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ABSTRACT

The conservatism of seismic analysis and design of piping systems due to analysis

methodologies and damping values was quantified. Envelope response spectrum

analyses, independent support motion response spectrum analyses, and multi-

support time history analysis methodologies were evaluated. Constant damping,

ranging from 1% to 10%, and PVRC damping were considered. Conservatisms were

evaluated with respect to best estimate responses of the entire seismic analysis

chain and of the piping system alone.
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EXECUTIVE SUMMARY

The scismic analysis and design of piping systems has been shown to be extremely
conservative. This conservstism results from conservative treatment of the piping

system itself and from conservatisms introduced in the other elements of the

seismic analysis chain, i.e. seismic input, soil-structure interaction (SSI), and

structure response. Previous studies have investigated conservatism in calculated

piping system responses by two basic approaches -- both are utilized herein. The

first approach isolates the piping system dynamic analysis and quantifies the

effect on piping system response of changing methodologies and/or parameters in

the analysis. In this approach, consistency is maintained through the steps of the

seismic arialysis chain to the level of piping system analysis. Changing

methodologies and/or parameters in the piping system analysis then allows one to

quantify their effect on response. The second approach treats the entire seismic

analysis chain and seeks to compare "best estimate" or realistic piping response

with responses calculated by a design procedure. "Best estimate" refers to realistic

seismic input, SSI models and parameters, structure models and parameters, and

piping system models and parameters. In addition, best estimate analyses explicitly

include uncertainty. Consequently, the end result -- piping system response -- is

expressed as a probability distribution.

A major objective of this study was to interpret previously calculated responses in

terms of: new results calculated utilizing recently assimilated data on piping

system damping; and state.-of the art best estimate seismic analyses, again utilizing

the most recently assimilated data on soil, structure, and piping system dynamic

behavior. Elence, only limited re analyses were performed for this study.

Three piping system models (AFW, RilR, RCL) of the Zion Nuclear Power Plant

were the subject of this study. The characteristics in terms of size, stiffness, and

complexity represent a range of nuclear piping configurations. The three models

were relatively low frequency with their fundamental frequencies below 4 liz.

These three models have been studied extensively in past investigations and

previously calculated responses were used extensively herein. Piping response in

the form of nodal accelerations and displacements and element forces and moments

were compared.

i
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The responses from three types of piping analysis were compared: Imulti support

time history analysis (MTH), envelope response spectrum analysis (ERS), and

independent support motion tesponse spectrum analysis (ISM). Many of the

analyses compared here are denoted "R.G.1.60" due to the seismic input bein3

defined by a single or ensemble of earthquake motions comprised of' artificial time

histories whose response spectra essentially envelope the design ground response

spectra of US NRC Regulatory Guide 1.60. The data sets' for comdiarison purposes

were: i-

Multi-sunoort time history analysis. R.QM

All multi support time history analyses were performed with SMACS the
'

probabilistic response analysis program d.veloped for the US NRC Seismic Safety

Margins Research Program (SSMRP). Piping system damping differentiated the

cases. For the AFW and RHR models, constant damping cases of 1%,2% 4%,5%

and 10% were considered. For the RCL model, constant damping cases of 2%,3%,

4%,5%, and 10% were considered. In addition, PVRC damping was considered for ,

all three models. Thirty earthquake simt.lations comprised each of these analyses.

Median values of response, i.e. median of the thirty carthquake simulations, were

the quantities compared here.

|Multi sucoort time history analysis. R.G.1.60. INhl damoina. '

,

?

This case serves as the basis of comparison for clic scenarios of isolating piping

system dynamic analyses and quantifying their conservatism. The only difference
1

s'

between this case and those discussed above is in the piping system analysis.

Uncertainty in piping system dynamic characteristics is explicitly included. Piping
!

system frequencies were assumed to be uncertain and their variability was.

described by a lognormal distribution with a coefficient of variation (COV) of 0.3.

Piping system damping was likewise assumed uncertci ind described by a
lognormal distribution with median of 5.67% and a'I'OV of 0.84 both values

correspond to data assimilated by Idaho National Engineering L1boratory (INEL)

for the US NRC; hence, the term INEL damping. Responses for this case are in

the form of probability distributions ar4d the results of other analyses are

correlated with nonexceedance probabilities (NEPs) of this case. ;

.

Y
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Enveloce resoonse socetrum analysis (ERSL

The envelope response spectrum analysis method corresponds to a US NRC

Standard Review Plan (SRP) Sec. 3.9.2 acceptable method for the analysis of

multiply supported equip.nent and components. The procedure is one in which a

response spectrum analysis of the piping system is performed -- the excitation

being defined by three response spectra Me il each orthogonal horizontal

direction and the vertical direction). E>c :sponse spectrum is the envelope of all.

support point response sps:<:tra for the direction of inMrest. Two forms of this

design procedure were the basis for responses compared here. The first employed

US NRC Regulatory Guide 1.61 damping values of 2% for the AFW, RHR, and

RCL models. Three ant. lyses from seismic input through piping system response

were performed and the results were averaged to minimiz artificial time history
induced variations in the response. The second fcrm employed PVRC damping and

only a single earthquake was considered. The former is denoted "ERS(2%)" and the

latter 'ERS(PVRC)" in the subsequent text.

Indeoendent succort motion resoonse socetrum analysis (IShjl

The independent support motion response spectrum analysis results coir. pared here

were calculated by Brookh> w National Laboratory (BNL). The basic approach is

to calculate response of tht png system for each independent support degree of-

freedom separately and combine these responses by an appropriate rule. The R.G.

1.60 analyses through the structure response phase were used in the BNL analyses,

i.e. thirty earthquake simulations were considered and the median response value

over the thirty was used ii the comparisons. Only the AFW and RHR models were

considered due to the large size of the RCL model. As in the envelope response

spectrum analysis, two cases, differing only by the damping values assumed in the

piping system, were considered. The first employed US NRC Regulatory Guide

1.61 damping of 2% for the AFW and RHR models. The second employed PVRC |
1

damping for the RHR model only. In the subsequent text, the former is denoted j

"ISM /SRSS(2%)" and the latter "ISM /SRSS(PVRC)." The "SRSS" is included to |

1

identify the method of support group combination. |

i

I
|
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Multi sur cort time history analysis. best estimate.

Best estimate analyses were performed with SMACS for the AFW, RilR, and RCL

models. Each element in the seismic analysis chain was treated as best estimate

and explicitly included uncertainty. Probability distributivas of piping responses

were calculated. Hence, the nonexceedance probability of each piping response,

conditional on an carthquake occurring of specified peak ground acceleration, was

estimated. The approach taken here was to compare "design responses" with the

distribution of best estimate values quantifying their conservatism. For these

comparisons to have meaning, consistency between the elements of the models

, (design vs. best estimate) must be maintained. For the seismic input, an ensemble

of thirty earthquake motiocs (three components each - two horizontal and the

vertical) were developed. The peak ground acceleration of the time histories

corresponded to 0.18g -- identical to the R.G.1.60 data set. The frequency

characteristics of the time histories was such that their 84% NEP response spcetra

approximated the R.G.1.60 design ground response spectra. Hence, this best

i eMimate, data set corresponds to the original R.G.1.60 data set and the philosophy'

emplo'yed to arrive at the design ground response spectra. The SSI, structure, and

p] ping system models were identical to those of the R.G.1.60 analyses with two

e=ceptiord higher, more realistic damping characteristics were assumed for the

structures; and random variability in soil, structure, and piping system parameters

was modried. When variability was incNded in the R.G.1.60 analyses, it
represented total uncertainty.

.

4

'

Rccu a Corr.carisons - R:G.1.60 Desien Analyses vs. R.G. l.60 INEL Damoine

,

-

The appreimate range of NEPs for each of the R.G.1.60 design analyses vs. the
R.G.1.60 INLL damping c:.se is shown below. This set of results focuses on the

conservat. ism in the piping system analysis methodologies and the effect of
-

dampire osumptions. The values represent the range of NEPs calculated for nodal

accelerations and element forces and moments. Slightly lower NEP values were

cMculated for nodal displacemer.ts. The tant,thcludes all three piping models --
no appstert differences occurred for tV different models. -

,
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Analysis / Range of NEPs (%)
Damping R.G.1.60 INEL Damping

hiTil/1% 83 94
hiTil/2% 71 85
hiTli/3% 60 65
hiTli/4% 54 65
hiTH/5% 49 55
hiTil/PVRC 51 62
hiTil/10% 32 43
ERS(2%) >99.7
ERS(PVRC) > 96.4

ISht/SRSS(2%) > 93.6

IShi/SRSS(PVRC) >92.7

These results quantify the conservatism in the piping system analysis procedures

and in the piping system damping values. For example, performing a piping

system dynamic analysis by the envelope response spectrum analysis technique and
,

applying R.G.1.61 damping values (2%) leads to calculated responses which exceed |

the 99.7% NEP when treating the piping system analysis itself in a best estimate

manner. Similarly, significant conservatism remains in the process when the

envelope response spectrum analysis approach is applied with PVRC damping.

Note, the multi support time history analysis with PVRC damping leads to

responses with NEPs slightly higher than the median. The effect of other damping

values on the NEPs is apparent from the table.

Resoonse Comoarisons -- R.G.1.60 Desian Analyses vs. Best Estimate

't he appros mate range of NEPs for each of the R.G.1.60 design analyses vs. the

best estimate results is shown below. This set focuses on the conservatism

introduced throughout the scismic methodology chain. Again, these values

represent the range of NEPs calculated for nodal accelerations and element forces

and moments. Slightly lower NEPs were calculated for nodal displacements. The

range includes all three piping models.

)
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1
~ Analysis / Range of NEPs (%)

Damping Best Estimate

hiTil/1% 397
h1Til/2% 93-99.5
htTil/3% 91-99
h1Til/4% 87 98
h1Til/5% 83-97
hiTil/PVRC 85-97
h1Til/INEL 75-96
htTil/10% 67 89
ERS(2%) > 99.9
ERS(PVRC) > 99.9
IShi/SRSS(2%) > 99.8
IShi/SRSS(PYRC) > 98.6

,

These results quantify the conservatism in piping system response introduced

through the entire seismic methodology chain. One readily observes the high NEPs

for all of the cases studied. Note, in particular, that the multi support time histor)
analysis with PVRC damping leads to responses with NEPs of 85 97%. Ilence,

applying a methodology which is considered best estimate (multi support time

history analysis) and applying damping to the piping system which approximates

median values (PVRC damping), conservatism in the remaining elements of the

seismic methodology chain stillleads to design responses with nonexceedance

probabilities greater than 85%. Further, if one established a performance

specification such as: seismic analysis procedures and parameter values of the

analysis shall be selected such that if an earthquake occurred with peak ground

acceleration equal to the design earthquake, the probability of exceeding the

response levels determined in the seismic analysis and used in the seismic design

would be about 1015%. Then, the design analysis procedures employed here for

seismic input, SSI, and structure response in conjunction with multi support time

history analysis and PYRC damping and for independent support motion with

3RSS of support group responses utilizing PVRC damping satisfy this criteria.

