using the
SRSS rule. This section “emonstrates that using chis design method and limiting
the combined stresses to ASME Code (or equivalent) allowable stress levels is

very counservative. In fact, there is significant additional margin than in a

design equivalent to combined static loadings and the same allowable stresses.

For static loads, holding calculated stresses to code allowable limit results
in a static reserve margin ( ' 1) which is equal to the ratio of static load
to cause failure (elastic-plastic analysis) to static load resulting in code
stress limits calculatea by linear elastic analysis. For dynamic loads, the
dynamic reserve margin (DRM) is the ratio of the peak dynmamic load to cause Saamt

failure (elastic-plastic analysis) to peak dymamic load resulting in code shatic

stress limits calculated by linear elastic analysis.

The DRM is related to the ratio of energy absorption capability at failure of
the structure to its energy absorption at code allowable stress. For structures
exhibiting ever moderately ductile behavior, its DRM is generally many times
greater than its SRM both for vibratorv forcing functionc and for pulsive
forcing functionz. The additional dyuamic design margin, given by the ratio

of DRM to SRM, is inherent in structures associated with transient dymamic
responses such as those from earthquake, LOCA, and SRV discharge. Such addi~
tional dynamic design margin is significantly greater than that required to
compensate for peak combined responses which covld probabilistically exceed

the SRSS value.

Examples of the additional dymamic reserve margin are quantified in this
section through the study of single-degree-of-freedom (SDOF) systems with




different natural frequeucies subjected to triamgular pulse and random oscilla~-
tory loadings. The results from this study are then shown to be consistent for
complex structures through quantification of the design margin for a canti-

levered beam subjected to oscillatory loadings.
5,1 SDOF SYSTEMS WITH TRIANGULAR PULSE AND EARTHQUAKE LOADS

This evaluatiou was first carried out using SIOF systems and triangular pulse
type forcing functions to determine the ratio between the DRM to SRM at failure.
"he width of the applied pulse (td) was varied with respect to the fundamental
period (I) of the SDOF system. The stress-strain curve for the material used

is shown in Figure 5-1. WNonlinear analysis was carried out for different
maximum strain levels to determine the DRM at each strain level. Results for
naximum strains of 0.15 and 0.75 percent are given in Table 5-1. These results,
which are typical for pulse type loading, indicate trat for the maximum strain
under conmsideration, the ratic between the DRM and rhe SRM is greater than 1.5,

even for a very small ductility rntio(l) ot 2.0,

Furthermore, from a number of nonlinear structural response analyses reported
in the literature (Refevences 39, 41) for SDOF systems with pulse type loads,
it can be shown that structures even with a minimum ductility ratio of 1.0
have a DRM to SRM ratio of 1.5 or more for td/T values up to about 1.25. is
{s consistent with the results given in Table 51 and the conclusions drawn

from it.

Following the triangular pulse analysis, SDOF svstems were evaluated for earth-
quake lcads to determine the additional dymamic reserve margin. This was
achieved by reviewing and rearranging the dynamic response results to earth-
quakes contained in Reference 41. This indicated that structures with even
moderate ductility nearly always have dynamic/static margins of at least 1.5

except at high structural frequencies.

(
‘l)Duc:ility ratio is defined as the ra%io of the maximum acceptable deflection

(or strain) tc the deflection (or strain) at the effective yield point of

the structure.
o o 2y%953
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5.2 SDOF SYSTEM WITH TYPICAL EARTHQUAKE AND SRV LOADS

This section describes some of the illustrative examples and the associated
results utilized to show that even when the actual peak combined response exceed
the SRSS combined response, the consequence of this exceedance is negligible because
the DRM is much larger than SRM. For this purpose, SDOF models with natural fre-
quencies of 5 and 16 Hz and material properties as shown in Figure 5-2 were sub-
jected to a normal load (N) which would result in a static stress of 0.4 Sy and

a combination of a design earthquake and safety relief valve (SRV) discharge load-
ings. These frequencies and material properties were chosen because they are
representative of the frequencies and material of typical BWR components. The
dynamic loadings were scaied such that the normal load response plus the SRRS com~
bination of equal magnitude of earthquake (EQ) plus SRV responses would result

in a total stress (S8) equal to the Code limit for Level C Service, i.e.,

S =N+ \ﬂzo)z + (sRV)?
where S is the Code allowable stress for Level C Service.

