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ABSTRACT

When response spectrum methods are used in the
seiamic analysis of piping systems the response due to
tnertial action, the dynamic response, and the re-
aponse due to the time varying differential motions of
the support points (the pseudo-astatic response) mus:d
be determined. 1In this study the adequacy and the de-
gree of conservatism associated with the uniform re-
aponae speetrum method, the center of mass response
apeetrum method and fourteen variants of the independ-
ent vesponge spectrum method to compute the dynamic
response and five different methods to compute the
paeudo-statiec reaponge were evaluated. For this pur—
pose a sample of pix piping systems, two of which were
subjected to thirty=-three earthquakes, were studied.
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The present atudy involves the comparison of pipe re~
sponse quantities calculated using several candidate
methods with the true time history solutions. The
mean and standard deviation for each response parame-
ter over the thirty-three responses are obtalned te
allow an assessment of the adequacy and degree of ex=
ceedance associated with each method.

The evaluation of the dynamic component of re-
sponse follows the standard modal approach adopted for
a general second order differentinl equation in matrix
form. Both the uniform and independen: support motlon
response speckrum methods ware applied. In addition
to the reaults for the uniform teaponse spectrum meth—
od (URS), results correapondi--~ to fourtecn different
combination sequence options were developed for the
independent support motions (ISM). In addition a var-




ABSTRACT

When reaponoc opecttum methods are used in the
oelamie analyois of piping oystemn the reaponse due to
incetlal actlon, the dynamic response, and the re=
apoenoe due to the time varying diffevential wotions of
the pupport points (the pacudo-statie response) muet
be determined. 1In this ctudy the adequacy and the de=
gree of conservatism aggociated with the uvalform re=
aponse spectrum method, the center of mass xesponse
apectrum method ond fourteen variants of the Ladepeand-
ent response spectrum method to compute the dynamie
response and five different methods to compute the
preudo-atatic response were evaluated. Fox this pur=
pose a gample of six plping systems, two of which were
subjected to thirty~three esrthquakes, were studled,
For each aystem and seismie excitation g multiple in-
dependent aupport excitatlon time history analysis was
developed and used to provide a best estimate of true
responge and to form the basis for comparison. A com~
bination procedure to calculate the total responsesg is
considered as well. Resulta are presented and compax=
ed to the corresponding responses evaluated using the
current uniform reaponge spectrum method and the cen=
tor of mass reaponae spectiras approach. Based on the
reaulta, recommendations concerning the use of the
methods were developed.

INTRODUCTION

When multiple independent excitations [1,2] are
congidered in the analysle of piping systems, the re-
sponses can be congidered to have two distinct compo-
nents. One 1s due to the finertia of masses alone (dy-
namic component) and the other i3 due to the time var-
ying differential motion of the suppo-t points {pseu=
do~gtatic component). Since the dynamic characterig~
tics of every piping syatem are unique and the input
earthquake motionas are random in nature, deterministic
methoda to calculate the sbove response components are
diff{cule to define. Therefore, a pample of six pip-
ing models, two of which are subjected to thirty-three
earthquakes, were analyzed to develeop a statistical
nascesment of different methods of predicting the dy-
namic and pseudo~static components of teaponse [3],
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sponse quantitles caleulated using several can
methods with the true time history solutions. The
mean and standard deviaction for each regsponse parame=-
ter over the thirty=three reaponses are obtained o
allow an asseassment of the adequacy and degree of aw~
ceedance associated with each methed.

A SEENE R BN

The evaluation of the dynamic compenent of re=
sponse follows the standard modal approach adopted fov
a general eecond order differential ecquation In matris
form. Both the uniform and Lndependent gupport moklon
response spectrum methods were applied. In addition
to the results for the uniform response gpectrum methe
od (URS), resulis corresponding to fourteen differcnt
combination sequence options were developed for the.
independent support motioms (ISM). In addition & var-
iation of the URS method and the CMS methed was also
consgldered.

In the CMS method the spatial location of the
center of mags of the piping system is determined.
Spectra are then developed for this location using
linear interpolation from the piping system boundary
points. These space averaged spectra are then used in
place of the envelope spectra in the computations.