The conclusions drawn hue are generic in the sense that consistent soil-structure-

piping system models were analyzed in all cases with differences only in parameter

xvi
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values. For the case of comparisons with RG 1.60 INEL damping, seismic input

and soil structure system models and parameters were identical up to piping systemI

response calculations. Then, the piping system analysis methodologies and

parameters were varied to quantify their effects. For the case of comparisons with
best estimate values, the soil structure models were identical with changes in

4.

parameter values only. Additional potential conservatisms, such as SSI embedment ;
i

effects, were not included in one case and excluded from another.
'
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!1.0 INTRODUCTION

1.1 BACKGROUND

The seismic response of piping systems is frequently separated into two parts the

inertial or vibratory response and the pseudostatic response due to relative motions

of the piping system supports. Several analysis procedures have been developed to

calculate each portion of the response separately. This study focuses on inertial

response. The US Nuc! car Regulatory Commission (NRC) in the Standard Review

Plan (SRP), Regulatory Guides, and other licensing documents specifies acceptable

methods of analysis of multiply - supported equipment and components with

distinct inputs. Along with methods of analysis, parameter values, such as

dampirig, are specified. The present study evaluates methods of analysis of piping

systt ms and the important parameter damping.

The seismic analysis and design of piping systems has been shown to be extremely

conservative (13]. This conservatism results from conservative treatment of the
piping system itself and from conservatisms introduced in the other elements of

the seismic analysis chain, i.e. seismic input, soil structure interaction (SSI), and

structure response. Previous studies have investigated conservatism in calculated |

|
piping system responses by two basic approaches. The first approach isolates the '

piping system dynamic analysis and quantifies the effect on piping system response

of changing methodologies and/or parameters in the analysis. In this approach,

consistency is maintained through the seismic analysis chain to the level of piping

system analysis, i.e. the same sei'mic input, soil structure interaction (SSI) models

and parameters, and structure models and parameters are used. Then, given |

consistent input to the piping systems, the effects of changing methodologies

and/or parameters on piping system response are investigated.

Examples of using this approach are contained in Refs.1-5 and are summarized

here, Most of these comparisons were performed for three piping system models

(AFW, RilR, RCL) of the Zion Nuclear Power Plant. The characteristics of these

n ::dels, in terms of size, stiffness, and complexity represent a range of nuclear

piping configurations. The three models were relatively low frequency with their

11
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fundamental frequencies below 4 Hz. These three models were the subject of the I

currer.t study also and are described in detail in Sec. 2.

e Benda and Johnson [1] performed multi support time history

analysis of the three piping system models (AFW, RHR, RCL) for

varying assumptions of piping system damping. The methodology

of SMACS, to be described in Sec. 3, was used for each case.

Also, all elements of the analysis were identical from definition

of the seismic input to the input to the piping system models.

Various damping assumptions were then made to quantify the

effect of damping on piping system response. For the study,
,

PVRC damping was incorporated into the multi support time

history analysis procedure of SMACS, PVRC damping denotes

the recommendation of the Technical Committee on Piping

Systems of the Pressure Vessel Research Committee (PVRC).

These recommended damping values are a function of the piping

system frequencies- 5% damping for frequencies below 10 Hz,2%

| damping for frequencies greater then 20 Hz, and a linear

variation from 5% to 2% for intermediate frequencies. For the

RHR and AFW models, damping values of 1 %, 2%, 4%, 5%,10%,

and PVRC damping were considered. For the RCL model,2%,
,

3%,4%,5%,10%, and PVRC damping were considered.
;

; Comparisons of responses (nodal accelerations and displacements,

element forces and moments) quantified the effects of various

damping assumptions on response,

i

e Chuang et al. [2] evaluated the impact of the PVRC damping

proposal and a PVRC proposed alternative to peak broadening of

in structure response spectra, namely spectrum peak shifting, on

piping system response. Envelope response spectrum c.nalysis

(ERS) was the principal analysis technique employed. The basic
]

procedure for the ERS is to calculate in structure response spectra
"

at piping support locations. Peak broaden these spectra when this

procedure is applied. Envelope the resulting spectra in each of
]

three orthogonal directions (two horizontal and the vertical) and I

l2
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use these envelopes for the response spectrum analysis of the

piping system. The three piping models AFW, RHR, and RCL of
the Zion Nuclear Power Plant were studied. For this study, the |

'

base case was the ERS technique with US NRC Regulatory Guide
<

'
(RG) 1.61 damping and spectrum peak broadening according to

r

US NRC RG 1.122. Three additional response spectrum analyses |
4

.

were performed: one using PVRC damping instead of RG 1.61

values; a second using peak shifting instead of peak broadening;

and the third using the combination of PVRC damping and peak
,

'

i shif ting. When RG 1.61 was applied, OBE level damping was i:

assumed because the OBE typically governs piping system design.

Also, PVRC damping values correspond to OBE level stresses [8).

For the RHR and AFW models,1% constant damping was used,,

l For the RCL model,2% constant damping was used. Responses

were compared and the effect of each item quantified. In
,

addition to this quantification based on applying the ERS
,

technique, two other studies were performed. One was a
~

comparison of the ERS responses with those calculated applying

multi support time history analysis techniques with constant
;

damping of 1% and 2% for the RHR and AFW models and 2% for j#

the RCL model. This comparison showed that substantial

conservatism remained for the ERS technique with PVRC
,

damping when compared with responses calculated by the multi-
'

support time history analysis technique. The second study

investigated the hardware effects (snubbers and restraints) of

using PVRC damping and the alternative to peak broadening ;

with ERS. It was demonstrated for the AFW model that both

j snubbers and 7 of the 10 horizontal restraints would be

i unnecessary. Hence, significant conservatism was retained and ;

hardware changes could be implemented. Johnson et al. [3]

performed similar comparisons for the base case, i.e. ERS with

RG 1,61 damping and RG 1.122 peak broadening, and multi-

| support time history analysis results. Their study set the ground

work for Chuang et al. [2]. In addition, Johnson et al. introduced'

I i
1

! r
! 8
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!
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,

the concept and application of best estimate responses and their .t

; comparison with design results to quantify conservatism. This

!. approach is discussed below. !
.! '

'

! :

e Subudhi et al. [5] investigated independent support motion (ISM) {i
'

response spectrum analysis techniques applied to six piping !
"

system models [4], two of which were t,he AFW and RHR of the ;

i Zion Nuclear Power Plant. The basic objective of this study was |

to investigate and quantify the conservatism ~in various ISM

procedures compared to each other and multi support time history !

analysis results. Variations in ISM procedures were with

combination procedures (rules and sequence) for support groups,

modes, and directions fourteen different combination rules were

considered. Comparisons between the fourteen and multi support

time history results were made. Also, uniform or envelope>

response spectrum analyses (ERS) were performed. The study

| concludes that using the ISM procedure, the sequence of j
combination between modes, directions, and groups has a small

effect on results. The combination procedure used to sum group
'

contributions has a far greater effect. Algebraic combination was

found to yleid results similar to those predicted by the ERS.

Absolute combination provided very conservative estimates of

response while SRSS combination provided an estimate of-

response which was statistically equivalent to those developed

with the ERS method. This study also investigated pseudostatic

response calculational procedures and combination of inertial and

pseudostatic responses. The inertial response aspect used RG 1.61

| damping values. A follow up to this study [18] repeated these

j analyses for PVRC damping. Selected results from Ref.18 are

compared here.

1

| The second approach treats the entire seismic analysis chain and seeks to compare

i a "best estimate" or realistic piping response with responses calculated by a design

|
procedure. The concept of *best estimate" calculations as they pertain to seismic

;

!

|
i
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responses was introduced by Johnson et al. [11] for seismic probabilistic risk

assessments (PRAs). One element of a seismic PRA methodology is predicting

median responses and their dispersion conditional on the occurrence of an

earthquake characterized by its peak ground acceleration or other descriptor. One

way of predicting median response and its dispersion is calculationally. The

computer program SMACS was developed to do so and is described in Sec. 3.

SMACS has been applied in numerous situations to predict structure, component,

and piping system response distributions, e.g. Bohn et al. [14]. "Best estimate" as

used here refers to each element in the seismic analysis chain being treated as "best

estimate" and explicitly including uncertainty, i.e. realistic seismic input, soil-

structure interaction models and parameters, structure models and parameters, and

piping system models and parameters. For illustration purposes, consider the

following procedure. SMACS performs repeated analyses, each analysis simulating

an earthquake occurrence. Each analysis can have a different seismic input and

different values of parameters describing the soil, structure, and piping system

dynamic characteristics. Assume thirty simulations were performed. The result of

the thirty simulations is thirty values of peak response at points of interest in the

structures, components, and piping systems. Consider a typical piping system

response as shown in Fig.11 a support force in the RHR piping model. The

thirty values of peak response are plotted as discrete points. From the thirty

values, the two parameters necessary to define a lognormal distribution are

calculated median and lognormal standard deviation. Figure 11 itemizes the two

parameters for this case a median value of 188.7 lbs, and a lognormal standard

deviation of 0.27. Using these two parameters, the lognormal distribution function

is shown as a segmented curve in Fig.11. Based on the derived distribution

function, statements can be made concerning the probability of exceedance or

nonexceedance of a particular response value. For example, the probability of

exceedance and nonexceedance of the median value (188.7 lbs.) is 50% The
probability of a force (in the specific RHR support represented in Fig.1-1)

,

exceeding 250 lbs. is about 15% Inversely, the probability of a force not exceeding |
250 lbs is about 85% This latter quantity is denoted nonexceedance probability |
(NEP) and is used extensively herein Johnson et al. [3] introduced a second

application of these best estimate response distributions. Given a response value

calculated by a design procedure and using design parameter values such as

|

1
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damping, to what nonexceedance probability does it correspond? The higher the

nonexceedance probability, the more calculational conservatism exists in the

procedure. These types of comparisons are presented in subsequent sections. The

results of this type of comparison as presented by Johnson et al. [3] showed large

conservatisms in the design calculated responses versus the "best estimate" median

or 84% NEP v'alues. The "best estimate" seismic input, SSI, structure, and piping

aspects were "best estimate" given the state of knowledge at the time.

Table 1.1 summarizes many of these analyses.

The present study utilizes both approaches in investigating calculational margins in

piping system response.

1.2 OBJECTIVES AND SCOPE

A major objective of this study was to re establish the "best estimate" baseline used

in previous evaluations of piping system analysis methodologies and parameter

values. The original baseline was developed by Johnson et al. [3] and reflected

then current state of the art knowledge. Over the past 8 years, the state of-the art

has evolved. The particular scenario analyzed by Johnson et al. [3] corresponded to

the US NRC Seismic Safety hiargins Research Program (SSN1RP) Phase I analysis a

demonstration calculation. In the ensuing time, changes were made to the

methodology and parameter values. For example, the SShfRP Phase 11 response

analyses (Bohn et al. [14]) used revised models for seismic input and SSI, and

revised parameter values for soil, structure, and piping systems. Revisions

reflected additional data, changes in the manner in which particular phenomena

were treated (local site amplification, structure to structure interaction, etc.) and

treatment of uncertainty. Johnson et al. [3] and the SSh1RP Phase I analyses

combined random and modeling uncertainty, whereas SSh1RP Phase Il treated the

two separately. The present study focuses on random uncertainty.