For this system, four cases were analyzed. For the first case only the normal
and earthquake loads amplified by the SRM (equal to 2.214 for Level C Service),
were applied. This amp.ified load if applied statically would result in a
stress which is 78.5 percent of ultimate static stresg capacity of the struc-
ture. It is, however, shown in Table 5-2a that the calculated response from an
elastic-plastic dynamic analysis, strain was nowhere near the failure strain.
The 16 Hz model was the more critical with 36 percent of the ultimate capacity
being reached. This indicates a substantially greater reserve margin under
static plus dynamic earthquake loading than under static loading of equal
magnitude.

For the second case, the dynamic loads (earthquake and SRV) were combined by
direct addition (equivalent to ABS) with peak elastic response time phasing
and then was added to the normal load (N). This combined locad was used in
dynamic inelastic analyses of the 5 and 16 Hz SDOF svstems. The results

are given in Table 5-2b. Evaluation of results given in this table shows
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that peak strain response (t-‘x) for the 5 and 16 Hz models subjected to worst
case time phasing is only slightly higher than the yield strain and is only

1 percent of the ultimate strain. When comparing the strain increment (egp 4 - cy)
to the difference between ultimate strain (¢ ,,) and strain corresponding to

code allowable stress for Level C (cy). it is seen that only a very small frac-
tion (=0.3%) of the strain available beyond code limits is used to accommodate

the worst combination of peaks.

For the third case, all loads (normal, earthquake, and SRV) were multiplied

by the SPM for Level C Service and applied in the worst phase condition. These
amplfZied loads (i.e., loads multiplied by SRM) would result in calculated
strains equal to ultimate strains if applied statically. For this case, twenty
four trials with different phasing between loads were used to determine the
worst phasing conditions between the dynamic loads to produce the highest com~
bined response and thus equivalent to using the ABS rule. A dynamic inelastic
analysis was then performed. The results of this analysis are given in Table 5-2c.
A comparison of the results of this case (Table S-2¢) and first case (Table 5-2a)
show that for the load combination considered, most of the strain is due to
earthquake with a small contribution from SRV loads. In addition, the results
(Table S5=2¢c) showed that even for the worst phase combination case (this case

is equivalent to increasing the SRSS of dynamic response peaks by a factor equal
to 1.41) multiplied by a factor equal to the SRM, the maximum straia is less

‘han half the ultimate strain (equal to 41 percent of the ultimate straian for

the 16 Hz case).

The fourth case is same as the third except that the dynamic loads were oulti-
plied by a factor equal to 1.25 for the inelastic anmalysis. The results given
in Table S=2d show that maximum strain for this case (which is equivalent to
increasing the SRSS of dynamic response peaks by a factor equal to 1.77 times
SRM), is still very much less than the ultimate strain (equal to 51 percent of
the ultimate strain for the 16 Hz case).

This study as in the case of the pulse type loading (Section 5.1), illustrates
the principle that DRM is much larger than SRM and as such the consequeace of
actual peak combined response exceeding the SRSS combined response is negligible.
It is noted here that even higher additional dynamic reserve margin wouid exist
for Level D Service limits.

A
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Hence, it is concluded that even if the SRSS combination of the peak dynamic
responses is exceeded, the probability of reducing the ASME Code (or equivalent)

reserve margin against failure is extremely low and hence the consequences of

exceeding the SRSS combined responses are negligible.

