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1 Introduction
1

1.1 Overview

The US Department of Energy (DOE) Energy Section til Subgroup on Design (SGD) an integrated plan2

Technology Engineering Center (ETEC) is assisting the f r the consideration of proposed changes to the design

US Nuclear Regulatory Commission (NRC) in criteria for piping systems. The plan and its endorsement

developing regulatory changes relating to seismic h a rnaMty (essentiauy, h nonN memM) oW
analysis of piping systems in nuclear plants and in STGIPC are documented in the STGIPC preliminary

evaluating the cumulative impact of recent changes in TCPon (Reference 1-12)-
,

,
- *

design criteria on overall safety margins of these piping
systems. This assistance is being provided under the The support provided by ETEC to the NRC is

Seismic Analysis of Piping program. documented in this four part report of which this is the
7y,

The initiation of this program was due to the major
revision of the ASME Boiler and Pressure Vessel Code

Pd Ovs ud im Identifi@ns
(Code), Section III dynamic load design criteria for

Part 11 SeismicMargin Assessmentsnuclear plant piping under consideration in the late
1980's and early 1990's. Revised dynamic load design
criteria (the "new rules") were eventually passed by the Part til Peer Review Group Member inputs

4

ASME Code Main Committee in February 1994 and
published in the 1994 Code Addenda. The ETEC Part IV Conclusions and Recommendations

program was focused on the treatment of seismic loading-
Part I documents the results of the initial ETECtithough the revised criteria affected other dynamic load

censiderations as well. evaluations of the new rules conducted in the 1993-1994
time frame. Commentary is added, and noted as such,

The new rules are the culmination of a series ofindustry when more recent evaluations have led to a significant

eff:sts, including thejoint Electrical Power Research
deviation from, or refinement to, the initial evaluations.

;

Institute (EPRI)/NRC Piping and Fitting Dynamic Specifically, Part I of the report includes:

Reliability Program (PFDRP), References 1 1 through 1-
(1) A background section on the developments5', which was initiated in response to reviews conducted

in the early 1980's by the NRC and the Pressure Vessel leading to the new rules and the Seismic Analysis

Research Council (PVRC). These criteria were
of P ping program at ETEC.

developed and promoted by the Technical Core Group
(2) An assessment of the status of recent seismic(TCG) of the Advanced Reactor Corporation (ARC): and design criteria initiatives.

were based on earlier EPRl/ General Electric, Nuclear
Energy (GE) proposed dynamic load design criteria

(3) An overview of the PFDRP, particularly the
developed from the PFDRP The development of thee

piping component, piping system, and material
TCG criteria is documented in the ARC FOAKE Task E-..

specimen testing.
- 1 report (Reference 1-11).

(4) A summary of the new rules and the technical
- The technical bases for the TCG criteria were reviewed bases offered tojustify the new rules.
by the ASME Special Task Group on Integrated Piping

*

Criteria (STGIPC) which was to provide the ASME
(5) The results of ETEC's assessment of the technical

bases for the new rules, specifically, the draft
' Rer-nom 1 1 erough 1 5 replace the earlier draA OE reparu STGIPC and the TCG reports.
R*I''"*" l 6 through 1 10. The reviewe in this report were bened
premstily on these earlier OE reporw. The EPRJ and OE reports are not (6) A compilation of test data from the PFDRP tcst
" b'*=r fa' " ^; only the EPRI reports are referenced. reports and plots of hysteretic moment-rotation

-

''
a r for test runs.ARC is a dedicesed paject ersanization esemblished to mannee the

- orthe Nuclear Emersy lasunne (NE!), fannerly Nuclear#-
_ Resources Council (NUMARC). Nuclear Power Overushi (7) The results of the initial ETEC evaluation of the

Ceaummee (NPOC) Straksic Plan. The TCO was formed by ARC in part potential minimum seismic fatigue margins
*

'

to enhance approval of new pipins and pipe support rules which wm to be
dewtoped under Task E 1 ofilw First-of-e Kind Ensineenns(FOAKE) assoctated with the new rules, based on an
schocal einnent orow NroC stra.esic Pian. extension of the TCG margin studies for Test 36.

J
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Part II of this report includes a comprehensive Accordingly, the PRC recommended that: 1) test
assessment by researchers affiliated with the California programs for verifying piping seismic design margins
Institute of Technology (CIT) of frequency. P-delta, and identifying failure modes be supported, and 2)
temperature, load eccentricity and worst case combined studies be conducted to establish and justify the level of

,

effects on seismic margins undertaken in response to earthquake piping systems can safely withstand with
issues identified in Part I of this report. Margin results sufficient confidence to not require seismic design

for Tests 11,14,36, and 40 are presented. These resuhs analyses.

are used to develop nominal seismic fatigue margins -

consistent with recent definitions of acceptable margin in addition, as a result of the overall industry concern

level, inclu' ding consideration of revised stress indices. regarding the perceived unduly restrietWe ASME Bbiler ,
'*

& Pressure Vessel Code (Code), Section III, piping

Part 111 of this report contains commentaries and seismic design rules, the PVRC formed a Steering

contributions by members of the Seismic Analysis of Committee and Technical Committee on Piping in the
j Piping Peer Review Group (PRG). Included are: carly 1980's to investigate alternatives that might

improve overall piping system safety and reliability. The

(1) Individual PRG member commentaries on the committees were to conduct critical evaluations of
adequacy of the technical basis provided for the nuclear reactor piping systems with regard to overlapping
new rules. and excessive conservatism in seismic and other dynamic

loading design rules, and to support piping design rule
(2) _ An approach for defining WA!c margin levels modifications by the ASME.,

based on piping not impacting plant Probabilistic

Risk Assessment (PRA) evaluations. The PVRC Technical Committee on Piping fonned four
,
'

Task Groups with the purpose of recommending
(3) A study of the impact of the new rules on flaw improvements in industry practice, damping values,

tolerance and Section XI flaw evaluation rules for spectral broadening, and dynamic stress allowables. Of
continued. operation. these, the PVRC Task Group on Dynamic Stress

Allowables was given the responsibility of making
(4) "Strawman" rule revisions that may pnmde recommendations for changes to the current criteria for

! acceptable margin levels and the remaining issues evaluation of dynamic loads. The Task Group concluded
that need resolution in order tojustify these rules. that: 1) the use of ductility ratios and inelastic response

spectra was difficult tojustify on a technical basis, since
Part IV of this report contains the final program they rely on elastic analysis to account for inelastic
conclusions and recommendations to the NRC staff. behavior, and 2) c,hanges should be made to better predict

the response of piping systems to dynamic loads.
1.2 Background However, the Task Group found that the available data

on the analytical and experimental behavior of piping
The majority of the initiatives reviewed in this report systems subjected to dynamic loads were not sufficient to

have their genesis in the results of reviews and justify changes in the methodology of dynamic load
'

investigations by the NRC and the PVRC in the early evaluation
#

1980's.
Subsequently, in response to the second conclusion, EPRI a.,>

la 1983, the NRC Piping Renew Committee (PRC) was formulated a broad plan to develop a larger data base and
formed to perform a comprehensive rewew of NRC - address the needs identified by the PVRC Task Group on
requirements for nuclear power plant piping. Regulatory Dynamic Stress Allowables The plan was implemented .

changes and research recommended by the PRC are con- by GE under the extensive EPRl/NRC sponsored PFDRP.

|
tained in NUREG 1061 (References 1 13 through I 17).

The PFDRP included simulated seismic, hydrodynamic
On the issue of overall design margins in piping systems, and water-hammer testing (i.e. Iow , mid- and high-
the PRC recognized that a key element in the frequency dynamic testing, respectively) of piping
development of optinumed design criteria was the proper components and systems Seismic tests were performed
balance among the margins associated with vanous on 33 simpic cantilever configurations of piping,

individual effects such as seismic and thermal loads. components and 2 prototypic piping systems. Material
' This balance was to be actueved relative to actual failure specinwn testing was also performed and proposed
rather than code defined limits. However, this balance EPRl/GE rules for the design of ASME Code, Section Ill,
was difficult to define in view of the lack of real failure Class 1,2 and 3 piping systems were developed.

! information for piping, pasticularly for seismic loads.

NUREG/CR 0000 1-4
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Subsequently, a number of other rule changes were rules: nevertheless, all of these rules will be referred to in
proposed to the ASME SGD and considered by the this report as the "new rules"
ASME Working Group on Piping Design (WGFD).
NRC staff members participated in these considerations The new rules are based on the premise that the results of
and documented their concerns (Reference 1 18). In the PFDRP demonstrate that:
mid 1991, as previously described, the SGD formed the
STGIPC to develop an integrated strategy for considering (1) Seismic inertia loads do not cause collapse failure
these numerous rule changes. of piping systems.

,

Concurrent with the formation of the STGIPC, the ARC (2) The primary failgre mode in piping.due to seismic -.

i was investigating modifications to piping design criteiia inertia loading is a combination of fatigue and
! f:r application to standardized advanced light water ratcheting.

reactor (ALWR) designs. Development of these criteria
was assigned to the TCG under FOAKE Task E-1 (3) Piping can withstand seismic inertia loadings on
relating to ASME Piping. All but one of the TCG the order of 10 to 15 times the input levels
members were also members of the STGIPC. permitted by current ASME Code acceptance

criteria.
The draft TCG and STGIPC reports, issued in early
1993, together were intended to provide the following: The TCG introduced a definition of failure load margin i

for a given seismic event, given piping system, and a )
| (1) An assessment of margins present in the previous, given set of design rules (and implicitly, a given method

(i.e., ASME Code,1989 and 1992 Editions) of design analysis) as the ratio of the level of the seismic
design rules. event required to produce a through-wall crack in the

piping system during one application of the seismic event,

| .(2) An assessment of the impact of methods of to the maximum level of the seismic event permitted
'

dynamic analysis on margins. under the set of rules. The TCG represent that the
minimum failure load margin obtained in the PFDRP

-(3) An assessment of the impact of frequency ratio, testing was 10.6 for the previous ASME Code rules and
design temperature, and non-linear force- 4.2 for the new rules. This minimum failure load margin
deflection on margins. was obtained in Test 36. Failure load margins were

based on analytical extrapolations which were required to
(4) Aa assessment of the degree of accpace of the determine the scismic event level to induce failure in one

report by industry and regulatory p 'Nel. application since typically, a number of high-level
simulated seismic events were required to induce failure

| ($) - A recommended process for evaluatmg margins. during testing.

'(6). A discussion of the impact on other sections of the Funher analytical extrapolations were required to
ASME Code. account for effects not considered in the PFDRP testing.

| These effects include " frequency effects" to account for
| The STGIPC report was supported by a majority of the the fact that the PFDRP tests were conducted near'

STGIPC but opposed by a minority consisting of NRC resonance. The corrected failure load margin for Test 36 . ~,repr-atatives. The bases for the minority position were was presented as approximately 2 which wasjudged by
documented in the STGIPC report. Some of the issues the TCG to be acceptable.
identified by the NRC representatives such as the effect,

of test frequency on demonstrated test margins were Concurrent with these industry initiatives, the NRC was
| evaluated by the TCG and documented in both the TCG assessing modifications to the regulations to decouple the
| and STGIPC reports. The need for, evaluation of, and Operating Basis Earthquake (OBE) from the Safe

sie=ha~ of the results of these and other evaluations. Shutdown Earthquake (SSE). An ETEC review of early
were controversialissues. criteria modifications to support design certification

commitments for standard ALWR designs was
- Subsequently, the rules contained in Appendix I-A to this documented in Peference 1 19. Eventually, earthquake

report were passed by the ASME Code Main Committee engineering criteria were placed in a new Appendix S to,

in February,1994. These rules are similar to, but not - 10 CFR Part 50 that permits the applicant to select
| ideitical to, those published in the Code 1994 Addenda, whether or not an OBE response analysis is to be

act identical to those in the 1993 TCG draft report which performed. With the OBE level set at one-third or less of
i- in turn are also not identical to the earlier EPRI/GE the SSE, only the SSE is used for design (the OBE only
i serves the funcuon of an inspection and shutdown level).

.
l

.. 15 NUREG/CR 0000|. .

-- . - - . .. - - , --



,

J

However, if an applicant selects an OBE value at a 1 10 Draft GE Report, ' Piping and Fitting Dynamic
fraction of the SSE higher than one-third, a suitable Reliability Program. Volume 5 - Piping Design
analysis must be performed to demonstrate that the Rules Revisions," January 1990.
requirements associated with the OBE are satisfied. The
new rules contain modified requirements for the OBE. g,3 g ,, Technical Core Group Report on FOAKE Task
The current ETEC review of the new rules only considers El: ASME Piping," Advanced Reactor
design requirements for the SSE.. Corporation report, April 1993

The current E~IEC review of the new rules is a 1 12 Preliminary Report for ASME SClli, SGD from I
- continuation of an earlier review by ETEC, sponsored by Spec al Task Group on Integrated Piping Criterii -'

NRC/NRR, of the PFDRP system testing in an effort to April 16,1993
develop seismic criteria for ALWRs. This earlier effort ;

was not completed and interim findings were 1-13 NUREG 1061, Volume 1. "US NRC Piping Resiew !

documented in Reference 1-20. The current ETEC Committee, Investigation and Evaluation of Stress .

review was initiated by NRC/RES in response to the Corrosion Cracking in Piping of Boiling Water ,

Reference 1-21 User Need memorandum issued Reactor," August 1984 i

subsequent to this earlier ETEC effort.
1 14 NUREG 1061, Volume 2,"US NRC Piping Review !

*

1.3 References Committee, Evaluation of Seismic Designs - A
Review of Seismic Design Requirements for

11 EPRI TR-102792-VI, " Piping and Fitting Nuclear Plant Piping," April 1985
Dynamic Reliability Program, Volume 1 - Project
Summary," EPRI,1994 1 15 NUREG 1061, Volume 3,"US NRC Piping Resiew

Comnuttee, Evaluation of Potential for Pipe
1-2 EPRI TR 102792-V2," Piping and Fitting Becaks," November 1984

Dynamic Reliability Program, Volume 2 -
Component Tests," EPRI,1994 1 16 NUREG 1061, Volume 4,"US NRC Piping Review

Committee, Evaluation of Other Dynamic leads
13 EPRI TR-102792-V3, " Piping and Fitting and Load Combinations," December 1984

Dynamic Reliability Program, Volume 3 - System
Tests " EPRI,1994 1-17 NUREG 1061, Volume 5 "US NRC Piping Review

Committee, Summary - Piping Review Committee
1-4 EPRI TR 102792-V4," Piping and Fitting Conclusions and Recommendations," April 1985

DynamicReliabilityProgram Volume 4-Fatigue-
Ratchet Tests," EPRI,1994 1 18 ASME Committee Correspondence, Subgroup on

Design, SC-Ill, Hartzman, M. to Barnes, R.W.,
1-5 EPRI TR-102792 V5," Piping and Fitting " Basis for the Negative Vote on the EPRI/GE

Dynamic Reliability Program, Volume 5 - Piping Proposed Cinnges of the ASME Section Ill Piping
Design Rules Revisions," EPRI,1994 Design Criteria", September 11,1992, revised ,

16 Draft GE report," Piping and Fitting Dynamic
Reliability Program, Volume 1 - Project 1 19 ETEC Document," Draft Safety Evaluation on the
Summary," November 1989 Use of Simple Earthquake Design for ASME Code

Piping Systems in the ABWR Standard Plant,"
"

I-7 Draft GE report, " Piping and Fitting Dynamic July 1993
Reliability Program, Volume 2-- Component Test
Report," December 1989 l-20 ETEC Document," Task Status Report, Advanced

Reactor Review, Piping Seismic Criteria," July 10,
18 ' Draft GE report," Piping and Fitting Dynamic 1992

Reliability Program, Volume 3 - System Test
Report" December 1989 l-21 NRC Memorandum T. Murley to E.S. Beckjord,

" User Needs for Engineering Research on
19 Draft GE Report, " Piping and Fitting Dynamic Advanced Light Water Reactors," September 23,

Reliability Program, Volume 4 - Specimen 1992
Fatigue-Ratcheting Test Report," January 1990
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2 Status ofInitiatives

During STGIPC deliberations, significant industry and (5) 10 CFR Part 50 Appendix S
regulatory piping design initiatives were identified and

their status evaluated (References 2 1 and 2-2). The Depending on applicant selection of the OBE
following is. based on and updates this prior identification level, these new regulations can eliminate the
effort. For convenience, the ordering of the initiatives in OBE loading from the design of sping systena9 -.

the following is identical to that in the STGIPC listing. Nevertheless, the contribution oflessor seismic
i More detailed descriptions of the initiatives than loadings than the SSE to cumulative fatigue

provuled in the following are available in References 2 1 damage needs to be considered along uith all
and 2-2. other cyclic service loadings when evaluating the

adequacy of design criteria for an SSE fatigue or

2.1 Identification and Status of ratchet fatigue failure mode.

Initiatives
(6) NCIG-14 Procedure for Small Bore Piping

|- (1) - Code Case N-411 These design by rule procedures were reviewed by
the NRC (Reference 2-3). NEl, formerly

This code case was dnM by PVRC to address NUMARC, has decided to withdraw these
one feature of dynamic analysis beheved to procedures from consideration.
contribute unnecessary conservatism to seismic
design of piping. This code case has been (7) Regulatory Guide 1.60,1.61, and 1.92
conditionally endorsed by the NRC: limitations on
applicauon of the code case have been presenbed ASME Code Appendix N reflects Regulatory
Subsequent PVRC reviews of the code case have Guides 1.60 and 1.61 requirements but not those
resulted in recommendations to change ASME of Regulatory Guide 1.92. Industry is concerned
Code Appendix N to require one value of damping that the NRC has not endorsed Appendix N.
for all frequencies, with 5% recoinmanded for the
OBE and 6% for the SSE. The new rules may (8) As-built tolerances and WRC 316
make these recommendations nxxx.

Industry is considering incorporation of these
(2) New Rules for Reversing Dynamic Loads - tolerance requirements into the ASME Code.

These rules were passed by the ASME Code Main (9) Code Cases N-122, N-318, N-391, N 392, Welded
Committee in February 1994. Results of ETEC Attachments

. reviews of these rules are provided in this report.
_

These active code cases prescribe stress indices for
'(3)- Code Case ABC - components not covered by the present Code. At

~~ ,
issue is whether the new rules apply to these code

^

This code case prosides a simplified method of cases.
seismic dynamic analysis of plastically loaded
piping systems. This code case has been passed (10) Code Case N468, Class 2 and 3 Low Seismic
by the ASME WGPD, but not voted on by the Zones
ASME SGD.

Incorporation of this code case into ASME Code
;- -(4) Code Cases N-451 and N-462 Appendix N was under consideration. However,

this code case has been annulled.
These code cases were interim steps towards the

j new rules. Code Case N-451 has been annulled. (1l) Code Case N-l%
| Code Case N462 is now moot since the criteria
[ have been revised. Incorporation of this code case into ASME Code
; Appendix N was under consideration. However, _
L this code case has been annulled.

I-7 NUREG/CR-0000
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(12) Code Case N 319, Stresses in Elbows Based on the preceding it appears that some of the
initiatives identified by the STGIPC are now moot since

This active code cases prescribes alternate stress the new rules have been approved by the ASME Code.
indices for cibows. At issue is whether the new Others related to the incorporation of code cases mto
rules apply to this code case. ASME Code Appendix N and the lack of endorsement of

Appendix N by the NRC have not changed. Others
(13) Code Case N-420, Energy Absorbers involving the applicability of the new rules to stress

indices not previously contamed in the ASME Code need
' Ibis code case is now being incorporated into the to be ah on a case-by-case basis.
Code. At issue is whether the new rules apply to

,

_

P P ng systems incorporadng thm devices 2.2 Referencesii

(14) SRP 3.9.3, Functional Capability 2-1 "lategration ofissues and Changes for ASME
Nuclear Piping", S.W. Tagart, Jr., July 8,1991 ,

NUREG-1367 (Reference 2-4) specifies functional .

capability limits equal to ASME Code,1989 22 Preliminary Report for ASME SCIII, SGD by
Edition Service Level D allowables. These limits Special Task Group on Integrated Piping Criteria,
are more conservative that those in the new rules. April 16,1993

(15) SRP 3.6 and ANSI /ANS-58.2 Break and Crack 2-3 NRC letter to NUMARC, J.A. Norberg to W.
Locations Rasin," Procedure for Seismic Evaluation and

Design of Small Bone Piping (NCIG 14) EPRI
These issues have been addressed in Report NP4628", June 1,1992
Reference 2 5.

24 NUREG-1367," Functional Capability of Piping
(16) Seismic Design-by-Rule for Large Bore Piping Systems," Terno, D. and Rodabaugh, E.C.,

November 1992
This design approach is contrary to current: a)
10CFR50, Appendix A GeneralDesign Criteria, 25 ETEC Document," Draft Safety Evaluation on the
and b) 10CFR100. Appendix A criteria which Use of Simple Earthquake Design for ASME Code
require: i.) in part, that effects of natural Piping Systems in the ABWR Standard Plant,"
Wna be combined appropriately with July 1993
normal and accident conditions and,11) specify
that the method used to insure that systems and 24 WRC Bulletin 352,"ladaaandant Support Motion
components maintain their safety function during GSM) Method of Modal Spectra Seismic
and after an SSE involve the use of suitable Analysis," April 1990.
dynamic analyses and qualification tests or
conservative static load method, respectively.

! ,

(17) ! g at Support Motion OSM)

! w
The NRC has not endorsed the PVRCISM |

! procedurein WRC 352 (Reference 24). '

Although not pending, the PVRC procedure could '

be includedin ASME Code Appendix N.

NUREG/CR-0000 1.g -



. - .. - - - - - - .-

3 Overview of PFDRP Test Results

|

The objectives of the PFDRP (Reference 3 1) were: GE performed test data reductions and analytical
evaluations. Discussions with GE researchers indicate

(1) To identify failure modes and failure levels of the small differences between the Refergnge.3 7 listed- ...
iiP P ng components and systems under dynamic maximum measured moment data and QL plot data is

loadings, due to an uncorrected enor in the lower inenia arm
connecting flange accelerometer (Y ) sign convention2

(2) To provide a data base that will improve the used for the QL plots. |
Predaction of piping system response and failure ;
due to high-level dynamic loads. ' Analytical evaluations included linearly clastic predicted |

moments in the test articles. The predicted moments
'

(3) To develop an improwd, realistic and defensible were based on response spectrum analyses using
set of piping design rules for inclusion into the unpublished *15% peak-broadened acceleration spectra |
ASME Code. developed from the measured sled accelerations. Various |

damping values were used for different data correlations. ]
Tests performed in the PFDRP included piping Comparative analyses using unbroadened spectra were I

component, piping system, and simple specimen fatigue- also performed for Test 36 and Test 41,
ratchet tests.

During testing, various piping components including
'

Test data and evaluations were documented in GE semi- straight runs, long-radius and short-radius elbows, tees,
annual progress reports (References'3-2 through 3 5), fabricated branch connections, concentric reducers,
and the EPRI final program summary reports (References nozzles and integral lug supports wre subjected to
3-6 through 3 10). simulated seismic, hydrodynamic and water hammer

(low , mid and high-frequency, respectively) loadings.
3.1 Piping Component Tests Pressure boundary failures occurred during the simulated

seismic and water-hammer tests but not during the

The PFDRP piping component tests were conducted by simulated hydrodynamic tests. ETEC's review was

ANCO Engineers, Inc. (ANCO). ANCO was responsible limited t the simulated seismic tests only,

for the fabrication and testing of the piping components.
|

ANCO also prepared "Qusck lack" test (QL) reports Canponents ranged between 4 and 8-inch nominal pipe

which sun marized the basic features and results of the size; were between Schedule 10 and 80 thickness, and

tests including measured and computed time history were fabricated from either carbon steel or wrought

, plots. Measured time-history plots included acceleration, stainless steel.

deflaviaa, strain, and internal pressure Computed
time-history plots included rotation of and moments in 3.1.1 Component Test Desen. tion.

p
the test articles. Computed rotations were based on
measured displacements at several locations on the test A total of 41 piping components were tested during the
configuration. Rotations across the test article were PFDRP. Of these 41 tests,33 included test runs with

rarely provided, rather rotations of the adjacent straight simulated high-level seismic loading,2 tests were quasi-
pipe nipple or rotations of the inertia load arm were static tests on elbows, and the remaining 6 tests were

provided Computed moments in the test articles were Predominately mid and high frequency tests. Results
based on strain gage measurements on the inertia load fmm these last 8 tests were not included in the ETEC

,

arm combined with accelerometer measurements at the ''"'*' '

connection flanges below the inertia load arm (see
Section 3.1.1). The moment computations assumed Data for 27 of the 33 tests containing simulated high-

linearly clastic behavior of the inertia load arm, classical level seismic loading are provided in Tables 1 and 2.

beam behavior, a single predominant mode of response Table 1 prondes basic test configuration data,

cnd ignored rotational inertial effects. du, nensional and material properties data at the failure
,

location, and failure mode information. Table 2 prosides
,

'

pressure stresses, weight moments, calculated and

measured dynamic moments, and comparative moment

I-9 NUREG/CR 0000
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ratios The notes to the tables define the entries. Several in Appendix l C of this report when the plot is for the

general observations will be ofTered here while later highest level test run. The Appendix I-C plots were

sections of the report will use specific data contained in developed by CIT researchers using the test setup
information in Reference 3 7, QL test data, and a closed

the tables. form solution of the equations of motion. When the

The Table 1 Column entry F,.is the QL report test Appendix l C plots were not for the highest level test

measured natural frequency determined in preliminary run, the % values were extrapolated using the average

low-level tests. These values do not always agree with ratios of Appendix l C moments to the QL and GE

the Reference 3-7 Appendix B reported values " Natural measured moments. Appendix l-B to this report contains
these extrapolations, The R momenitare based on the %Freq''.
closing moment amplitudes for elbows and the half-range

The FI values in Table 1 are the frequencies of the peak moments for non elbows.

acceleration on the acceleratior'. response spectra

developed in the QL report for tne test measured sted The ratio A / MM entry for Test 11 is shaded to
'

acceleration time history. These can vary slightly from indicate the test is suspect. Review of the test sideo

test run to test run, and the Table 1 values are for the test indicates the attached weight may not have been the full

run with the Reference 3-7 Appendix B reported highest amount listed in Reference 3-7 Table 7-2 and the %

moments calculated by the response spectrum method. value would then be in error. The QL and GE measured

For selected tests, Appendix I B to this report contains F1 moment values do not use the attached weight in the

i values for all the high-level test runs for which the QL calculation. On the other hand, the measured natural

report provides a sled acceleration response spectrum. frequency of the test setup agrees well with predictions

The Table 1 FI values seldom agree with the targeted when the full weight is assumed

sled peak input frequency values which Reference 3-7
derives from test duration - the targeted sled peak input The following six seismic tests are not included in Tables

! frequency equals 143 divided by the full test duration. In 1 and 2 for reasons discussed below:

l a few tests, noted in this report's Appendix l-B, the F1
values were not available in the QL report and other test Test 17: Elbow torsional test

ru, values, or the targeted values, had to be used.
Test 18: Fabricated branch test

The Table I entry " TEST T" is the pre-test measured
thickness closest to the location of failure based on the Test 20: Nozzle test

QL report listings of measured wall thickness. The Table
1 value is the average of the four thickness readings at Test 21: Integral lug pipe support test

every 90' around the circumference.
Test 22: Integral-lug pipe support test

The Table 2 Bi and B: entries are Code stress indices for
Test 23: Elbow-axial-strut pipe support test

the piping component that contained the failure location
except for Tests 11 and 36, where, as discussed in

Test 17 was not included because measured momentsSection 6.2.1.4, an ahernative value of 1.0 was used in
were not available. Test 18 was not a standard piping -

. Table 2.
component and no Code stress indices were availabic.