The key differences between the "best estimate" analyses done to date are:

e Seismic input. Johnson et al. [3] used an ensemble of ninety

carthquakes whose peak ground accelerations (PGAs) ranged from

16
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0.15g to 0.30g with a median value of 0.18g. The frequency
characteristics of the ensemble were those of a deep soit site and

represented a realistic or 'best estimate" seismic input for this

case. Bohn et al. [14) used several ensembles of earthquake

motions cach representing the hazard over a portion of the

seismic hazard curve, llence, PGAs varied depending on the

ha7ard curve interval. The frequency characteristics of the

motions included local site amplification to account for the

shallow soil layers at the Zion site. These were considered 'best

estimate" including local site amplification effects. The pressnt

study utilizes an ensemble of thirty carthquakes--cach carthqiiake

comprised of three components of motion (two horizontal and the

vertical). This casemble was derived to represent the philosophy

of US NRC RG 1.60. liorizontal and vertical components are

anchored to 0.18g PGA. The frequency characteristics are such

that the mean plus one standard deviation response spectra

approximates the design response spectra of RG 1.60. The mean

response spectra approximate the mean of the records which were

the basis for RG 1.60.11ence, this ensemble represents closely the

data base, including its variability, which led to the development

of RG 1.60 and its mean plus one-standard deviation or 84% NEP

response spectra match RG 1.60; this aspect is important to

subsequent comparisons.

e Soil-Structure Interaction. The SSI models in terms of phenomena

explicitly included are identical for Johnson et al. [3] and the

present study. Some differences in soil properties, in particular,

soil material damping was introduced based on the revised

analyses performed for SSMRP Phase 11 (Bohn et al. [14)). Median

values of soil material damping were increased slightly. The Zion

site was discretized into four layers for analysis purposes the

third layer being denoted the reference layer. References 3 and

11 assigned a median value of material damping of 2.5% in this

layer; whereas Ref.14 and the present study assigned a median

17
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value of 4.4% based on additional analyses. Median values of soil

shear modulus remained essentially the same,

o Structure and Piping Models. The structure and piping models

were identical for all studies, i.e. Refs. 3,13,14 and the present

study. Some changes in best estimate material properties, i.e.

damping, were made. References 3 and 13 assigned median

values of structure damping of 2% and piping system damping of

2% which are unrealistically low for the excitation level

considered (PGA of 0.18g) and in light of data assimilated in

recent years. For the present study, a median value of structure

damping of 10% was assumed based on recent test results for

concrete shear wall structures. A median value of piping system

damping of 7.5% {12] was used in the present study. |,

e Treatment of Uncertainty. Johnson et al. [3] and the SSMRP

Phase I analyses combined random and modeling uncertainty and

treated them simultaneously. Consequently, the coefficients of

variation (COVs) of input parameters were relatively large- soil

shear modulus, COV-0.7; soil material damping, COV-1.0; j

structure and piping frequency, COV-0.5; structure and piping

damping, COV-0.7 Bohn et al. [14] treated random and modeling

uncertainty separately. In the present study, only random

uncertainty was included in the "best estimate" analyses and the

variability assigned to randomness reflected recent information

on structures [7] and piping systems [8]. The COVs are itemized

in Sec. 3.

Given this revised "best estimate" baseline, previously calculated responses are

reinterpreted quantifying the conservatism in their values. The form of the

j quantification is as discussed in Sec.1.1-in terms of nonexceedance probabilities.

; A second major objective of this study was to isolate the piping system analysis

|
and quantify the effects of various piping system analysis methodologies and

j piping system damping values on response. Many cases have been analyzed and

compared previously, e.g. Benda and Johnson [1]. The present report presents an

additional comparison based on a second "best estimate" baseline, i.e. best estimate

treatment of the piping system only. Design procedures are maintained through
1

18
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the structure response stage, i.e. seismic input (RG 1.60), SSI, and structure

response. Piping system analysis is then treated in a best estimate fashion best

estimate methodology (multi support time history analysis), best estimate parameter

values (for this study, a distribution of piping system damping was assumed based

on Ref 8), and explicitly including uncertainty in piping system frequencies and

damping (for this study, based on Refs. 7 and 8). The result is a distribution on

piping system response from which NEPs can be estimated corresponding to the

various design procedures considered.

This report is organized as follows. Section 2 describes the three piping models of

the Zion Nuclear Power Plant which formed the basis of this study. Section 3

describes the methods of analyses, analyses performed, and analyses compared

herein. Section 4 presents numerical results. Section 5 draws conclusions from the

results,

i

I

1
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Tabte 1.1a

,

COMPARISON OF RESPONSE ANALYSIS METHODS FOR THE ATW AND THE RNR PIPING SYSTEM

Piping
Analysis Seismic Variability Method of Damping Piping

Case Input SSI/ Structure Analysis Nominal (E) var Response Reference Comments

1 BE (90 EQ) Yes MTN 2 Yes SOE, 841 NEP [3] -

2 RG 1.60 (30 EQ) Yes MTN 2 No SOE NEP DJ -

3 RG 1.60 ( 3 EQ) No ERS 2 No Avg of 3 0] -

4 RG 1.60 (30 EQ) Yes MTN 1 No SOE NEP [2] -

5 RG 1.60 (30 EC) Yes MTN 2 No SOE NEP [2] Same as Case 2
6 RG 1.6G t 1 to) No ERS 1 No - [2] -

7 RG 1.60 ( 1 EQ) RG Sroad ERS PVRC Damp - - [2] -

8 RG 1.60 ( 1 EQ) PVRC Brood ERS RG Damp No - [2] -

9 RG 1.60 ( 1 EG) PVRC Broad ERS PVRC Damp - - [2] -

10 RG 1.60 (30 EQ) Yes MTN 1 No 50E NEP [1] Same as Case 4
-

~

o 11 RG 1.60 (30 EQ) Yes MTN 2 No 501 NEP [1] Same as Case 2
12 RG 1.60 (30 EQ) Yes MTN 5 No SOE NEP [1] -

13 RG 1.60 (30 EQ) Yes NTN PVRC Damp - SOE NEP [1] -

14 RG 1.60 (30 EQ) Yes MTN 4 No SOE NEP [1] -

15 RG 1.60 (30 EQ) Yes NTN 10 No SOE NEP [1] -

16 RG 1.60 (33 EQ) Yes ISM 2 No 501 NEP [5] -

17 RG 1.60 (30 EQ) Yes ISM PVRC No SOE NEP [7] (RNR only)
18 RG 1.60 (30 EQ) Yes MTN INEL Yes NEP * -

19 SE (30 EQ) Yes MTN INEL Yes NEP * *

For the AFW systeur, an additional series of analyses were conducted by Chuang, et al. using the methodology of cases 6 and 9 above. Yhese
anstyses investigated alternative styport configurations of the AFW modet.
Notes

MTN e Multi-styport time history analysis
ERS e Envelope Response spectrum anstysis
ISM = Independent stoport motion response spectrum anstysis

INEL = Best estimate piping system dumping
* = Current Study

- _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - . _ _ _ _ _ _ _ _ _ _ - - _ _ - _ . -- _ _ - - _ - _ _ _ _ _ _ - _ _ - _ - - . _ _ _ _ _ _ _ _ _ - - - - - --
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' Table 1.1b

COMPARISON OF RESPONSE ANALYSIS METHODS FOR THE RCL PIPING SYSTEM

Piping
Analysis Seismic Verlability Method of Damping Piping

Case Input SSI/ Structure Anotysis Nominal (%) Wer Response Reference Comuments

1 BE (90 EO) Yes MTN 2 Yes 50%, 84% NEP D) -

2 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP DJ -

3 RG 1.60 ( 3 EG) No ERS 2 No Avg of 3 [3] -

4 RG 1.60 (30 EO) Yes MTN 2 No 50% NEP [2] -
'

5 PG 1.60 ( 1 EQ) No ERS 2 No - t2] Same as Case 2
6 RG 1.60 ( 1 EQ) RG Brood ERS PVRO Damp No - (2] -

7 RG 1.60 ( 1 EO) PVRC sroad ERS - RG Damp No - (2] -

8 RG 1.60 ( 1 EQ) PVRC Broad ERS PVRC Damp No - [2] -

9 RG 1.60 (30 EO) Yes MTN 2 No 50% NEP [1] -

10 RG 1.60 (30 EQ) Yes MTN 3 No 50% NEP [1] Same es Case 4

11 RG 1.60 (30 EQ) Yes MTN 5 No 50% NEP [1] --

[ 12 RG 1.60 (30 EO) Yes MTN PVRC Damp - 50% NEP [1] -

13 RG 1.60 (30 EQ) Yes MTN 4 No 50% NEP [1] -

14 RG 1.60 (30 EO) Yes MTN 10 No 50% NEP. [1] -

15 RG 1.60 (30EO) Yes MTN INEL Yes NEP * -

16 BE (30EQ) Yes MTN INEL Yes NEP * -

Notes

MTN = Multi-styport time history analysis
ERS = Envelope response spectrian anstysis,

| ISM = Independent styport motion response spectrian anstysis
INEL = Best estimate piping system dumping

Current Study* =

<
.

|
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2.0 DESCRIPTION OF PIPING MODELS |

2.1 INTRODUCTION
i

Three Zion Nuclear Power Plant piping systems were the subject of this study. In

this section, the structures housing the piping systems, the three piping models, and

their key parameters are described.

2.2 ZION STRUCTURES

Figure 21 illustrates the arrangement of buildings at the Zion plant. The piping

systems of interest are housed in two structures, the containment building and the

auxiliary, fuel handling, turbine building (AFT) complex. The AFT complex

consists of connected buildings housing the turbines, fuel handling equipment,

diesel generators, etc. hiodels of these structures were originally developed for the

NRC sponsored Seismic Safety hiargins Research Program (SShiRP)[9].

Containment Buildine. The containment building has two separate structures, the

containment shell and an internal structure, on a common basemat (Fig. 2 2).

The pre stressed concrete containment shell is modeled with beam elements. The

model includes rotational inertias that model bending and torsion of the shell.

hiasses and rotational inertias are lumped at node points. The first 13 fixed base

modes were included in the dynamic analysis. These modes cover all the

structure's natural modes below 33 liz. I

Inside the containment shell, a separate concrete internal structure (Fig. 2-2) I

supports a four loop pressurized water reactor (PWR) Westinghouse nuclear steam-

supply system (NSSS). The internal structure, including an appropriate I

Irepresentation of the NSSS, is modeled with three dimensional finite elements
j

(Fig. 2 3). The elements are beams, trusses, plates, straight and curved pipes, etc.

hiasses are lumped at selected node points. The first 60 fixed base modes were

included in the analysis which defined the structure's natural modes below 33 liz.

AFT Comolex. The T-shaped AFT complex is treated as being symmetrical about a j

vertical cast west plane between the two containment buildings. A three-

(
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dimensional finite element model of half of the complex containing over 3800

degrees of freedom was constructed (Fig. 2 4). Applying appropriate boundary

conditions along the plane of symmetry and extracting symmetrical and anti-

symmetrical modes led to the description of the dynamic characteristics of the

structure. One hundred and thirteen fixed base modes were included in the

dynamic analyses.