In addition, results from Table 5-2b also show that only a very small fraction
of the strain available beyond code limits is used to accommodate ABS combi-
nation of peaks. This is consistent with the ASME Section III design code
philosophy which recognizes that some inelastic strain may occur at Level C
Service allowable stress limits. Clearly this very small increment of inelastic

strain 1is considered inconmsequential to structural integrity.

5-6 RA257



5.3 BEAM SUBJECTED TO EARTHQUAKE AND SRV LOADS

The DRM was also evaluated for a multi-degree-of-freedom (MDOF) system in the
form of a cantilever beam, subjected to earthquake and SRV type random loadings.
The beam properties were chosen such that .its fundamental frequency was 25 Hz.
The material properties for the beas are the same as shown in Figure 5~2. This
frequency and material properties are representative of some BWR components.
The normal load (N) was chosen such that it produced a static stress of J.4
timer the allowable stress limits for ASME Level C Service. The procedure

used to amplify the dynamic loads using the Code SRM was similar to that used
in Section 5.2. The beam was analyzed with the computer program ANSYS (Refer-
ence 42) using the plastic beam element and the non-linear dymamic analysis
option. The results of this analysis are given in Table 5-3 which shows that
even when the dynamic loads are sultiplied by 1.5, only about &4 percenmt of

the ultimate strais of the material is used. It should be pointed out that
considerably higher additicnal dynamic reserve margia would result if higher
strain limits are utilized. Higher strain limits are permitted by the indi-
cated material properties shown in Figure 5-1, but have not been used in this

study.

Consistent with Section 5.1 and 5.2, the beam model also shows larger reserve
margins under dynamic loads as compared to static loads. Ia fact, the ad itional
dvnamic reserve margins in this case was higher for complex structures (such as

beams) than for the simple SDOF system.
5.4 CONCLUSIONS

It is shown that dynamic reserve margin inherent in nuclear power plant structures
designed to meet ASME Code (or equivalent) stress limits is related to the

energy absorption capabilicy of the componment and this margia is significantly
greater than the static code design margin. Even for structures with minimal
ductility ratios, the DRM is gemerally 50 perceant greater tham the SRM. This

is true for both lomger duratiom vibratory events such as those resulting Irom

earthquakes as well as for short duratiom pulsive loads.
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Table 5.2a
RESULTS FOR [N + K, (EQ)] SRM

Model € ¢ €

Frequency (Hz) max max/ ult

5 0.0110 0.07

16 0.0537 0.36
Table 5.2b

RESULTS FOR [N + KI(EQ) * Kz (SRV) ] *

£ e
Model € € € € ?Egi-:—?z
Frequency (Hz) max Y max/ ult it - ¥
5 0.0014 0.00104 0.01 0.242%
16 0.0015 0.00104 0.01 0.309%

Table 5.2¢
RESULTS FOR [N + Kl (EQ) + K2 (SRV)] SRM#**

Model

Frequencv (Hz) emnx Egggztult
5 0.0163 g.11
16 0.0621 0.41

Table 5.2d
RESULTS FOR [N * 1,23 [Kl (EQ) + Kz (SRV)]] SRM

Model % & Pig
Freguency max ax/ ult
5 0.0255 0.17
16 0.0908 0.61

* Peak elastic response time phasing, equivalent to ABS

** Peak inelastic response time phasing

NOTE: Kl (EQ) = Kz (SRV); EQ = earthquake load.

R42%59



Table 5-1
RESULTS FOR SDOF SYSTEM SUBJECTED TO A TRIANGULAR PULSE

Width of Pulse/ Reserve Hargin® H:“m
of Pulse train Dynamic Reserve Margin/ Ductility
Natural Period of SDO¥ Static Dynamic (*max)-2 Static Reserve Margin Ratio p

0.1 1.15 4.52 0.75 3.93 10
0.2 1.15 4,52 0.75 3.93 10
0.3 1.15 4.47 0.75 3.89 10
0.4 .13 4.34 0.75 3.77 10
0.5 1.15 4.23 0.75 3.68 10
0.1 1.03 2. 75 0.15 1.70 2
0.2 1.03 1.75 0.15 1.70 2
0.3 1.03 515 0.15 1.70 2

: 9 0.4 1.03 1.74 0.15 1.69 2
0.5 1.03 1.71 0.15 1.66 2

For Service Level C, ASME Code allowable primary membrane stress limit at S50°F = Sy = 18.50 ksi
(From Figure 4-1).