The Table 2 Meco, and Mum entries , calculated as Test 20 failed in a region that is covered by ASME Code - "
|

stated in the heading. and their associated moment ratios vessel rules, not piping rules. Tests 21 and 22 were!

Fsand Fss, respectively, were provided for Kennedy's support load tests and not pressure boundary moment ,

PRG member commentary presented in Appendix Ill-B capacity tests. Test 23 was not an inertial mass driven
test.of this report.

The Table 2 GE MM and QL MM entries are failure
Tests 31,34 and 36 had mixtures of high-level sinesweep

location maximum single cycle moment half range and seismic loadings that introduced uncertainty into

values derived from test data for the highest level test margin evaluation. Nevertheless, Test 36 was used in the

run. In principle they should be identical, but their ratio ETEC margin evaluation for comparison to the TCG

in the Table 2 QUGE column is not always unity The margins. Tests 1,2 and 41 had inadequate test records of

GE MM entries are from Reference 3-7 Appendix B and the data needed for the ETEC margin evaluations. Tests

the QL MM entries are from the QL report plots. 3,5,6,7,8,12,13 and 30 had missing data in the test
records that had to be assumed or extrapolated from

The Table 2 % entries are " dynamic ultimate existing data to perform the ETEC margin evaluations.

moments" derived from the calculated test moment plots .

NUREG/CR-0000 1 10
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Figure 1 shows two views of the Test !! configuration different test runs. And a few configurations were
'

illustrating the sled. base fixture and inertia load arm subjected to high level sinesweep loadings in addition to
c:mmon to all the component tests. Figure 2 provides the seismic loadings.a

views perpendicular to the sled motion for other key tests.4

Most tests required several test runs at the highest level
Figure 3 shows a typical targeted seismic sled to induce failure, and the number of those high-level runs

,

accel: ration time history used in the PFDRP tests. This were reported in the PFDRP summary volume (Reference
time-history is scaled from a baseline (Reference 3 11) 3-6). In some cases, failure occurred before the end of
boiling water reactor (BWR) seismic acceleration time- the first high-level run, and in those cases, a fractional
hist:ry. The baseline time-history was generated using number was reported for the " number of earthquakes for

'
* *

the TaA carthquake and 7% building damping and is the failure." For example, in Test 36, failure occurred
predicted BWR reactor pressure vessel horizontal slightly more than half way through the first high-level
acceliration time-history at th: attachment point of the test run (Run 8) and the number of earthquakes to cause |

,. main steam line. The amplitude of the sled input time- failure was reported in Reference 3-6 as 0.5 even though
hist:ry was uniformly scaled up or down to adjust the seven prior test runs had been conducted, starting at low
sled load levels, and the time scale of the sled input time- input levels and increasing in magnitude. Runs 5 and 6

|hist:ry was stretched and compressed to adjust the sled were high-level sinesweeps and Run 7 was a mid level '

peak acceleration response frequency, seismic test run.

Figure 4 shows the acceleration response spectrum for a Pre test, during-test (aAer each test run) and post-test,

typical targeted sled acceleration time history Figure 5 dimensional measurements were recorded. One set of
shows acceleration response spectra for several high-level measurements was the distances between pairs of scratch
test runs based on acceleration measurements on the sled. marks initially 2 inches apart at key locations on the
The additional high frequency content in the tests are not outside surface of the test articles. Other measurements

)unusual for dynamic test fixtures driven by hydraulic were the thickness and diameter at various sections along
actuators, and is usually attributed to fluid column the test articles and a4acent pipe nipples. In some tests,

sibration created by servo valve closures. with significant distortion, the flow restriction due to the
;
'

deformed geometry at the end of testing was calculated in
Each test configuration was instrumented with the QL reports.

'

approximately two dozen strain sages, three or four
displacement transducers, one pressure transducer, and Video tape and photograph records were made. In
several accelerometers. Figures 6,7 and 8 show test addition, test articles were archived. ETEC eventually.

instrumentation layouts for typical elbow, tee, and- acquired a full set of QL reports, video tapes and floppy
4

reducer tests, respectively. diskettes of the test data.

) Standardized test run sequences were developed for most 3.1.2 Data Correlations
of the component tests. All tests were conducted at room

. temperature Up to sixteen test runs were conducted on Data correlations by GE reported in Reference 3 7
each of the components tested. Four low-level inputs included:
(two random and two step displacement) were used to .

identify test configuration response characteristics (1) Evaluation of critical damping. M
' ~ (natural frequency and damping) and to checkout the

instrumentation. One low level seismic time-history was (2) Fatigue analysis of test components.
usually applied to establish test configuration response at
nominally clastic stress levels. The remaining test runs 3.1.2.1 Evaluation of Critical Damping
were mid-level and high-level seismic runs. The highest,

i

level test ruwere repeated up to ten times until either a Two kinds of damping ratio were estimated for the *

through wall crack developed in the test configuration or various loading conditions during testing: equivalent.

;,

until the rotation of the inertia load arm became damping ratio and the so-called "true" damping ratio.4

,

excessrve Internal pressure was monitored and adjusted ,
4

where necessary to accommodate test specimen The equivalent damping ratios were obtained by :
J expansion. Selected configurations had test run performing a linear elastic response spectrum analysis !
! ' sequences with step-wise increasing input level until the using the acceleration response spectrum of the measured '

i high lewl input was reached.- Other configurations were sled acceleration time-history with *15% peak
| tested unpressurized for some test runs and pressurized in broadening and adjusting the damping until the

other test runs.' Still other configurations were tested calculated moment in the test component was equal to
'

with different frequency content time histories in the measured moment. This damping is, in effect, a

1 11 NUREG/CR-0000
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" calibration factor" chosen such that the calculations freedom systems. In more realistic piping confgurations
match the measurements. By using the equivalent (which are multiple degree offreedom systems), the

damping ratio for the analysis, calculated and measured plasticity efects are likely to be localised. Thus, the

piping forces and moments, flange moments, and nozzle equivalent damping in a realistic pipmg system is

loads can be matched, but the displacements and the expected to be lower. "

acceleration will be under-predicted.
3.1.2.2 Fatigue Analysis of Test Components

Values of equivalent damping obtained for five clastic ,

level cibow tests ranged between 0.40% and 0.77%. Based on fatigue failure data obtamed during testing,

Values of eijuivalent damping for six high level elbow three fatigue analyscs were conducted.hy GE using - ,

tests centered near 35% with one Schedule 80 test having different fatigue curves: 1) Markl's equation,2) the

a value near 45%. Code Appendix l 9.0 design fatigue curves, and 3) the
fatigue equation in the background document to the Code

The "true" damping ratios were obtained from a Fourier Section 111 criteria. In addition, two cycle counting
'

transformation of the input and output data to obtain methods were investigated: 1) the standard ASME Code

power spectrum density and transfer functions. Analyses NB-3222.4 method of minimum maximum pair

based on true damping with peak broadened acceleration elimination, and 2) a sequential cycle counting method

response spectra will result in the over-prediction of pairing cycle reversals along a time line. Three mean
forces, moments, and acceleration but provide good stress correction methods were also considered: 1) the
agreement between calculated and measured modified Goodman,2) the Getter, and 3) the Soderberg

displacements. Values of true damping obtained ranged methods,

between 1.5% for a low-level elbow test and 33.6% for n
high-levtl tee test. Fatigue analyses were performed in the following three

stages:

GE concludes that the measured damping below 2% of
critical at clastic levels is not inconsistent with the Code 1) The first sta8e utilized the measured moment time
use of 5% of critical for design levels since in the PFDRP histories and strain time histories from uniaxial strain
tests there is no insulation, no supports and no gaps to gage measurements. Three methods were used to obtain

influence damping ratios. GE also obsents that the the alternating stress ranges: 1) measured strains,2)

increase in damping at higher excitation levels is more calculated strain amplitude based on measured moment

pronounced for the same surface strain levels in the and results of plastic analysis, and 3) measured moment i
'

thicker wall test articles apparently due to the greater and the ASME Code NB.3653 L procedure. Strain time
volume of material being deformed plastically. histories for elbow Test 1 Run 8, elbow Test 3 Run 9, |

elbow Test 3 Run 10, elbow Test 4 Run 6, and moment ;

GE's damping study reported two important observations time histories for elbow Test 4 Run 8 and tee Test 9 Run ;

related to the issue of margins demonstrated in the 6 were identified for evaluation.
component tests versus margins in piping systems. The
first observation was: 2) The second stage utilized data from the rosette

gages to obtain principal strain time histories and
'

"In a piping system undergoingforced vibration, a time- included consideration of ratchet strain effccts. Rosette

historyplot ofthe response of the system will have an gage time histories for elbow Test 4 Runs 6,7, and 8 .,

apparent responsefrequency at the predominant were evaluated.

frequency ofthe inputforcingfunction. This willoccur
even in a system where a high amplitude input has 3) The third stage utilized linear clastic response -

caused the naturalfrequency ofthe system to decrease spectrum analysis based on the measured inputs, PVRC j

because ofthe occurrence ofplasti: deformation. damping values, t15% peak broadening and ASME
Nowever, in the component tests, the actual transfer Code NB-3653 K procedures. 31 of the 41 component

. function ofthe test records illustrates that the reduced tests were evaluated.

. system naturalfrequency does reflect the efects of
plastic action. . . , it can be seen that in some tests the In the first stage, the third method (i.e., measured

frequencies were shifted 30% lower. " moment and Code K procedure) provided reasonable
results for cibows. When applied to tees, this method

The second observation was: also closely predicted the runs to failure when body stress
indices were used, however this was inconsistent with

ifn important distinction that deserves emphasis is the the failures occurring in the adjacent straight pipe or at
fact that the damping values determined here arefor the tee to straight pipc butt welds wlwre lower stress
component tests, which are essentially single degree of indices would be permitted by the current rules. In all of

NUREG/CR-0000 1 12
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t

] the tecs evahiated, both run ends were attached to the

sled and out-of-plane inertia loads applied through the
testing. The "ratcheting strain" based on scratch mark

;

{ branch. distance measurement after each test run was plotted in
Reference 3-7 against the number of high-level inputs,

q In the second stage, the method was unconservative. and is presented in Figure 11. Figure i1 indicates
generally greater strain accumulation per test run in thej g

; In the third stage, use of the Code K values resulted in higher pressure tests. Generally greater increments of

conservative results. However, if R was assumed to be strain accumulation are also observed in the initial high-
,

2. this c:nservatism was reduced. level test run versus subsequent test runs. Figure 11 also

-
indicates there is no definite relationship between

j 3.1.3 Observed Trends in Component accumulated strain and the number of test runato failure. * "*

Response
1- Cross-plots of scratch mark based ratchet strain versus

pressure, and, wall thickness reduction versus pressure,
i A listing of the more important test observations from the were developed that confirmed that pressure was the

component tests was provided in Reference 3-7. Section driving force for the ratchet mechanism.
10. These observations included the following:

3.2 Pipmg System Tests
..

3.1.3.1 Ratchet Buckling and the Effect of Pressure

Ratchet buciding (defined as inelastic buckling under The piping system tests also consisted of seismic,

high stress / strains experienced during component hydrodynamic and water hammer (Iow , mid , and high-

ratcheting) was observed in Tests 37 and 40. Both of frequency) tests,

these tests involved unpressurized components.
Ref;tence 3 7 suggested that pressure reduces the The low-frequency and mid-frequency tests were

compressive wall stresses and therefore reduces the conducted at EHC and the high frequency tests at

likelihood of ratchet buckling. ANCO. However, only the piping system low frequency
tests were considered in the current review. ETEC

3.1.3.2 C:mponent Cyclic Strains prepared engineering data packages for each test which
consisted of time-history plots of all the data channels

Based on a comparison of the results of Schedule 10 and a magnetic tape containing all the data in

elbow Tests 3 and 37 in Figure 9. Reference 3 7 ena,ineering units. GE was responsible for test data
,

speculated that reducing the test frequency will lead to reduction and evaluation.

higher strain ranges. One other difference between Tests
3 cad 37. not shown in the figure, was that the might Two representative welded piping systems were

stress in Test 37 was ten times that in Test 3. Reference instrumented and tested under time-history dynamic

3 7 off; red that the lower the frequency of dynamic loads while subjected to sustained primary loads (weight

testing at resonance, the closer the loading condition and pressure). Testing was conducted at ambient

approaches the quasi-static condition and higher strains temperature without any preloading other than these

are to be expected. sustained primary loads. The loads were applied at
discrete points on the piping systems using hydraulically

La, there may be a low-frequency threshold actuated sleds operating in a single horizontal direction.

suggested by GE's observation that Schedule 40 straight The two piping systems were significantly different.
.

#

pipe sine Test 33 (at 5 Hz resonant testing) and Test 34
(at 15 Hz resonant testing) did not exhibit any differences The configuration of the System I piping system is

in strain range for the same measured moment range. shown in Figures 12 and 13. The A106 Gr B carbon
steel piping system consisted of six inch diameter

Another interesting observation was offered on cyclic Schedule 40 piping, a three-inch diameter Schedule 40

strain versus input acceleration. Figure 10 is a plot of bypass line and an 18 inch diameter Schedule 30

these parameters for Test 3. Reference 3-7 stated that the pressure vessel. All piping and fittings were uninsulated.

cyclic strain is " tending to approach an asymptotic The piping system was filled with hydraulic oil that was '

value." pressurized during testing to 1000 psig. The bypass line
contained an unsupported motor operated valve (MOV)

.
.

5.1.3) Component Cumulative Ratchet Strain and three offset masses were distributed throughout the
piping system to' simulate additional valves. The MOV

These are observations using measurements of the was functional and was operated during the testing. A
:hange in distances between parallel scratch marks on spring hanger was included in the test configuration.

the test articles, and the change of thickness during

I 13 NUREG/CR 0000
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The MOV and spring hanger were representative of those 3,3 Specimen Fatigue-Ratchet Testing
used in nucicar power plant sersice.

The PFDRP materials tests of Reference 3 9 was
System I was " tuned and seismically balanced." conducted at Materials Testing Characterization '
" Tuned" indicates that the frequency of the piping Laboratory to assess reductions in fatigue life due to the
system's fundamental and predominant response mode effects of significant ratcheting or excessive deformation.
was near (5% greater than) the frequency of the peak of Spectfically, a test program was performed to
the input acceleration response spectrum. " Seismically quantitatively evaluate low cycle fatigue (LCF) in the
balanced" indicates that under the input loading, severaj presence of ratcheting. In these tests, sustained mean

,

,

locations of maximum calculated stresses were stresses were combined with alternating st/2ms to induce
,~"

distributed throughout the piping system, specifically, at ratcheting that resulted principally from the stress bias
three elbows in the piping system. due to the sustamed mean stress. ,

The test configuration of the System 2 piping system is S.x materials were tested: A333 Gr.6 carbon steel pipe -

shown in Figures 14 and 15. The Type 316L stainless material, A358 Type 304 stainless steel pipe material,
steel piping system consisted of six-inch and four inch A387 2 % Cr 1 Mo pressure vesset plate material, A533
diameter Schedule 40 piping and a 12-inch diameter Mn-1/2 Mel/2 Ni pressure vessel material, and CF 8 &
Schedule 40 pressure vessel. All welds were full CF-3 cast stainless steels materials, w1th two to seven
penetration butt welds except at the four-inch pipe tests per snaterial. All of these materials are ASME Code ,

connection to the 12 inch pressure vessel. This Section il P Nos. I through 8 materials except for A533
I

c:nnection was a " stub-in" weld. The piping system was materialwhichisP No I1 A.
filled with hydraulic oil pressurized during testing to
1000 psig. The bypass line contained two offset masses Baseline low cycle fau,gue tests (zero mean stress) were
to simulate valves and the sled loading at onc location Performed at room temperature and at $50*F. In
was transferred through a snubber, An undersized addition, three types of fatigue-ratchet tests were also
snubber for the high-level test run was intentionally used perfonnei
to study the effect of support failure. After damage to the
snubber, a larger snubber was used. (1) Simulated 2-bar tests

.

System 2 was "detuned and seismically unbalanced." (2) Axially preloaded rectangular beam tests
"Detuned" indicates that the frequency of the piping

|

system's predominant response mode (the second mode) (3) ' ssurized pipe tests
without snubber failure, was 30% greater than the

frequency of the peak of the input acceleration response gg g
spectrum The input accelerauon was tuned to the

,

fundamental mode, but the direction of sled motion was Signulated 2-bar tests were performed at room
perpendicular to the plane of the mode shape and the temperature and at 550*F on smgle cylindrical tensile
fundamental mode response was low, " Seismically specimens (bars) in which the specimens were subjected j
unbalanced" indicated that there was a single location of

to displacements based on computer analysis of the
'

.,

high plasticity, the vessel nozzle area. response of the classic 2 bar ratcheting model to strain ,

cycling. These data were intended to provide the primary ar
The instrumentation for the System 1 and System 2 tests

basis for developing material fatigue ratchet damage
consisted of strain gages, displacement transducers,

models.
accelerometers, load cells and scratch marks as shown in .

Figures 16 and 17, respectively, Two distinct types of response were observed during
strain cycling, one termed " fatigue ratchet" in which a

A variety of time histories were applied to the two piping stable hysteresas loop was attained with subsequent
. systems to obtain dynamic response behavior. These failure by fatigue cracking characterized as " flat fracture

iricluded low-level step displacement and sinesweeps, with no necking" and another termed " sustained ratchet"
synchronous and non-synchronous seismic inputs and in which continued ratcheung occurred with failure by
mid-frequency inputs. The highest level tests that ductility exhausuon charactenzed by " ductile fracture

,

introduced the most significant damage and eventually with significant necking." Unfortunately, there was no )failure were synchronous seismic inputs of the same
response invohing a mix of continued ratcheung and

signature as that used in the component tests. fatigue, i.e., cracking characterized by a flat fracture with
necking.
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During testing, following saturation to a stab!c condition |
that correlates with ASME fatigue data and little if any |during initial strain cycling, the cyclic loading was effect of ratcheting damage is noted. Shakedown

changed to load controlled cycling until failure occurred. |

occurred and the failure did not involve substantial
plastic deformation.

Typical test results for the fatigue ratchet failure mode,
where the results are reported as strain range versus
cycles to failure for 0,10, and 20 ksi mean stress, are

For larger strain ranges Reference 3 9 observed that

shown in Figure 18. Likewise, typical test resuhs for the
while the Miller type model predicted shakedown for

sustained ratchet failure mode, where the results are
hardening materials, test observations showed sustained

ratchet failure occurred for the materials tested. Noreported as incremental ratchet strain per cycle versus
shakedown occurred for larger strain ranges and a *

strain range for 10 and 20 ksi mean stress, are shown in uniform increment of plastic deformation was
*

Figure 19. "Because oflimited test data, the curves are at
accumulated with each cycle.

best estimates" but as expected, ratchet strain increases
'

rapidly with mean stress. Ratchet data are compared
with a Miller-based model (Reference 3 12) predictions

The Miller type model predictions using a flow stress

and an exponential relationship.
equal to the average of the measured yield and ultimate
strengths were found to follow a curved line that lies
above the experimental data which GE trended as

3.3.2 Axially Preloaded Rectangular Beam straight lines on semi-log plots.
Tests

3.4 References
Three preloaded beam tests were conducted on each of

the A333 carbon steel and A358 stainless steel materials 3-1 Guzy, D.," Piping Design Criteria and Research
at room temperature. During these tests, axially Current NRC Activities in Dynande Design",
preloaded rectangular beams were subjected to Nuclear Engineering and Design, Vol.107, pp.
displacement-controlled alternating bending stresses. 161-167, 1988
The tests were performed as a check on the 2 bar

simulation tests. Five of the six tests failed by fatigue 3-2 English, W.F," Piping and Fitting Dynamic
crack propagation and only the 13.3 ksi mean stress test Reliability Program First Semi Annual Progress
of the A333 carbon steel failed by sustained ratcheting. Report, May 1985 - October 1985," General
It is noted in these tests that to the extent tested,"mean Electric Company, NEC-31272, November 1985
stress had very little effect on the fatigue life of the
mat: rial" and that " cycles to failure of both A333 and 33 English, W.F. " Piping and Fitting Dynamic
A358 steels showed no detrimental effect of mean stress Reliability Program Second Semi Annual Progress
and fell within the data scatter of the baseline uniaxial Report, November 1985 - April 1986," General
results." Electric Company, NEC-31364, November 1986

3.3.3 Pressurized Pipe Tests 3-4 English, W.F. " Piping and Fitting Dynamic
Reliability Program Third Semi Annual Progress

Two room temperature tests were conducted on Report," May - October 1986," General Electric
pressurized pipes, one on a % inch diameter galvanized Company, NEC-31450, June 1987
steel pipe and one on a 1 inch diameter 304 stainless

a
steel tube. Pressures were selected to produce 3-5 English, W.F," Piping and Fitting Dynamic
approximately 10 ksi hoop stress. The intent of thes, Reliability Program Founh Semi Annual Progress
tests was to provide multiaxial stress response under Report, November 1986 - April 1987 " General
comparable loading conditions at room temperature. Electric Company, NEC 31542, January 1988
Stress cycles were mechanically applied in the axial

.

direction. Ratcheting occurred in both axial and 3-6 EPRI TR 102792-VI," Piping and Fitting
circumferential directions and " failure occurred well Dynamic Reliability Program, Volume 1 - Project
before the expected life i 1 fatigue." The radial force Summary," EPRI 1994
exerted by rubber bands used to attach an extensometer
" constrained the ratcheting.., 3-7 EPRI TR-102792-V2, " Piping and Fitting

Dynanuc Reliability Program, Volume 2 -
3,3A Conclusions Component Tests," EPRI,1994

The GE Reference 3-9 report concluded that for low "8 "" "8'
'

values of strain range, the failure is essentially fatigue 8 "'

T P 1
"
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3+9. EPRITR-102792 V4," Piping and Fitting 311 GE Letter to ANCO, Kaul, A.K. and English, W.F.
Dynanuc Reliability Program, Volume 4 - Fatigue- to ANCO Engineers," Input Seismic Acceleration
Ratchet Tests, EPRI,1994 Data for EPRI-PFDR Component Tests",

WFE059.85, September 4,1985
3 10 EPRI TR 102792-V5," Piping and Fitting'

Dynamic Reliability Program, Volume 5 - Piping 312 D.R. Miller * Thermal Stress Ratchet-Mechanism .

Design Rules Revisions, EPRI,1994 i Pr ssure Vals,''Tediomf & ASE
Journal of Basic Engineering. Vol. 81, No: 2,
1959, pp.190196 - w,. -.
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; 4 New Rules and Bases

i
At ti,e February,1994 meeting of the ASME Code Main All = Resultant moment amplitude due
Committee, the rules contained in Appendix l A to this to weight. SSE inertia effects and
report were passed. The following is a summary of these other mechanicalloads
new es' *

; Bj By =, ASME Code strestindices - -

4,1 Summary of New Rules S, = ASME Code material allowable

stress
. The new rules provide modifications to the design

criteria for ASME Code Section Ill, Class I,2. and 3 Other terms = Geometry based constants
-

piping systems in Code Subsections NB/NC/ND-3600,
i respectively. The new rules also provide shernate Equation (1) is similar to the previous Service Level D

; Class I criteria in Code Subsection NB 3200. mies except: 1) the system analysis used to calculate M-
8

is specified as discussed below,2) the allowable S -m
The new rules maintain the previous criteria for "non. based limit has been increased by 50% from the current

i reversing" dynamic loads and " reversing" dynamic loads limit of 3S , and 3) the allowable S -based limit hasm y
in combination with non-reversing dynamic loads.

| However, conditionally higher allowable stresses are
been climinated (previous rules included a 2S limit).

,

|
y

provided for reversing dynamic loads not required to be
combined with non reversing dynamic loads. Typically Conditions for application of the higher allowable stress I

m, f,g3g.
j these conditionally higher allowables are applicable to '

canlutuake loadings.
; (1) The analysis is based on a linearly clastic response

The new rules apply to both ASME Code Service Leve! B 8PCCtmm 8 lu n. W 8pectmm # Mnh

;i Level B OBE loading, the new Subsection NB 3600 rules

.n less than 15% and a damping value of 5% ofi OBE and Service Level D SSE loadings. For the Service

9"'#' ^ * ""'#" **
"

.

do not require that seismic inertia effects be included in 8pecW analysis Wology, W h Appe@ h.
the Equation (9) primary membrane plus bending stress are non-mandatory dynamic analysis methods thatt

load combination for Section Ill Class 1,2 and 3 piping spec Hu prohs forWe seismic analysit'

systems. However, both OBE seismic inertia and anchor The new rules require that certain procedures of

motion effects are included in the Equation (10) Appendix N be followed. Currently, Appendix N
;

shakedown load combination and the Equation (11) has not been endorsed by the NRC'

j fatigue load combination for Section 111 Class I piping
(2) The ground motion input for the structuralsystems and in the Equation (10) thermal expansion load

combination with an increased allowable stress of 2 S analys s that results in the floor response spectra,

<

A
,

to be used for the piping system analysis meets the !~ for Section 111 Class 2 and 3 piping systems. requirements of ASME Code Appendix N,
#

-

I For the Service Level D SSE loading, the new (3) Alternatively, another methodology (e.g., time-
Subsections NB/NC/ND 3600 rules are the same for history or static analysis) may be used if the
Section 111 Class 1,2 and 3 piping systems and require m,ehMalogy "is demonstrated to produce" forces

:

'~
that:

and moments which envelop those using the
methodology in 1) and 2). '

,

B; +B Af, s 43S, (l)
; g

material designated P No. I through 9 in Table t
; where: 2 A of the ASME Code, Section II, Part D. This'

P = Pressure coincident with SSE
Table 2 A restriction essentially permits only
ferrous materials.