2.3 PIPING MODELS

Three piping models were considered in this study: a model of a portion of the

auxiliary feedwater system (AFWS), a model of a portion of the residual heat-

removal (RilR) and safety injection system (SIS), and a model of a portion of the

reactor coolant system (RCS). We refer to these as the AFW, the RiiR, and the

RCL models. The mathematical models used in this study were previously

developed (10).

AFW hiodel. The AFWS is for emergency cooling if the main feedwater system

fails. Only part of the AFWS, the piping from steam generator I A to containment

penetrations was considered (Fig. 2 5). The AFW model consists of a 16 inch main

feedwater (MFW)line from the steam generator nozzle to a containment

penetration and a 3 inch auxiliary feedwater line branched from the 16 inch MFW
line to a containment penetration.

RiiR Model. The RiiR system removes residual heat from the core and reduces

the temperature of the reactor coolant system. The SIS cools the core and limits

the metal water interaction. One part of the RilR/ SIS, the piping inside the AFT

complex and a small portion inside the containment shell(Fig. 2 6) were the subject

of this study. The RiiR model consists of a 12 inch line from a wall anchor at the

internal structure of the containment building to an anchor in the AFT complex,

and an 8 inch line from the refueling water storage tank (RWST) nozzle to the 12-

inch line.

B.CL Model. The RCS transfers heat generated in the core to the steam generators

which produce the steam to drive the turbines. A portion of the RCS was modeled,

namely, all four reactor coolant loops (RCL), six branch lines of the loops, and all

major NSSS equipment, including the reactor pressure vessel (RPV), four steam

22
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generators (SG), four reactor coolant pumps (RCP), and a pressurizer (Fig. 2 7).
Each of the four reactor coolant loops consists of a 29 inch hot leg from the nozzle

of RPV to SG, one 31 inch crossover leg from the nozzle of SG to RCP, and a 27.5-

inch cold leg from the nozzle of RCP to RPV.

The six branch lines are:
The 14 inch pressurizer surge line from the pressurizer to the hot.

leg of the RCL No. 4.
The 14 inch line from the hot leg of RCL No. I to the RHRS..

The 8 inch Si line to the cold leg of RCL No.1..

The 8 inch bypass line from the hot leg to the cold leg of.

RCL No.1
The two 4 inch pressurizer spray lines from the cold leg of RCL.

Nos. 3 and 4 to the pressurizer.

Basis for Selection. These piping models were selected to cover a wide range of

parameters. As can be seen in Table ?.l. the piping systems vary considerably in

size and complexity. In terms of the number of support motions and modes

considered, the RilR model is smallest and least complex, the RCL model is the

largest and most complex, and the AFW model is intermediate. Table 2.2 lists the

first ten natural frequencies of each piping system.

Features of the Models. The models had several features in common:

Piping was assumed to be linearly clastic..

Appropriate stiffnesses were incorporated for piping supports.

(including rigid hangers, lateral restraints, and snubbers), except

those of the RilR model, where the piping supports were assumed

to be rigid.

Constant and variable spring hangers were not included because.

their small stiffnesses were negligible compared to the stiffness

of piping and other types of restraints (snubbers, etc.).

The stiffness formulation of curved pipe (elbow or bend).

elements included the effect of internal pressure on the

flexibility of curved pipes.

23
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i Resoonse of Models. For each piping model, responses at selected nodes and i

elements were calculated. Response locations were the same as those selected in [
previous studies where emphasis was placed on determining response at locations of '

high stress, i.e., cibows, tees, reducers, etc. Nodal accelerations and displacements, |
reaction forces in supports, and pipe resultant moments the amplitude of the4

vector sum of the two orthogonal bending moments and the torsional moment - i

were calculated, in all, the following responses were determined:
.

50 accelerations,63 displacements,28 support reactions, and 23.

pipe resultant moments for the AFW model.

28 accelerations,51 displacements,15 support reactions, and 22.

; pipe resultant moments for the RHR model. *

51 accelerations,94 support reactions, and 118 pipe resultant.
i,

i moments for the RCL model.
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Table 2.1

,

KEY PARAhiETERS OF Tile TliREE PIPING hiODELS

No. of No. of
Piping No. of No. of Support hiodes
hiodel Nodes Equations hiotions Considered

AFW 263 945 45 36

RiiR 96 423 21 18

RCL 760 2941 127 130

,

,

!

|
|
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Table 2.2

PIPING SYSTEM FREQUENCIES (HZ)

Mode AEE B11R B.CL

1 2.86 3.86 1.43

2 3.76 8.I 1 2.41

3 4.48 9.35 3.26

4 4.89 10.89 3.47

5 7.27 12.22 4.39

6 7.56 13.83 4.84

7 7.86 14.88 5.25

8 8.01 16.82 5.99

9 9.05 19.95 6.03

10 9.63 21.74 6.40
l

|

|
|
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3.0 METHODS OF ANALYSIS AND ANALYSES PERFORMED

3.1 OVERVIEW

|
For this study, the results of several sets of analyses are compared. They reflect

different piping system analyses and parameters; and different treatment of thei

seismic analysis chain. There are several objectives of the present study; all of

which are based on comparing amplitudes of calculated response for different

analysis assumptions and parameter values. One set of comparisons is between

results broadly classified as design analyses. A second set is between design

analysis results and responses calculated assuming design procedures up to the

piping system analysis stage and then treating piping system response, itself, in a

best estimate fashion, i.e. best estimate methodology (multi-support time history

analysis), best estimate parameter values (damping), and explicitly including

uncertainty in piping system frequencies and damping. A third set of comparisons

is between design analysis results and responses denoted best estimate, i.e. where

each element in the scismic analysis chain is treated in a best estimate manner

(seismic input, soil-structure models and parameters, and piping system models and

parameters). In addition, uncertainty in each element is modeled explicitly. The
end results of the best estimate analyses are distributions of response from which

approximate nonexceedance probabilities (NEP) can be obtained for each of the

design analy;is results. Before proceeding to a detailed description, an overview of

the cans and the comparisons is presented.'

The set of analyses broadly classified as design analyses are cha,acterized by the

seismic input being defined by US Nuclear Regulatory Commission (NRC)

Regulatory Guide 1.60 (R.G.1.60) design ground response spectra. Either a single

set of carthquake time histories (three components ) or an ensemble of motions

each satisfying the NRC criteria of enveloping R.G.1.60 design ground response

spectra were used. For these design analyses, three piping system analysis
,

procedurcs were considered; multi support time history analysis, envelope respor)se

spectrum analysis, and independent support motion response spectrum analysis.

The multi support time history analysis procedure used in this study was developed
' for the SSMRP and is contained in the computer program SMACS [11). The

|
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procedure is described in detail in Sec. 3.2. Several multi-support time history
analyses were performed and are denoted "R.G.1.60" - the difference between

them being the amount of damping assumed in the piping system. Constant

(independent of piping system frequency) damping cases were 1%,2% 4%,5%, and

10% for the RilR and AFW systems and 2%,3%,4%,5%, and 10% for the RCL

system. Two additional damping cases were analyzed for the three piping systems -

PVRC damping and INEL damping. PVRC damping dent :es the recommendation

of the Technical Committee on Piping Systems of the Pressure Vessel Research

Committee (PVRC). The recommended damping values are a function of the

piping system frequencies -- 5% damping for frequencies below 10 liz,2% damping
for frequencies greater than 20 llz and a linear variation from 5% to 2% for

intermediate frequencies. This PVRC damping proposal is ASME Code Case N-411,s

Alternative Damping Values for Seismic Analysis of Classes 1,2, and 3 Piping
Sections, Section Ill, Division 1. The case denoted "INEL damping" is intended to

represent realistic best estimate damping it. the piping system as supported by data

[8] and its extrapolation [12] to higher excitation :evels. The probability
distribution for piping system damping for the three models was assumed to be

lognormal and characterized by a median value of 5.67% and a logarithmic

standard deviation of 0.84. The median and lognormal standard deviation were

taken from Ref. 8. These damping values are constant for all piping system
frequen;ies, i.e., they are not frequency dependent. They represent a "best

estimate" at OBE level stresses. In addition to uncertainty in piping system

damping, uncertainty in piring system frequencies was explicitly treated by
assigning a probability distribution to a multiplicative function applied to the

calculated piping system frequencies; the distribution is assumed to be lognormal

with a median value of 1.0 and a logarithmic standard deviation of 0.3 [7].

The envelope response spectrum analysis procedure conforms to one of the

specified procedures in the US NRC Standard Review Plan (SRP) Sec. 3.9.2. In

general, the procedure is one in $vhich a response spectrum analysis of the piping

system is performed - the exci ation being defined by three response spectra (onet

in each orthogonal horizontal direction and one in the vertical direction). Each

response spectrum is the enve' ope of all support point response spectra for the
direction of interest. For this case, design procedures such as spectrum peak

broadening, specirum smoothing, and US NRC Regulatory Guide 1.92 modal and

32
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directional combination rules applied. Responses for this SRP envelope response

spectrum analysis case were those reported in Ref. 3. Two damping cases were

|
considered: constant damping of 2% for the AFW, RHR, and RCL models; and

|
PVRC damping. j

The independent support motion response spectrum analysis results compared here
l

were calculated by Brookhaven National Laboratory (BNL) and reported in Ref.

18. The basic approach is to calculate response of the piping system for each

independent support degree of-freedom separately and combine these responses by

an appropriate rule. The RHR model was analyzed for the thirty earthquake R.G.
1.60 data set. Note, the individual responses for each of thirty three carthquakes

were provided by BNL. This study utilized the subset of thirty earthquakes

corresponding to those described earlier. Hence, the median response over the

thirty simulations was calculated and used. Reference 18 contains many

comparisons of results based on different response combination rules. The SRSS

support group response combination followed by RG 1.92 modal and directional

combination was compared here.

Table 1.1 is repeated here as Table 3.1 and it summarizes the many analyses of the

AFW, RHR, and RCL piping systems that have been performed in the past and for

the present study.

|
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Table 3.1a
'

COMPARISON OF RESPONSE ANALYSIS METHODS FOR THE AFW AND THE RNR PIP!NG SYSTEM i

Piping
Analysis Seismic variability Method of Dasping Piping

Case Input SSI/ Structure Analysis Nominal (%) Var Response Reference Comuments

1 SE (90 EQ) Yes MTH 2 Yes 50%, 84% NEP [3] .

2 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP (3) -

3 RG 1.60 ( 3 EQ) No ERS 2 No Avg of 3 [3] .

4 RG 1.60 (30 EO) Yes MTH 1 No 50% NEP [2] .

5 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP I2] Same as Case 2
6 RG 1.60 ( 1 EQ) No ERS 1 No [2] -*

7 RG 1.60 ( 1 EQ) RG Broad ERS PVRC Danp - - 121 -

8 RG 1.60 ( 1 EQ) PVRC Broad ERS RG Danp No - (2] .

9 RG 1.60 ( 1 EQ) PVRC Broad ERS PVRC Dano - - [2] -

10 RG 1.60 (30 EO) Yes MTH 1 No 50% NEP [1] Same as Case 4
11 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP (1) Same as Case 2

12 RG 1.00 (30 EQ) Yes MTH 5 No 50% NEP [1] -

w 13 RG 1.60 (30 EQ) Yes MTH PVRC Dany - 50% NEP (1) -

.
.