5(cmax = 0.75%) _ 21.25

= 1.15
Sy 18.50

Static Reserve Margin (at ¢ = 0.75%)=
max

" 19.0
Statlec Reserve Margin (at .o 0.15%) 18.5 1.03

*Much higher static and dynamic reserve margins actually exist. The low static margins shown here
are due to the selection of assumed low maximum stralns (.75 and .15%).
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Table 5-3
~ANALYSIS RESULTS FOR MDOF (BEAM) SYSTIN

Description of Case e €nan/Sult
r -
[¥+ &) (2Q) + k(520 sR 0.0351 0.23
[u + 1.25(K, (5Q) + Kz(SRV):j SRM 0.0475 0.32
i -7
¥+ L (%, (EQ) + K, (sRV)] | sRM 0.066 0.4k
" -

NOTE: Kl(tQ) - Kz(SRV): SRM = Static Reserve Margin
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6.0 SRSS APPLICATION CRITERIA

On the 'asis of the material discussed in Sectioms 3, 4 and 5; which focuses
on probabilistic comcepts, the negligible structural consequences of exceed-
ing SRSS value and consistency with accepted engineering practice, it is con-
cluded that the selective use of the SRSS method for combining dynamic
responses for earthquake, LOCA and SRV loadings is technically justifiable.
The application criteria adopted for BWR plant design are:

1. The individual dynamic responses considered (earthquake, LOCA and ‘
SRV) are either from independent sources or, can be considered to {
|

have random peak phasing, and

2. The individual responses have rapidly varying amplitude and short

duration peak responses.

Furthermore, it is shown that structures and components designed in accordance
with ASME (or equivalent) code allowable stress limits, have inherent addi-
tional dynamic design margins to accommodate dynamic loads. This results
primarily from the ductility ratios associated with structures designed and
fabricated in accordance with applicable nuclear regulatory guides, indus-

try codes and standards (Reference 44). Quantitative example of the addi-
tional dynamic design margin inherent in structures for a range of ductility
ratios subjected to a short duration triangular pulse is shown in Figure 6-1.
It can be seen from this figure that even in the event the SRSS value is

exceeded, sufficient structural margin will exist to prevent failure.
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Appendix A
SRSS TECHNICAL STUDY SUMMARY

This appendix briefly summarizes all the assumptions used and results gener-

ated in Reference 37 to justify the use of SRSS. Figure A-l is a graphical

display of the logic followed in the study and Figures A-2 through A-5 summarize

the assumptions and results in each of these steps. In addition, these are

also described below.

A.l

A.l.1

A.1.2

A.2

AaZol

Individual Event Probability

Assumptions

The individual event probabilities, such as those for earthquake,
safety relief valve (SRV) actuation, and LOCA events, are based on
historical occurrences and operating plant data. These are required
for computing the combined event probability for a given load
combination.

Many of the individual event probability data were normalized to
one-year encounter priods. In order to obtain combined probabili-
ties for a 40-year plant life, a constant rate process (the Binomial

process) was assumed for the individual probabilities.

Results

The individual event probabilities computed were compared with
those given in the Rassmussen report (Reference 40) and were found

to compare favorably with those in the Rassmussen report.

Combined Event Probability

Assumption

Individual event occurrence probabilities form the basis for
determining joint event probabilities when the individual events
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A3

A.3.

are postulated to occur simultaneously. However, realistic joint

event probabilities must be computed assuming some dependences

of one event on another. For example, although not a licemsing
basis, in the reliability evaluation inm this study, the LOCA event
is assumed to be dependent on an earthquake event when simultaneous
occurrences of both events are postulated. If such dependence is
not accounted for where appropriate, the joint event probabilities
would be incorrectly estimated. Combined eveats probability for a
load combination is used in the reliability computatioms of a
component.