DESCRIPTION OF CANDIDATE METIHODS

The current guldelines for predicting the seismic
response of piping systems are well described in the
Standard Review Plan [4], Regulatory Guides [5,6],
ASME Code Sectlon III, and other related documents.
The dynamic analysis optiona are either time history
or reapongse spectrum mcthodg. In these procedures (¢
is usually nssumed that all the support points are ex=
cited with identical inputs which may be obtained by
enveloping all the support excitations. There is vir-
tually no epecific guldance as to how to obtain the
pseudo-gtatic component of response. Many organiza=
tions have developed their own procedure and consider
that their results represent the most conservative one
could obtain. According to the SRP (4], the dynamic

and pseudo-static components should be combined by the
absolute sum method.
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The intent of this study is to develop certain
alternate meihodologles for evaluating these regponse

components 90 that:

a) the results reflect the actual system
response without eandangering the safety
of the design,

b) tho methods nre aimple enocugh to be adopted
by the industry without majoc deviations
from thelr current procedures,

e) the formulatlons can be programmed into the
existing computer cades, and

d) the additional cost involved in the new
procedures are ovevcome by the benefit
obaarved in tha €final design.

Dynamie {or Inertin) Raesponses

It is commonly believed that the uniform response
spectrum method always yleldz a conservative estimate
of response because the input envelope spectra repre-
pent the largest excitation any support can experi-
ence. It should, however, be noted that the excita=~
tion level alone does not govern the dynamic re~-
aponse. The frequency content in the loading func-
tion, the dynamic characteristics of the system itmelf
(i.e., natural frequencies and mode shapes), and the
independent effect of each support, can influence the
overall response of the piping model. 1In the uniform
response spectrum method, the modal reaponses are cal-
culated by muleiplying the specttum magnitude with the
correaponding modal participation factors at the modal
frequency. The modal participation factors for this
analysis reflect the modal contributions when all sup-
ports are exclited simultanecoucly with the ideatiecal
input. The modal contributions thus calculated could
efther underpredict or overpredict true reepousge de-
pending on the exact phasing between the individual
aupports in the aystem.

In order to overcome this, the independent sup~-
port motion method has been chosen for thia atudy.
This method derives the modal participation factors
for each individuel support (or graoup of suppartas) in
each direction of excitation. The effect of each sup~

1port excitation is obtained by multiplying the partic~
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g differential motfon of the support points. This is
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Description of the different combinations considered
in the dynamic analysiae:

Case Combination Sequence
Ne.
1 Group(ALG)=Direction-Modes
2 Group(ALG)-Modes=Direction
3 Group(SR8S)=Directlon=Modes
4 Croup(5RS5)~Moden=Direction
5 Modea=Croup(SitS5)-Direction
6 Direcelon=Croup(SRSS)~Modea
7 Modea=Divection=Croup(SRSS)
Cane Combination Sequences
No.
8 Dirsetion=Modea=Group(SRSS)
9 Group(ABS)=Directlon=Modes
10 Group(AnS)~Modea=Direction
11 Modes=Group(ABS)~Direction
12 Direction~Group(ABS)~Modes
13 Modes=Direction=Group{ABS)
14 Direction-Modes=Group(ABS)

The firast two cases correspond to algebrale group com=
bination, the next six cnses to SRSS group combina-

. tion. 1In the first category, algebraic gummation, the

misging four cases involve changes in the sequence of
groups with the mode and direction combinations and
have no meaning since the signa of each component are
lost during the process.

In additlons, each plplng system ls also analyzed
ueing a set of envelopz evnectra and a set of unltorm
spectra corresponding to the piping center of mass
developed from the individual aupport speccra. The
results are caleculated using the guldelines presently
adopted in the nuclear industry. These responses,
designated as the 'URS' and the 'CMS' case, arc alao
compared with the independent time history soluticns

to obtain a measure of the conservatism inherent in
these methods.