A 14 RG 1.60 (30 EQ) Yes MTH 4 No 50% NEP [1] -
l

15 2G 1.60 (30 EQ) Yes MTH 10 No 50% NEP [1] -

16 RG 1.60 (30 EQ) Yes ISM 2 No 50% NEP [7] -

17 RG 1.60 (30 EQ) Yes ISM PVRC No 50% NEP - Personal Comumication
18 RG 1.60 (30 EQ) Yes MTH INEL Yes NEP * -

19 SE (30 EQ) Yes MTH INEL Yes NEP * -

For the AFM system, Z Tifitional series of analyses were calducted by Chuang, et al. using the methodology of cases 6 and 9 above. These
analyses investigated alternative support configurations of the AFV model.

Nctes

NTH = Multi support time history analysis
ERS = Envelope Response spectrun analysis
ISM = Independent stoport motion response spectrum analysis

INEL = Sest estimate piping system decping
,

* = Current Study
|
!
)

I
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Tablo 3.1b

COMPARISON OF RESPONSE ANALYSIS METHODS FOR THE RCL PIPING SYSTEM

Piping

Analysis Seismic variability Method of Danping Piping

Case Irput SSI; Structure Analysis Nominal (%) Var Response Reference Comuments

1 SE (90 EQ) Yes MTH 2 Yes 50%, 84% NEP (3) -

2 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP [3] -

3 RG 1.60 ( 3 EQ) No ERS 2 No Avg of 3 (3) -

4 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP (2) -

5 RG 1.60 ( 1 EQ) No ERS 2 No - [2] Same as Case 2

6 RG 1.60 ( 1 EQ) RG Broad ERS PVRC Dapp No - [2] -

'

[2] -

7 RG 1.60 ( 1 EQ) PVRC 8 road ERS - RG Danp No -

8 RG 1.60 ( 1 EQ) PVRC Broad ERS PVRC Dano No - (21 -
'

9 RG 1.60 (30 EQ) Yes MTH 2 No 50% NEP [1] -

10 RG 1.60 (30 EQ) Yes MTH 3 No 50% NEP (1) Same as Case 4

j 11 RG 1.60 (30 EQ) Yes MTH 5 No 50% NEP (1) -

12 RG 1.60 (30 EQ) Yes MTH PVRC Dany - 50% NEP [1] -

]
13 RG 1.60 (30 EQ) Yes MTH 4 No 50% NEP [1] -

4

14 RG 1.60 (30 EQ) Yes MTH 10 No 50% NEP [1] -

* -

15 RG 1.60 G OEQ) Yes MTH INEL Yes NEP
* -

16 BE (30EQ) Yes MTH INEL Yes NEP

U

Notes
;

MTH = Multi-stoport time history analysis
ERS = Envelope response spectrue analysis
ISM = truse>endent support motion response spectrum analysis

INEL = Best estimate piping system danping
* = Current Study

, , _ -_ , . _ - _ _ _ _ _ _ - _
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| 3.2 MULTI - SUPPORT TIME IIISTORY ANALYSIS

The multi - support time history analysis procedure used in this study was
developed for the SSMRP [11]. The computer program SMACS embodies the

methodology used in the SSMRP to calculate both the seismic response of structures

and piping systems and the variation in these responses. SMACS performs time

history analysis linking seismic input with the calculation of soil - structure

interaction (SSI), major structure response and piping system response. The seismic
;

input is defined by an ensemble of acceleration time histories in three orthogonal I

directions (two horizontal and a vertical) on the surface of the soil. SSI and
detailed structure response are determined simultaneously using the substructure i

approach. Piping systems are analyzed using the pseudostatic mode method

assuming independent piping support motions obtained from the detailed structural
response analyses,

i
;

The modus operandi of SMACS is to perform repeated deterministic analyses, each

analysis simulating an earthquake occurrence. By performing many such analyses

and by varying the values of several input >arameters, the uncertainty inherent in

deterministic analysis is taken into account. Uncertainty is explicitly considered in

each step of the seismic methodology chain. Variability in the seismic input is
included by sampling to obtain a different set of earthquake time historica for

each simulation. Variability in the soil structure-piping system behavior is

introduced for each simulation by sampling values of the input parameters (soil

shear modulus and damping, and structure and piping system frequency and

damping) from assumed probability distributions according to a Latin hypercube

experimental design [11]. This design efficiently spans the parameter spaces. |

The responses from two broad types of multi support time history analyses are

compared here: the first is denoted "best estimate" and is characterized by "best

estimate" definitions of scismic input, and the physical parameters of the soil-

structure piping system; the second type is denoted "R.G.1.60" reflecting the

definition of seismic input as being artificial time histories whose response spectra

essentially envelope the design ground response spectra of Regulatory Guld.e 1.60.

Both types of analyses were introduced in Sec. 3.1 and are next discussed in detail.

36
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3.2.1 Best Estimate Time History Analysis

To perform a probabilistic response analysis with SMACS, the following

| information must be assembled:
|

| e Ensemble of free field acceleration time histories which represent

variability in the seismic input.

e Best estimate SSI, structure, and piping models.
,

Input parameter variations (soil shear modulus and materialo

damping, and structure and piping frequency and damping) in

the form of probability distributions.

e Experimental design.

Following is a brief discussion of each aspect of input:

Free field motion. An ensemble of thirty sets of three

components of acceleration time histories (two horizontal and the

vertical) defined the seismic input. The ensemble of acceleration

time histories was developed such that the 84% NEP of the

resulting response spectra approximate the US NRC Regulatory

Guide 1.60 design ground response spectra. This approach follows

the intent of the development of US NRC Regulatory Guide 1.60.

Figure 31 shows the mean and the 84% NEP response spectra

compared to Regulatory Guide 1.60 spectra (horizontal and

vr.rtical). All of the horizontal time histories were scaled to a
peak ground acceleration of 0.18g; the vertical time histories

similarly were scaled to 0.18g to match the design ground

response spectrum. Statistical indepcndence of the three

components for each of the thirty carthquakes was verified;

correlation coefficients less than 0.16. The original data set that

was used as a basis for developing RG 1.60 response spectra

formed the basis for generation of the artificial time histories.

This original data set, however, was not explicitly used herein for

a number of reasons. First, the mean plus-one standard deviation

response spectra of the original data set do not closely

| 37
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approximate RG 1.60 spectra in all frequency ranges. Second,!

each recorded earthquake does not in general, contain three

components of motion and three components are required for the

analysis. Third, the recorded motions differ in time step and

duration and such differences create logistic problems with the

multiple analyses. The calculated response spectra from the

recorded motions comprised the ensemble of target spectra used to

generate the artificial time histories. Hence, the frequency
characteristics of the ensemble closely approximate the recorded

data except in those frequency ranges where additional

amplification was necessary.

Best estimate models. SSI, structure, and piping system models

used in this study were originally developed for the SSMRP and

are discussed in detail in Refs. 9,10, and 13. Two aspects of the

model development are highlighted here. First, SSI, structure, and
piping system models were developed based on actual material

data rather than design values. Second, excitation dependent

parameters, e.g., soil shear modulus, roil material damping, and

structure and piping system damping, were selected to correspond
I

to stress levels developed in the respective media due to the range
of excitations considered and taking into account the most recent

data. Soil properties corresponding to a free field excitation of

0.18g peak acceleration were used (14]. Structure stiffness !

properties correspond to best estimate values as presented in

Ref. 9. Nominal values of structural damping of 10% of critical

were selected for the analysis. Finally, piping system modeling
corresponded to that of SSMRP and as described in Sec. 2.

Nominal piping system damping corresponding to SSE level

excitations was assumed based on Refs. 8 and 12; a nominal value

of 7.5% was used for each piping system.

Inout carameter variations. As discussed earlier, uncertainties in

seismic input, SSI, structure response, and piping system response

are treated explicitly in the SMACS response calculations. A

limited number of input parameters are used to incorporate

38
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uncertainty: in the seismic input, an ensemble of time histories;

in SSI, the mechanism to inc'.ude variability is soil shear modulus

and material damping in the soil; in structures and piping

systems, variations in frequencies and modal damping are the
mechanisms. In seismic risk and probabilistic response analyses,

it is helpful to distinguish between two types of uncertainty --
random uncertainty and modeling uncertainty. Random

uncertainty is fundamental to the phenomenon being represented.

It is also irreducible given present state of the art understanding

and modeling of the phenomenon. Modeling uncertainty reflects

incomplete knowledge of the model itself. Modeling uncertainty,

in many cases, can be reduced within prese.a limit; of the state-

of the art by improved analytical models, tests, etc. The
combination of random and modeling uncertainty yields total

uncertainty. For the present study, variability in input
parameters was selected to represent random uncertainty. This

assumption corresponds to the SSMRP Phase 2 study. The

coefficients of variation (COVs) used in the present study are
,

shown in Table 3.2
Exoerimental desinn. The SMACS analysis uses a Latin

hypercube experimental design to efficiently sample the

parameter spaces for a limited number of simulations. For the

best estimate analysis,30 earthquake simulations were performed.

Hence 30 sets of three components of motion (90 time histories)

were selected. Next, the distribution of each variable input

parameter was divided into 30 equal probability intervals. A

value was randomly selected from each interval, and the 30

values for each variable were rearranged randorr.ly. The 30 sets

of time histories and the permuted values of the variable

parameters were then grouped to give 30 combinations of input

values for the dynamic analyses. Therefore, in a series of 30

analyses, each time history set is used once, and a parameter

.alue was selected once from each of the 30 intervals in each of

39
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the parameter distributions. The set of 30 input combinations is

called a Latin hypercube sampling set.

The 30 "test estimate" analyses performed gave 30 values for every piping system

response request. Figure 3 2 shows the data points from the 30 analyses and the

[ lo8 normal distribution of response constructed from the data for n typical

component. From such a curve, response values corresponding to the median (50%
NEP) or other NEP response values can be determined.

3.2.2 R.G.1.60 Ana1ysis

The second set of multi support time history analyses is denoted "R.G.1.60' and

differ:, only in selected aspects from the best estimate analysis. The principal

difference is in the definition of the seismic input. An ensemble of thirty sets cf

three components of acceleration time histories (two horizontal and the vertical)

defined the seismic input. Each set was generated to meet the requirements of the

US NRC Regulatory Guide 1.60; hence, the name R.G. l.60 analysis. This data set

was obtained from the nuclear industry. The three components were scaicd such
,

that the two horizontal components had equal peak accelerations of 0.18g and the

vertical component had a peak acceleration of 0.12 . In addition, the three8

components were verified to be statistically independent, i.e. correlation

coefficients less than 0.16. Figure 3-3 shows mean and 84% NEP response spectra

for the R.G.1.60 data set. Note, the relatively small variation in spectral

acceleration due to the fact that each time history was generated to the same target
response spectra.