Rasults

The study showed that the joint encounter probability of rare
events, such as SSE and LOCA are less than 1073 per 40 years. Such
small encounter probabilities provide added assurance that the
combination of structural responses due to dynmamic loads will not
be critical to safety evaluation.

Conditional Non-Exceedance Probability

A key basis for combining maximum dynamic responses using the

SRSS rule is that the individual responses vary with time and thus
it is highly unlikely that their maxima would coincide. This study
quantifies the conditionmal probability P(SRSS) of non-exceedance
of the SRSS value, given that the dymamic events, being combined

are assumed to occur simultaneously.

Assumptions

Since the time phasing among dynamic events are unkaown, they have
been assumed to be randomly distributed. Consequently, by varying
the time phasing randomly (for example through Monmte Carlo trials)
and summing the responses, the Probability Density Function and the
Cumulative Distribution Function (CDF) of the maximum resultant
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responses can be obtained. The CDF is the quantiative relationship
between the maximum summed response and its non-exceedance
probability.

A.3.2 Results
A.3.2.1 Conditional Non-Exceedance Probabilities
CDF calculations were performed for a large number (291 cases) o.
representative load combinations for the reactor pressure vessel
(RPV), piping and containment structure of actual Mark II plants.
Statistics of the conditional non-exceedance probability for differ-
ent combined response levels have been evaluated and are shown
in Figure 4-1 and in the table given below:
Conditional Non-Exceedance Probability
SRSS 1.1 (SRSS) 1.2 (SRSS) 1.3 (SRSS)
Average value B6% 95.5% 96.5% 997%
Value above which 90Z of 874 >89% >95% >98.5%
cases fall
Value above which 98.4% of >50% >80% >90% >95%
cases fall

The following points may be observed from the results given in the
table and Figure 4-1.

*The SRSS value has an average non-exceedance probability of 867 for

the Mark II plants.

*(n 90 percent of the cases, the non-exceedance probability of the
SRSS value is greater than 67%.

*In 98.4% of the cases, the non-exceedance probability of the SRSS

value is greater than 50%.
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*In all cases the probability of non-exceedance is significantly

increased for combined response values higher than the SRSS value.

The structural component. e2lected for this evaluation were all
highly stressed and encompass all significint events. The response
combinations chosen represent actual design cases for multiple
event responses. Although the analyred responses themselves were
for a specific plant, generic application of the results is
justifiable since the evaluation included many structural systems
with widely varying dynamic characteristics. This is further
supported by the results of the semsitivity study described in
Section A.3.2.2.

LOCATION FOR RESPONSES

2 Dynamic 3 or More
Location Loads Dynamic lLoads Total
Reactor and Internals 19 3 22
Piping 51 18 69
Structure 80 120 200
Response Combination 150 141 291

(1) the negative and

For each of these 291 cases tabulated, both
the positive cumulative distribution functions and the associated
probability of non-exceedance of the SRSS value were determined.

Thus, a total of 582 non-exceedance probabilities were computed.

A,3.2.2 CDF Parametric Sensitivity Studies

The various parameters that are likely to affect the CDF distribution
and associated non-exceedance P(SRSS) are: time history durationm,
phase distribution between the time histories, frequency contents and
the amplitude ratios of the time histories being combined. Conse-
quently a sensitivity study was performed as a part of Reference 37
study to determine the effect of their variation on the CDF

(1)51nc¢ the earthquake direcrion is unknown, both the negative and positive
peaks are considered sepscately when combining with another dynamic response.
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distribution and the P(SRSS). The results of the sensitivity
study are summarized as follows:

(1) Change in duratiom of the reference (longest) time history
by a ratio 10:1 resulted in a maximum decrease of P(SRSS) by
25 percent.