~

iloading

.
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(5) The maximum pressure during the SSE must be limit on accumulated plastic strain averaged through the
le.s than or equal to the Design Pressure (NCA- wall and a 10 cycle based limit on effective peak strain
2142.l(a)). The current Service Level D pressure ranges.

limit is twice the Design Pressure.
4.2 Technical Bases for New Rules

(6) The resultant moment amplitude due to weight
loading, M,, is limited to: The technical bases for the new rules are provided

primarily in Reference 4 1, Additional studies performed
D. (2) by the TCG in response to issues raised by NRC STGIPC.

5'

I[ niembers during STGIPC deliberationTAre documented
**"

-

in the STGIPC and TCG reports (References 4 2 and 4-
There is no equivalent to Equation (2) in the 3). Results of ETEC reviews of these three reports to
previous rules. determine the tecimical bases being offered for the new

rules are provided in the following. .

'(7) The range of the resultant moment due to SSE
seismic anchor motion (S AM) loading, Mw, is From an overview perspective the ETEC review found
limited to: that References 4-1 through 4-3 assert that results of the

PFDRP component and system tests and analytical

D. #" 5 (3) studies provide justification for removal of reversingO 3 "
dynamic loads from the ASME Code collapse analysis.
However, stresses due to 'hese loads need to be limited to

The previous rules did not provide limits on prevent failures due to ratcheting and/or fadgue and
Service Level D SAM loading. other effects as observed in the PFDRP component and

system tests. In addition, specific dynamic analysis

(8) The ratio of the outside diameter, D , to nominal methods are prescribed. References 4-1 through 4 3o
thickness, t,is limited as follows: expect that these linear analysis methods will adequately

predict clastic-plastic dynamic response in the presence
oflimited plasticity,D,

(4)g 50

4.2.1 Margin Definitions
The previous rules contained the same limitation
on the use of B stress indices in Table For this review the following refinements to the TCG and

NB-3681(a)-1, STGIPC definidons of margias were adopted. These
margins are defined with respect to a given seismic input

(9) The longitudinal force amplitude due to SSE load, a given piping system and a given set of ASME
relative anchor motions, Fm. is limited to: Code design rules and, consequendy, also a given method

ofanalysis.

Fw
5 Sa (5) FMn, = margin on level of seismic loading to. .Au

cause fadgue failure for a giwn duration of
where: seismic loading, pressure and temperature.

Au = Cross-sectional area of metal in the This is the minimum level of the given input that will
,,

piping component wall produce a through-wall crack in the piping system duringt

|. one applicadon of this level of the input divided by the

; ' The predous rules did not address longitudinal maximum level of input permitted under a given set of
forces. ASME Code piping design rules. The pressure and

temperature in the piping system are at some constant
(10) The ratio of the dominant dynamic load driving specified value. The fatigue damap may be enhanced by

frequency to the lowest piping system natural strain accumulation under a pressure-ratchet (bulging)
frequency is equal to or greater than 0.5. mechanism or a moment ratchet (bending) mechanism.

It is assumed that there is no prior fatigue damage to the
The new rules also provide shernate Subsection NB 3200 piping system and that there exists no fabricadon defects
criteria for plastic dynanuc analysis, effectively requiring (i.e., all flaws are smaller than the workmanship flaw
the consideration of nonlinear path dependent cyclic sizes in ASME Code Section XI Article IWB 3510),
plasdcity effects. These NB-3200 criteria impose a 5%

I
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|As a prac6 cal matter FMn, is the ratio of peak
acceleration of the failure level input to the peak system are at some constant specified value. The point at

| accelerttion of the level ofinput at the Code allowable which excessive strain or deformation occurs is defined |

| stress or strain. i.e. here as the lesser of the following:

of (1) Five percent ratcheted strain averaged through the
FMn. = g wall thickness.

g i
i

,
where

(2) Ten degrees of ratcheted plastic rotation at a

af = peak acceleration of failure levelinput piping component.

a -

!
peak acceleration ofinput at Code (3) Piping deflection limits specified in the piping

,
: a, =

allowable Design Specification.:

- The rotation limit was imposed in the initial versions of
the new rules, but subsequendy removed. It is

| FMro = margin on duration of seismic loading to maintained in the above margin definition.
..

cause fatigue failure for a given level of seismic
- loading. pressure and temperature. 4.2.2 TCG Margin Assessment

i

This is the expected number of applications of the given The TCG and STGIPC have reported that minimum
seismic input at the maximum level permitted under a margins on load greater than 4.0 were experimentr.lly
given set of ASME Code design rules that will produce a demonstrated during the PFDRP component testing.

,

| through-wall crack in the piping system. The pressure This was based on the use of *15% peak broadened
i and temperature in the piping system are at some spectra in the margin evaluations. In addition,
i constant specified value. The fatigue damage may be adjustments to the results of the test with the minimum
! enhanced by strain accumuladon under a pressu . ratchet load margin (Test 36) to account for the use of broadened
| (bulging) mechanism or a moment ratchet (bending) spectra vs. unbroadened spectra and worst case loading'

mechanism. It is assumed that there is no prior fatigue conditions not actually tested resulted in a reduced load
damage to the piping system and that there exists no margin near 2.0, which the TCG considered to be

| fabrication defects (i.e., all flaws are smaller than the adequate for Sersice Level D loadings. The TCG
; workmanship flaw sizes in ASME Code Section XI derivation of the test based load margins and adjustments
! ArticleIWB 3510). to these load margins are summarized in the following.
!

FMoi. = margin on level of seismic loading to 4.2.2.1 Test Based Broadened Spectrum Load.

cause deformation failure for a given duration of Margins
; seismic loading, pressure and temperature.

Table 3 provides details of the derivation by the TCG and
Under large dynamic loading, piping may experience STGIPC of margins demonstrated during PFDRP testing.

I

excessive accumulated strains or progressive Fatigue failure margins on levels of seismic load, FMn
' deformatsons. leading to insufficient moment. carrying based on the previous rules and on the new rules are

| capacity to resist applied external weight or inertia provided in Columns B and D, respectively. Table 3 is
, ,

I moments (moment collapse occurs). Loss of moment- extracted from Table 2 1 of the STGIPC report. As
, , , ,

, carrying capacity can be a result of wall thinning (tensile reported earlier, several runs of the highest levels of
! nstability),localwall buckling (wrinkling). reduction of inputs were usually required to induce failures during thei

sectson modulus (cross-section shape change), plastic Component tests. Accordingly, extrapoladons ddic test
| flow (hinging) or an interactive combination of these usulu wen required to determine the level of the input

,

i g,j,,,' necessary to induce failure during one application of the
input as required in the definition of FMn These

There is no widely used margin definition for this extrapolations were based on a cyclic damage model that
! potential failure mode. Therefore, it is given the adopts de 0.5 log-log slope of the ASME Code fatigue
following definition. It is the minimum level of the failure curve in the low cycle regime.

! gives input that will produce excessive strain or
:

deformation in the piping system during one application e calculated load margins are based on resulu of GE
! of this level of the input divided by the maximum level of linearly clastic response spectrum analyses utilizing the
i nput permitted under a given set of ASME Code piping measured sled accelerations with *15% peak broadening

'

i
j design rules. The pressure and temperature in the piping and a damping value of 2% of critical.
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Margin extrapolations from analyses with 2% of critical Except for Test 37, for partial runs, N is based on the

damping to the new rules requiring analyses with 5% of
time fraction of the full test run. For Test 37, N is based
on assuming a full test run is of 20 seconds duration.critical damping were conducted using a constant .
This was in light of Test 37 being almost 2 minutes in

response reduction factor of 1.67 uhich is the ratio of the
,

peak values of the unbroadened 2% damped and 5%
duration. uhile the majority of the other tests were of

damped acceleration response spectra for the targeted durations of approximately 20 seconds. Some of the Test
30 test runs were also two minutes in duration. houever,

' sled input time history.
no special treatment was given to Test 30. .

Based on these extrapolations, minimum load margins of

10.6 and 4.2 were obtained in Test 36 based on the Column C: Earthoudac to Fail 3 Sm Criterion . . . ,.

previous rules and new rules respectively Details of the
load margin derivations are provided in the following in (C) = (B)2
which (X) represchts the entries in Column X of Table 3
where X = A, B, C, D, E- This is also a direct consequence of the -0.5 log-log slope

Column A Measured 1_=1 Marain 3 Sm Criterion
Column D: Cycle Corrected Load Martin 4.5 Sm

(B (3Sm)
Criterion(A) =

(D) = (C)/(1.5 x 1.67) = (C)/2.5
,,here

ASME Code B stress index for the The 1.5 factor is a uniform reduction in load margin for
B2

=
2

maximum B stress location in the test increasing the allowable from (3S . 2S ) min to 4.5S -
2 m y m

configuration and 1.67 is a uniform reduction in load margin to

Calculated moment at the maximum 02 account for reductions in predicted moments whenM =

stress location in the test configuration replacing the previous use of 2% of critical damping for

during the highest level testing based on SSE loading with 5% of critical damping.
'

linear clastic response spectrum analysis
- of the test configuration using measured Column E: Earthandas to Fail 4.5 Sm Criterion

sled accelerations and *l5% peak
broadening with a damping nlue of 2% (E) = (D)2
ofcritical

Z = Section modulus based on nominal This is also a direct consequence of the -0.5 log log slope
of the assumed B stress versus cycle damage model.dimensions of pipe of same size and 2

schedule as the maximum B: stress

i
location in the test configuration 4.2.2.2 Load Margia Extrapolations

m " A P cable ASME Code materialP li| S

allowable stress Two issues were raised by the NRC staff members on the
'

te 888 #Ce on C mPmat
Colamn B: Cycle Corrected Load Marnin 3 Sm

|.
eg n use of test inputs wi@ . , , , ,

Criterion acceleration response spectrum frequencies near the
n anwnta frequency the test conHguraum, and 2)

(B) = VN x (A) the conduct of all component testing at room -

temperature.
|- where

| N = Number of high level test Lacking additional tests to resolve these issues, the TCG

! .- runs to induce failure reported in Performed analytical extrapolations of the test
demonstrated load margins. The lowest margin test,'

Appendix Aof Reference 4 4
Test 36, was selected by the TCG to investigate the

- The use of VN factor to adjust the Column A stress impact of the two issues. NRC staff members on the

Lmagnitude is a direct consequence of the assumed STGIPC disagreed with the decision to only evaluate the!

relationship between B: based stress amplitude and cycles impact using Test 36.

to failure, specifically, a log log plot of B based stress2

amplitude versus cycles to failure would be linear with a ,

slope of-0.5, i.e., B M/Z = aN#5, where a is a
1

I
2

constant.
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4,2,2,2.1 Load Margin Extrapolations for Off- adjustments based on the PFDRP test with the lowest
Resonance Tests margin, i.e. Test 36. These arguments were developed by !

4

<

the TCG using a number of computations. The i

During STGIPC meetings, the NRC staff members had cantilever conDguration was converted to an equivalent
raised concerns regarding the exclusive use of near idealized rotational spring mass model. Moment arm
resonant testing in the PFDRP. The concerns were that: corrections were required since the Test 36 failure was '

1) margins demonstrated during PFDRP testing would not at the base of the test configuration. Best fits to the
not apply to other cases where the input frequency is not ASME Section Ill Code background document fatigue
near the fundamental frequency of the component, and 2) data were developed and simplified ductility dependent

; lower margins ^would be obtained for low frequency . bilinearized plastic Dow,models were developed * *

components.
i.

These structural elements were input into a pair of
A study performed for the NRC by Brookhaven National EPRI-developed time history codes. One was a time-
Laboratory (BNL)(Enclosure to Reference 4 5) verined history clasto-plastic dynamic analysis single-degree-of-
the first of these two staff concerns. The BNL study was freedom (SDOF) response code that used implicit direct
not based on fatigue failure, but on ductility ratios, p, i.e., integration. This code, REMS 3, was reported to have,

the ratios of the maximum displacement during the been benchmarked against classical solutions and
'

'
loading inputs to the displacement at yield. However, inelastic finite element codes. The other was an auxiliary
since displacements and strain ranges are strongly code, REMSFATI, that used the rotational cyclic strain
correlated, the same trends are expected to be valid for ranges from REMS 3 to compute the accumulated fatigue

j fatigue based failures. damage. A fatigue correlation factor is used based on the l
testing to " calibrate" REMSFATI such that failure

i A related concern had been raised earlier by PFDRP would be predicted at the end of the failure level test run. j
researchers in Reference 4 6 regarding the sonening of (However, as discussed in 3.1.1, the actual failure of Test
piping system higher response modes into the peak of the 36 occurred midway in the first high-level test run.) It
input acceleration response spectrum. Figure 20 is from was then assumed this fatigue correlation factor would be'

a GE spring-mass-damper harmonic motion study using appropriate for other frequency ratios.
idealized nonlinear force-displacement relationships.
This figure suggests two things relative to load margins A series of REMS 3/REMSFATI (" REMS") analyses were
denned by clastic based stress levels. First, in the region performed. First, one representing the actual Test 36 test
where most of the component tests had been conducted, conditions was performed which gave a load margin of
0.88 < Re < 0.93, ihe clastic analysis can be very 9.9 against the previous rules. This value closely

| conservative. R is the ratio of the frequency of the peak matched the cycle corrected load margin of 10.6 (Table 3

cf the input response spectrum to the natural frequency of unm B) discussed eark

)
the test conDguradon.

The NRC staff members of the STGIPC pointed out that

Second, in the region R < 0.7, even conservative low mese results sy mate u EW ume-

damped (2%) elastic analyses can result in history solution is analogous to unbroadened response,

unconservative predictions in comparison to inelastic spectrum analysis results and i 15% peak broadening,

response. The use of peak broadening would reduce the was used in the GE moment predictions. Eventually, it

analytical unconservatism, but will not eliminate it. If was agreed unbroadened response spectrum results ~,
should be used in the margin derivations. The 15%

component tests had been conducted with a R, ratio less
broadening was intended to cover uncertainties in input

, than 0.7, and as expected, they required the same loading for which there were none in the laboratory tests.
j displacement (strain) ranges to cause failure in a similar

number of cycles as the existing tests, the effect ofless The REMS margins were then reduced by a factor of 2.5
conservatism in the clastic analyses, even possibly an to account for the use of 5% damping instead of 2%.

unconservatism in the analyses, would result in lower damping (factor of 1.67) and 4.5 Su instead of 3.0 Su
computed load margins. The load margins are directly (factor of 1.5). This was a standard TCG conversion.
related to the amount of conse.vatism elastic analyses The 1.67 damping adjustment is based on the peaks of
contain when predicting inelastic response. Part 111 of the targeted response spectra.. However, the Test 36
this report contains further discussion of this aspect of natural frequency was outside the peak-broadened range.
the load margins and the relateship of load margins to Table 2 indicates, based on the GE Test 36 predicted
other elements of the design process moments from 2% and 5% damped solutions, that the,

correct damping adjustment factor for Test 36 is 1.48.
in response to the previously described NRC staff

,

members' concems the TCG developed margin
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Other REMS analyscs were then perfonned for different The NRC staff members of the STGIPC believed the
frequency ratios, Rw , from o.1 to 3.2. actual failure location was incorrectly considered in the

calculation of allowable Code moment in the REMS

Computed margins were sensitive to the details of the model. The TCG disagreed and considered the

methodologies used to vary R and develop the bilinear adjustment of moment stresses for location to be includeda
load-deflection curves. Studies were conducted using

in the " test calibration" and adequate.

correlations to Test 36 measured responses as guidelines
The NRC staff members of the STGIPC maintained that

f:r the selection of the best methodologies.
consistency between the REMS solutions and

The "best" REMS methodologies resulted in the load acceleration response. spectrum solutionrrahould be * ~-*
,

margin plots shown in Figure 21 as a function of R . By achieved using unbroadened spectrum, and would be if
e the above moment location adjustment was made.

normah. . zing the results to the Test 36 test condition (R.

= 0.77), " margin reduction factors" (MRF's) for other it was eventually confirmed for the R, test condition that
frequency ratios could be inferred. The lowest margin the REMS solution matched the unbroadened

'

over the range 0.5 s R. s 3.2 was 3.1 corresponding to acceleration response spectrum solution, despite, or
a test with R. = 3.2. (The new rules limit applicability possibly as a result of(in combination with the simplified

of the revised criteria to systems with Re 2 0.5.) The 2% to 5% damping conversion), the lack of a moment
I cad a c m ect n- repW B moment swss2margin at the test condition was 4.0. Therefore, the most

8 ynpng aM an uM@pemm wasus
severe MRF was 3.1/4.0 = 0.78.

314 ksi. Making the cycle correction and ignoring

However, several aspects of the development of the
mswe stresses, the load margin agrees with the REMS

Figure 21 plot were questioned by the NRC staff
'

members and aAct a series of written exchanges
(Referenced 4-7 through 4 9), the TCG agreed, except as (314/4.5S )/1.4 = (314/90)/1.4 = 2.5m
noted. that the REMS developed Test 36 load margins for

- the new rules should have been (see Reference 4 9): Again, over the range of R studied, the minimum loadg

(1) Adjusted so that the REMS solution at the test margin for Test 36 in Figure 22 is 1.95 for values of Re

point of R = 0.77 matched the unbroadened > 0.5. The TCG argued that the frequency adjustments

on the " son side" of resonance (R > 1.0) wre notresponse spectrum results,
rational and prepared "normalizations" such as depicted

(2) Adjusted downward by the factor V0.5 = 1/l.4 = in Figure 23 (see Reference 4 9) to defend this position.

0.71 to correct the REMS " test calibration" that The details of the normalization have not been
,

did not properly account for failure occurring in documented, Imwever, according to Reference 4 11, the,

Test 36 Run 8 about midway through the full test background information was presented and debated in a
.

duration. full dayjoint meeting in September 1993 of the WGPD
and SGD.

(3) Adjusted downward by the factor (4.5Su - *

S )/4.5Su = 79,945/90,000 = 0.89 to remove An errata to a TCG study background paper presented inp.

nce 4- )c n ns dhcussbn of anpressure stress adjustment from the load margins
to provide consistency with the Table 3 load ahernate margm definition that has a margin plot similar -

,

<

in trend to Figure 23. However, ETEC reviewers and'

margin derivations. The TCG did not necessarily ,

agree to the need for this adjustment. but accepted members of the PRG have yet to understand the plot nor
. why the alternate margin definition is any different thanit.

the original margin definition. Nevertheless, if a case

| The resulting Reference 410 REMS based Test 36 load c.in be made that no "soA siF adjustments to load

margins with the cycle count and pressure adjustments is margins are needed, then the minimum load margins will
'

provided in Figure 22. For example, at R = 0.77 (the . at R = 03. Based on Mgum 22, se Test 36 load

test condition), the load margin reduces from 4.0 to margin for R. = 0.5 is 2.1, Note that Figure 23 contains
i

(0.71)(0.89)(4.0) = 2.5. The minimum margin of 1,95 a lowr load margin at R = 0.5 of about 1.7.

occurs on the " son side" close to the TCG (minimum)
" acceptable margin" of 2.0 shown on Figure 21.
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4.2.2.2.2 lead Margin Adjustments lor Temperature 4,3 ReferencesENects

A TCG study was conducted on the potential for lower 41 EPRI TR-102792 VS, " Piping and Fitting
demonstrated margins had the tests been run at higher Dynamic Reliability Program Volume 5 - Piping
temperature. The results of this study were presented m. Design Rules Revisions," EPRI,1994

Appendix F to the STGIPC report for an assumed test
42 Preliminary Report for ASME 5Cill, SGD fromtempeature of 650*F. The TCG reasoned that the-

increased temperature would have reduced the Code Special Task Group on Integrated Piping Criteria

allowable, reduced the yield strength and reduced,the (STGIPC), April 16,1993
u * *

fatigue strength. The reduced allowable would increase
4-3 " Technical Core Group Report on FOAKE Taskthe margin had the same test levels been achieved. The-

decreased yield strength would increase the strain range
El: ASME Piping," Advanced Reactor

and in combination with the reduced fatigue strength. ' Corporation report,' April 1993

REMS 3/REMSFATI solutions inferred a decrease in
margin for Test 36 on the order of 0.83. Notably, there EPRI TR 102792 V2," Piping and Fitting4-4

was no discussion of a possible nonlinear increase of Dynamic Reliability Pro ;rci, Volume 2 -

pressure ratcheting efects on fatigue with increased . Component Tests," EPRa '')4

temperature. Reference 413 results indicate a nonlinear 45
= relationship between hoop stress and ratcheting which is NRC Mernorandum, Fair, J.R. to Norberg, J. A.,

complicated by the nonlinear relationship with " Review of EPRI Pipe Component Test Margins,"
!

October 29,1992.
temperature between the Su-based allowable pressure !
hoop stress and the material yield strength.

4-6 English, _W. F., " Piping and Fitting Dynamic

The TCG stated that even with tie temperature Reliability Program Fourth Semi-Annual Progress

ccrrection, based on the then current Figure 21 minimum Report, November 1986 - April 1987," General
|

,

cmbient margin of 3.1, we resulting temperature Electric Company, NEC-31542, January 1988
-

corrected margin near 2.5 would be acceptable.
However, after the later Figure 22 minimum ambient ASME Coomittee Contspondence, Subgroup on4-7

margin of 2.1 was evolved, the 0.83 temperature Design, SC-Ill. Tagart, S.W. to Fair, J., " Response

adjustment drops the margin below the 2.0 level the TCG to Negative Letter Ballots by Keith Wichman for

csnsidered to be acceptable. LB 93 08, LB93 09A, LB 93-09B, and LB 93 10,"
August 14,1993

On the other hand, it is argued in the STGIPC report that
ignoring the mid-level test run and high-level sinesweeP ASME Committee Corresponden=, Special Task48

test runs in the single event cycle adjustment introduced Group on Piping, Subgroup on Design, SC-III,

offsetting conservatism and the STGIPC did not support Fair, J. to Tagart, S.W.,"!4.aority Response "
August 24,1993

further adjustments to the ambient margins to account for
temperature effects.

4-9 ASME Committee ConWace. Subgroup on

The NRC stas members on the STGIPC took exception Design, SC-Ill, Tagart, S.W. to Fair, J " Response

_ to the TCG temperature arguments First, the argument to your 8/24/96 letter," *eF-- - 4,1993 -

that ignoring lower level runs would oEset the

unconservatism of testing at ambient teenperature had not
4 10 Branch, E.B., " Minority Report Comments"

been demonstrated, second, this argument mt not be (Revised REMS Based Frequency Adjustment),

- applicable to other tests, and third, the adjustment based Presentation to ASME Subgroup on Design,
September 14,1993.

on temperatur- trends in fatigue strength does not
address tempmiture efects on the Test 37,39 and 40

4 11 ASME Committee Correspondence, Maintype of failures due to excessive defonnation.
Committee, Tagart, S.W. to Members Main

Note that 'the TCG margins for Test 36 are based on the Committee,"BackgroundInformation Agenda

use of a tee Ba alue of 2.52. The issue of the
#N 12, Revise NB-3200 & NB/NC/ND-3600,"v
November 30,1993

appropnate B value for the attachment weld failure2,

locauon will be discussed later in this report.,
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4-13 EPRITR 102792 V4," Piping and Fitting
E 4-12 : Adams, T.M. and Branch. E.B., *A. 'vtical Studv Dynamic Reliability Program, Volume 4 - Fatigue-

. for Frequency Effects on the EPRl/USdRC Piping Patchet Tests . EPRI,1994
Component Tests: Part 11 - Numerical Results and
Conclusions, ERRATA", Proceedings of 1994 I'

: ASME Pressure Vessel and Piping Conference. '

- PVP-Vol. 275-1, July 1994
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t
5 Results of ETEC Reviewt

The results of the ETEC review of the technical bases for 1.60 loading that are less than 2.0 for failure level input
the new ASME Code piping design criteria for reversing acabanons kss than Ig.

I dynamic loads are provided in the following. This review

was based on the GE semi annual and EPRI PFDRP The P della study conducted in Appendix G of the'

reports (References 5 1 to 5-9), ANCO " Quick Look" test STGIPC report does not address the more important i

j
reports, ANCO test videos, and the STGIPC and TCG sustamed eccentric weight effect. The 14,000 pounds

4

$ reports (Refere' nces 5 10 and 5 11), supplemented by a ffset at 0.08 radians on an 83 inch verticabiser
j

,
*

| c:llection of ASME rule committee correspondence and intr duces approximately 10,000 psi nominal bending
4 presentation packages. stress in 6-inch NPS pipe at the base. However, when

combined with the dynamic stresses, this " unaccounted
,

'

|
The ETEC review of the technical bases for the new rules r" weight stress is not expected to initiate ratcheting,

i identified 12 general issues and 3 specific rule issues as since them is no sustained weight eccentricity m the
gogg ,,

{
perfectly vertical setup. However, if a maximum allowed

,

0.5 S,, (10,000 psi) sustained eccentric weight stressi

; 5.1 Identified General Issues existed at the start, then the biased loading might
progressively have increased the 0.08 radian offset on one li

: 5 1.1 Collapse Failure Mode side of the cycle and the resulting progressively increasing
sustained eccentric weight effect would accelerate the
collapse process. |

1

The evaluations supporting the new rules prmided in the
'

i GE, STGIPC and the TCG reports concluded that the
Test 39 was also stopped early due to excessive rotations.

| failure mode in piping systems due to reversing dynamic It h believed that the progressively increasing sustained
loads is ratchet-fatigue and not collapse and consequently, wentric weight effect during rotational ratcheting

'

: the elimination of reversing dynamic loads from the
contributed to the collapse and deformation failure modesi ASME Code collapse design criteria isjustified. However, observed in the unpressurized Tests 37,39, and 40. But

this conclusion is not supponed by the results of PFDRP
IOW Pressure alone is not strongly correlated to collapse,

component testing. Test 37 and Test 40 demonstrated
Unpressurized Test 8 did not rotationally ratchet in 8 high

incipient instability due to incremental collapse. A review level test runs despite substantial ovalization and had
cf the test video records confirmed visually and by the pressurized Tests 12,15,35, and 36 not cracked,
recorded comments of the test engineer, that a collapse of " collapse" might have been observed in these tats since
the cross-sections had occurred. The moment rotation plot rotations at cracking exceeded 10 degrees.
f;r the last test run of Test 37 in Appendix l-C of this
report clearly shows a degradation of moment capability as The reducer Test 40, although Schedule 40 test
the test progressed.

components and not considered " thin-walled" surprisingly
experienced a compressive wall instability failute in the

The PFDRP component margin studies at CIT presented in straight pipe spool described by the GE researchers in
Part 11 of this report indicate the existence of a regime of Reference 56 as * inelastic buckling under high
flexible piping behavior where large P deha etrects can

stress / strains experiencedduring ratchetmg" GE termed
lead to instability (e.g., see Figure 3.21 in Appendix II A

this behavior " ratchet buckling". The ANCO test engineer
.a

of this report. the cliff-like rise in fatigue <lamage is due to
clarified this behavior in the QL report: "The nature ofthe

unstable behavior). The CIT studies show displacement failure appears to be a sudden compression induced
margins for the high Re (higher piping pened) regime can plastic instabilityfailure rather than an incremental
be as low as the fatigue margins for the low R regime, yet collapse ofthe sectien". A review of the test video
it is the adequacy of the fatigue margins in the low R indicated a large inward wall crimp had frmed in the
,

e
regime that has been the focus of attention. Since the straight pipe between se two reducers. '

general trend is lower required input an*1~a% levels to
reach failme levels at tiie higher R. values, there are 11 was also not demons' rated that the use of test inputs

having large displacements at low frequencies would not
worst case studies in the CIT work that indscate low have resulted in sudden collapse. The displacement
displacement margin at low input levels to failure. For

capability of the test sleds was limited. Only the low
instance, for reducer Test 40. using B = 1.0, Figure 4.41 frequency elbow Test 37 in the later stages of the last test
in Appendix Il-A of this report indicates extrapolated run leading to section collapse addressed this behavior.
displacement margins at 650*F under Regulatory Guide The same large offset weight loading, considered a key

contributor to the collapse, would have occurred had the

1-25
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sled been able to move substantially out from under the Extrapolation of elbow collapse margins away from the

. inertial arm added weights. test points will require a better understanding of the basic
interactions of these mechanisms. It is recognized that

it is also noted that the Test 37 measured ultimate
ETEC's use of geometrically symmetric component test

moment, Mo, divided by the Code allowable moment (Fs studies like the REMS studies for Test 36 (or Test 11,14,

value in Table 2) is the lowest for all the elbows and is
36 and 40 CIT studies discussed in Part !! of this report) to |

roughly half the magnitude of all the other cibow tests extrapolate elbow behavior in the Section 6.0 (and

except Test 30. Test 30 also had a low Fsvalue and is the Appendix !!-B of this report) margin studies is ,

enly other low frequency test. An understanding of this questionable. A study at CIT on non-symmetric elbow

- Test 37 outlier behavior is still being sought. hysteresis modeling has peen initiated. .
_ ..