The SSI, structure, and piping system models used in the R.G.1.60 analyses were

identical to those used in the best estimate analyses. Nominal values ol' input

parameters for stiffness characteristics were identical. However, nominal values of;

structural damping corresponded to SSMRP Phase i values and the data available

at that time. Nominal damping of 2% in the structures was assumed. This

corresponds to all previous "R.G.1.60 analyses."
.

An additional difference between the best estimate analyses and the R.G.1.60

analyses is the variation assumed for the input parameters. Variability in soil and

structure parameters was intended to represent total uncertainty. This again

corresponds to all previous studies and, in fact, the identical experimental designs

,

3 10
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were used for soil and structure properties for all "R.G.1.60 analyses." Since the

principal comparisons made here are between median values of response from the

R. G.1.60 analyses, the impact of includ.ing total uncertainty instead of random

uncertainty only is negligible. Table 3.3 itemizes coefficients of variation for the

R. G.1.60 analyses.

|
1

.

|-
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Table 3.2

COEFFICIENTS OF VARIATION (COVs) OF INPUT PARAMETERS
FOR THE BEST ESTIMATE ANALYSIS

Parameter COV

Soil shear modulus 0.35

Soil damping 0.5

Structure frequency 0.25

Structure damping 0.35

Piping system frequency 0.3

Piping System damping 0.84

Table 3.3

COEFFICIENTS OF VARIATION (COVs) OF INPUT PAR AMETERS
FOR THE RG 1.60 ANALYSIS

Parameter COV

Soil shear modulus 0.7

Soil damping 1.0

Structure frequency 0.5

Structure damping 0.7

Piping system frequency No variation *

Piping system damping No variation *

*For the INEL damping case, a COV of 0.3 on piping system frequency and 0.84 on piping
system damping was assumed.

| 3 12
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3.3 US NRC SRP RESPONSE SPECTRUM ANALYSIS

In the US NRC Standard Review Plan (SRP) Sec. 3.9.2, acceptable methods for the

analysis of multiply supported equipment and components subjected to distinct

input motions are specified. As discussed previously, response is often separated

into two parts -- the inertial response and the pseudostatic response. One

acceptable and frequently used approach is to calculate the inertial response by a

response spectrum analysis. The SRP envelope response spectrum analysis results

compared here are those reported in Refs. 2 and 3. A review of the methodology
employed follows.

Two cases are compared here and the methodology differs ', lightly for the two -

constant 2% piping system damping and PVRC piping system damping.

Constant 2% Damoine f 31.

Three sets of acceleration time histories were selected at random from the group of

30 used in the R.G.1.60 analysis and three complete analyses performed -the results

then averaged to minimize the variations due to the time histories. SSI and

structure response calculations were performed for each of the three carthquakes. '

No variability was included in the SSI or structure response; all input parameter

values were held at their nominal values. Response spectra were generated at

structure node points supporting the AFW, RHR, and RCL piping systems; each

carthquake defined a unique set of support point response spectra. These raw

response spectra were broadened in accordance with US NRC Regulatory Guide

1.122. After broadening, response spectra corresponding to the piping system

support points were grouped according to component direction (X, Y, or Z). For

each direction, an enveloped spectra was generated which defined the input for the
subsequent response spectrum analysis.

Three response spectrum analyses were performed for each piping system -- one for

each earthquake. For each analysis, modal and directional combination rules

defined in the NRC Regulatory Guide 1.92 were followed. The "grouping method"
for modal combination was employed, while the square root of the sum of the-

squares (SRSS) rule was applied for directional combination. The "grouping

method" proceeds by defining groups of closely spaced modes. Each group contains

3 16
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all modes having frequencies lying between the lowest frequency in the group and

a frequency ten percent higher. Construction of the groups proceeds by starting at

the lowest frequency of the system and working toward successively higher

frequencies. No one mode is in more than one group. Modal responses are

combined by absolute sum within a group and total modal response is determined

by SRSS of group response and individual modal response for modes not in a

grou p. Displacements, accelerations, forces, and moments were calculated. These

response quantities for the SRP method were defined as the average of the results

given by the three analyses to minimize variations due to time history

characteristics.

PVRC Damoine I21.

For the PVRC damping case, the same procedure was applied with the exception

that only a single earthquake was considered due to the limited resources available

at the time. Hence, no averaging of individual artificial time history effects

o0CurrCd.

I

o
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3.4 INDEPENDENT SUPPORT MOTION RESPONSE SPECTRUM ANALYSIS

The independent support motion response spectrum analysis procedure used by

Brookhaven National Laboratory (BNL) is described in Refs. 5 and 18. The basic

approach is to derive modal participation factors for each individual support (or

group of supports) in each direction of excitation. Piping system response due to

each support excitation is obtained by multiplying the participation factors by the

corresponding response spectral ordinates. Hence, one obtains response for every

combination of modes, supports, and directions. The question which then remains

is the combination rule to be applied for responses due to modes, supports, and

directions and the order of combination. Reference 5 investigated fourteen

different rules and quantified their effects. The present evaluation selected one of

the fourteen for assessment purposes - Case 4 which is SRSS of support group

responses followed by US NRC Regulatory Guide 1.92 modal and directional

combination. The responses compared were the median values over thirty R.G.1.60

earthquakes - the thirty carthquakes discussed in Sec. 3.2.2. Two damping cases

were considered - constant 2% damping denoted ' ISM /SRSS (2%)" and PVRC

damping denoted "ISM /SRSS(PVRC)."

i-

<
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4.0 NUMERICAL RESULTS AND INTERPRETATION

The major objective of this study and others [14,5-7] was to quantify the
relationship between piping system responses calculated by different analysis

techniques and for different parameter values, specifically damping. Most

previous studies quantified these relationships by determining ratios of response;in

some instances, averaged over response types and components. Reference 1, for

exarr.ple, quantified through ratios the relationship between responses calculated

assuming constant damping (1%,2%,3%,4%,5%, and 10%) and responses calculated

assuming PVRC damping. All cases utilized the multi support time history analysis

procedure of SMACS for piping system dynamic analysis. The form of a typical
result was a mean ratio and its coefficient of variation. For example, the AFW

model nodal accelerations,1% damping vs. PVRC damping, a mean ratio of 1.84

with a COV of 0.08 was calculated. These results are not repeated here.

An alternative method of comparing responses and interpreting the results is

presented here. The concept is one of quantifying conservatism by estimating the

nonexceedance probabilities of each analysis case compared to the R.G.1.60 INEL !

damping case and the best estimate case. Consider Figs. 41. Figure 4 la shows a !

cumulative distribution function for a typical response in the RHR model. Thirty

data points are plotted - each one representing the response for an earthquake

simulation. Superimposed on the data is a lognormal distribution function fit to i

the data and plotted as a segmented curve. The two parameters (median, lognormal
;

standard deviation) which define the distribution are shown. The median values
of support force for each analysis case to be compared herein are sketched on the

figure. This permits one to visualize the comparisons and the nonexceedance

probabilities reported herein. Figure 4 lb is a similar figure for the same RHR

model support force but for the best estimate case. For the individual response
,

shown in Fig. 41, the ncnexceedance probabilities by analysis case are

approximately:

1

1

41

1
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NONEXCEEDANCE PROBABILITIES (%)
TYPICAL RiiR SUPPORT FORCE

R.G.1.60
INEL Damping Best Estimate

MTil/1% 89. 100.
MTII/2% 77. 97.
MTII/4% 59, 90.
MTif/5% 49. 83
MTil/PVRC 56. 89.
MTil/INEL *

86.
MTil/10% 37, 72.
ERS(2%) 100. 100.
ERS(PVRC) 99. 100.
ISM /SRSS(2%) 97. 100.
ISM /SRSS(PVRC) 85. 99.

*
The median MTII/INEL is the 50% NEP value for the R.G.1.60
INEL damping case.

As described in Sec. 2, the number of responses for each piping model is large.

IIence, there is the need to view the data in a summary form. Figure 4 2 is an

example summary plot which displays nonexceedance probabilities for all responses

for a particular piping model and for a specific analysis case. Figure 4 2a displays

nonexceedance probabilities for the R.G.1.60 multi support time history analysis

case with PVRC damping vs. R.G.1.60, INEL damping for the AFW model. Figure

4 2b shows the comparabic data but for the best estimate case. Similar plots for all

of the comparisons and for the three piping models are contained in Appendix A
(R.G.1.60, INEL damping) and Appendix B (Best Estimate).

A further summary of the data it contained in Tables 4.1 and 4.2. Table 4.1 shows

nonexceedance probabilities for each analysis case vs. R.G.1.60, INEL damping.
Table 4.la is for the AFW model; Table 4.lb is for the RIIR model; and Table 4.lc

is for the RCL Model. Response quantities are grouped in the tables according to

type - accelerations, displacements, pipa resultant moments, and support forces.

The nonexceedance probabilities itemized are mean values over the number of

responses in each category. A measure of variability in the nonexceedance

| 42
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probabilities is not contained in the tables. Ilowever, coefficients of variation
were calculated and were typically less than 0.1 and, in many cases, much less.

Hence, a large variability in the nonexceedance probabilities within a response

category did not occur. This is also apparent from the summary figures (Fig. 4 2

and Appendices A and B).

Resconse Comoarisons - R.G.1.60 Desian Analyses vs. R.G.1.60 INEL Damoine

The approximate range of NEPs for each of the R.G.1.60 design analyses vs. the

R.G.1.60 INEL damping case is shown below. This set of results focuses on the

conservatism in the piping system analysis methodologies and the effect of

damping assumptions. The values represent the range of NEPs calculated for nodal

accelerations and element forces and moments. Slightly lower NEP values were

calculated for nodal displacements. The range includes all three piping models -

no apparent differences occurred for the different models.

.

Analysis / Range of NEPs (%)
Damping R.G.1.60 INEL Damping

,

hiTH/l% 83 94
htTH/2% 71 85 ,

h1TH/3% 60 65
hiTH/4% 54-65 i

'

hiTH/5% 49 55
hiTil/PVRC 51 62 ;

h1TH/10% 32 43
ERS(2%) > 99.7

ERS(PYRC) >96.4
ISht/SRSS(2%) >93.6
ISht/SRSS(PVRC) >92.7

These results quantify the conservatism in the piping system analysis procedures

and in the piping system damping values. For example, performing a pipingi

system dynamic analysis by the envelope response spectrum analysis technique and

applying R.G.1.61 damping values (2%) leads to calculated responses which exceed'

'

the 99.7% NEP when treating the piping system analysis itself in a best estimate

manner. Similarly, significant conservatism remains in the process when the

envelope response spectrum analysis approach is applied with PVRC damping.

4
.

43 |
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Note, the multi support time history analysis with PVRC damping leads to

responses with NEPs slightly higher than the median. The effect of other damping

values on the NEPs is apparent from the table.