(1i) Changes in the assumed phase distribution between the time

histories from uniform to triangular or sinusoidal, resulted
in less than 10 percent change in P(SRSS).

(111) Effect of amplitude ratios on P(SRSS) for piping was found to
be the highest for two responses with near equal amplitude

(important design case) and approached 50 percent for cases
where one amplitude is significantly higher than the other,
No other distinct response amplitude trends were evident.

(iv) The frequency contents of the responses being combined (ranging

from 3 to 60 Hz) were generally quite random and did not exhibit
any readily apparent effects on P(SRSS).

From these results, it was cbserved that the P(SRSS) values for the
complex reactor plant structures subjected to the dynamic 7ading
events included in Reference 37, are quite insensitive to those
parameters which are likely to affect the CDF distributionm.
Therefore, it was concluded that the non-exceedance probabilities
determined in Reference 37 are typical of those that would be
evaluated for BWR plant structures.

Comparative Reliability Evaluation

A detailed discussion and method of analysis for evaluating the
probability of failure of a component designed to meet the ASME
code limits is given in Reference 37. For the purpose of this
summary report, only the key ideas, assumptions and results of the
study will be highlighted.
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Conceptually, the probability of failure of a componen* can be

thought of as the product(l) of three probabilities, i.e.,

Pf - Pl X Pz x P3

where
Pl = the probability of the simultanecus occurrence of the

two or more events loading the components (see Sections A.l
and A.2).

Pz = the conditional probability (given that the events have
occurred simultaneously) of stress due to actual response
exceeding the design stress (see Sectiom A.3).

P, = probability of the actual stress exceeding the ultimate
strength. In Reference 37, the classical strength vs.
stress theory has been used.

P. = failure probability, and R = 1 - Pf, where
R = reliability of a component.

The assumptions used in this analysis are:

1. Individual responses being combined are deterministic,

y 3 Material strength distribution is defined using the ASME III

criteria.

(1)

In the strict mathematical sense, these are convoluted.
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A.5.1

3, Historical probability of structural failure data is known
when the actual stress is less than or equal to the normal

ASME stress limits.

More details on the validity of assumptions and on the reliability
caleculations are available in Reference 37 and also in Figures A-l

through A-5.

The reliability was calculated for several typical structural compo-

nents using both SRSS and absolute sum (ABS) rules. Significant

results are;

(1) P, the conditional probability value of non-exceedance,
of SRSS per se, is not a significant contributor in terms of
total reliability of a component.

(1i) The difference (gain) in reliability of a component designed to the
ABS rule is considered negligible; for the cases considered, the range
of reliability values are 0,99999425 to 0,99999750 for SRSS and,

0.99999680 tc 0,99999750 for ABS rule
Thus, the negligible increase in reliability bemefit for design to
ABS instead of SRSS does not justify the potential cost increase

by going from SRSS to ABS in the design.

Consistency with Accepted Egg}neeriqg Practice

In addition to the consideration of the non-exceedance probability
P(SRSS) and the negligible changes in reliability between the

use of the SRSS and the ABS rule, justification of the use of the
SRSS method also includes comsistency with accepted engineering

practice as outlined in Sectiom 3.0.

Assumption

Accepted engineering practice is assumed to be those long standing

procedures recommended in open literature by eminent engineers or
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A.5.2

Al6

prominent industrial and national engineering organizations.
This assumption is justified since structural dynamics is highly
specialized, and until recently, no industry codes or standards

existed.

Results

Reference 37, using established procedures in seismic analysis and
probability theory, evaluated the conditional probability

of non-exceedance associated with the applications of SRSS. The
results of this evaluation are consistent with the historical basis
for the use of SRSS as described in Section 3.0.

Furthermore, the procedure utilized to determine P(SRSS) and that
for combining dynamic responses in this report is consistent with

that recommended in Reference 43.