The underlying mechanistic concerns are (1) weight Finally, the interaction of section collapse and fatigue

moments calculated based on initial geometry and small failure modes needs to be further studied. There was no

diEy= ment theory could be significantly under-predicted Schedule 10 straight pipe tested in the PFDR program.

under large displacement loading of flexible systems and The D/t applicability limit of 50 for the new rules is near -

(2) low frequency response could result in adequate time the D/t value observed in static monotonic limit tests of
for sustained weight loadings to grossly deform the system straight pipe above which local wall wrinkling reduced the

- if moment capacities are exceeded, This issue is moment capacity below the theoretical limit moments

paramount when siting designs on the West Coast where (Reference 5 26). The D/t limit of 50 may prevent local

. there has been observations of a limited number of severe wall wrinkling at 4.55u levels of stress given the observed

magnitude ground displacements in the near-field records increase in moment capacity under reversing dynamic

of recent carthquakes. Exploratory CIT margin studies of loads seen in Table 2 and discussed in Rodabaugh's PRG

PFDRP Test 14 using Northridge near-field records have member commentary in Appendix III-C of this report,

indicated very low values for the deformation based failure however, this needs to be confirmed. The concern is local

margin discussed in Part II of this report, despite the wall crimping will create strain concentrations that initiate

frtigue damage margin being very high. Althogh the cracks under reversingloads.

large displacement portion of the r. car field lowing would
be non oscillatory, the potential for a " whip effect" (e.g., The TCG report claims that collapse is not a realistic

piping still going East under initial ground motion while failure mode at the new code limits. Resolution of this

- the building heads West under the subsequent reversing issue will require more adequate technical support for the

ground motion) leads to collapse concerns On the other elimination from consideration of the collapse failure

hand, as discussed in Shipley's PRG member commentary mode including acceptable explanations for Tests 37 and

in AMN III-D of this report, it is highly unlikely future 40, and satisfactory demonstration of the preceding claim

4 - nuclear plants will be sited in close proximity to (known) over the full range of potential loading and geometrical

magor earthquake faults. conditions.

Limiting the piping displacement is one approach to 5.1.2 Inelastic Analysis Criterion
reducing concerns with the weight eccentricity and P-A
effects Most piping systems will have an array of weight The new rules introduced the previously described fatigue,

'

and seismic supports that, provided they don't fail, will and ratcheting strain limits for dynamic inelastic piping
limit system displacements and thus component rotations. analyses in the Code design 4y analysis Subsection NB- ,

Hcwever, review of the evolution of the new rules indicates 3200. This is termed a " strain control approach" in the
there may be some industry resistance in this area. The PFDRP summary repon (Reference 5 5 Appendix B). It
early drafts of the new rules required large deficction is stated the simplified design criteria for linearly clastic -

analysis be used to meet Design Specification displacement analysis based designs in the Subsection NB/NC/ND;3600
limits, with reference to Code Appendix N methods, but new rules are " designed to meet the intent of the general

this was deleted in later versions. dynamic strain criteria," a reference to the new Subsection
NB-3200 criteria.

Also, the incremental collapse of Test 37 may have been
enhanced by a rotational ratchet mechamsm in cibows due First, although the results of the PFDRP materials testing,

to the non symmetry of opening and closing plastic provide some insight into the ratchet-fatigue interaction,

i behavior of elbows. This potential mechanism is expected the PFDRP Volume 4 report conclusions regarding

to be sensitive to the elbow ovalization characteristic adequacy of the new NB-3200 criteria is not systematically
(Code h value). When combined with the pressurization and quantitatively tied to the test data. The test results as
effect observed in Test 3 that ratcheted the elbow in the summarized provide qualitative, but not quantitative
opening direction, and weight eccentricity effects, the support for the specified limits.
rotational ratchet behavior of elbows is clearly complex.

NUREG CR 0000 1-26
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Second, the PFDRP Volume 1 Appendix B discussion of
support loads. A margin based on strain, displacement

the basis for the new NB 3200 rules argues that the Code
and/or rotation limits, as introduced earlier in this report.

shakedown criteria used to validate the fatigue analysis is
should be used to augment the pseudo-stress margins.

not necessarily required and limiting the wall averaged
: ratchet strain to 5% assures tie Code fatigue procedure

Further, the use of acceleration ratios loses accountabilitywill be reasonably accurate. This discussion does not refer ,

directly to the PFDRP materials testing as the basis for this
of the reahty of the acceleration levels being studied and

assertion, but suspecting it is, then resolution of this issue
these can be aKected by the details of the margin studies.

)
will require a clearer and more defensible representation For example, when the margin effect of frequency ratio R.

cf the EPRI Volume 4 materials testing data and findings. is studied by changing the time step of the input sled
record, effectively shrinking or stretching thes.pui time

- -

Third, the demonstration that compliance with the histories, as done in the REMS studies. the levels of

simplified criteria assures compliance with die NB-3200 required input accelerations to reach the Code limits
;

criteria is lacking. The presentation and discussions of. increase as R increases. If the input loading remains ),

results for five benchmark piping analyses performed by unchanged and the physical test configuration is altered to
. he TCG illustrated the methodology proposed by the change the natural frequencies, as done in the later CITt

TGIPC for evaluating failure margins in new criteria but studies, the levels of regiired input accelerations decrease
did not provide a clear proof the NB 3200 stram enseria as R increases. However, the acceleration ratio basedg

would be met with the stress criteria (and applicability margins are identical for the Iwe cases.
limits) eventually adopted in the new NB/NC/ND-3600t

rules. The simplified criteria in NB/NC/ND-3600 had CIT studies have also shown margins are highly dependent
been developed on a semi-empirical " indirect" basis using on the time history loadings used and that there is a strong
correlations to the PFDRP component tests. This is a correlation between margin and acceleration levels,
separate issue which is addressed below. However, it will These findings indicate the simplistic acceleration ratio
nake it difficult to clearly demonstrate that meeting the based margins are not adequately integrating all thes

t ew NB/NC/ND-3600 criteria assures meeting the new seismic perfor. nance issues in the actual design
NB-3200 criteria. enmonment.

In piementation of the NB 3200 criteria will require that Resolution of this issue will require a more acceptable
dy. :amic inelastic piping analyses be performed and the definition of margin that includes consideration of
high sensitivity of the solutions to the nonlinear material deformations, addresses the inf:uences on and reality of the
modeling (constitutive relationships) will also require input levels needed for failures and either avoids
significant validation efforts tojustify the selection of sensitivity to the input time-history or accounts for the
materi:1 models.' The likelihood that regulatory acceptable sensitivity appropriately.
nonlinear design analyses will be performed in the near

'

term is negligible. It is therefore recommended that the 5.1.4 Acceptsble Margin Level
new NB-3200 " strain control" crite-ia be deleted at this
time to allow review and regulatory approval efforts to
focus on thejustifications offered for acceptance of the

No technical framework to establish an acceptable seisrch

' simpiined linearly clastic analysis based NB/NC/ND-3600
margin was provided. The STGIPC report (Reference W'

criteria. 10) recommended that minimum acceptable margins on
ASME service levels C or D reversing dyruunic loading be M
in the range of 2.0 to 2.5. The basis offered was limited to

5.1.3 Margin Basis comparison to precedents in other Code margins on other
failure modes and loadings.

The GE, STGIPC and TCG margin evaluations are based
on linearly clastacally calculated stress ratios, which is A defensible technical approach was needed to establish
understandable given that the new rules provide limits on acceptable levels of seismic margins. Towards that end.
linearlyclasticallycalculated pseudo-stresses As ETEC retained R. Kennedy to develop such an approach
discussed earlier, this essentially reduas the margin . based on piping not impacting plant seismic PRA
definition to an acceleration ratio. However, acceleration evaluations. This developrnent is presented in References
is an inconclusive measure of adequacy in flexible piping 5-12 and 513. When correctly used to establish
systems where displacement response can be equally, if not acceptable levels of minimum demonstrated scismic

! more, important. Seismic displacements are important margins for the new rules, it is expected to resolve this
when considering the significance ofP<ielta effects on issue.

collapse, the potential for piping system interactions, the
operability ofin-line equipment and the predictability of,
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Off-resonance tests are desirable to benchmark the5.1.5 Predicted Loads for Design
analytical extrapolations.

As the piping pressure boundary rules are relaxed for As discussed in 5.1.1, tests have not been conducted with
seismic events, it is expected fewer seismic supports will large displacements at low frequency and there were no
be used. The reduction in the number of supports will Schedule 10 straight pipe tests.
make the proper functioning of the remaining supports

fmore critical. With increased allowables and gross section
Only one time-history was used in the FFDRP tests.

plastic response. loads may redistribute and some supports. Analytical studies at CIT have shown that for'the same Re
vessel nozzles or equipment anchorages can be loaded

considerable differenacs in margins carugsult using - m,.

higher than predicted by linear analysis, different time histories. In particular, at the higher R.

Concerns with the ability of linear analysis methods to values, broad-band time-histories typical of ground level

predict support loads have led to many experimental test floor response can lead to lower margins than the narrow-

programs including support load measurements as part of band PFDRP test time-history. The International Piping ,

the collected data. A review of some of the most Integrity Research Group (IPIRG) program test results

significant testing was conducted by the TCG in (Reference 5-16) also showed different time histories with
Appendix A to Reference 5-10. Notably missing was the the same acceleration response spectrum could affect the

Reference 5-14 Argonne National Labosatory evaluations failure behavior,

of the Reference 5-15 SHAM tests which indicated, on-

average,40% underpredicted support loads using PVRC Only room temperature component tests were conducted.

recommended (Code Case N-411) damping. The final 5 mplistic analytical temperature adjustments to room- '

TCG recommendation was that the linear analysis temperature test ratchet-fatigue margins based on the

predicted support loads using 5% damping and *15% peak temperature trends of clastic moduli and yield strengths in

i broadening should be increased by a factor of 1.2. static monotonic tension tests and the reduced fatigue

strength in low-cycle uniaxial fatigue data have been

The initial versions of tne new rules contained this conducted. However, these adjustments do not address

|
sequirement, however, as it passed through the higher temperature dependent cyclic hardening and softening

committee approval process, the rule was deleted, behavior and temperature dependent strain rate effects.

purportedly due to arguments there were adequate margins
, in the support design process to cover unconservatism in Extrapolation of room temperature failure data or moment
the predicted loads. Shipley provides a perspective in his capacities to high temperatures for carbon steel piping
PRG member commentary in Appendix Ill-D of this report components is particularly problematic due to a
that a Code factor on linear analysis predicted loads plenomenon known'as dynamic strain aging (Reference 5-

d
provides the designer with a false sense of security and the 17). At higher strain rates, near 1 sec , there is a

primary issue is whetler sufficient support ductility is temperature-dependent switch in dynamic post->ield

provided to accommodate possible overloads due to strength trends. At room temperature, the dynamic

nonlinear piping behavior. ultimate strength may increase 15 percent above static
values, however, at 550*F, the dynamic ultimate strength

Support load adjusments also do not address the may decrease by 15 to 30% versus static data (References .

underprediction of nozzle loads and equipment ar.chorage 5-18 shd 5-19). However, this is monotonic test data.

loadsJ Little data exists on the cyclic stress-strain curves of
carbon steels at different strain rates and temperatures.

Resolution of this issue will require the development of an The large differences in room temperature ultimate state
acceptable methodology for the determination of reaction moments measured in the PFDRP dynamic cyclic
loads and/or a presentation of thejustifications the new component tests versus the static monotonic piping
rules maintain acceptable scismic margins in supports, component test data is considered due in large part to
nozzles and equipment anchorages- cyclic hardening and to a lessor extent due to strain rate

effects. Due to dynamic strain aging, it is not clear that

5.1.6 Limited Test Data this large increase in cyclic dynamic moments over
monotonic static moments at room temperature will exist

As previously described, the seismic tests in the PFDRP at high temperature, and in fact, it is possible the dynamic
'

testing were conducted almost exclusively at near data willlie below the static data.
resonance conditions. The effects of off resonance loading

|
have only been studied analytically and use extrapolations A final testing limitation is that none of the PFDRP

of the existing data base that have yet to be verified by test. component tests included test articles with intentional
workmanship defects. A review in Reference 5 20 of

NUREG CR 0000 1 28
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piping fatigue test data with workmanship flaw sizes characteristics not indicative of fitting behavbr. A
satisfying Section XI IWB-3610 showed that the fatigue different B selection issue addresses the obsen'ation2

life was reduced enough so that the safety margin of 2 on fitting B values used in design evaluations may be lower2

stress or 20 on life was completely eroded. Additional than those used in the empirical correlations as permitted
ucrk by Battelle (Reference 5-21) showed that such small by the Code procedures. This would reduce the seismic
flaws could also reduce the low cycle fatigue-ratchet life, margins. For example, lower B indices for out-of-plane2

Consideration of the e frect of such pre-service or in-service elbow moments are currently available but were not used
. allowable workmanship flaw sizes should be given in the in the data correlations. And there is a continual effort to
manaamment of the actual margins improve the existing stress indices. Future changes to

Code B indices will now need to address tMr semi-2 -
4

Resolution of these issues appears to require additional empirical use in the NB/NC/ND 3600 reversing dyruunic
selective validation testing. load criteria.

,

5.1.7 Senni-Enipirical Basis for New Rules 5.1.8 Component versus System Behavior

The new NB/NC/ND-3600 criteria utilize static limit load The new rules were based essentially on the PFDRP SDOF |
Indices for the control of the cyclic ratchet-fatigue failure component testing. The multiple degrees of freedom
mode. This approach was purportedly chosen in part for (MDOF) system tests were dismissed as merely
mad *7 with current design practice and to lessen cocfirmatory and no margins were presented.
industry confusion and misunderstanding. Although
observations of failure locations and failure charactenstics The an important system issue that needs to be addressed
of the ratchet-fatigue failures suggest gross-section is higher mode response illustrated by the PFDRP System
plasticity is playing a significant part in the ratchet-fatigue Test 2 fatigue failure induced by a predonunant second
failure mode, the use of static limit load indices is not fully mode response. It was recognized that the first mode
accounting for differences in ratchet-fatigue resistance would not be excited by the single direction sted loading
between different piping components. .Furtlar, there is no peraa=4h o the plane of the first mode shape and thet
accxmating for the number of major cycles which can vary test was " tuned" to excite the second mode. Similarly, in a
for a given earthquake depend;ng on the predominnat real piping system, there are locations that will not
mode frequencies of the piping system and the building's respond predominantly in the first mode. Although the
seismic response draidstics at pipe support locations first mode frequency will meet the R. greater than 0.5
Therefore, the criteria is at best semi empirical and it's applicability limit, the predominant modes may not and
adequacy must be argued based on overall failure level margins can be less than the PFDRP component data base
correlations to the test data. extrapolated to R = 0.5.

A number oflimitations on concurrent pressure and
Two other system issues that need to be addressed are

weight stresses and applicability restrictions were
; intmduced to assure that adequate pmtecten against the raised by the GE damping study obsenations quoted

ratcheofatigue fauure mode was actueved and more earlier. F rst, the component cantilever test configuration

importantly, the fanure anode wald be Hmited to ratchet- damping will be greater than had the component been*

subjected to the same level ofloading within a redundant
fangue.

piping system (and was the only highly stressed

The limitations introduced appear to have relevance and component). Second, the system response frequency will "

the reasons for them are generally understood, but they not "detune" from the driving frequency as in the
component tests.

have been correlated to the PFDRP <-:- ==t tests only
and may not be appropriate to general piping systems. An

Another system issue that needs addressing is the
argument has not boca provided that piping system

beneficial effect of redundancy that through load
behavior can not introduce anechanisens that reqmre
=Maaaal lind*=*La=* redistribution, allows loadmgs on components to exceed

,

their ultimate capacity without loss of system integrity. '

.

Also, the setniW .mM.was based on a
A final system concern not able to be addressed by the

particular set of Code B indices selected for the piping2 PFDRP component testing is that concurrent sustained
components under evaluation. As discussions in the

thermal expansion (TE) and thermal anchor motion
ETEC margin assessment will illustrate, the appropn. ate

(TAM) moments will drive a ratchet mechanism in highselection of B indices for many of the PFDRP tests is2 seismically stressed areas. The new NB-3200 rules
,

comunermal. Thoseissues dealwith observenaHure
recognize that the thermal loadings need to be considered -h outside the pipe fittings and/or failure
in conjunction with the mechanical loadings to adequately
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i
' address potential ratchet mechanisms. Dynamic shaker bipod /2t = 0.5 S.

tests (Reference 5-22) at University of California Berkeley
This leads to an allowed inenia moment stress o.on a piping system with TE loading simulated by cold

,

4

; spring demonstrated the piping system will' walk" in the
directi:n of the thermal loading. DoMg/21 = 1 S. ,

The main concern with the TE ratchet mechanism is the
and in terms of moment range, ,

)
I distortions could have detrimental effects on support ,

performance. A specific concern is might hanger travel. D.AMs/21 s 8 S.
.

i A piping systeni that thermally " walked" during the
w

, '

j seismic event might lead to the weight hanger bottoming The SAM moment (range) stress limit becomes:

out and then failing under the seismic inenial loads. The

i weight stress increase resulting from the hanger fLiture D. M m /21 s 6 S.

| might then induce a collapse failure.
Although rarely the case for current designs, the inenia

- )
:
I A demonstration that criteria based on SDOF tests are

and SAM loadings could in flexible design situations be
'

adequate for effects in MDOF piping systems is required. directly additive. Combined by algebraic sum, the inertia

. This demonstration should include higher mode failures as plus S AM moment range stress limit becomes:
4

observed in the PFDRP System Test 2 and address the'

issues raised by the GE dampi.ng study and UC Berkeley D (Me + Mm)/21 s 14 S.
,

! concurrent thermal load study.
The percent increase of moment due to SAM contribution

'

is5.1.9 Concurrent SAM Loadings

(14 8)/ 8 x 100% = 75%The new rules provide separate limits on the SSE inertia
cnd SAM loadings. An evaluation conducted by The decrease in seismic margin is 43% which is not of
Stevensen and Associates (S&A) concluded rReference 5- linie consequence.
23) the effect of the maximum new rule allowed
concurrent SAM moments on the Test 36 seismic margins Resolution of this issue will require identification of the
would be at most a 15% reduction. appropriate combination of SAM and inenia loading for

flexible systems and including the potential SAM effects
Two issues were raised during ETEC's revww of the S&A

in the seismic margin assessments.
study, First, the us: of Test 36 only to study the potential
effect of concurrent SAMs was too limited. Second, the
combination of seismic inertia and SAM moments used by 5.1.10 Evaluation of Flaws Greater Than
S&A was by Square Root of tle Sum of the Squares Code Workmanship Flaws
(SRSS), which is accepted design practice, but may not be
appropriate for flexible piping systems. It is expected past Although the ASME Code Section 111 rules are applicable
studies of SAM and inertia loading interaction have to new designs, the implications of the higher allowable .

generally been confined to stiffer designs under the old stresses in the new rules with respect to the reliability of

rules. piping systems constructed to the new rules was evaluated. s

The concern was that the flaw tolerance of such systems

The study focus on Test 36 ignores other piping may be significantly degraded and impact the plant
-

components having different relationships between B and operability adversely.2

C: indices. For example, at a ginh butt weld,
ETEC contracted a study at Battelle (Reference 5-24) that

Bi = 0.5 concluded that when flaws in piping at the new stress
limits are larger than the Code acceptable workmanship

B = 1.0 standard flaws, the existing Code Section XI pipe flaw2

evaluation rules forjustification of continued operation can

C: = 1.0 not be used. Hence the piping would need to be repaired

if the wall thickness is sized at the minimum allowed by
NB 3640 for the Design Pressure then the pressure term Resolution of this issue may require development of a new
in the new rules at the Design Pressure would be near evaluation methodology based on nonlinear corrections to -

the elastically calculated stresses.
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The implications of the higher allmables in the new rules The historic variability in ETEC predicted seismic
on margins in degraded piping wu act considered in the margins by themselves clearly illustrates that calculated

jETEC reviews, but is clearly a serious issue. seismic margins are very sensitive to the basic assumptions
and details of the margin data reductions. For example,

5.1.11 Applicability Limits and Exclusions the ETEC predicted seismic margin in this report (prior to
the SAM adjustment) for Test 36 is 0.84 in comparison to

The reasons for most of the applicability conditions that the 1.7 and 2.1 TCG values while other docurnented ETEC
must be met to use the new rules were generally margin predictions for Test 36 have ranged between 0.7
underst-d, although the justifications for some of the and 2.9. Resolution of this issue requires concurrence on
specific limits' chosen were lacking. The need for the the correct assumptions and details to use ia4he margin * *

SAM axial stress limit was questioned by a member of the evaluadons.

ETEC Peer Review Group since moment stress limits
indirectly provide control of axial stresses 5.2 Identified Specific Rule Issues'

The PFDRP component test data base did not include
5.2.1. Deletion of Srbased Allowable Stress.threadedjoints. The seismic experience data base

indicates failed threaded joints in earthquakes when
An S based allowable stress on limit load design

connection details akin to the butt welded PFDRP
y

equations was introduced in the 1983 ASME Section Illcomponent test articles survived. This issue needs to be

resolved before the new rules are applied to design of these
Code following studies oflimit load capabilities by

fatigue prone connections. Rodabaugh and Moore (Reference 5 26). This change was
made to bring the Code limits into better agreement with

Bimetallic welds were also not tested. These welds can
the theoretical and experimental work on limit loads.

have localized soft zones and/or metallurgical notch effects St 11, at the Servicdevel D 35m 2S limit, the primaryy 4

that could result in accelerated ratchet-fatigue failures. loads could exceed the limit-loads by over 50% and the !

Many of the PFDRP component tests failed at welds. rule couldn't be defended on the basis of single-hinge

Adequate margins at bimetallic welds need to be I mit moment capacity argmaan*< In their Reference 5-27

demonstrated before the new rules can be applied to these discussion of the implication of this for dynamic loads, the

designs. authors betwved the loads would be applied and removed
so quickly that gross plastic deformation does not have

There also has been recent incentives to use nonlinear pipe
time to occur. However, observation of the Test 37 video,

supports such as limit stops and energv ababers The image indicates this may not be true for low frequency*

new rules do not address whether piping systems with
piping systems.

these devices are permhted to use the higher allowables.
Justification for their allowance have not been forthcoming

The location of ratchet-fatigue failures in some of the
4

and until such time, piping systems using nonlinear pipe PFDRP component tests occur not at the highest peak

- supports should be excluded from use of the new rules. stress locations in the bodies of the fittings but rather in
the lower stressed adjacent straight pipe. Also, static limit
moment tests of similar fittings have shown the limit

5.1.12 Variation la Seismic Margins Predicted for
moment capacity of the fitting is as great or greater than |PFDRP Composest Testing
attached a4;acent straight pipe of the same schedule.
Indeed, limit moment tests of these fittings often involve "

Extrapolated seismic fatigue margins ofless than 1.0 for
use of rigid inserts or solid rounds instead of adjacent

PFDRP component tests have been repeatedly calculated
straight pipe to force the failure in the fitting. These two

by ETEC using the same definition of margin and REMS
observations suggest that the high-level margin tests are

f.w.sy effect extrapolation as used by the TCG for Test
inducing cyclic cracking failures in regions of gross

36. The ETEC margins are based on a different, but
section plasticity instead of peak stress regions where more

defensible, set of B stress indices than used by the TCG2 conventional lower-level fatigue tests create failures.
and includes nominal versus minimum strength
adjustments and pressure, weight and temperature For this rearan, the concept of failure mode tied to the B
a4 pier =*ats not included in the TCG margin evaluations.

indices gains merit, but more consistently for different
2

. A syssen= tic accounting for the number of events to cause
matenals ifit is also tied to S . It is clear that material

failure based on test measured rotations is also used. This
y

yield strength is an important failure parameter and the S -
evaluation refines the original 1993 ETEC minimum

based allowable stress should be reinstated.
y

margin evaluation reported in Reference 5-25. Another set
of nominal margins was calculated based on CIT studies
and will be presented in Part 11 of this report.
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i 5,2.2 6 S., Allowable Stress for Seismic 5-5 EPRI TR-102792 VI," Piping and Fitting Dynamic

Anchor Motion Reliability Program, Volume 1 - Project Summary,"
EPRI,1994

| Introduction of a limit on seismic anchor motions (SAMs) 5 6 EPRI TR-102792-V2, " Piping and Fitting D)11amic
1 is certainly warranted. However, the 6 S. limit needs to be

Reliability Program, Volume 2 - Component Tests."'

justified. The earthquake experience data base for piping j

EPRI,1994
| systems indicates SAM failures are more prevalent than
f inertia failures (some would argue exclusively so), yet the '

5-7 EPRI TR-102792-V3," Piping and Fitting D)1tamic
.