Table 4.2 shows identical data for the best estimate case.

j
Besoonse Comparisont -- R.G.1.60 Desien Analyses vs. Best Estimate i

l
i

The approximate range of NEPs for each of the R.G.1.60 design analyses vs. the |

best estimate results is shown below. This set focuses on the conservatism

introduced throughout the scismic methodology chain. Again, these values

represent the range of NEPs calculated for nodal accelerations and element forces'

and moments. Slightly lower NEPs were calculated for nodal displacements. The

range includes all three piping models.

1

5Analysit/ Range of NEPs (%)
Damping Best Estimate

h!TH/1% >97
h1TH/2% 93-99.5
h1TH/3% 91 99
h1TH/4% 87 98 ,

''

hiTH/5% 33 97
h1TH/PVRC 85 97

'

h1TH/INEL 75 96
h1TH/10% 67 89
ERS(2%) > 99.9 |

ERS(PVRC) >99.9
~

IShi/SRSS(2%) > 99.8

IShi/SRSS(PVRC) >98.6

i
!

These results quantify the conservatism in piping system response introduced

; through the entire seismic methodology chain. One readily observes the high NEPs

j for all of the cases studied. Note, in particular, that the multi support time history

j analysis with PVRC damping leads to responses with NEPs of 85 97%. Hence, ,

applying a methodology which is considered best estimate (multi support time

history analysis) and applying damping to the piping system which approximates

median values (PVRC damping), conservatism in the remaining cicments of the

.

44'
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seismic methodology chain still leads to design responses with nonexceedance

probabilities greater than 85% Further,if one established a performance

specification such as: seismic analysis procedures and parameter values of the

analysis shall be selected such that if an earthquake occurred with peak ground

acceleration equal to the design earthquake, the probability of exceeding the

response levels determined in the seismic analysis and used in the seismic design

would be about 10-15% Then, the design analysis procedure employed here for

seismic input, SSI, and structure response in conjunction with multi-support time

history analysis and PVRC damping satisfies this criteria.

45
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Table 4.1

COMPARISON OF DESIGN ANALYSIS RESULTS
WITH INEL DAMPING PIPING SYSTEM ANALYSIS

(NONEXCEEDANCE PROBABILITIES)
(a) AFW MODEL

Damping Nonexceedance
Parameter Probability (NEP)(%)

Accelerations 1% 83.7
2% 73.6
4% 59.4
5% 54.5

PVRC 56.6
10 % 37.6

ERS(2%) 100.

ERS(PVRC) 100.

ISM /SRSS(2%) 96.5

Displacements 1% 70.5
2% 62.4
4% 53.7 |
5% 50.5 '

PVRC 51.3
10% 42.7

ERS(2%) 98.6
ERS(PVRC) 91.7
ISM /SRSS(2%) 79.4

Pipe Resul' ant Moments 1% 85.7
2% 74.4
4% 59.1
5% 53.1

PVRC 54.0
10 % 37.0

ERS(2%) 100.

ERS(PVRC) 99.3
ISM /SRSS(2%) 95.9

Support Forces 1% 84.5
2% 71.7
4% 55.9
5% 49.0

PYRC 51.9
10% 35.5

ERS(2%) 100.

ERS(PVRC) 99.2
ISM /SRSS(2%) 93.6

46
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Table 4.1 (Continued)

COh1PARISON OF DESIGN ANALYSIS RESULTS
WITil INEL DAhiPING PIPING SYSTEh! ANALYSIS

(NONEXCEEDANCE PROBABILITIES)
(b) RHR hiODEL

Damping Nonexceedance
Parameters Probability (NEP)(%)

Accelerations 1% 86.2
2% 77.6
4% 64.7
5% 59.6

PVRC 61.3
10% 42.2

ERS(2%) 99.3
ERS(PVRC) 96.4

IShi/SRSS(2%) 97.4

IShi/SRSS(PVRC) 95.1

Displacements 1% 75.9
2% 67.5
4% 57.5
5% 53.5

PVRC 54.7
10 % 44.1

ERS(2%) 92.1

ERS(PV RC) 78.0
It'hi/SRhS(2%) 89.7

ISM /SRSS(PVRC) 82.4

Pipe Resultant bioments 1% 94.0
2% 84.3
4% 64.6
5% 54.5
PVRC 57.9
10% 32.4

F.RS(2%) 100.
ERS(PVRC) 98.5
IShi/SRSS(2%) 98.7
IShi/SRSS(PVRC) 97.1

Support Forces 1% 90.2
2% 81.1
4% 63.5
5% 54.8
PVRC 55.3
10 % 35.3

ERS(2%) 99.9
ERS(PVRC) 96.4
IShi/SRSS(2%) 95.8
IShi/SRSS(PVRC) 92.7

i

l'
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Table 4.1 (Continued)

COhiPARISON OF DESIGN ANALYSIS RESULTS
WITli INEL DAhfPING PIPING SYSTEhi ANALYSIS

(NONEXCEEDANCE PROBABILITIES)
(c) RCL hiODEL

Damping Nonexceedance
Parameter Probability (NEP)(%)

Accelerations 2% 70.0
3% 61.7
4% 55.6
5% 53.8,

PV1C 54 0
10 % s 36.6

ERS(2%) 99.9
ERS(PVRC) 99.8

Support Forces 2% 69.6
3% 60.8
4% $4.5
5% 49.7

PVRC 51.3
10% 36.4

ERS(2%) 99.7
ERS(PVRC) 98.9

Pipe Resultant hioments 2% 75.1
'

3% 64.7
4% 56.6
5% 50.2

PVRC 51.5
10 % 32.6

ERS(2%) 100.
ERS(PVRC) 99.7

48
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Table 4.2

COhiPARISON OF DESIGN ANALYSIS RESULTS
WITH BEST ESTIh1ATL PIPING SYSTEh! RESPONSE

(NONEXCEED.iNCE PROBABILITIES)
(a) A FW h10 DEL

Damping Nonexceedance
Parameter Probability (NEP)(%)

Accelerations 1% 98.0
2% 95.4

/ 4% 89.0
| 5% 86.0

PVRC 87.4
INEL 82.6
10% 71.1

ERS(2%) 100.

ERS(PVRC) 100.

IShf/SRSS(2%) 99.8

Displacements 1% 88.9
2% 83.6
4% 76.9
5% 74.0

PVRC 74.8
INEL 73.5
10% 66.5

ERS(2%) 99.9
ERS(PVRC) 98.2
ISht/SRSS(2%) 99.9

Pipe Resultant hioments 1% 98.9
2% 96.8

_
4% 91.7
5% 88.9

PVRC 89.3
INEL 86.4
10% 77.4

ERS(2%) 100.
ERS(PVRC) 100.
IShi/SRSS(2%) 9;.9

Support Forces 1% 99.3
2% 97.7
4% 93.6
5% 91.0

PVRC 92 3
INEL 90.6
10% 82.3

ERS(2%) 100.
ERS(PVRC) 100.

. IShf/SRSS(2%) 99.9,
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Table 4.2 (Continued)

COMPARISON OF DESIGN ANALYSIS RESULTS
WITH BEST ESTIMATE PIPING SYSTEM RESPONSE

(NONEXCEEDANCE PROBABILITIES)
(b) RilR MODEL

_

Damping Nonexceedance
Parameter Probability (NEP)(%)

Accelerations 1% 97.0
2% 93.9
4% 87.3
5% 83.8

PVRC 85.5
INEL 75.7
10% 67.4 |

| ERS(2%) 100.

j ERS(PVRC) 99.9
I ISM /SRSS(2%) 99.8

| ISM /SRSS(PVRC) 99.5

Displacements 1% 92.0
2% 87.0
4% 79.3
5% 75.5

PVRC 76.7
INEL 72.0
10 % 65.2

ERS(2%) 98 5
ERS(PVRC) 94.2
ISM /SRSS(2%) 96.5
ISM /5RSS(PVRC) 93.7

*

Pipe Resultant Moments 1% 99.8
*

2% 99.5
4% 97.9
5% 95.4

'

PVRC 96.8
INEL 94.7
10% 83.0

ERS(2%) 100.

ERS(PVRC) 100.'

ISM /SRSS(2%) 100.

ISM /SRSS(PVRC) 99.9
i

Support Forces 1% 98.6
,

2% 98.1 1

4% 95.8 i

5% 93.4
PvdC 93.9 1

;NEI. 92.1 l

10% 83.7 |
.ERS(2%) 100. J<

ERS(PVRC) 99.9 )
ISM /SRSS(2%) .99.0 l

ISM /SRSS(PVRC) 98.6 l
i

|

1
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Table 4.2 (Continued)

COMPARISON OF DESIGN ANALYSIS RESULTS
WITH BEST ESTIMATE PIPING SYSTEM RESPONSE

(NONEXCEEDANCE PROBABILITIES)
(c) RCL MODEL

,

Damping Nonexceedance
. Pa ra meters Probability (NEP)(%)

Acccterations 2% 94.9
3% 91.9 4

I

4% 88.9
5% 86.1

PVRC 88.2

| INEL 85.5
10 % 74.6

ERS(2%) 100. |

ERS(PVRC) 100, j

Support Forces 2% 99.1
3% 98.2
4% 97.0 ,

5% 95.7
PVRC 96.3
1NEL 95.6

'

10 % 88.6
.,

'

ERS(2%) 100.

ERS(PVRC) 100.

Pipe Resultant Moment 2% 99.3
3% 98.6 -

4% 97.5
i 5% 96.1

PVRC 96.4
INEL 95.6'

10 % 86.4 e

: ERS(2%) 100.
'

ERS(PVRC) 100.
i

.

!

!
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5.0 CONCLUSIONS

The results presented here confirm that significant conservatism exists in the

calculational procedures typically applied for piping system analysis and design.

This conservatism is due to treatment of the piping system itself and due to

conservatisms introduced throughout the scismic analysis chain (scismic input, SSI,

and structure response). The present study quantified this conservatism in terms

of nonexceedance probabilitics of response. First, using as a basis a best estimate

| treatment of the piping system only (denoted R.G.1.60, INEL damping); and

second, using as a basis a best estimate treatment of the entire scismic analysis

chain.

In an :: tempt to reduce excess conservatism in the piping system response element,

the Technical Committee on Piping Systems of the Pressure Vessel Research

Committee recommendcd piping system damping values which are frequency

dependent and higher, in general, than those currently used. Interpreting the

results presented here in light of this proposal is appropriate.

First, consider the case isolating the piping system analysis and parameters, and

treating it as best estimate. With the R.G.1.60, INEL damping case as the basis of

comparison, the following conclusions can be drawn:

PVRC damping used in conjunction with the multi support time.

history analysis procedure leads to responses which slightly

exceed median values.

PVRC damping used in conjunction with the envelope response.

spectrum analysis procedure leads to responses with very high

nonexeccdance probabilit cs, i.e. >99.9% for design quantitics ofi

interest.

PVRC damping used in conjunction with the independent.

support motion response spectrum analysis with SRSS

combination of support group responses leads to responses with

high nonexecedance probabilitics, i.e. >92%

,
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Second, consider the case of treating the entire scismic methodology chain as best

estimate. With this best estimate case as the basis of comparison, the following

conclusions can be drawn:

PVRC damping used in conjunction with the multi-support time.

history analysis procedure leads to responses with nonexeccdance

probabilities greater than 85% for design quantitics of interest.