Pseudo-Static (SAM) Responses
As mentioned earlier, the pseudo-static component
of selsmic response of piping systems is due to the

known aa the pseudo~static component because it is re-

.
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adependent effect OF SACH BDUDPUL LT Metn s S g
ivngll gesponae of the pioing model. In the uniferm
reoponoe epectrum method, the wodal responses are cals
culated by muleiplying the spectrum magnitude with the
correaponding modal participation factors at the modal
frequeney. The modal participation factors for this
analyasic reflect the modal contributions when all sup-
pocts are excited simultancously with the identleal
input. The modal coatributione thus ealeulated could
efeher underpredict or overprediet true vegponse de=
pending on the sxaet phasing between the individual

supports in tha eystem.

In order to overcome this, the independent sup-
port motion method has been chosen for this study.
Thia method derives the modal participation factors
for each individual support (or group of supports) in
each dircccion of oxcitation. The effect of each sup-

1 port excitation is obtained by multiplying the partie-
{pation factors with the corresponding response spec-
tra, thus representing a better eatimate of the true
reaponse of the system. One of the questions ralsed
in applying this analysis procedure is how to combine
the group effects, along with the modal and direction
of excitation effects, to predict the dynamic response
of the oystem.

In the present study, the dynamic analysis in-
volves an evaluation of the methods of response combi-
nation between modes, directions, and support points
(or groups) and the sequence of thelr combinations.
Some consideration of different combination methoda
vag made by Lin and Loceff [(8]. The combination meth-
oda used between modes and directions are those aspeci=-
fied {n the US NRC Regulatory Guide 1.92 [6]. Accord-
ingly, the combinations between modes 18 by SRSS with
clustering between closely spaced modes consldered, a
Cluater frctor of 0.1, and the directional combination
{s SRSS. Since the support group combination method
18 yet to be established, algebraic (ALG), SRSS and
absolute aummation (ABS) between groups are consider-
ed. Consfdering &all var{ations and sequences of these
procedures, fourteen distinct combination methods
could be used to predict the dynamic response of a
Piping system and were congldered. These are:

i

logt during the process.

In additlons, ecach piplng system Ln alao ananlyzed
using a set of envelope spectra and a set of uniform
spectra corresponding to the piping center of mass
developed from the individual suppert apecttam. The
resuite are calculated uaing the guldelines preaently
adopted in the nuclear industry. These respenses,
designated as the 'URS' and che 'CMS' case, arc alao
compared with the independent time history solutienc
to obtein a measure of the conaservatism inherent inm
these methods.

pPseudo-Static (SAM) Responses
As mentioned earlier, the psecudo=static cowmponent

of seismic response of pilping systems is due tc the

; differential motion of the support points. This is

known as the pseudo-gtatic component because it 18 re~
lated to the static load-reaponae hehavior of the ays=-
tem. Somotimes it is termed the Helamic Anchor Move-
ment (SAM) reeponse due to its relationship to anchor
movenments and is alsc termed the pseudo-static ccmpo=
nent of reaponse due to ite time=dependence without,
however, dynamic amplification. The present guide-
lines require that the support displacements be im-
posed on the supported system in the most unfavorable
combination. The analysis is performed using conven-
tional etatic analysia procedures.

The calculation of support displacements are ob=
tained elther from a time history analysis of the
buildings while developing the floor response spectra
vr from the SRP, recommended procedure, Section 3.9.2,
using the floor response spectra. Often times these
displacements are available to the pipe stress engi-
neern for each floor level anm well as at all terminal
polnts such ns nozzles, penctrations and so on. The
application of these displacementa at the support
points are often left to the intuitive Judgement of
the stress engincer. Sometimes the stress cngineers

b neglect this analysis entirely if no information is

avallable or if they can justify that the displace~
ments are of negligible magnitude.



Five diffecent approximate methods to predict the
pacudu-atatic component of the response were conaidgra
ed in this study. 1In this fivet wethod, a sample of
the time history input at the support points is used
retnining the true phasing and magnitude between theaeo
points. In the remnining four methods only peakt sup=
port displacements are uaed and the phasing informa=
tion tm lort. 1In cach of these methods a different
support grouping procedure is used to gimulate the
aupport phasing., Within a group all supports are as-
aumed to move in phase and thelr affects are combined

algeoralcally.