PFDRP testing and TCG criteria developments (and NRC
reviews) have focused almost entirely on the inertia failure Reliability Program, yolume 3 - System. Tests," %.,

-

EPRI,1994
mode.

5-8 EPRI TR-1027922V4," Piping and Fitting DytiamicIt is not clear that the ratchet-fatigue failure mode cares if
Reliability Program, Volume 4 - Fatigue-Ratchet

,

. the moment loads are inertial or SAM induced. Margin
Tests," EPRI,1994 '

evaluations may need to combine damage effects of the two
loadings as done in the Section 6 margin assessment. The

5-9 EPRI TR-102792 VS," Piping and Fitting Dynamic
techmcal basis for the SAM criteria needs to address this

Reliability Program, Volume 5 - Piping Design Rules
i,,,,,

Revisions," EPRI,1994

5.2.3, S.,-based Allowable Stress for Code 5-10 Preliminary Report, ASME SCIll, SGD, Special Task
Srfety Class 2 and 3 Systems Group on Integrated Piping Criteria (STGIPC), April

16,1993
The early versions of the new rules contained Sn based
limits for Code Safety Class 2 and 3 piping systems. 5-11 " Technical Core Group Report on FOAKE Task E 1:
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6 ETEC Minimum Fatigue Margin Evaluation

6.1 Overview
I

Results of the TCG and STGIPC assessments of be more severe than concluded in the REMS studies, i
component test margins demonstrated during PFDRP time-history selection is imponant, and a deformation
testing, based on broadened spectrum and FMa based margin is required to supplement the fatigue

,

margins, are provided in Section 4.2.2.1 and Table 3 of margm in order to account for the interaction of strain<

'

this report. Test 36 adjustments by the TCG for accumuladon on &c fadgue damage extrapdations oHf *

unbrnadenarf wiium, weight stress and pressure the test point. Additionally, recent high temperature
stresses, and, analytical extrapolations for frequency fau,gue studies indicate less temperature effect for

conditions not tested are provided in Section 4.2.2.2 of stainless steel and more temperature effect for carbon

: this report. It was pmdicted that the Test 36 steel than used in the ETEC minimum margin study,
configuration would have exhibited a margin of 2.1

(Figure 22) or 1.7 (Figure 23) ifit had been tested at R. It must be empbamed that the TCG and both ETEC

= 0.5. This is based on a B value of 2.52.
margin studies are for FMn margins. The ETEC

2
margins in this section of the report are based on a

; An E'EC comparative FMamargin assessment was fatigue damage model, while the temperature adjustment

conducted along sinular lines, but extended the coverage is based on ratchet fatigue data. The Appendix II-B
,

margins includes a more direct consideration of the
to other PFDRP tests and also included adjustments for,

ratchet strain interaction with fatigue damage. However,
1 I) actual test article thickness vs. nominal Nh 2)

actual tat anicle strenge venus ASME Code nununum none of these margin studies address the collapse failure

strength, and 3) reduced fatigue resistance at elevated mode. Only the CIT Test 40 study in Pan II of this

tw..i .
upon ddresses &c % margin

;

In addition, ASME Code B stress indices base:1 on The point being made by the ETEC minimum fatigue.

2

acnial failum ons were used and annements to de
,,,,;, ,_, a this section of the report is that

TCG/STGIPC data reductions were made to 1) chnunate
w thin the same framework of margin definition and

the assumed fixed ratio between the 5% damping damage models used by the TCG, the details of the data

response spectrum solution and the 2% damping solution extrapolations to " minimum margins" significantly affect

for all of the tests and 2) extrapolate to single event the resulting values. The E'EC margin assessment was

failure levels based on more quantitative re;ponse conducted strictly as an independent comparative
evaluatim aM dou not signify aW= ace of the TCGmeasums
margin definitions and damage models.

In the adjustments for frequency conditions not tested,
the same REMS based extrapolations used by the TCG Most importantly, the only direct comparison to the TCG"

for Test 36 were applied to all tests. This provides results is for Test 36. The extrapolations beyond the test

consistent comparisons with earlier ETEC margin snuises demonstrated margins (Column M of Table 4) are an-

that did not have the benefit of the CIT studies O&er ETEC initiative, and the TCG only provided margin

ETEC margin assessments directly using the results of extrapolations for Test 36, the test with minimum TCG4 _.

the CIT studies are reported separately in Appendix II-B calculated margin at the test point.
,i of this report The Appendix Il-B margin studies are

based on nominal geometry and material properties and Table 4 provides the different adjustments used in the
comparative margin assessment and each of the column

revised B stress indices consistent with Kennedy's
'

2
entries are discussed in the notes to the Table.recommendations in his PRG member commentary in

'

Appendix III-B of this report.
For the non-elbow tests, the most significant effect on

i
.

margins repated in mis section of ee reponj The FMn
margin prediction is the choice of stress indices. For this
reason, two of the tests, Test 11 and Test 36 had two;

use the same margin definition and damage model as in
values of stress indices evaluated. The second mostthe TCG Test 36 study. However, the adjustments for<

actual geometry and propeny values and temperature s gnificant effect was the frequency adjustment. The

| effects is intended to provide " minimum" margins. In other adjustments individually had an effect ofless than

; actuality, these are not true minimums since the CIT 30% on margin, generally decreasing it, but not always.
'

studies indicate that the frequency effects on margins can
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6.2 Assumptions and Details Another explanation surfaced when review of the Test 31
|

QL report indicated the Schedule 10 elbows in the |

PFDRP were purchased from a vendor who sometimesB Indices Select. ion6.2.1
.

2 cold +orked the elbows after forming to eliminate a

The B indices were selected based on the location of
small bulge that more often than not appeared at some

2
location on the side of the elbow. "The standard

failures in the PFDRP component tests. Table I provides
procedurefor ehminating this bulge. . . is to impact i

information on the failures contained in the -QL reports.
the bulge area with an aluminum ballpien hammer. This

The choice of B indices for the ETEC marsin2

assessment.will be discussed here.
is done until the area is suficientlyflattened. " if not
followed by an annealing cycle, th'is might introduce *

suflicient cold work into the elbow to result in the non-To assist in the indices selection, the failures under the
typical Test 31 failure location. Examination of Table 2

seismic inertia loading were compared to failures which
n this report indicates the MM/ML and Mu/ML ratios

occurred during cantilever fatigue testing conducted by for Tests 3,30 and 31 are out ofline with die remainderMarkt (References 6-1 and 6-2). The Ma;ki tests were
of the data base.

'

mechanically motion-controlled tests driven using an
eccentric slot / key design to provide a harmonic motion *

The appropriate B index for Test 31 became a moot I
2controlled loading to the end of the cantilevers.

po nt when it was discovered the test matrix was too
mixed to permit margin data reductions.

6.2.1.1 Elbow Indices

In the PFDRP clbow tests, failure occurred by through-
Failure of the ;; essure boundary did not occur in cibow :
Tests 8,19 and 37. Test 8 had no cracks, Test 19 had

wall cracks in the pressure boundary, except for Tests 8,
19 and 37 which will be discussed separately. All of the surface cracks in the sidewall but the test was stopped I

'

elbow test pressure boundary failure locations occurred early to provide information on crack propagation, and
Test 37 was stopped to avoid an incremental ratchet

in the elbows except for Test 31. Based on failure
location, the standard Code elbow B indices were collapse fa lure due to large distortions centered in the

2
elbow. Standard Code elbow B indices were consideredconsidered appropriate for the PFDRP elbow tests except 2

for Test 31. Test 31 cracked circumferentially in the appropriate for these tests, although Test 37 was not i

adjacent straight pipe at the weld. Test 30 also cracked considered in the margin assessment since the study was

circumferentially at the attachment weld, but on the I mited to the ratchet-fatigue failure mode and not
collapse.

elbow side of the weld.

** ***Tests 30 and 31 are pressurized Schedule 10 in-plane
loaded elbows. Their failure locations do not agree widi
the Mark) elbow data in Reference 6 1, All of Mark!'s Two of the three reducer tests experienced pressure

in plane loaded elbows, both pressurized and boundary failures in the straight pipe between the two
i

unpressurized, failed with longitudinal cracks at the reducers. Reducer Test 40 did not fail the pressure |
sidewall. These were Schedule 40 elbows. Failures at boundary, but was stopped due to excessive distortions, I

the end welds did occur in Mark!'s elbow tests, however, confined entirely to the straight pipe. The pressure

these were pressurized out-of-plane tests. These Mark! boundary faih;.res were circumferential cracks at the
~

weld line failures are not unexpected because the strains middle (Test 15) and edge (Test 16) of diametrical - I

in the center of the elbow are lower (for the same
bulges remote from welds. These were pressurized |

moment) for out-of plane loading versus in-plane Schedule 40 reducer tests. This does not match reducer

loading. The " carryover effect" of the elbow ovalization test tailure locations reported by Markt in Reference 6-2..

at the ends combined with the weld strain concentration
could lead to higher strains at the welds than in the in Mark!'s tests, the highest loaded reducer failed in the

center of die body. straight pipe at the edge of the attachment weld, and the I

lower loaded reducers failed in the attachment weld.

The elbow " carryover effect" is greater in thinner walled There was no mention of bulging. However, these failure

; piping and there is greater potential for strain location differences are only an issue associated with
appropriate i, C and K values because the B indices arecon:entration in the as-welded welds of thinner piping 2 2 2

(greater sensitivity to diameter mismatches and the weld all 1.0 for butt weld, straight pipe and reducers.

thickness to wall thickness discontinuity is greatt.r). |

Therefore circumferential cracking at the welds for in-
-

plane tested Schedule 10 elbows is not totally
unexpected.

"
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|

6.2.1.3 Straight Pipe Indices
The Test 36 failure us a circumferential crack in the fee

In pressurized straight pipe Test 34, the failure was a adjacent to the lower run attachment weld. The tee was a
1

circumferential crack at a bulge in the straight pipe. The ~ Schedule 40 tee while the lower attached straight pipe '

straight pipe B index of 1.0 is therefore appropriate.
was Schedule 80. There was a 4:1 slope transition on the

2
Schedule 80 side of the connection. However, the

6.2.1,4 TeeIndices geometry restrictions of NB-3683.5(a) and (b) for Class 1

welded transitions can not be met because the wall

To this point, the choice of B indices has been consistent thickness variation on the tee side within VD. of the weld
2

with those chosen by the TCG. This is not the case for exceeds the 0.875t to 1.It limits. Strictly speaking, the,

the tee tests. A review of the Markt tee test data in
weld connection is not permitted for Clastunless *

,

|. Ref;tence 6-2 observed the following. Markl tested tees special indices are developed. However, the details affect
j in three configurations. Position I anchored one run leg the appropriate choice of Ci, C and C indices, and not2 3

the B indices. It is clearly a test configuration that! and loaded through the branch, Position 2 anchored the 2

branch leg and loaded through the run and Position 3 introduces a significant amount of plastic strain

anchored one run leg and loaded through the other run. concentration at the connection weld between the tee and

Twenty in-plane and twaty one out of plane tests were the tapered transitionjoint. It might even be argued that
i

j conducted. Only two of the test setup and load directions the reduced thickness section introduces sufficient local
matched the PFDRP component test configurations overstrain that the Code guidance in NC-3672.6(b)(2) is

consideris';; *he PFDRP inertia arm equivalent to the applicable and the use oflinear analyses to infer margins

Markt !aad arm:
is inappropriate for Test 36.

.

Position 1 Out of-Plane: PFDRP Tests 38 and 39.
Nevertheless, continuing the line of thought that the Test;

| Position 3. In-Plane: PFDRP Test 36. There were no
36 setup contains standard design details used in service,
the B , index for a tee could be argued as appropriate due2

i .Marki tests equivalent to PFDRP tee Tests 9,10,11,12
and 14. These will be discussed separately. to the tee body containing the failure. However, the

observation that the initial failure location (the crack

All of the Mark! Position I failures were on the side of propagated to 285* of the circumference) was adjacent to!

the see re' mote from the welds. The observed crack the weld on the opposite side of the run from the branch

patterns are identical to those observed in the Mark! undermines this argument. This is an area where gross

elbow tests wiwn the unloaded run leg is ignored and the bending behavior is not significantly affected by the
presence of the branch.

load path through the remaining run and branch is:

viewed as that through an elbow.
| To illustrate the subtlety and controversy of the issue, it is

noted a B selection for a tee was used in NUREG-1367,The Test 38 failure was a crack in the body of the te: that 2

matched those in the Markt tests. It is therefore
however, Rodabaugh, after publication of the NUREG

, appropriate that the standard Code tee B index be used and further consideration of the details of the failure,
2

! for Test 38. The ice Ba branch index was selected for concurred during follow-up NRC staffinquiries that a

more conservative B value of 1.0 is the better choicethe ETEC margin assessment based on the inertia load 2

' path through the branch and is in agreement with the (for functionality issues). Since then, Rodabaugh in anL

! Reference 6-3 NUREG-1367 use of the Ba alue.
ETEC requested review of the appropriate indice forv
Test 36 supported use of an indice close to 2.5 in theI "

Test 39 was stopped early due to excessive distortion of comext of protecting against a ratchet-fatigue failure by

the tee and for that reason was not included in the ETEC
the new rules in acknowledgment of the severe " notch

(ratchet-fatigue) margin assessment cffect" introduced by the change in schedule and weld

details. Since the test margin can be deemed applicable

Mark! conducted three "through run" Position 3 in-plane to either a transition wid or a tee (or both), results for
,

B indices of 1.0 for the transition weld and 2.52 for thetests identical to Test 36. All failed adjacent to, in, or
2

across the branch welds. Two of the three in planc data tee were both included in the ETEC margin assessment.

points lay near an i = 1.13 trend line. The third was the
highest test point (lowest i value) of the 41 tee tests, everi Tlw PFDRP tee Tests 9,10,11,12 and 14 have no Mark!

laying above the baseline butt weld line ofi = 1.0. Markt test equivalents because they were ~ tested with both run

! ignored the Position 3 tests in the i value correlations for ends supported. The pipe nipples attaching each end to

; simplicity because they did not line up with the other tee the sled fixture were the same length leading to each run

i data. leg reacting approximately the same moment load. This

minimized the ratio of run moment to branch moment
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and may explain the failure locations not being in the tee The constant factor of 1.67 for increasing damping from
bodies for most of these double run supponed tests. 2% to 5% is the ratio of the peaks of the 2% and 5%

; damped targeted input spectra. However. Table 2 of this
'

Only Test 11 of the five double run supported tests failed report includes a column labeled "M2/M5" which lists
in the tee. The other four failed in the attached straight the ratios of the Reference 6 5 Appendix B computed
pipe. All failed with circumferential cracks. Tests 9,10 moments based on the measured sled spectra with 2%

-

'
and 14 cracked in the straight pipe adjacent to the and 5% damping. The ratios vary from 1.48 to 1.96.

i vtachment weld to the tee. Test 12 cracked in the -

4 straight pipe at a diametrical bulge. Test 11 failed in the To avoid the error introduced by use of a constant scaling
,

tee adjacent to the branch weld. factor, the ETEC assessment used the 54 damped,15% *

j peak broadened response spectrum based moments
GE in Reference 6-4 offers the explanation for the directly from Reference 6-5 in Column C of Table 4.
straight pipe failures versus tee body failures as the;

] _ higher yield strength of the weld material. At high strain Unbroadened response spectrum moments are needed in
4 ranges, "the weld acts like a clamp or band on the pipe, the margin calculations, but were only available for

'

similar to a taper transition connection." GE goes on to Test 36. To convert Column C peak-broadened response
recommend the code butt-weld indices be increased for spectmm moments to Column E unbroadened response
dynamic load reversals. Based on it's margin assessment spectrum moments, the 5% damped response spectrum,

i results, ETEC strongly supports this recommendation, from the measured sled acceleration time-history was

} used. For situations where the fundamental frequency
* The B indices were selected as 1.0 for the ETEC margin was within 15% of the peak frequency (0.87 < R <2

; assessment of all the double run supported tests except 1.15), R. the ratio of the acceleration at the test system
Test 11. ETEC supports a Test 11 B value selection natural frequency to the acceleration at the top of the

'

2

based on the tee branch B value. Tests 9,10 and 14 are
peak broadened response spectrum was used to scalej 3

considered by ETEC to be butt weld failures, and Test 12
downward the peak-broadened spectrum predicted,

is considered by ETEC to be a straight pipe failure. moments. This assumes single degree of freedom
'

behavior, a reasonable assumption for the major damage
The ETEC support of Ba for Test 11 bears discussion. contributing test runs of the tests evaluated in the ETEC

:

| Acco-ding to NUREG-1367 the deformations were
margin assessment. The only test significantly outside

t limited to a local cylindrical zone at the weld and a B2 the IQ range of applicability of this data reduction was
value of 1.0 was considered conservative for thei

i f metionality study. However, based on ETEC staff Test 36, however, GE fortunately had run unbroadened'

experience with the detailed stress analyses of thin- Spectrum soluuons for this test.

- walled elbows for the liquid metal breeder reactor
'

designs, ETEC believes that the body effects of Schedule 6.2.3 Actual Geometry
10 tees extends into the connection welds and that since
the failure was on the see side of tlw weld, the use of B There was no repeated testing in the test matrix to3

is appropriate. However, similar to Test 36, the test may address component geometry variability and no effort to
be argued to apply also to the weld for the attached select test articles with nominal dimensions. In fact, the
branch pipe, and accordingly, results for a B index value differences between nominal and actual thickness were

~

2

of 1.0 are also included in the margin assessment. significant in some cases. If a nominal thickness a
component had been tested instead, the test margins

6.2.2 Calculated Moments w uld have been different. The Table 1 listed (section-
averaged) thickness at the failure location was used in the -

TCG test margin values for the new rules were uniformly ETEC margin assessment to correct for off-nominal

scaled from the test margins for the previous rules using dimensions. For all tests except Test 36, these were

a constant scale factor of 2.5. The STGIPC report averages of four measured salues at 90 degree

establishes the factor of 2.5 based on 1.5 for the increase circumferentially separated locations.

h Eq. (9) allowables and 1.67 for decreased response due
to an increase in damping from 2% to 5% (1.5 x 1.67 = The Test 36 failure location was not dimensionally

2.5). Table 3 divides the " cycle corrected load margin" measured prior to the testing. However, an adjacent

ftr the "3.0 S criterion" by this fixed 2.5 factor to I cation in the attached straight pipe close to the failurem
location provided wall thinning information that was

obtain the " cycle corrected load margin" for the "4.5 Sm used to scale up the final measured thickness at the
criterion". failure location as an estimate of the starting thickness.

NUREG CR-0000 1 38
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The initial diameters were very close to nominal and off- 6.2.5 Concurrent LoadsI
nominal effects of diameter were ignored. Column F is
the Section Modulus calculated using failure location

The PFDRP component tests were conducted with
|pre-test thickness. Nominal dimensions were used in all

. stress indices calculations.
pressure loadings in some cases and weight leading in all '

cases. The new rules require that pressure stresses and
weight stresses be combined with the seismic inertia 1

6.2.4 Event Count stresses when meeting the 4.5 S. limits. These stresses
are relatively small compared to the seismic inertia

The event count used by GE and adopted by the TCG stresses, but are nevertheless included in the ETEC
,

|
appears to be an ad hoc screening of test runs into " Equation (9)" derivations. Column Kirr-Table 4 are~the *

significant high-level runs and those contributing Eq. (9) pressure and weight stresses, based on actual
negligible damage. Each full duration high-level run thickness, as discussed earlier.

' . was considered "one event". Partially completed high-

| level runs seemed to generally be recorded as "l/2 6.2.6 Test Margin Calculation
. event" based on the total counts being rounded to the -

closest 0.5 value. However, Test 38 which was reported Table 4 Column J contains the ETEC single event jas a 3.6 event test series, indicates a more sophisticated corrected Eq. (9) stress level. Dividing entries in this
partial event count may have been used.

column by 90,000 psi (4.5 Sm ) minus the Column K

b an attempt to be more representative of a desired, but pressure plus weight stress adjustment, leads to Column.

not achievable, event count based on failure location peak M " test margins." This is not the only manner in which -

strain range, the ETEC margin assessment used concurrent pressure and weight stress a4ustments can bc )
" measured" rotation as the indicator of relative levels of computed with regard to the seismic margin.

|- strain range in each test run. Rotations were not directly
measuuhut infernUmn measured niadve An alternative data reduction is to add the Column K

displacements between the inertia arm and bottom of the pressure and weight stresses to the Column J seismic

test con 5guration. The AME mearchers stresses and divide the sum by 90,000. This leads to

- established a " rotation" data reduction reported in the QL lower computed margins. It can be argued that the

| reports. This plotted data was used by ETEC to establish preseM high pressure height umses generally
the maximum range of rotation m any test run cycle, and does not increase the ability to accommodate seismic !

| is reported in Appendix I-B of this report . loadings, but rather decreases it. Pressurtzed cornponents
can wihd momment W befelhpse b,

The equivalent event count is based on the assumption unpressurized components, particularly in thin walled

that the cyclic failure can be correlated by the slope of a piping, but one of the ratchet-fatigue failure modes being

| fatigue curve. Specifically, a fatigue curve with a slope addressed in the margin assessment (pressure bulging,

of 0.5 in log-log space, as used in the TCG margm ratchet) is clearly worsened by higher pressures.
. Concurrent weight moments are also difficuh to perceive lstudy. The ETEC margin assessment assumes rotau.onis

. hnearly related to strain range or pseudo-stress range and as adding seismic capability.

ignores the nonlinear strain concentrations unaccounted
for in such an approach. It is consid-red a reasonable Nevertheless, the manner of adjusting the allow 3ble

approach for determining the relative m.agnatude of downward for concurrent pressure and weight stresses is,

damage induced between different test runs and offers a cons stent with plant PRA margin assessments and

quantitative way of accounting for different test run simpi fies the subsequent temperature and frequency

levels consistent with the assumed failure model. (fatigue based) adjustments by keeping the margin linear
n the cyclic (seismic) contribution.

. The results of the ETEC margin assessment event count
! is tabulated in Appendix I-B of this report. and listed in 6.2.7 Actual Material

Column I of Table 4. For comparison, the event count
from Reference 6-6 Appendix A used by GE and the A review of the failure location room temperature mill
TCG is given in Column H. The lowest ratio of the test data listed in Table 1 indicates a clear trend of higher
E'IEC event count to the GE/TCG event count is 0.61 for than minimum material strength in the test articles. This
Test 3 which will reduce the calculated margin by a is not surprising since no efforts were taken to select test
fact:r of 0.78. The highest ratio is 2.74 for Test 36 articles with minimum permitted strength. Logically, to,

!,
which will increase the calculated margin by a factor of infer the margins apply conservatively to any design,
1.66. adjustments should be made to account for possible!

minimum strength material in designs.
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Following Beancy's lead (Reference 6-7), the margins are reduced margin at higher temperature. Since the ETEC
normalized on the basis of material yield strength. margin assessment now includes all the test runs, die
Beaney discovered that the scatter in his failure data temperature effects will be evaluated explicitly.
could be significantly reduced by this normalization (see
Figures 24 and 25). In the ETEC margin assessment, the Elevated temperatures will result in a reduction in
ratio of the Code minimum yield strength to the mill test ratchet-fatigue margin at the minimum margin frequency
yicid strength for each failure location was used to adjust ratio point (R = 0.5) due to reduced Elastic Modulusg

the test demonstrated margins. Column N of Table 4 is ' and reduced yield strength (effectively reducing the room
this ratia temperature R value), and lower fatigue strengths. The

* *Refmace WppMd @M N &n
On the other hand, for carbon steels, material fatigue

me est 36 Ww sg & REMU mMel
strength is inversely correlated to ultimate strength as

The combined effect of reduced yield at 650'F and
pointed out by the TCG researchers in Reference 6-8 and

atigue curve reductions were studied and a relationship
supported by the Code carbon steel fatigue design curves a fadgue strenge redadon and margin reduedon ,

being dependent on ultimate strength. To address this
at 650*F was established. Upward margin adjustments

effect, the E1EC margin assessments included an upward
for the reduced allowables at higher temperature were

margin a4ustrnent for higher than minimum mill test
included.' It was determined by the TCG that the margin

ultimate strengths for the failure locations in the carbon
reduction at 650*F for carbon steel Test 36 was 0.83.steel component tests. This adjustment is based on the

(mimmum) 60 ksi ultimate strength extrapolation of the
On the basis of a TCG observation that fatigue strength

.

two Code cahon steel fatigue curve values at 200 cycles
dominated over yield effects, a simplified derivation ofassuming they are tied to materials with ultimate

strengths of 115 ksi and 80 ksi, respectively. The the 650*F correction was investigated. The ratio of room

resulting adjustment is presented in the Column P Note temperature S. to 650*F S. value was 20/17 = 1.18.

to Table 4. Based on a TCG stated fatigue strength (S-N curve)
reduction at 650'F of 0.7, a simplistic correction of

Table 4 Column Q is the end of the series of margin (1.18)(0.7) = 0.82 was derived. 'Ihis compared well with

adjustments on the actual tests conducted. The the REMS /FATI based number of 0.83, and the

remaining adjustments are for test conditions not simplified method was used to derive a correction for

c:nducted. stainless steel tests.

6.2.s.2 stainless steel'618 Elevated Temperature Adjustments
Repeating the carbon steel" simplified" temperature

Column R of Table 4 contam.s adjustments for reduced
adjustment for stainless steel leads to the following. The

margin had the tests been conducted at elevated
ratio of roon temperature S. to 650*F S. is 20/16.7 =

temperature It was agreed among program researchers
1.2. Figure 26 shows the Type 304 stainless steel

and NRC staff that use of 650*F for the elevated
fatigue-ratchet data plots in Reference 6-10 Appendix B

1:. r..;.n. a4ustment would be representative of" hot,,
at room temperature and 550*F. Values on the 10 ksi

condMons.
mean stress curves were used to address pressure and -

g mean gresMeds at Mghu tempuatures. DeThe effect of temperature on margin raises several issues. ,,,

lowem c@ mean aress data points wm log-Two basic failure modes were observed in the PFDRP
linearly extrapolated back to 100 cycles to failure and thedata, ratchet fatigue cracking and excessise deformation.