PVRC damping used in conjunction with the envelope response.

spectrum analysis procedure leads to responses with

nonexcecdance prob.ibilities greater than 99.99%

PVRC damping used in conjunction with the independent

support motion response spectrum analysis with SRSS

combination of support group responses leads to responses with

nonexcecdance probabilities greater than 98%

These results may be viewed in an additional perspective. Many forums have

recommended [14,15] and investigated [16) establishing a scismic analysis

performance specification in lieu of prescrioing analysis techniques and parameter

values. In particular, Refs.14 and 15 recommend (in paraphrased form) that

scismic analysis procedures and parameter values of the analysis shall be selected I

Isuch that if an carthquake occurred with peak ground acceleration equal to that or

the design carthquake, the probability of execeding the response levels determined

in the scismic analysis and used in the scismic design would be about 10 15%

The design analysis procedure employed here for seismic input, SSI, and structurc |

response in conjunction with the multi support time history analysis of piping

systems utilizing PVRC damping and the case of independent support motion with

SRSS of support group responses utilizing PVRC damping satisfy this criteria.

The conclusions drawn here are generic in the sense that consistent soil structure-

piping system models were analyzed in all cases with differences only in parameter

values. For the case of comparisons with RG 1.60, INEL damping, the seismic

input and soil structure system models and parameters were identical up to piping

system response calculations. Then, the piping system analysis methodologies and

parameters were varied to quantify their effects. For the case of comparisons with

best estimate value;, the soil structure models were identical with changes in

52
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parameter values only. In no case were additional potential conservatisms such as

SSI embedment effects included in one case and not another.

I

'
.

P

e

53



6.0 REFERENCES

1. Benda, B. J., and Johnson, J. J., "Impact of the PYRC Damping Proposal on
the Seismic Time History Response of Piping Systems", Prepared for
Brookhaven National Laboratory, Upton, NY, and Lawrence Livermore
National Laboratory, Livermore, CA, EQE Inc., San Ramon, CA., 53001.01,

.

Rev.3,1987.
l

2. Chuang, T. Y., Lu, S. C., Benda, B. J., and Johnson, J. J., "Impact of Changes
in Damping and Spectrum Peak Broadening on the Seismic Response of
Piping Systems," Lawrence Livermore National Laboratory, Livermore, CA.,
NUREG/CR 3526, UCRL 53491,1983.

3. Johnson, J. J., Benda, B. J., Chuang, T. Y., and Smith, P. D., "Response ;
Margins of the Dynamic Analysis of Piping Systems", Lawrence Livermore
National Laboratory, Livermore, CA., NUREG/CR 3996,1984.

4. Bezier, P., Subudhi, hi, Shteyngart, S., and Wang, Y. K., ' Conclusions and
Summary Report on Physical Benchmatking of Piping Systems",
Brookhaven National Laboratory, Upton, NY, NUREG/CR 4291, BNL
-NUREG 51897,1985.

;

5. Subudhi, M., Bezier, P., Wang, Y. K. and Alforque, R., "Alternate Procedures
for the Seismic Analysis of Multiply Supported Piping Systems,"Brookhaven
National Laboratory, Upton, NY, NUREG/CR 3811. BNL NUREG 51773,
1984

6. Munson, D. P., Kundu, A. K., Van, ht G, and Raad, N., ' Guidelines for
Reducing Snubbers on Nuclear Piping Systems", Nuclear Safety Analysis
Center, EPRI, Palo Alto, CA., NSAC-104,1986.

7. Lu, S. C., and Tsai, N. C., "Assessment and Improvement of Spectrum
-Broadening Procedure in Piping Design Phase i Final Report", Lawrence
Livermore National Laboratory, Livermore, CA., UCID 20710,1986.

8. Ware, A. G., and Kimes, T. E., "Statistical Evaluation of Light Water Reactor
Piping Damping Data Representative of Seismic and Hydrodynamic Events,"

.

Idaho National Engineering Laboratory, EG&G Inc., Idaho, Idaho Falls,
! Idaho, EGG EA-7260,1986.

9. Benda, B. J., Johnson, J. J., and Lo, T. Y., "Major Structure Response,"
Lawrence Livermore National Laboratory, Livermore, CA., UCRL 53021
Vol. 5,1981 (also published as 11. S. Nuclear Regulatory Commission Report

i NUREG/CR 2015 Vol. 5).
! ;

10. Shich, L. C., Chuang, T. Y., O'Connell, W. J., "Subsystem Response",
Lawrence Livermore National Laboratory, Livermore, CA., UCRL 53021

i Vol. 6,1981 (also published as U. S. Nuclear Regulatory Commission Report
NUREG/CR 2015, Vol. 6).

:

i

f

' 61



.- __ . - . _ . _ . _ _ .- _ ._ . . _ - - - - - - - - _ .

I 1. Johnson, J. J., Goudreau, G. L., Bumpus, S. E., and Maslenikov, O. R.,
"SMACS - Seismic Methodology Analysis Chain with Statistics," ' Lawrence
Livermore National Laboratory, Livermore, CA, UCRL 53021, Vol. 9,1981
(also published as U. S. Nuclear Regulatory Commission Report
NUREG/CR 2015, Vol. 9).

12. Ware, A. G.,"Theoretical and Experimental Damping Values of Piping
Systems at High Ductilities," Idaho National Engineering Laboratory, Idaho.
Falls, Idaho, ASME PVP, Vol. 127,1987, pp. 237 246.

13. Johnson, J. J., Maslenikov, O. R., Chen, J. C., and Chun, R., "Soil Structure'

Interaction," Lewrence Livermore National Laboratory, Livermore, CA,
UCRL 53021, Vol. 4,1982 (also published as U. S. Nuclear Regulatory
Commission Report NUREG/CR 2015 Vol. 4).

:

14. Bohn. M. P. et al.,"Application of the SSMRP Methodology to the Seismic
Risk at the Zion Nuclear Power Plant," Lawrence Livermore' National
Laboratory, Livermore, CA. NUREG/CR-3428, UCRL 53483,1984.

15. ASCE Committee for Nuclear Standards Seismic Analysis of Safety -
i Related b'uclear Structures Working Group, Standard for the Seismic

Analysis of Safety - Related Nuclear Structures. Draf t Jan. 4,1985.

16. Coats, D. W., "Recommended Revisions to Nuclear Regulatory Commission ;

Design Criteria," Lawrence Livermore National Laboratory, Livermore, CA, t
,

NUREG/CR ll61,1979.
;

i 17. Johnson, J. J., Benda, B. . and Mraz, M. J., "Specification of Seismic
j- Qualification Environment for Equipment," DOE Natural Phenomena

Hazards Mitigation Conference, October,1985. -

I

i 18. Bezler, P., Wang, Y. K., and Reich, M., "Response Margins Investigation of |
Piping Dynamic Analyses Using the Independent Support Motion Method |and PVRC Damping," Brookhaven National Laboratory, Upton NY, Draft
Rev. 2, July,1987.

1

j

1

1

I

)

i i

!
^

n

1
:

,

4

| 62

t

_ . _ _ . _ _ _ . _ ___ _. , - - _.--- . _ - . - - . --.-y , .,_,_. , . . - . _ . , , .._ _ _ . _ _ %.- ,,,



_ _ _ _ _ _ _

Appendix A

Plots of Nonexceedance Probabilities for the Distribution j

of INEL Damping Responses
i
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Appendix A contains plots that graphically illustrate the nonexceedance
probabilities for all response quantities for each of the three piping systems
considered in the study. In this Arpendix, the basis for comparison is the
distribution of INEL damping ,imc history responses. For a given response
quantity, e.g., a nodal acceleration, and a given analysis method, e.g., constant 1%
damping time history analysis, the plotted value is the probability that an INEL
damping response will not exceed the median response of the alternate analysis
methi d.

For the AFW and RHR piping system m.:dels, nonexceedance probabilities
for the following analysis methods are given:

envelope response spectrum analysn using 2% damping.

envelope response spectrum analysis usic: PVRC damping.
;

independent support motion response spectrurn analysis using 2%.

damping
independent support motion response spectrum ai.alysis using.

PVRC damping (RiiR only)
multi support time history analysis using constant 1% damping.

multi support time history analysis using constant 2% damping4 .

multi support time history ar.alysis using 4% constant damping
,

e

multi support time history analysis using 5% constant damping.

multi support time history analysis using 10% constant damping. *

multi support time history analysis using PVRC damping.

For the RCL piping system model, plots are given for the fo"owing
analyses:

|

envelope response spectrum analysis using 2% damping I.

envelope response spectrum analysis using PVRC damping.

multi support time history analysis using constant 2% damping '.

multi support time history analysis using constant 3% damping2

.

multi support time history analysis using 4% constant damping i.

j multi support time history analysis using 5% constr.nt damping.

multi support time history analysis using 10% constant damping.
#

multi support time history analysis using PVRC damping.

i
!

The data is presented in a format that has been used in previous reports. j,
'

Each plot shows the dats for all response quantities calculated for a piping system
j model by a given analysis method. The response quantities for the AFW and RilR !

i piping system models and the order in which they appear on a plot are nodal
,

accelerations, nodal displacements, piping element resultant moments, support
forces. For the RCL piping system model, the order of response quantities is nodal
accelerations, support forces, piping element resultant moments.

!
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Appendix B contains plots that graphically illustrate the nonexceedance
probabilities for all response quantities for each of the three piping systems
considered in the study. In this Appendix, the basis for comparison is the
distribution of INEL damping time history responses. For a given response
quantity, e.g., a nodal acceleration, and a given analysis method, e.g., constant 1%
damping time history analysis, the plotted value is the probability that an INEL
damping response will not exceed the median response of the alternate analysis
method.

For the AFW and RI{R piping system models, nonexceedance probabilities
for the following analysis methods are given:

envelope response spectrum analysis using 2% damping.

envelope response spectrum analysis using PVRC damping.

independent support motion response spectrum analysis using 2%.

damping
independent support motion response spectrum analysis usinge

PVRC damping (RilR only)
multi support time history analysis using constant 1% dampinge

multi support time history analysis using constant 2% damping.

multi support time history analysis using 4% constant damping.

multi support time history analysis using 5% constant damping.

multi support time history analysis using 10% constant damping.

multi support time history analysis using PVRC damping.

For the RCL piping system model, plots are given for the following
analyses:

envelope response spectrum analysis using 2% damping.

envelope response spectrum analysis using PYRC damping.

multi support time history analysis using constant 2% damping.

multi support time history analysis using constant 3% damping.

multi support time history analysis using 4% constant damping.

multi support time history analysis using 5% constant damping.

multi support time history analysis using 10% constant damping.

multi support time history analysis using PVRC damping.

The data is presented in a format that has been used in previous reports.
Each plot shows the data for all response quantities calculated for a piping system
model by a given analysis method. The response quantities for the AFW and RilR
piping system models and the order in which they appear on a plot are nodal
accelerations, nodal displacements, piping element resultant moments, support
forces. For the RCL piping system model, tne order of response quantities is nodal
accelerations, support forces, piping element resultant moments.
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