Methods
1 Randcnm sample, Time History data
2 Supports considered independently
3 Supports grouped by epatial direction
b Supportas grouped by attachment point
5 Supports grouped by elavation

For Mecthods 2-5 both absolute and SRSS summation
between group contributions were considered.

Total Seiamic Responae (Dynamic Plus Static)

The currvent SRP recommendatioa (Scction 3.9.2)
requires that the response due to the lnertia effect
and that due to relative dispiacements should be com=-
bined by the absolute sum method. The present study
vnap extended to consider bath the SRSS and absolute
aum procedures in combining these components. A simi-
lrr atudy was also reported by the authors under the
load combination program. The independent time histo-
vy analysis provides a prediction of the total respose
as well as the two response components. Thus, the to-
tal response obtained by combdining peak pipe responses
calculated using “he procedures described in the pre-
vious sectiona, can be compared with the true re-
sponaea and the level of exceedance determined for
each response parameter.

Sample Results

Figures 1-3 and 4-6 sliows samples of the reaults
developed for the dynamic and pseudo-static responge
quantities respectively predicted dy the various meth-
odn conafdered. On cach of theae flgurea imn gummar-
fzed the results for a specific response parameter
over the 33 seismic events and for all methods consid=-

OO
DISCUSSIGN OF RESULTS

Dynamic Response Component

Based on an overall review of all the resules for
the dynnmic component of responsa, the following
observations were made:

0 The sequence of combination between the modes,
groupa and directions of cxcitation le relatively
unimportant.

0 The conaervatiam ansnoclated with the group
combination methods was

0 algebraic combination: nonconservative at tlmes
® SRS5S combination noncongervative at times,
more conservative thaan ALG
& ABS combination : alwaya consgervative
0 Uniform Responae Spectrum (URS) method results
vary from very conservative to nonconservative,
but within an acceptable range

® All methode are conservative {f the plping system
is contained In a single structure

® The degree of exceedance (conscrvatism) for
displacementcs, pipe moments and su.port forces 1ls
markedly reduced at the {interface between
structures

@ The dynamic accelerations arc not significantly
affected by structural interfaces

¢ The degree of exceedance varies inversely with the
overall rigidity of the piping system

® The degree of exceedance varies directly with the
degree of correlation of the inputs

8 The degree of exceedance beccues smaller for large
response quantities

8 The center of mass spproach could underpredict
dynamic vreaponaea.,

Pgeudo-Static Reaponse Component

lts depicted is the degrees of exceed=

_Based on a review of the results for the

Bl
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Zigutzﬁi due to relative dtsplacements should be com=
bined by the abaolute Aum method. The present study
was extended to consider both the SRSS and abgolute
aum procedures in combining these components. A simi-
lae otudy was aleso reported by the authors under the
load combination program. The independent time histo-
ry analysis provides a prediction of the total respose
as well as the two response components. Thus, the to-
tal vrespynse obtained by combining peak plpe responses
eanlculatcu using the procedures described in the pre-
viouas sectiona, can be compared with the true te=
sponaca and the level of exceedance determined for

each response parametet.

Sample Results

Figures 1=3 and 4-6 shows samples of the results
developed for the dynamic ana pseudo-static response
quantities reapectively predicted by the various meth-
odn connidered. On ench of these flgurea is summars
{zed the reaults for a specific response parameter
over the 33 gelsmic events and for all methods consid-
ered. The results depicted 1s the degrees of exceed-
ance defined as TH-predicted/TH where TH is the inde-
pendent support motion time history estimate and pre-
dleted {s the responsec spectrum eatimate of the para=
metet. On each figure the symbol indicates the mean
degree of exceedance while the vertical line extends +
one atandard deviatlon for this parameter Further, -
on the figurea the results are only shown for those
points for a specific problem whish establish the
lower bound of that result for all points in the prob-
lem. The dashed line on each figure indicates the TH
estimate. All points below this indicate underesti-
mates of the response quantity. Referring to figure
1, the menn degree of exceedance for the acceleration
of point 36 in the Y direction for the RHR model, as
estimated with the independent support mtion response
spectrum method with algebralc combination between
groups followed by combination over directions follow=
ed by combination over modes, dynamic case 1, is 1.5.