The following addresses ratchet-fatigue cracking resulting values for the room temperature and 550'F data .

margins, FMn. , only and is not appropriate for FMot, sets were near 2.2 and 1.4 respectively. The resulting

margin adjustments when the failure mode is excessive fadgue-ratchet arenge reduedon fu temperature effects

deformation. at 550*F becomes 1.4/2.2 = 0.64. No extrapolation to
650'F was =a~=a% and the final overall temperature

6,2.8.1 Carbos steel effect a4ustment factor of(1.2)(0.64) = 0.76 was used for
the stainless steel tests

AWv F ofReference 6-9 addresses margin reduction'

due to the effect of temperature. For Test 36 this margin 6.2.9 Frequency Adjustments'

reduction was estimated to be approximately 17%.
I'ws, since the lower level test runs had been ignored Adjustments for frequency effects were based on the
in the single event correction step for the Test 36 margin latest fi+a.cy effect results reported by the TCG in
derivation, it was consideredjustifiable to ignore the Reference 6-11 for Test 36, as shown in Figure 22, and,

NUREG CR 0000 1 40
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the assumption that the " shape" of this curve is 6,4 References
applicable to all tests. This shape assumption is=

questionable based on the studies at CIT presented in 61 Markl, A.R.C.," Fatigue Tests of Welding Elbows.'
Part 11 of this report. However, it provides consistency and Comparable Double-Mitre Bends", Pressure

; with the TCG Test 36 studies. Vessel and Piping Design,. Collected Papers 1927 '

'*

1959, ASME,1960, pp. 371-381, reprinted from
The frequency adjustment is intended to correct for ASME Transactions,1947 *

reduced margins had the testing been done at a frequency
ratso with lower margin. The extrapolated "hard side" 6-2 Markl, A.R.C.," Fatigue Tests of Piping '

anargins at R equal to 0.5 were investigated. Components", Pressure Vessel and Piping Design' '
Collected Papers 19271959, ASME,'T960, pp.

"*.

Margin adjustments for tested R. values were obtained

. by dividing the Figure 22 margin at R. = 0.5 (i.e., near 6 3 Terno, D. and Rodabaugh, E.C., Functional,

2.1) by the Figure 22 margin for the particular R. value Capability of Piping Systems, NUREG-1367,
*

tested. As discussed earlier, the " shape" of Figures 21
and 22 are identical, but Figure 22 has been lowered
slightly. The same margin reduction for aq=,og effect 6-4 English, W.F. " Piping and Fitting Dynamic

would be obtained using either curve. Tables of values Reliability Program Fourth Semi-Annual Progress
.

for Figure 21 are available from several published Report November 1986 - April 1987," General

sources and these values were used to derive the margin
Electric Company, NEC-31542, January 1988.

reductson factor expression in Note U to Table 4 over the
6-5 EPRI TR-102792 V2," Piping and Fitting Dynamic'*"8' ' S '-

Reliability Program, Volume 2 - Component Tests."
EPRI,1994

: 6.3 Margin Study Results
; 6-6 EPRI TR-102792-VI," Piping and Fitting Dynamic
; Table 4 of this report provides the ETEC minimum Reliability Program, Volume 1 - Project Summary,"

fatigue margin study results in Column V. The value for EPRI,1994
Test 36 using a B of 2.52 is 2.16 which compares well2

with the comparable TCG value of 2.1. This is purely 6-7 Benney, E.M. " Response of Pipes to Seismic
; coincidental. Most importantly, Test 36 is not the lowest Excitation - Effect of Pipe Diameter / Wall

test value, several other tests had lower margins. The Thickness Ratio and Material Properties " CEGB"

lowest margin is for Test 11 using a B index of 1.0, but Report TPRD/B/0637/N85, Berkeley Nuclear3 2
'

as stated earlier, ETEC believes the more appropriate B: Laboratories, July 1985.
value for Test 11 is 3.35 which raises the margin above
1.0 (it still remains one of the four lowest margin tests 6-8 Branch, E.B.,"ETEC Margin Calculations". ASME
however). The lowest margin test for which there is no Committee Correspondence, ASME SCIII, SGD.

B issue from ETEC's perspective is Test 14 where the ember, to Ed Wais, February 1995

unargin is slightly below 1.0. This result implies that if
| Test 14 was performed at the new rule allowable stress 6-9 Prehminary Report, ASME SCIII, SGD, Special
: levels on a minimum strength butt weld connection at Task Group on Integrated Piping Criteria

650*F using a test loading with nwy ratio of 0.5, it (STGIPC), April 16,1993
would fatigue fail before the completion of the seismic,

event. 6-10 EPRI TR-102792-V4, " Piping anti Fitting Dynamic
Reliability Program, Volume 4 - Fatigue-Ratchet

Part 11 of this report contains more recent and more Tests," EPRI,1994

refined margin evaluations by CIT of Test 14, and other;

j- tests, that is considered the only defensible margia results 6-11 Branch, E.B.," Minority Report Comments"
on the PFDRP t test data to date. (Revised REMS Based Frequency Adjustment),

"

Presentation to ASME Subgroup on Design,
The key result of the margin study in this section of the September 14,1993

report b that it demonstrates significant variation in
'

margin values can be obtained by changing the details of.

| the data reduction. The most important detail is the
; appropriate choice of B indaces This is the issue raised2

in Seccan 5.1.12 of this report.
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Table 1: PFDRP Component Test Basic Data and Failure Information

BASIC DATA FAILURE LOCATION GEOMETRY & STRENGTH DATA FAILURE DATA
I

TEST 10 MTL P LOAD Fn FI Rw NOM T TEST T TST/ NOM Ill-Sy Ill-Su III-Sm T.Sy T-Su TAII Sy TAllSu PB ROT OVAL CIRC FAILURE LOCATION / NOTES

ELBCW TESTS:
1 EL,80,LR CS 2000 IP 8.40 7.80 0.905 0.432 0.455 1.05 35 80 20 40 89 1.14 1.15 YES NA 1.00 1.02 SIDEWALL

2 Et,80,LR CS 2000 OP 6.40 5.50 0.850 0.432 0.459 1.06 35 80 20 40 80 1.14 1.15 YES NA 1.00 1.04 IN BODY ATWELD ,

3 EL,10.LR SS 400 I? 4.00 3.90 0.975 0.134 0.156 1.16 30 75 20 34 82 1.13 1.09 YES NA 1.00 1.01 IN BODY ATWELD |

4 EL,40,LR CS 1000 IP 7.00 6.80 0.971 0.280 0307 1.10 35 80 20 48 71 1.37 1.18 YES NA 1m 1.04 SIDEWALL ,

'

5 EL,40.LR CS 1700 IP 7.40 6.50 0 878 0.280 0.300 1.07 35 80 20 48 71 1.37 1.18 YES 7.5 1.00 1.11 SIDEWALL

6 EL,40.LR SS 1700 IP 7.20 6.30 0.875 0.280 0.311 1.11 30 75 20 54 84 1.80 1.12 YES 17.5 1.00 1.06 SIDEWALL i

7 EL,40,LR SS 1000 IP 72 6.50 0 929 0.280 0.314 1.12 30 75 T 1.80 1.12 YES 5 1.00 1.01 SIDEWALL' *

8 EL,40.LR SS 0 IP 7.20 880 0.917 0.280 0.313 1.12 30 75 20 54 4 1.80 1.12 NO 2 1.10 1.00 8 RUNS,NO CRACKS ,

13 EL,40,SR CS 1000 IP 7.00 6.70 0.957 0.280 0.421 1.50 35 80 20 47 79 1.34 1.32 YES 2 1.00 1.00 SIDEWALL ;
'

19 EL,40.LR SS 2500 IP 6.80 6.70 0.985 0.200 0.323 1.15 30 75 20 54 84 1.80 1.12 NO 7 1.00 1.01 PARTIALCRACKS @ MtD StDE

30 EL,10,LR SS 400 IP 1.44 1.45 1.007 0.134 0.145 1.08 30 75 20 34 82 1.13 1.09 YES 2 1.10 1.01 CIRC CRACK @ WELD

31 EL,10,LR SS 400 IP 400 3.50 0.875 0.134 0.131 0.98 30 75 20 39 86 1.30 1.15 YES 6 1.02 1.01 CIRC CRACKIN ST @ WELD I

35 EL,40 LR CS 1700 BP 4.40 4.10 0.932 0.280 0.304 1.09 35 80 20 42 79 1 20 1.32 YES 16 1.10 1.04 AXIAL CRACK @ MID SIDE

37 EL,10,LR SS 0 IP 1.44 1.40 0.972 0.134 0.156 1.16 30 75 20 34 82 1.13 1.00 NO 21 1.80 1.00 INCIPIENTCOLLAPSE ,

41 EL,40.LR CS 1700 IP 7.00 6.50 0.929 0.280 0.304 1.09 35 80 20 44 67 1.26 1.12 YES 5 1.02 1.02 CIRC CRACK @ DIE STAMP {
j

OTHERS:
9 TEE 40 SS 1700 OP 2 7.00 6 80 0.943 0.280 0.289 0.96 30 75 20 51 84 1.89 1.12 YES 2 1.00 1'.00 CIRC CRACK IN ST @ BR WELD |

10 TEE.40 SS 1000 OP,2 7.20 6.70 0.931 0.280 0.282 1.01 30 75 20 51 84 1.80 1.12 YES 4 1.00 1.00 CIRC CRACKIN ST @ BR WELD '

11 TEE.10 SS 400 OP.2 5.80 5.00 0.882 0.134 0.139 1.04 30 75 20 40 84 1.32 1.12 YES 0 1.00 1.00 CIRC CRACK @ BR WELD

12 TEE.40 SS 1700 IP,2 8.40 7.00 0.905 0.280 0.252 1.01 30 75 20 51 84 1.69 1.12 YES 15 1.00 1.07 CIRC CRACKIN ST @ BULGE g

14 TEE 40 CS 1700 OP,2 7.20 6 80 0.917 0.280 0 286 1.02 35 80 20 54 73 1.54 1.21 YES 3 1.00 1.00 CIRC CRACK IN ST @ BR WELD

15 RED,40 SS 1700 BEND 7.20 650 0.903 0.237 0.228 0.96 30 75 20 37 79 1.23 1.05 YES 13 1.00 1.01 CIRC CRACKIN ST @ BULGE

16 RED,40 CS 1700 8END 7.40 6.70 0.905 0.237 0.234 0.99 35 80 20 50 72 1.41 1.20 YES 8 1.10 1.05 CIRC CRACK IN ST @ BULGE
I

34 PIPE,40 CS 1000 BEND 5.80 5.30 0.914 0.280 0.278 0.99 35 80 20 45 78 1.29 1.30 YES 3 1.10 1.08 T lRC CRACK @ BULGE

36 TEE,40 CS 1700 BP 1 6.80 5.30 0.779 0.200 0.293 1.05 35 80 20 46 72 1.30 1.20 YES 21 1.00 1.01 CIRC CRACK @ RUN WELD
'

,

38 TEE,40 SS 1700 OP 1 7.00 6.50 0.929 0.280 0.371 1.33 30 75 20 40 80 1.34 1.07 YES 7 NA 1.12 45 DEG CRACKIN BODY
'

39 TEE.40 SS 0 OP,1 6 80 6.50 0.956 0.280 0.283 1.01 30 75 20 40 80 1.33 1.07 NO 22 1.50 0.96 EXCESSIVE DEFORMATION

f40 RED.40 SS 0 SEND 7.00 6 50 0.929 0237 0.216 0.91 30 75 20 37 79 1.23 1.05 NO 22 1.30 1.01 INSTABILITY IN STRAIGHT

I :

I
;,

;

t

' ;
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N!tes to Table 1
,

!AS.lcDATA
+

'EST PFDRP test idersfication number assigned by GE and ANCO to the test.
3 Piping Product desenption: XX/YY/ZZ - _

,

XX = EL, Butt-welded 6 inch nominal diameter 90-degree elbow ; -

XX = TEE, Butt-welded 6 inch nommel dameter equal-leg tee
,

:

XX = RED, Butt-welded 6 to 4 inch nominal dameter reducer -
YY = 10,40,80: Pipe Schedule -

ZZ = LR, Long redus (1 1/2 times nominal diameter bend radius)
ZZ = SR, Short radius (1 times nonnel diameter bend radius)

ATL CS = carbon steel, SA-106 Grade B Pipe, SA-234 WPB Fittings
- SS = stainless steel, Type 316, SA-312 Pipe, SA403 Fittings

3 inlemal pressure, psig (see Footnote 1)
.OAD IP = Sled motion in the plane of the pipe Atting

OP = Sled motion out of the plane of the pipe fitting
BEND = Straight cantilever beam bendng test setup
XX,1 = ordy one nm leg of tee attached to sled
XX,2 = Both run legs of tee attached to sled

' :n Measured natural frequency of test conGguration, Hz. (see Footnote 1)
:| Frequency at peak of measured sled acceleration LERS, Hz (see Footnote 1)

'

'tw Rw, Ratio of Fl/Fn(see Footnote 1)

*1 ALLURE LOCATION GEOMETRY & STRENGTH DATA
NOM T Nominalwas thickness, inch
TEST T Pre-test measured wat thickness in proximsty failure location, inch (see Footnote 2)

i TST/ NOM -

Ratio (TEST T)/(NOM T)
N-Sy ASME Code listed yloid strength for component, kai
il-Su ASME Code strength for component, kai
Il-Sm

' T-Sy~
ASME Code agowable stress intensity for component, ksi ,

MB test yleid strength for failed pipe component, kal
T-Su

.

MB test ultimate strength for failed test component, kal
TAllSy Ratio (T-SY)/(lli-SY)
Tall Su Ratio (T-SU)/(lli-SU)

.

fAM.URE DATA
PB' YES, Through-wat leak

.
"

NO, No through-wat leak -
ROT Inertie arm off-vertical rotation at end of test, deg., NA if not available
OVAL Fagure location proximity (max dameter)/(min diameter), NA if not available
CIRC Falure location proximity average diameter pre-test / post-test

, FAILURE - Inibrmation on failure
' LOCATION / -

NOTES

, Foomote 1: - Values in Table 1 are nominal values that can vary in test runs. Appenda l - B
contains individual test run details.

Footnote 2: Test 36 fature location thickness not measured pre-test. Value was estimated from final;

I thickness and assumption percent thinning was the same as measured in adjacent straight.

1-43 NUREG/CR-0000
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| Table 2: Moment Data from PFDRP Component Testing

i BASIC DATA ANALYDCAL MOMENTS TEST MOMENTS RPK FACTORS

A B C D E F G H I J K L M N O P Q R S T U V W X:

Se b as Wasr M2,MS RATIO RATIO Fs Fs

Bi DI (90-Sr) 41Pl * GE TEST RATIO GE QL QUGE b bl bl bl8, B NOM NOM P

TEST MTL USED USED T D Z P 2000T *ZIB ZSy Mwr RUN M2 MS M2/M5 MM MM MM b NOTE MM Meoos Wear

| ELBOW TESTS:
'

1 CS 0.062 2.373 0.432 6.625 12.2 2000 1.2 457 545 2.81 8 4500 2003 1.63 500 567 1.00 na na na na na

2 CS 0.062 2.373 0.432 6.625 12.2 2000 1.2 457 545 1.94 8 4597 2570 1.79 574 na na na na na na na

3 SS 0.000 5.513 0.134 6.625 4.35 400 0.0 71 106 1.07 to 1006 593 1.70 153 158 1.03 162 1 1.03 2.28 na

4 CS 0.000 3.270 0 280 6.625 8.50 1000 0.0 234 379 1.07 8 2732 1675 1.63 na 403 na 429 1 1.06 1.83 na

5 CS 0.000 3.270 0.280 6.625 8.50 1700 00 234 379 1.07 8 3199 1741 1.84 478 470 0.98 534 1 1.14 228 na

6 SS J.000 3.270 0.280 6.625 8.50 1700 0.0 234 325 1.07 8 2992 1838 1.83 na 470 na 520 1 1.11 2.22 na

7 SS 0.000 3.270 0280 6.625 8.50 1000 0.0 234 325 1.07 8 3548 1953 1.82 na 406 na 523 1 129 2.23 na

8 SS 0.000 3.270 0.280 6.625 8.50 0 0.0 234 325 1.07 8 3726 2004 1.86 na 396 na 508 1 128 2.17 na

13 CS 0.000 4.290 0.280 6.625 8.50 1000 0.0 178 379 1.54 10 2487 1345 1.85 400 418 1.05 379 1 0 91 2.13 na

19 SS 0.000 3.270 0.200 S.625 8.50 2500 0.0 234 325 1.07 8 3439 1826 1.88 450 498 1.11 633 1 1.27 2.71 na

30 SS 0.000 5.5io 0.134 6.625 4.35 400 0.0 71 188 8.46 4 486 279 1.74 133 133 1.00 115 1 0.87 1.62 na

31 SS 0.000 5.513 0.134 6.625 4.35 400 0.0 71 108 1.07 11 1098 583 1.88 150 na na 192 3 128 2.71 na

35 CS 0.000 3.270 0 280 6.625 8.50 1700 0.0 234 379 20.11 9 na 1677 na na 410 na 470 2 1.15 2.01 na

37 SS 0.000 5.513 0.134 6.625 4.35 0 0.0 71 168 8.46 5 510 294 1.73 57 64 1.12 72 1 1.13 1.01 na

41 CS 0.000 3.270 0.280 6.625 8.50 1700 0.0 234 379 1.07 12 3972 2023 1.96 398 na na 510 3 1.28 2.18 na

OTHERS:
9 SS 0.500 1.000 0280 6.625 8.50 1700 10.1 679 325 7.42 6 5011 2808 1.78 na 584 na 629 1 1.08 0.93 1.94

10 SS 0.500 1.000 0.280 6.625 8.50 1000 5.9 714 325 7.42 7 5097 2851 1.79 na 500 na set 2 1.15 0.90 1.98

11(P) SS 0.500 1.000 0.134 6.625 4.35 400 4.9 370 168 7.42 6 1171 777 1.51 na 138 na 389 1 [ 166 1.00 2.22

12 SS 0.500 1.000 0.280 6.625 8.50 1700 10.1 679 325 7.42 6 6262 3412 1.84 na 634 na 726 2 1.15 1.07 224

14 CS 0.500 1.000 0.280 6.625 8.50 1700 10.1 679 379 7.42 6 4223 2373 1.78 na 600 na 617 ,1 1.03 0.91 1.63

15 SS 0.500 1.000 0.237 4.500 3.21 1700 8.1 263 123 6.55 9 2528 1376 1.84 178 220 1.24 333 1 1.51 126 2.71

16 CS 0.500 1.000 0.237 4.500 3.21 1700 8.1 263 143 6J55 6 6352 3244 1.96 200 278 1.07 385 1 1.38 1.46 2.69

34 CS 0.500 1.000 0.280 6.625 8.50 1000 5.9 714 379 2.21 12 6210 3562 1.74 005 na na 775 3 1.28 1.08 2.05

36(P) CS 0.500 1.000 0.280 6.625 8.50 1700 10.1 679 379 7.42 8 3043 2053 1.48 512 634 1.24 700 1 1.10 1.03 1.85

38 SS 0.500 2.020 0.280 6.625 8.50 1700 10.1 336 325 7.42 6 4989 2756 1.81 na 567 na 649 2 1.15 1.93 2.00

39 SS 0.500 2.020 0280 6.625 8.50 0 0.0 379 325 7.42 4 5255 2837 1.85 463 549 1.19 629 2 1.15 1.86 1.94

40 SS 0.500 1.000 0.237 4.500 3.21 0 0.0 289 123 6 55 5 4320 2524 1.71 202 na na 314 t1 1.56 1 09 2.56
P

Muo Notes (See Appendix i- C for CIT rnament plots and sprendahast of Muo *=tions) ,

Nota 1 Muo = CIT PMen times QL MMexIMMcn

| Note 2 Muo = C2 times QL MMax , based on trend average of the 15 av=M= comparative test runs (Test 11 excluded). C2= 1.15

C3= 1.28Note 3 Muo = C3 times GE MMex . based on trend evera9s of the 12 available comparneve test runs (Test 11 excluded) *
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Ngtes is Tcble 2
.

i

COLUMN

TEST A PFDRP testidentification number.
Special cases: (E) stress indices for elbow used. l

(W)stressindices for weld used, l

MTL B Carbon steel (CS) or stainless steel (SS) test article.
'

!
j BiUSED C

+
. . -,

' Except as noted, used ASME Code NS 3650 based B value for pipe product that failed,i

calculated using nominal dimensions. Elbow Bi ndex was used for Test 31 even though it failedl
on the straight pipe side of the weld,

iB USED D Except as noted, ASME Code NS-3650 based B value for pipe product that failed, calculated i2

using nominal dimensions. Ebow B inder used for Test 31. B2 = 1.0 used for Tests 11 and2

36 oven though faled on tee side of weld.
I

NOM T E Nommel was thickness, inch.

1D F Nominal outside diameter, inch.
!

l

NOM Z G Section Modulus, Z, based on nominal dimensions, in'.

P H intemal pressure, peig (see Table 1 Footnote 1).
l

Se 1 Code pressure strees computed as indicated, ksi.
'

!

l

1

Mcoon J Code allowable moment computed as indicated, in-kip,

i
Muur K Straight pipe theoretical limit moment computed as indicated, in-kip.

l

GE Mwr L Reference 3-7 Table 7-21isted weight moment, in-kip.

| TEST RUN M Test run with highest reported M2 and M5 values in Reference 3 7 Appendix B.

'

M2 N Reference 3-7 Appendix B Nghest level test run's sled accelerometer based 15% peak
broadened,2% damped, linearly elastic response spectrum (LERS) moment at failure location,
in-idps. Test 14 M2 at failure location was extrapolated from tee moment.

M5 0 Reference 3 7 Appendix B highest level test run's sled accelerometer based 15% peak,

,
broadened,5% damped, linearly elastic response spectrum (LERS) moment at failure location,
in-kips. Test 14 M5 at failure location was extrapolated from tee moment.

I

RATIO M2/M5 P Column N dvided by Column O.

GEMM Q Reference 3-7 Appendix B reported measured moment for Column M test run, in-kips.

QL MM R ANCO QL test report measured moment maximum single cycle moment range divided by 2 for
j Column M test run,in-kips.

- QUGE MM S Column R divided by Column Q.
!
i

i
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'
iuo T Appendix l-C based ultimate dynamic moment amplitude demonstrated for all test runs. Based

on Appendix l-C CIT test moments and scaled to maximum level test run. Scaling used trend *

averages per spreadsheet in Appendix l-C, in-kips.
.

Auo NOTE U Basis for Muo calculation in Appendix l-C. . *_
.

Avo/MM V Column T divided by Column R (1st choice) or Column Q (2nd choice).

Avo/Meece W Kennedy Appendix lil-B " strength factor", Fs. Column T divided by Column J.
.

- Avo/M ant X Kennedy Appendix lil-B altemate " strength factor", Fs2. Column T divided by Column K.t

I
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Table 3: ARC-TCG Seismic Margin Evaluations for PFDRP Component Tests

3 S. CRITERlON 4.5 S. CRITERION
PFDR A B C D E

COMPONENT CYCLE EARTH- CYCLE EARTH-
TEST MEASURED CORRECTED QUAKES CCRRECTED QUAKES.

.
NUMBER LOAD MARGIN LOAD MARGIN TO FAIL LOAD MARGIN D FAIL

1 15 35.0 1225 14.0 197
2 15 46.1 2129 18.5 341
3 21 39 2 1537 15.7 246
4 18 28.4 807 11.4 129
5 21 39.2 1537 15.7 246
6 19 35.5 1258 14.2 201
7 23 48.7 2371 19.5 379
8 24 53.6 2869 21.4 469
9 21 25.7 659 10.3 105
10 21 33.1 1098 13.3 176
11 16 11.3 127 4.5 20
12 27 42.6 1815 17.0 200
13 22 34.7 1205 13.9 193
14 18 22.0 484 8.8 77.,

15 13 29.0 642 11.6 136
16 30 21.2 448 8.5 72

'17 20 34.6 1195 13.8 1 91
18 20 10.9 120 4.4 19
19 22 38.0 1446 15.2 231
20 16 22.0 484 8.8 78
21 19 12.0 144 4.8 23
22 19 13.4 180 5.4 29
30 10 17.3 299 6.9 48
31 23 42.9 1644 17.2 295
34 12 24.0 . 574 9.6 92
35 18 40.2 1614 16.1 256
36 15 10.6 112 4.2 18
37 10 14.1 199 5.6 32
38 20 37.9 1434 15.1 3
39 21 41.9 1757 16.8 281
40 22 31.1 964 12.4 154
41 25 35.3 1245 14.1 199

,

m

&

J
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Table 4: Minimum Strength,650F, Hard Side REMS Test 36 MRF, Upper-Bound (Fatigue Only) Rotchet-Fotigue Margins i
!

HIGH LEVEL TEST RUN INERTIA STRESS WITHK ADJ EVENT CORRECTION TEST MARGIN MIN SY,SU ADJ TEW ADJ FREQ ADJ |
'

A B C D E F G H I J K L M N O P Q R S T U V

GE R= TEST 8 M5u GE ROT EVNT EQ 9 P+WT ACT T CS Sy MIN til ADJ 950F REMS

B: BR TEST BASED Z JZ # OF s OF CORR P,WT ADJ TEST lil/r T-80 Su TEST 950F TEST MEAS MRFO DYN |

TEST USED MS S(FnySa M5u ACTT ACT T EVNT EVNT BM/Z ACT T 45Sm MRGN Sy Su ADJ MRGN /10F MRGN Rw 0.5 MRGN [

fELBOW TESTS:

|
1 INSUFFICIENT DATA j

i INSUFFICIENT DATA I

3 5.51 593 0.85 505 5.01 556 3.5 2.13 811 1.18 88.8 9.13 0.88 0.88 8.06 0.76 6.12 0.975 0A0 2.44 ;

4 3.27 1675 0.80 1340 9.20 476 25 2.70 783 0.38 89.6 8.73 0.73 11 0.76 6.62 0.82 5.43 0.971 OAO 2.18 t

j
5 3.27 1741 0.62 1071 9.02 388 35 2A0 802 039 89.6 6.71 0.73 11 0.76 5.09 0.82 4.17 0.919 OA6 1.91'

6 3.27 1638 0.54 885 9.30 311 3.5 3A0 573 038. 89.6 6AO 0.56 0.70 4A8 0.76 3A0 0.875 0.52 1.76

7 3.27 1953 0.82 1801 938 558 4.5 4.80 1223 0.37 89.6 13.85 0.56 0.70 9.55 0.76 7.26 0.929 0.45 3.23 L

8 3.27 2004 0.67 1343 935 489 5.0 5.10 1000 0.37 89.6 1133 0.56 0.70 8.28 0.76 6.29 0.917 0.46 2.89 ?

| 13 4.29 1345 0.77 1033 11.97 370 2.5 3.89 711 0.55 89 4 7.95 0.74 19 0.80 633 0.82 5.19 0.957 0 42 2.16 (
19 3.27 1826 0.99 1800 9.61 813 3.0 2.34 937 0.36 89.6 10A5 0.56 0.70 9.22 0.76 7.01 0.985 0.39 2.73

'

30 5.51 279 1.00 279 4.88 328 3.0 3.59 622 9.96 80.0 7.78 0.88 0.88 6.86 0.76 5.21 1.007 0 38 1.98

31 COMPLEX MIX SINESWEEPS AND MUTI-FREQUENCY HIGH LEVEL RUNS i

35 3.27 1677 0 71 1198 9.12 429 |5.0 4.81 942 7.21 82.8 1137 0.83 19 0.89 10.14 0.82 8.32 0.932 0.44 3.67 |
'

| 37 LARGE ROTATION STOPPED TESTING BEFORE R-F FAILURE
I 41 INSUFFICIENT DATA j

OTHERS:

9 1.00 2808 0.88 2482 8.20 300 1.5 1.84 407 1137 78.6 5.18 0.59 0.70 3.63 0.76 2.76 0.943 0 43 1.18

to 1.00 2851 0.79 2246 8.55 263 2.F 1.74 347 6.74 833 4.16 0.59 0.70 2.91 0.78 2.21 0931 0.44 0.98 i

11(T) 3 35 766 OA9 378 4.50 282 0.5 0.93 272 10.29 79.7 3A1 0.76 0.76 2.58 0.76 1.96 0.862 054 1.05 ,.