Balanced Design, Overall Reliability, and SRSS

Component design can encounter conflicting objectives. On the one
hand, the design must be flexible so that thermal expansion does

not cause excessive stresses under normal plant operation. On the
other hand, the design needs to be sufficiently rigid so that primary
dynamic stresses under extreme load, such as seismic, do not cause
excessive inertial stresses. Since these two design considerations
tend to work against each other, adding additional conservatism for
the major dymamic loads will decrease the overall reliability due to
the increased thermal cycling reaction forces and stresses. Structural
systems tend to be somewhat forgiving of errors when they are designed
to be too flexible, i.e., if higher than design dynamic loads occur,
additional structural energy absorption capacity due to its flexi-
bility would resist such load increases. Furthermore, structural
systems tend to be less forgiving when they are designed to be

too stiff, i.e., the expansion stresses in some local region due to

constraints may severely reduce fatigue life below that considered
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in the design. This discussion shows that component reliability

may actually increase by the use of the SRSS rule rather than

ABS rule for combining dynamic responses. This can be seen
semiquantitatively in Figure A-6 (Reference 38), where it has
been shown analytically that too little flexibility for piping is
about 5 times more likely to cause failure than too much
flexibility.

Thus, the application of SRSS rule for combining responses due to
extreme loads in the design should result in a more balanced plant
design when considering both normal operational transients and
major dynamic loads.
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INDIVIDUAL EVENT PROBABILITY

e Assumptions

+ Past experience is the basis of assigning future event orobabilities.
+ Individual event probabilities follow a constant rate process.

o Result
+ Calculated event probabilities are consistent with Rasmussen report.

| COMBINED EVENT PROBABILITY

e Assumptions
+ Event dependence required for quantification of realistic joint
probability.

® Results

+ Combined rare events encounter probabilities are small,

+ Cont i event probabilities are not overly sensitive to uncertain-
ties input parameters.

Figure A-2
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COMPONENT STRENGTH DISTRIBUTION

e Assumptipns

+ Strength distributions can be described by a modified Weibull
curves with three parameters.

+ The nominal strength parameter in the Veibull distributinn 1s the
strength allowed by ASME Section Ill under service level A con-
ditions.

+ The maximum ultimate strength parameter s 3.6 times the service level A
limits.

+ The minimum yltimate strength parameter is 3 times the service level A
limits.

o Results

+ Comparative reliability results not sensitive to reascrable values
of strength parameters.

+ Assumed strength distribution consistent with failure data, normal
cocde margins, and variations in code margins.

COMPARATIVE RELIABILITY '

¢ Assumptions

+ The plant 1ife failure probability for each component,under norma15cond1tions
can be based on field data and ranges between 2 x 107" and 2 x 107",

+ The failure probability of structures lcaded to the minimum s “ength
is 0.30.

+ One-dimensional analysis adequate for comparative reliability calcu-
lations.

+ Event classification given in GESSAR and ANS 50-WG2 are applicable.
e Results

+ Comparative reliability results not overly sensitive to failure
probability assumptions and other parametric values.

+ No direct correlation exists between reliability and SRSS non-
exceedance probability.

+ Comparative reliabilities for components using SRSS and ABS rules
are not significantly different.

Figure A-4
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CONSISTENCY WITH ACCEPTED ENGINEERING PRACTICE

o Assumption

+ Recommended procedures in open literature by eminent enaineers
constitute accepted engineering practice.

e Results

+ SRSS used in general earthquake engineering and nuclear weapon
effects for modal analysis since 1951.

+ SR;S used for combining 3 directional earthquake effects since
1972,

+ SRSS used for combining different dynamic responses since 1973.

Figure A-5
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Relative Probability of Failure

1.0

0.207

0.013 0.032

. ﬁ

= ﬁ_ and P, B, 0

Toco Much Flexibility —? e— Too Little Flexibility

P general membrane (primary) stress
PL - local membrane (primary) stress
Py - bending (primary) stress
Pe - expansion (secondary) stress
Q - membrane plus bending (secondary) stress

Figure A-6. Impact of Flexibility on Piping Reliability (Reference 38)
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