A complete compilation of all results are provided n
reference 3,

The degree of exceedance (conficrvatisiiy LUZ
displacements, pipe moments and support forces 1s
markedly reduced at the interface betwaen
structures

The dynamic acceleratlons arc not significantly
affected by atructural interfaces

The degree of excecdance varies inversely with the
overall rigidity of the piping eystem

The degrece of exceedance varies ditrectly with the
degree of correlatlion of the inputs

The degree of exceedance becomes smaller for large
regponse quantities

The center of mass approach could undeepredict
dynamic responacs.

Pseudo=5Static Responsc Component

Based on a review of the results for the

pseudo-static component of response, the following
observations were noted:

For

)

For

Paeudo=-Static Acceleration

The results are very sgensitive to the spectral
ZPA values.

The ZPA values of the envelope spectrum, as per

the SRP method, typlcally yields conservative
results

Lf computed uaing the independent support motion
procedure, absolute summatin between groups pro=
vides conservative results. Algebralc and SRSS
summation can result in underpredictions.

displacements, pipe moments and support forces:

The SRP definitlon of penk input displacements,
X=Sag/w?, is very conservative. Time history
predictions of relative support point displace=
ments would be more appropriate.



@ The amplification factor to be used with the time
history sampling procedure ranges from 2.0 to 4.0.

0 Method 2, with absolute combination as recommended
in the SRP, alunys ylelds conservative results.
Elcher combination yields conservative reaulte for
piping within one building structure. Between
structures the degree of exceedance decreases with
possible underprediction for the SRSS sum.

® Method 3, 2ith absolute combination, yields rea=
aonable reaulte for buildings which can be aimu-
inted with a stick model. With SRSS summation,
the method typically underpredicts true response.

8 Method 4, with S5RSS group combination, may under=
predict response. Absolute combination yields
good results provided the structural attachment
points are properly defined.

® tethod 5, with absolute combination, yilelds ac-
ceptable results for preliminary deaign. With
SRSS summation, the method underpredicts true re=
gponse for many points.

@ The degree of exceedance increases for small re-
eponae quantities.

Combined Seismic Response

Reviewing the results, it was found that the SRSS
combination between the dynamic and the static compo=
nent of responde provides an acceptable estimate to
total response for all the dynamic cases. Further tha
following observations were noted from all results:

8 Absolute combination between the dynamic and atat—
ie components, as recommended in the SRP, yields
very conservative estimates of total response.

® SRS5 combination provides acceptable estimates of
total reaponse with some underpredictions. Howev-
er, it 1s felt that this the degree of underpre=-
diction will be overcome by the conservatism asgo=
ciated with the computation 9f the static conpo=-
e,

0 Combined Response

0 SRSS combination between the dynamic and statie
components of the response should be adopted.
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Combined Seismic Response

Reviewing the results, it was found that the SRSS
combination between the dynamic and the static cocmpo=
nent of responac provides an acceptable estimate to
trotal responee for all the dynamic cases. Further the
following observations were noted from all results:

0 Abmolute combination between the dynamic and stat=
ic components, as recommended in the SRP, ylelds
very conservative estimates of total response.

® SRSS combination provides acceptable estimates of
total response with some underpredictions. Howev=
ev, it is felt that this the degree of underpre-=
diction will be overcome by the conservatism asso-~
clated with the computation of the static compo-
nent of response.

® SRSS combination of the dynamic and pseudo-static
responses coupled with absolute group combination
for the dynamic response calculations (cases 9-14)
alvye yleld consetrvative regults.

Recommendations
® Dynamic Component of Response

® The independent support motion respon-e gpectrum
method should be certified as acceptable for the
cvaluation of the dynamic component of response.

® SRSS combination between support group
contributions could be adopted in the

independent support motion response gpectrum
analysis.

# Pseudo-Static Component of Response

® Method 5 (grouping by elevations) with absolute
combination between groups should be used for
final design.

@ Method 4 (grouping by attachment points) with
absolute combination between groupa should be
used for final design.
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for !HR Model
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Fig. 5 = Static Pipe Resultant Moment
Responses for AFW Model
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Fig. 6 -~ Statlic Support Force Responses
for AFW Model