11(W) 1.00 777 OA9 384 4.50 85 05 0.93 82 6A2 83.6 0.98 0.76 0.76 0.74 0.76 0.57 0.862 0.54 030
j(12 1.00 3412 0.72 2444 8.55 286 2.5 2A9 451 10.85 79.1 5.70 0.59 0.70 3.99 0.76 3.03 0.905 OA7 1A4

14 1.00 2373 0.77 1837 8.85 212 15 1.89' 276 10.70 79.3 3A8 0.65 13 0.73 2.55 0.82 2.09- 0.917 OA6 0.96 !

15 1.00 1376 0.66 904 3.11 291 5.0 5.89 893 10A9 79.5 8.72 0.81 0.81 7.07 0.75 5.37 0.903 0.48 2.56

| 16 1.00 3244 0.85 2097 3.18 859 0.5 0.75 571 10.23 79.8 7.16 0.71 12 0.74 5.28 0.82 4.33 0.905 0 47 2.05

34 COMPLEX MOC SINESWEEPS AND MUTI-FREQUENCY HIGH LEVEL RUNS

M'625 5779.5 0 7( !2.16 !N.$N . MMH [MMM[M 352@l[ME [M]$MMM M d}j M N $(65[ 1

f36(W) 1.00 GE UNBR M5: 1058 8.84 120 0.5 137 140 10A5 79.6 1.76 0.77 12 0.80 1A1 0.82 1.16 0.779 0.73 0.84

5.31{
38 2.02 2756 0.82 2270 10.80 425 3.6 3.17 756 8.98 81.0 933 0.75 0.75 6.98 0.76 0.929 0.45 236

|
39 LARGE ROTATION STOPPED TESTING BEFORE R-F FAILURE j

; 40 LARGE ROTATION STOPPED TESTING'BEFORE R-F FAILURE '
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Notes to Table 4

COLUMN

TEST A PFDRP test identification number. -

Special cases: (T) 82 or tee (failed pipe product) used; (W) B = 1.0 used .
,

f.
2

,

B USED B Except as noted, ASME Code NB-3650 based B value for pipe product that failed, calculated2 2

using nominal dimensions. Elbow B indices were also used forTests 8 and 19 which did not2

fall.

GE BR MS C Reference 6-5 reported highest level test run's sled accelerometer based 15% peak
broadened, 5% damped, linearly elastic response spectrum (LERS) moment at failure
location, M5, in-kips. Test 14 MS at failure location was extrapolated from tee moment.

R o TEST D Ratio of acceleration values from M5 test run's ANCO QL test report plot of sled
S(Fn)/Sa accelerometer based unbroadened 5% damped LERS:

R = S(FQ / S.

Se is the acceleration at the peak of the LERS plot. S(FQ is the acceleration off the LERS

plot at the ANCO QL report natural frequency of the test configuration. R values for Tests 7
and 8 had to be based on a high level test run different than the test run used for M5 values,
as noted in Appendix l-B. R values for Test 6 were based on Rw
versus R data trends plotted for all tests in Appendix l-B.

.

TEST BASED E Estimation of M5 test run unbroadened 5% damped LERS analysis moment at failure
M5u location, M5u, in-kips:

M5u = ( Column C ) ( Column D )

Test 36 M5u values provided in Reference 6-5 were used directly.

Z ACT T F Section Modulus, Z, at failure location based on pre-test section averaged ANCO QL report
3proximity thickness measurements, listed in Table 1 as TEST T, in .

m

B2M5u/Z G M5 test run 5% damped unbroadened LERS inertia moment stress, ksi;
ACT T

B2M5u / Z = (Column B ) ( Column E ) / (Column F )

GE # OF H Reference 6-6 reported number of high level test runs used in TCG margin evaluations.
EVNT Provided for comparison only.

NUREG/CR-0000 I-48
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i

ROTO OF 1 Number of fatigue damage equivalent M5 level test runs for all significant test runs based on !

EVNT measured maximum cycle rotation range for each test run. Appendix l-B contains individual <

test run maximum cycle rotation range data. The number of equivalent .

M5 level test runs for a fully completed test run "X" is calculated as: ;
\

. . - ..._

(maximum cycle rotation range Test Run X)2

(maximum cycle rotation range Test Run M5)2

This effectively assumes that the rotation-cycle damage curve is linear in logdog space with
a -0.5 slope. Adjustments for partially completed test runs based on CIT test history rotation.

'|
.

fatigue calibrations are provided in Appendix l-B. Tests 3,13 and 30 required special data
reductions for missing rotation data. Test 36 included two high

level sinesweep test runs that were simplistically assumed equivalent in damage to seismic |
runs with the same maximum cycle rotation ranges.

EVNT CORR J TCG margin study based extrapolation of the 5% damped unbroadened LERS maximum
BM/Z - inertia moment stress amplitude causing failure at the end of one test run computed as:

(Column )(Column )u2
This effectively assumes that the B2M/Z-cycle damage curve is linear in log-log space with a
slope of-0.5.

EQ 9 P,WT K ASME Code B indices based pressure plus weight stresses at failure location using ANCO
ACT T measured pre-test thicknesses, ksi. Weight moments are listed in Table 2.

i

P o WT ADJ L Pressure and weight stress adjusted Code seismic inertia moment stress allowable, ksi:
4.59m 90 - ( Column K )

ACT T M Single PFDRP test time history TCG seismic inertia stress ratchet fatigue margin for tested
TEST MARGIN component and PFDRP test conditions:'

(Column J ) /( Column L)

j lil/T Sy N Ratio ASME Code listed yield strength / mill t'est yield strength for the material at the failure
.

; location. Values are listed in Table 1 as lil Sy and T-Sy, respectively. "

j. CS T-60 Su O Computed difference between the failure location mill test ultimate strength and 60 ksi Code
,

! minimum ultimate strength, ksi. IVill test ultimate strength values are listed in Table 1 as T-
Su. Only carbon steel components use this term.

i

! !

! |

|

)
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L.

y Su ADJ P Adjustment factor for Code minimum material strength effects on TCG seismic inertia
moment stress ratchet-fatigue margin using Column N and Column o entries. For stainless
steel components, it is the ratio of minimum Code yield to mill test yleid: )

Column N

A maximum reduction of 30% is imposed.
.

For carbon ste9! components, the above adjustment is modified to reflect increased fatigue
resistance with reduced ultimate strength as follows:

.,

(Column N) (166 / (166 - 0.561 O)
The basis for this adjumment is discussed in Section 6.2.7.,

i AIN lit TEST Q Single PFDRP test time history TCG seismic inertia stress ratchet-fatigue margin for testedARGN conditions, adjusted for ASME Code minimum strength effects:

(Column M )(Column P )

ADJ R Adjustment in ratchet fatigue margin at Rw = 0.5 for 650F temperature effects on hysteretic
150F / 70F

response and fatigue strength. The bases are ratios of AEME Code stress allowables at room
and elevated temperatures, and TCG temperature effect studies in

Reference 6-g, discussed in Section 6.2.8. The reduction facturs are:

0.76 margin reduction for stainless steel components
0.82 margin reduction for carbon steel components

>

$50F TEST 8- Single PFDRP test time history TCG seismic inertia stress ratchet-fatigue margin, adjusted forWRGN ASME Code minimum strength effects and 650F temperature effects:
-

(Column Q) { Column R)

< MEAS Rw T ANCO Qt. test re;crt based frequency ratio, Rw, of input loading predominant frequency
divided by the test configuration natural frequency:

.

Rw = Fl / Fu

Fu, the test wnfhuration natural frequency is the ANCO reported peak frequencies _. , 4
from spectral analyses conducted on preliminary (fphz) or elastic (fehz) level test runs.
The input loading predominant frequency, Fl is the frequency at the peak of the measured
sled acceleration linearly elastic response spectrum for the high level test mn from which M5
was calculated. Values of F1 and Fu for all test runs are provided

in Appendix l-B and for the M5 test run in Table 1. Test 4 was missing Fu data and Tests 6,7
end 6 were missing F1 data. The GE Reference 6 5 reported value of Fu for Test 4 was used
and the relaticnship:

FI = (143 / te A duration in seconds),

based on response spectra of the targetc.d sled time history, was used for Test 6. Fi values,

for other high level test runs identical to the M5 test run were used for Tests 7 and 8.
i
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i

2

5

E

4

1

2 REMS MRF U The TCG REMS study results of frequency effect on Test 36 ratchet-fatigue margin in Figure

Q 0.5 22 from Reference 4-10 were used over the range 0.5 < Rw < 1.0 to infer margins at Rw = 0.5
from the margins at the tested Rw's. These "hard side" margin -

reduction factors (MRFs) were computed from Column T entries using: -

,
-

MRF = 0.869 / [ 1 + 5.04 ( T: 0.74 ))
- --. .-

.,

i

DYN MRGN V Single PFDRP test time history TCG seismic inertia stress ratchet-fatigue margin, adjusted for
ASME Code minin4um strength effects,650F temperature effects and frequency effects:

.

(Column S )(Column U )i

1

4

e

t

4

'
.

|
$

4

.

4

O

A

e
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Figure 4: Response Spectra of PFDRP Targeted Sled Acceleration Time History
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SYMMX. STRA#f GAGE ORIEftmTION
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I l
*
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Figure 7: Instrumentation Layout for PFDRP Tee Tests
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(Includes Both Fatigue and Ratchet Failure)

Figure 26: Derivation of Stainless Steel Fatigue Strength Reduction
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1 Introduction
|

Part !! of this report includes a comprehensive assessment by researchers affiliated with the California Institute of ;

Technologv (CIT) of frequency, P-delta, temperature, load eccentricity and worst case combined effects on seismic margins
undertaken in response to issues identified in Part I of this report. Margin results for Tests 11,14,36 and 40 are presented.
These results were then used by ETEC to develop nominal seismic fatigue margins consistent with recent definitions of
ac~p*M margin level, including consideration of revised stress indices. R. Kennedy then performed a data confidence

study of the ETEC margins and presented a briefing on his study July 15,1997 to the US NRC staff. At that time, Kennedy
was developing the ultimate moment capacity based design nale approach presented in Part III, Appendix II B.a[this report,- I
and the ETEC margin study was referred to in his briefing as "the alternate approach".

-.

]

The format of Part II is self-contamed Appendices. Appendix II-A presents the CIT effort and Appendix II B is the ETEC !
margin study followed by the Kennedy data confidence study briefing charts.

!

The Sub-Section discussions and final conclusions in Appendix II-A provide an excellent description of the CIT study
findings regarding specific margin trends under the chosen vanables. Only four brief oversight observations by ETEC will
be offered. First, the margins are extremely vanabic. It will be difficult to know the actual margin in any piping system
without performing nonlinear analyses. Fortunately, the minimum margins tend to be isolated in the very "stif!" and very
" flexible" frequency ratio regions. Unfortunately, providing design criteria to cover these minimums will result in excess

!
conservatism for most frequency ratio regions. On the other hand, multi-mode piping system behavior complexes the issue '

' and it is not clear how many piping systems will have all significant modes lying out dde one of these minimum regions. ;
Second, the minimum margin values in the CIT studies are much lower than the test point margins and substantiate the !
need in the PFDRP test program for very high "superseismic" loadmgs. Third, although there tended to be a low input level
associated with the high margin regions and a high input level associated with the low margin regions, this is not without

|

,

excepuon Figure 4.39 in Appendix II-A illustrates one of these exceptions at the high R, end. Another unpublished CIT

study oflow-filtered broad banded input also indicated Ge possibility oflower input levels at failure in the low R, region.
Finally, the CIT studies to date have been limited to non-elbow tests since elbow non-symmetric plastic behasior requires a
special hysteretic modeling development (planned to be conducted at CIT in the Fall of 1997). Clearly, elbow response is a
primary consideration for any piping system and until the analytical test margin extrapolations for elbows are completed,
the CIT study must be considered incomplete. Nevertheless, the information gained to date has expanded the knowledge of
piping dynamic plastic behavior tenfcid beyond that learned in the PFDRP testing. The Appendix II A results will be very
valuable in assessing Kennedy's "Fn" term should rule developments proceed along that path, and in general, prosides

i

researchers with a much better understanding of piping component margin trends.
!

The Appendix II-B data tables and briefing charts are offered without A--bn due to time constraints at the publishing
date c(this draft. The final draft is planned to include some discussion. Essentially, the same spreadsheet exercise as
mahal for Table 4 in Part I was conducted except nominal properbes and geometries were used and the CIT margin
reduction factors for Test 14 were used. These reducuon factors were for a CIT study that included temperature effects and

;

the lower. bound displacement-based margin was used. The margin result for Test 14 was then compared to the CIT Test 14 |
value (within about 10%) and all the margins were tbm scaled by this 10% " correlation factor". The correlated table was J
also modified to provide margins using the minimum B = 2 index recommendation of Kennedy.2

>
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Appendix A
.- ,

.
I.

-

NS3213.33 Ratcheting. Ratcheting is a prog:=ssive
increment:1 inelassic deformation or scrsin which c:n ,

;;

occur in a component that is subjected to varutions of
' mechanical stress, thermal' stress, or both.

y,

NS-3213.3.t Shskedown. Shakedown of a struc:ur: j

occars if, after a few cycles of load application, c: ch-

'

eting ceases. The subsequent structural response is clas-
,.

tie, or elsstic-plastic and progn::ssive incr==ent:.! ir- ,

. clastic defmmation is absent. Elastic shakedown is the
case in which the subsequent response is elastic. .

,

4 NS-3213.33 Reversing Dynamic Loads. Re-

' NB-3214 Stress Analysis versing dynarnic loads (Figuru NB.3213-1) are chose |
icads whids cyde about a mean amMa and ncude build-'

A detailed stress analysa.s of all snajor strue:utal com- gg ,gggg .

,

i, ' ponents shall be prepared in sufficient detail to show a piping system due to f.ow transiencs resulting from
. that each of the stress limitanons of NB-3220 and NB- sudden opening or desure of valves.
3230 is satisfied when the component is subjected to
the loadings of NB-3110. As an aid to the evaluation N&3213 34 Nonrev'ersing Dynamic Loads.
of these stresses. formulas and methods for the solution t ,, , ,, n dynarruc leads IFigure NB-3213-l) are_ _

of certain recum,ag problems have been placed in Ap- those ler 's which do not cyde about a mean value and

| W"^ incbde the inicial thrus:6orce due to sudden openng or

desure of valves and waad .-..e. resulting frem-

*
,

N >3215 Derivation of Stress latensities encrapped water in t@e flow syscams. j

One_ .w.:.a for the acceptability of a design ]
(NB-3210) is that the calculated stress intensities shall |

a

not exceed speci6ed allowable l' units. These limits dif-
fer deperstag on the stress category (primary, second-,

3~g ary, etc.) from which the stress intensity is dedved.

*) This paragraph describes the proc = dure for the calcu.
.

lasion of the stress i=~3-* which ere subject to the
=pe:A~' limits. The steps in the y e dure are stipu."

laced in (a) through (c) below.
j

(a) At the point on the component which is being
investigated. eboose an onhogonal set of coordinates. ,

such as sangential longitudinal, and radial, and des-
ignate .them by the subscripts 1. l. and r. Tne sacss .
components in ,these direcnons are then designated
4 a,. and e,for direct stresses and g, s. and L for

*

shear stresses. -

(6) Calculate the stress components for each type of
loading to which the part will be subjec:ed. and assign |
cach set of stress values to one or a smup of the fol-
lowing categories:' "'

. (/) genend primary me; trane sm P. (NB-
3213.8); i

;

(2) local pnmary membrane stress F (NB.t

'3213.10):
(3) primary bending stress P,(NB>l21'i.7 and NB-

3213.8);
,

*5ee Taths NS 32thi and NB J21L2 and No'c t!) of Fs NS-
3221.I.

). i

's |
,

A-3 i

J.
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'

LOAD |

,

' -- -

,

..

NONREYERSING DYNAMIC LOAD,-
;

(RELIEFISAFETY VALVE OPEN END DISCHARGE)
'|(a) .

.

.

j-MEAN LOAD .

.

.

TIME
' '

REVERSING DYNAMIC LOAD
(EARTHQUAKE LOAD CYCUNG ABOUT NORMAL OPERATING CONDmON),

1(b)
.

* .

.

- .
.

n/1[/la _ ( MEAN LOAD ,
.

VU V ""~ " -
LOAD

NON-REVERSING LOAD
-y

"

BME
.

NONREVERSING FOLLOWED BY REVERSING -

(INITIAL WATER SLUG FOLLOWED BY REFLECTED PRESSURE P,ULSES)
1(c)

'

FIG. NB-3213-I .

EXAMPLES OF REVERSING AND NONREVERSING DYNAMIC LOADS

9
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Na.3cco --- OESIGN T:ble NB.3:17.:

i
|

I

TABLE NS 3217-2
CLASSIFICATION OF STRESS INTENSITY !!! P!P:!;G, TYP! cat. CASES ,

Disconuaiudes . ..

' Cortsidered
i
.

Piping h - Lacruons Origin of Stress Classs6 cation G<oss Local

i' Pipe er tube, estows and Amy, ascept croten reguins laternal pressure P. No No j|

reducers, intersections of *estersections P,and 0 Yes No

F Yes Yes
and branch,, connections.

I
escent in crotch
regions Sustassed mechanical naacs. #, No No

including weight F,and 0 Yes No

Nenrwearsmg Dymmenc Lands F Ya Yesj

Espansen P, Yes No
, F Yes Yes
|

(' Asial mannat gradiset C Yes IIe

F Ya Ya
' e% Opusnic lands Nees 2*

- - _ - = = . In crutch region - heernal poussuru. metained P and 0 (Note (U) Yes No*- '

| 3ecteding tecs madmanalleads escenman F Yes Yes

I and tranen and m drenue ,

eennections leads ,

Assal thennal yadaant 0 Yes No f
F Yes Yes i

.
!

- -% Drunue Lands Noen 2"

Softs and Aay Issternal presases, gasket P, No Me i

flanges _ _ _ - - - , and helt load 0 Yes No |
''

'

F Yu Ya,

-.

' Thornial gradient 0 - Yes Noi

F Yes Yes*
*

. .

.

Espansaan 7, Yes No
*

" F Ya Ya

Any Ae? Nesiinear radial thennal / Yes Yes
#

grassent
|

Unear radial thennas gracient F Yes N8

Ancner so nt enetissa, inew=ig C Yes No

these eesultwig from earmouake
.

|- -
I NOTE:

(M Analysss es not recuared * 4 ten reinforced in accordance with N8.*64).
For Level 8 Serace (Janee f.ese are pecM 8'

Q) Tits seress % rwalong binne dus leading has specal Q--:-a woudi ausst be saasned.3

; NS-322J(1s)(2) and ine Level D Sarwe timen in NS-22284

.

.

e

l

i

A-5#
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. !

.
*

secondary
-

.

. ,

* Primary

blembrane

Strett eneral - Local
'

Category - #-- IAembrane Membrane Bending Emptasien plus Sending Peak

I

fleuristion ffer es. Average primary Average stress across . Campenent of primary Stresses which eesult ' 5 elf equalbrating til lacresnent added

ampses see Table ~ stress across softd - any send secilen. sIress propertional from the constraint stress necessary to to peltnary or sec. ;

nn.mi.o iernen. t=ck. des Contwm effeeis of to miaace from .f fue ew episce. ianify c.nnnuny of .ndary iiren n, a ;

I . effects of Ascen. discontinuities but centroid of send sec- aient. Considers structure. Occurs at concenseation

tinultfet and con.. not concentrations. llen. Euchsdet effects of ascenti. structural dscentl. feetch). |

centrations. Pro. Produced by pres. effects of descentf. , nulties but not local auftles. Can be - 121 Certein thermal j

duced by pressure . sive and niechen. sulties and concen. stress concentration caused by pressure,- stresses which !
3

and anechanicat acat leads, inclueng trations, Produced Inst appIIcable to mechanical leads, or may cause fatique.*

leads. Inertia earthquake by pressure and vesselsl. differential thermal but not distortien. .

[
elfeiss. nicchanical leeds, espansion. raciudes

k

local stressIncluent leertia '

concentrattens.eartliquate effects. ;

(Nele till i
>,

$rmhelINote till P. P. P. P, O F .;
. . . - _

e 2
g y, .

cea.heaation of sinis ,
e- .

p

ee. ,.nenii a a
.... .........................r.............. !' | |

...............w

3,.,g, p n , . i ;|ea sereis snientistes ',

e luste Im-

! O I' '*-

y' INete (til*
s u ,

a* o
|

sLegend z
P. + P. + P.+ 0 "--

-

O. s aneie im-'v>'- ..

8 ;

da . m.eh.nw.! le.d. 8 '

;f. . . . . . . . . . . . . . .t
..

Calculated Value i
(Note (611..-~ g

Servke Conditlen 1eds
For piping. the esiculiden of P s**** l' ad '''l"I'*d l*' '''''*lat I( P. + P. + P, + 0 + F' 5

... .
g

dyntadc leads (including Inerals enrihapsshe efece). See NS 2M)(b)(1).
' i

tiotal Stress!

til Bending component of prtrnary stress her piping shaR be the tires propertlenalle the estance from centrold of pipe cross settlen.NOTES: s -

12l Th2 symbell P., P., P., P.,0, and F de not represant single quantitles, hast sets el sie atuantMles represtaung the sie stress components a,, a,, a,,

131 When the secondary stress is due le a temperature translent al the pelat et which the stresses are being analysed er le restraint of free end deflectlen,e.,r.,and r.. ;

the value of 5. shall be laten as the average of the tabulated S. values for the highest and the lowest temperatures of the metal during the transient, |
when part er all of the secondary stress is due to mechanicallead, the value of S. shat met esceed the wakee for the highest temperature durlag the I

[. > !
translent. I

tel Special rules for esceading 35 are provided in NS 3tts.S. f
* ]

15) 5,is obtained from the f atigue curves, Fles.19.8. The anewable stress intenshy for the hse eente of fluctuellen is 2f..dh de not ' .d
'

(D
(65 The stresses la category 0 are these parts of the letal stress that are produced by thermal gradents, struttural distentinultles, etc., an t eyc, s

include primary stresses that may aise esist at the same point. llowever,lt should bs noted that a delsged stress analysis frequently gives the combinatten
,

,

M o-
el primary and secondary stresses directly and, when appropriale, the catasteled value represents the total of P. + P. + 0, and not 0 alone. Similarly,

"~ *
'* ~ ' ' '

18 the sitest in category F ls produced by a stress concentrallen, the quantity Fis the edellenal stress produced by thenetch ever and above the nominal
.

,

siteis. For esample, ti a point has a nominel stress Inlensity P., and has e notch with a stress concentratten facter K, then P. g 5.; P. == tr. O = 0,
.
i>

F as P.tr - ti, and the peak stress IntensMy equals P. + P. IX - Il = Kr.. llowever, P. ls the total membrane stress that results freni enschanical'
leads, inchedtag altscentinidly of facts, rather shan a stress lacrement. Therefore, the P. value afways includes the P.centrSutton. f

FIC. NS 32221 STRESS CATEGORIES AND LIMITS OF STRESS INTENSITY FOR LEVEL A AND LEVEL R SERVICE LIMITS.
1

,
.

* .e ,

. ,
j,,- - . ,

_ - -- -- _ _. _ . _ - _ _ _ .



- _ . _ . - - _ .._. . - ~ . _ _.__. _ _ _.. . . - . . . _ _ . _ _ _ _ . . _ _ . . _ . _ . . _ . - . _ _ . . _

LAppendix A'
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a

*
.

B-3223 Level B Service Limits g

g (c) For ccmponents c6er than piping cperace. v.i6?n ,

tne temperature limic cf this subseeden 6e receire-r.. . - _ _ _ _ . _ _ _ _ . . . . < . _ '-"*** I 'll eT l'TI_ . m "' '; *
_ . ' M- ments of (1). (2) and (3) below shall appiyt ;'" ""

) . Z A '"l ~'"'_~,T,. '" '" '''" '

,

II #'.

--
- - x - ,.

i- ya) The values of Level A Servie: Limsts shall appiy -

4-
< Level B Service Umits. In addition, if a pressure.

< which Level B L>.mics are designated exceeds the

| : sign pressure, the sacss limiu of Fig. NB-32211
,

|
; sa!! apply using allowable stress intensity. values of.
- 10% of those given on Fig. NB-3221 1 and the load.

;'

- 3s for which Level B Umics are designated.~ - (2) I
*(4) In. evaluaang possibic exempoon from faugue '

;
. . talysis~ by the roe: hods of NB-3222.4(d), service: '

andings for which Level B Limiu are designated shall
, -

- s considered as shough Level A Umits were desig- ,

i med.
EI

;. *(a) Any defonnanon limits presenbed by the Design

i- .; - peci6 cations shall be uridd.
(b) For piping components operadng v.ichin the tem-

-

'

;
- perature Emits of this subsecdon the requirements of (1)

-

or (2) below shaB apply.

(l) For Level B Service umics which do not inc ude
8

-

reversing dynamic leads (NB-321335) or have reversing
,

ic dynarnic leads ceT.bir.ed with nonreversing dynamic leads ,

lj

j
(NB-321336) the reqii+Ta of (a)(1). (2) and (3)
above shal be satisfied.

I (2) For t.evel B Service umics which indude re-
versing dynamic leads that are not required to be ccm-[ bined wich nonreversing dynarnic leads %e requirementsi
'of NS 3222.2 and NB-3222A(e) shall be sadsSed in lieuj
of (b)(1) above. In addiden any de_lecion limits pre-*

' -

!
- scribed by the Design SpAir, must be satis 5ed.

<

i ._ ,'
t
d.

,

.

.

- t ,

:A-7
c

- . - . - .. - . - . - _ - - . . . ._
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NE-3224 Level C Service Limits

If the Design Spec'fications specify any ' Service
* ' ~ ""ENIsdings for which Level C Se:vice Umitt sn des. ''* '*E##'

sted (NCA-2142.2(b)(3)).i1: naies used in evsfu-
tting these loadings shall be those used for other load-
ings, except as. modined by the following For piping special requirements are provided in No,.

.

subparagraphs and as summarized in Fig. NB 3224-1.+--- 3224.7.
.

NB-3224.1' Primary Stress Limits. The primary
suess limits of NB-3221 shall be satisf.ed using an S -

- --.
-

value equal ao the greater of 120% of the tabulated S
*

value or 100% of the tabulated yield scength. with
.both values taken at abe &yy.i,y.-;ss +are. In '

add.: ion, for fenitic matenal. the P elasoc analysis
timits for peessure la=fings alone shall be equa! to she -

grenser of 1.15.;or 0.957
NB-3224.2 External Pressure. "the pennissible ex-

'semal pressure shall be taken as 120% of that given
'

~by the rules of NB-3133.

. NB-3224.3 Special Sqtss Limits. The pennissible
values for special suess limit shall be taken as 120%
cf the values given in NB-3227.4 and NB-3228.

NB-3224.4 Secondary and Peak Stresses. The re-
quiremenes of NS-3222 2. NB-3222.4. NB-3222 5.
and NB-3227.3 need.not be eAert

NB-3224.5 Fadgoe Requirernents. Service Lon.1-
ings for which Level C Service tiraits are designased

.' 'ad not be consideed when' applying the y.Mu
of NB-3222.4(a) to desemune whether or not a fatigue

analysis is required..

NB-3224.6 Deformation Lhnits. Any deformadon
~

limits y. c .kd by the Design 5;=?{ ='=s shall be
= Lie-ud. .

*
,

. NB-3224.7 Piping Requirernents.
4

'd

*(o) For Level C Service (Jmecs whuh do not inc!ude'.
' r ca ;..g dynamic leads or have reversing dynamic load ,

!

.

combined with nonreversing dynamic loads the require-
-

.

ments cf NB-3224.1 thru NS 3224.6 above shall be sat- ,

isfied.

(b) As an alternative to (a) above. for Level C Service
Umsts which include reversing dynamic leads that are net

-

required to be combined with nenreversing dynamic
loads the -equirements of NB.3228.6 may be satisfied

c
using 707. cf the specified allowable strain values. ,

1

.
?

1 i

e

s

Y

t

..Q .@. ,,.--%. %
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Primary (Notes' (1) and pff ''**d (8N 7 _ ,
.

,

sec Jo,y ru.te mri 3g g1 '

_ . -

Stress Category . General Membrane - Local Membrane Sending ~ Membrine pens tendini . Peak (f!ste fill

tissulpilon'fler esamples Average' primary stress . Average stress across any , Campenent of pelmary ' ' $ elf-egadBbrating strent (1) lacrement sJded la ,

necessary te satisfy cost. . primary or secondary i
see Table Nn.3217.*; across solid sectlen. Es* solid settlen. Considers stress propertional te .

: thully of sinactwe. 0ccurs stress by a concentratloa
'

' clueel discontinultles and ' ' discontinuities but not distance from centroid of

concentrattens. Produced concentrallens. Produced selld settlen. Escludet : . at sinsclutal discen inetchl.

only by mechanicalleads, only by mechanicalleads. . - discontinultles and centen- : tlnulties. Can be caused by (21 Certain thermal stresu~

. trallons. Produced only by mechanical lead er by which may cause fallpue' .

niechanicalleads. diffeteattet thermal espens but e.et distertion of -
, |[**

slen. Eucludes local stress vessel shape. >

conceatratten.' -

M .3 .7 ad N8 3213.g HD.) 13.11 ,NO.3213.6 a N8 3213.5 yg,3 gg,gg
*

.N8 3213.8 ;gg filete (311 .i
. .

. I

Combinallen of stress | | | |
' .;

,

'|8 i-

: ' coenpenent: and a j i
| 2

allowable limits of | e s

j stress latentitles | | | ! ,? -,. ..g,,,,,, .t

aneiria
- | g ;,, ,

l0I. _ N8 3224.l|e ; j (
_ . .

..e u.siit |
,

9~
e

i p*l 1.25 Elastic . I.85 analysis a
_ g*gge N8 3224.2, a g

I.$ $, N8 3224.2.

| 5 analysts e1 *

A
'!- '. ! 'j'

-
.( erNB.322e

| umN | .

.

: 1.. Evaluation not requind - 3s(............. ,- er
2 jusag e enalygte t.. Evaluatten not requiredus

, _
r

analysis e N8 3224.3
,

NB.3724.3| INete 1411 '' ' ,

!Nele (4118 Triestal
,

| stresses - ;* -
,

N8 3224.3 :
-

8 .t
, *

'

! IfJete (Sil"~~

t. . . . . . . . . .e . s + !.*

i
'

.

(- ,

'
NOT E $:

*

tin the syenbels P P., P., O. and F de not 6 ,"etest single quantitles,but rather sets of sic quantRfes representing the sic stress components a
e,. e.,

r.,t,. and in. t
(2) For conngurations where compressive stresses occur, the stress limits that be revised to take inte account critical bucnnng stresses IN8 3211(c11. !
iil The kmits shown are for stresses eesulting from pressure la combinallen with other mechanicalleads. For ferritic materials, the P. elastic analvils Dmit:"I 3 ;

for pressure leadings alone shah be equalle the greater of 1.li.or 8.95,. ]U
til d she cellapse lead calculated en the basis of the lower bound theorem of lindt analysis and yleid strength vakes spectfled in Sectionll.Part D. ' 7

5

n, i
Sul ett 2. Table Y.I [ytSi TheYrtastal stresses represent the algebraic sum of the thret primary principal stresses (a, + a + a,1 for the combinatten of stress cornpfnents.

, *

s
g ,-

a use the ,reater er the vaines specined.
~ * *

,

FIG. HR 32241 SiRESS CATEGORIES AND LIMITS OF STRESS INTENSITY FOR LEVEL C SERVICE LIMITS '>'

t

(s) For piping steen:Hva requiremones are prevlJed in HR.311U.
j.

'

....
.>

I ;.

i.

. . e :,

i
.- . ..
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-
.

| i

-3225- Level D Service Umits (a) Fcr components other than p. .iping, d.
'

[the Design Specincadons specify any Service ,

adings for which, Level D Limits are designated
CA-21c2.2(b)(4)), the rules contained in Appendix

.
_ ..,

! may be used in evaluanng these oadings, indepen- {t -
t

| xdy of an other Design and Service Loadings.
(b) For piping fabricated from material designated P

,

|B-3226' Testing Limin f Nos. I thru 9 in Table 2A. Secdon 11, Part D. If the Design.
'

S edadons specify any Service Loading for which LevelPThe evaluation of pn:ssure test loadings (NCA. D limits are designated [NCA-2142.2(b)(4)), the rules
41.3) shall be in accordance with (a) through (c)

.

contair.ed in NB-3228.6 may be used as an alternative to /

| hw, except that these rules do not apply to the items
I

those contained in Appendbt F.
NB-3500.

| (s)The general pomary enembrane stress intensity may be used in evaluating

| .shall not exceed 90% of the tabulated yield suength these leadings, independently of all other Design and

,at test temperature- Service Loadings.
,

I

.
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/pscAr FAon A/B -32 2 S* l0 ) )
NS-3228.6 Reversing Dynamic Loading in Piping. I s an alternatiA to a

ic_ i meeting the : ice ifi:2 2:_i;a--requiregents of Appendix F M: :::0,th: f:Il c.. i n; :.s t- :. ';f!:1. for fpiping components suojected to;

reversing type dynamic loading as defined in N8-3213.365 su:t b; ;r:t::ted
|:.;.in:t fr.ti;;; cr f:t!;u: rr.t:h:: f:ihr:the requirements of (a)(1) and

(2) below shall be satisfied. However, when the specified Level D Load .
combination includes nonreversing dyr.xmic loads (N8-3213.36) alone or
coincident with earthquake and other reversing dynamic loads for which the. -

Design Specification requires satisfaction of Level D Service Limits the
--

requirements of .NS ::: (a) Appendix F must be satisfied for Level D.

(a) Th: f:llr. A g :;&:::$t: : S 11 S ::tufi:d. when th ;;;;i rkd
tr;:1 0 L :d :: bin:ti:n b:kd:: ::rthqu.k: : d :ther crc:r:k;
dyn:. k h:.d: act ::: rria; ::ia:id:at .;ith acarrecr:in; dyn::i h:d;
f r .;hkh th: 0::ign 5;;;;ifi::tha r:;;ir:: ::ti:f:.: tun f tre:1 0::r';k: Li;it:. Deflections, deformations, and strains, including
those caused by incremental ratcheting must be evaluated .on an
inelastic basis to assure compliance with these limits.

(1) The effective ratchet strain averaged through the wall thickness
of the piping component due to the application of all
simultaneously applied loading including pressure, the effects of.,

gravity, thermal expansion ranges, earthquake inertia ranges,
anchor motion ranges, (including thermal, earthquake, etc.) and
reversing dynamic loading ranges shall not exceed 5%.

s (2) The effective local peak cyclic single-amplitude strain c in') the wall cf the piping component due to the. application of all
an,

. simultaneously applied loading ranges considered in (1) above
shall not exceed the following.

S '

a10
L < .

an - -

.(E.N)
' where:

.

.

Salo = The Sa value at 10 cycles from the applicable
Design Fatigue Curve in' Appendix I -

E = Young's Modulus

N = 10 for earthquake event. For other reversino/4"#
dynamic loads N is the number of cycles defined ii1

j7 pf m f. g the ' Design Specification. However N can never be -

taken as less than 10. '

0F Yduwacer
$7"AMMS , FAoM

/x a.es.r 4 9 C

) .Q
,

-

A-11
-. - . . - .- -. . . _ _ _ . . . . --
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z '4 Sam w . Tagafd ,'-Jr."'

jv 8' g/9 yr < TeWEmber--1.0, 1993
,

-

-A-0:finitien ef :p if: lent s qa_ ins,.i -
- -.

,

The equivalent strain _r_ange is defined as follows.*

Step.1. Identify all strain components for each point,1,,in time (exi, ,

cyi, czi, rxyi, ryzi, rzxi) for a complete cycle of int"erest.

Stop 2. Select a time point when conditions are at'an extreme for the
cycle, either maximum or minimum. Refer to this time point as o.

Stcp 3. Calculate the history of the change in strain components by
|- cuhtracting the values at the time,-o, from the corresponding

cesponents at each point in time, 1, during the cycle.
'

'

,
6cxi = exi - exo

i
l
'

6cyi = cyi".- cyo

etc;

Stop 4. calculate the equivalent strain ranges for each point in time
as:

['i -

(6cxi - 6cyi)2 + (Scyi - 6cxi)26cequiv,1 = -----

3 '
-

|
3 - 1/2

*+ (6czi - 6cxi)2 + -----(6Pxy12 + Sryzi .4 6rzx1 )2 2

2 - -

.

I Step 5. The eauivalent strain rance is the maximum value of the above -

j :alculated equivalent strain ranges, 6cequiv,1.

i 'The effective evcide sinale-amplitude strain is half the equivalent .

atrain range for one typical cycle of loading.
t
'

The eauivalent ratchet strain is the value of the above calculated -

cquivalent strain range over all the cycles of loading.

.

33A'

A-12
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.

NB-3622' Dynamic Efrects .
. - w

NB.3622.1 Impact. Impact forces caused by either

exts.rnal or imernal loads shall be coruidered in the
*

piping design.

22.2 Earthquake. Tne effects of eartho t- NS-3622.2 P.eversing Dynamic Loads. Reversing
dynarme Iceds (Figes NB-3622 1) are those loads whea cyde

*

shall be ered in the design of pipic ng sup-*

Ports, and resem The loadin vements (earth * about a mean valve and indude building fikered loads, car:h-
number of cycles to be quake and the reflected waves in a pipng system due to flew ,

, quake anchor movemen
used in the anal I be p f the Design Spec. transients resukng from sudden openmg or cbsure of valves.

ification stresses resulting from earthquake A reversing dynanne load shall be treated as a nonrevers:ng
dymtrec iced in applying the rules of NB.3600 when either cfmust be included with weight. other' .

DcM wdNT"
applied loads when making the required analysis. 6e WW aandicons endse

(8) b M"i ratio of the
d drivbg fre-

NB-3622.3 Vibradon. Piping shall be arranged and quency to the h piping system frequency is k
..yW so that vibration will be min:=:=4 'Ihc de. than E
signer r, hall be responsible, by design and by obser, M The nurnber of revemng dynarnic W cydes. We
vanon under startup or initial service conditions, for of ear hquake. eacceed 20.
ensunng that vibration of piping systems is within ac.

}-
ecptable levels.

- Relief and Safety Valve- k- ,

effects of thrusts 'ef and ve loads

. NS-3622A Nonreversing Dynamic Loads. Nonte.consideredfrom pressure and flow .en

versing dparnic lands (Figure NB 36221) are those leadsm the des ipmg. pipe supports, and
,. ...

whia do not cyde about a mean value and hcH: Ae hidalPpe ,

thrust force due to sudden opening or desure of salves and.

waterhammer resuking from entrapped water h tvophase
,

flew systems.*
# .

.

.

amr

4

k:

a
.

t
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:
:
!

;
,

? LOAD.

: .

-.
- -.

.
< *

TIME

NONREVERSING DYNAMIC LOAD
.

-(RELIEF / SAFETY VALVE OPEN END DISCHARGE)
|(a)

. .

-

.

:

t'

f MEAN LOADi

! LOAD
- .

,

TIME -

REVERSING DYNAMIC LOAD
(EARTHQUAKE LOAD CYCLING ABOUT NO'RMAL OPERATING CONDITION)

I(b)
-

.

.

'

. ,

.

. n /1 [ /l. 3 _ f . jMEAN LOAD
,

~U# V "" -' ~

LOAD
"

.

NON-REVERSING LOAD
y

TIME
'

NONREVERSING FOLLOWED BY REVERSING '-

(INITIAL WATER SLUG FOLLOWED BY REFLECTED PRESSURE PULSES) r,

1(c)
.

6

FIG. NB 3622-1

EXAMPLES OF REVERSING AND NONREVERSING DYNAMIC LOADS

__ . _ . _ _ . .. . - _ _ _ _ _ _ . . . . _ _ _ _ . - .. ._ .-
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*

N B.M53.1
a.

. )
(i.e., resultant mome'nts from different - g

load sets sha!! net be useti in csiculating i

'

the moment range MJ. Weight effects
need not be considered in determining*

,
' ~ ~

'

the loading range since they are non-
cyclic in character.11 the method of
analysis is such that only magnitudes
without relative algebraic signs are ob.
tained, the most conservative combma-,,<

tion shau be anumed. If a combination reversing dynamic Icads'

includes ::".[ ."=, M, shall be

either:(1) the resultant range of moment
due to the combination of all loads con- -reversing dynamic loads
sidering one-half the range of the onlih-

~

@ or (2) the resultani rane,e of mo-
ment due to the full range of the - reversng dyramic loads
-- * ,M alone. whichever as greater.

7,(T.)= range of average tesp.e on side
'

' a(b) of gross se:verural discontinuity or
maserial #-inuity, "F. For generally

,

cylindrical si. apes, the averaging of T- .

(NB-3653.2) shall be over a distance of
Vd2 for T sad over a' distance of
VEi for T..

4,(d.)=inside diameter on side a(b) of a grossL

structural-discontinsity or material dis--

continuity, in,
r,(r.)= average wall thickness through the ;

length VJZ (Vd,t.), in. A trial and cr- 1.

ror solutica for r,and t,may be neces-
-

sary.

J ' a.(a.)=coef6cient of thermal expansion on side-

a(b) of a gross structural discontinuity '

I or material discontinuity, at room tem-

| peratuse.1/*F (Section 11. Part D Sub-
,,. J

|' part 2. Table TE)
-

j .'E = average modulus of elasticity of the two

|:
sides of a gross structural discontinuity

- -

or matenal discondnuity at room tem-'

f

i perature, psi (Section 11. Part D. Subpan

2. Table TM)
*'

~

P,= range of service pressure, psij; .

4

't

.

'
.

.

'

' A-15,
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NB.3654 Consideration of Level B Service
Limits

NB-3654.1 Perinissible Pressure. For Level B Set- -

vice Limits [NCA 2142.4(b)(2)], the permissible pres- For Service Loadings for which Level B Service Limia are
sure shall not eaceed me pressure P., calculated in designated the requiremena of (a) or*(b) below shall **

,

accordance with Eq. (3) of NB 3641.1, by more than apply,
10%.

'

NB 3654.2 Analysis of Piping Components. For (a) For Service Loadings for which Level B Service Urn.
1I w .t. :..:. L..,:0 k .k '.:...:: = in are designated which do not include reversing dynarnic'-

,

L:.. . Ome condauons of Eq. (9) shall be met using loads (NB.3622.2) or have reversing dynarnic loads corn.
Service Level B coirw+fect pressure r and moments M, bined with nonreversing dynarme loads (NB 3622.4),
which result in the maximum calculated stress. The al-
lowable stress ao be used for this condition is 1.15
but not greater than 1.55,: In addition, the vdu
for analyzing Service Loadings for which Level B Scr-

,

vice Limits are designated are abe same as those given
in NB-3653 for Level A Service Limits.

S,= yield strength value, psi, taken at average
fluid temperature of the transient under con-
sideration (b) For Service Loadings for which Level B Service

T Limia are designated which include reveriing dynarnic
loads thatare not required to be combined with nonre-
versing dynamic Icmds the requiremena of NB-3653 fer
Level A Service Limits shall be met. in addidon any
ddecdon limia prescribed by the Design Specification
must be satisfied.

| -

.

.

.

.

.

O

#.

.

!
-

!
-

i

|

!
6

e

i

(

|
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*

NB.3655 Consideration of Level C Service
~ and NB.3!!3(b)
,

Limits

NN3655.1 Permissible Pressure.' When Level C
i Fer Servke loadings fer which Level C Service Umia

Sc6 ice Limits (NCA.2142..ttbX37i :re specified. me
(NCA.2142A(b)(3) and NB-3113(b)] are designated the

permissible pressure shall not exceed the pressure P.,
requirements of (a) or. (b) below sha!! apply, gcalculated in acconiance with Eq. (3) of NB.36si.t.

,

by mon: than 50%
(c) For Service Loadings for which Level C Service

NB.3655.2 Analysis of Piping Components. e Umits sre designated which do not indude ' reversing dy.
., L . ... L.i.h .' . :.. L .J C L . ... L:. ..; namic loads or have, reversing dynatloads combined .

!9; ::M ('dC* ""*1?y')}$me condiuons of:n
Eq. (9) of NB.3652 shall be met using Service Level

with nonreversing dynamic loads.

C coincident pressure P and moments M,which result
in the maximun. calculated stress. The allowable stress (b) For Se'rvice Loadings for which level C Senue
to be used for tbh condition is 2.255.,but not greater Omits are designated which include reversing dynamic

than 1 ES loads that are not required to be combined with nonre.
r

NB.3655.3 Deformation Umits. Any deformation versing dynamic loads the requirements of NB.3656(b)
sha!! be satisfied using the allowable stress in

limits prescribed by the Design Specifications shall be
considered with respect to Level C Service Umits. NB.3656(b)(2). 70% of the allowable stress in NB. .

3656(b)(3) and 70% of the allowable loads in
NB.3656(b)(4).

.
-

.

or deflection
.

&

W

.

.

.

- 6

%

!

l

,

|

!
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' '

I NB-3656 Consideration of Level D Servi e (,.bAcha b -

Limits ~ For pipingC.;a.-?from material desienated P No. I:

(c)If the Design Specifications specify any/ des- thru 9 in Table 2A. Section 11. Part Dj(cr which Le[ei O
2 4

Service the Des.gn Seci. ,

'
;

gs for which Level D Service Limits fication: specfy any Service Leacmgj
,

CA-2142.4(b)(4)]. the rules con d in Ap. h dyW MNIqb)($ the re@. !.isj
~

pendix F be used m evaluau these Service ments of (a). (b) er (c) below sha!! apply..

L ! -
IV of all Design and Service b 66 fx M Lev e D k 6.

,

:
Limsts are designated which do not indude rever3 ngi

'(b) As an altemati "tions of Eq. (9) sball dynamic leads or have reversmg dynamicToads combined
' '

.
'

4

! be met. D e a!!o stress so be for this con. with r~r. .J.; dynamic leads the requirements cf (1)
| disjon is 3.0 but not greater than 2. The per,

t missible shall not exceed 2.0 time's
and p) shal apply..

i .+ dad in accordance with Eq. (3) of (1) The permissble pressure shall not exceed 2.0
times the pressure P, calculated in accordance whh Eq. 4,1.1.
(3) of NIL 3641.1

(2) The condrcions of Eq. (9) of NB 3652 shall be,

1

met. The allowable stress to be used for this cenatica
is 3.0 5, but not greater than 2.0 5,.

(b) for%rvice Leadngs for which Level D Service
Limits are designated which indude reversing dynamic
loads that are not ryc.4 to be combmed with nonre.
versing dynamic loads the requirements of (t) thru (5)

.

shan apply.
(i) The pressure _ occurring coincident with the

earthquake or other reversing type loadng shaB net
exceed the Design Pressure. ,

p) The sustained stress due to weightIcading shall
r.ct exceed the foDowing:

D

gi0.55,8 ,

2

w' W
wse,e

= resuhant moment due to we:ght effects

(NIL 3623)
p) The stress due to weight and inertial icading

due to reversing dynarnic loads in combinatien with the
- .

'

Level D w;..Jh pressure sha", not exceed the follow. ,

.

ing: '"P0 O0o c
8} g-+B2UE 1 4.5 5,M

,

where
F = the pressure occurring coincident with theg

reversmg dynamic load

Mg= the amplitude of the resultant moment due
-

to the !nertiat icading from the earthquake.
ether reversing type dynamic events and
weight. Earthquake and cther reversing
dynamic loads shall be computed frem a
Encar elastic respense spectn:m analysis as
defined in Appendix N 1226 except the

,

.

. .
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5 D)M@-Nh?N.%. shi'N'<".
<

~ ~ ~ - -. ,

specuum peak broadening value 4 in N.
12263 sha!! not be less than 15 percent
e.d.in place ci se damping . .!ues fer both

,.

'

brge and small diameter piping syst.sms in
Table N-1230-1 for Operating Basis Earth-

quake and Safe Shutdown Earthquake, a
value of 5 shall be used. The ground mo-

. tion design input for generating the floor
response spectrum to be usch the line2F

4

elasde analysis shaB meet the requirements

d Appendoc N-121|(a) and N-121|(b).
,

.

Homents and forces rnay be computed |
' using a methodology other than prescribed

above if the attemate methode".ogy is dem-

onstrated to produce results which enve-
lope the prescribed methodology results.

lIn the combination of loads, all direedonal
moment components in the same direction
shall be combined before .deterrnining the
resultantmoment. If the method of analysis
h such that only magnitude without alge-
braic signs are obtained. the most*

conservative combination shan be as-
,

1

|
sumed.

(4) "Ihe range of the resultant moment M, and
the amplitude of the longitudinal force F resulting frem |m
the anchor monons due to earthquake and other revers- |-

i

ing type dynamic LacEng shall not exceed the following:
,

|

Yo# l
~-

CZT 1
(

.-
.

g<52 .

.

where: S, = 65, "

S,= 1.05,
A = cross-sectional area of metal inn

the piping component wall ,

(5) Piping displacements shall satisfy Design Speci-.
fication Emirations.

(c) As an attemative to NB-3656(a) and (b)$ the rules
centained in Appendix F rmy be used in evaluating these
se.wice loadings independently of att other Design and
Service 1.oadings.

?
.

.

A-19
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, _

NB.3658.3 Level D Service Lindts
(a) "Ihe presuire sha!! not exceed 2.0 times the Rat-

ed P tssure.
(6) The timir.,ran given by Eq. (17) of NB-

*

3658.2(b) shan be met, where Pfand #phrc'pressmes, esiculated from Eq. (17) shall be in. /' The allowable M
psi, and inoments, in..lb, occurring concurready. (I cressed by 40%

y

NB.3658.4 Test La-^*<. Analysis for Test Load '
ings is not := quired.

|
..
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1: NC.3600 PIPING DESIGN !.
1

NC.M10 CENERAL REQUIREMENTS

~ NC-M11 Acceptability
.

The supin:mer.:s for =cceptabill:y of a piping :y::en
are given in the following subparagr:phs. 6

*NC.Mll.1 Allowable Sm:ss Values. Allowable .

- stress values so be used for the 4csi n of piping sys-5 -

acms are given in Tables I-7.0.
*

.
. .-

NC-361L2 Stress LJmits
(a) Design and Service. Loadings shall be speci6cd

in the oesism s;--:'= - ,
. )

(b) Design Leadings.The sunn of stresses due to de.
,

. sign inseraal pressaic, weight, and other ===ineri J

loads shan sneet the e *.- of Eq. (8). NC-3652.
(c) Service loadings. 'Ihc fouowing service limits*

shall apply to Service Loadings as designated in the
Design S; c t'-- ' = = For Service Loadings for whidi Level A and B Service.

(JJ imel A and A Servicel.isucr. 1.amics ar'e dengnar.ed in the . Design Specification, the.

, 6: - e x _* ;- '-- :'" := - - - _' L, x 1: requirwnents of NC.3653 shall be met..

__.. _ _ . _ .
. _ _ . _ __,__ .a ._ . ..

- - , . . - - - -

. __x__ _ __-..i._.i,___>._a._
,

__ -__J...._.._a._ _ _ . _ _ - ___

, . .. . x, __. _ _,1.

, . .- , - ._
--_a.-,-..e.._ e ..,

4 . w, _ _ .
, . . _ _ _ m_-___.

__ _, >
u_, _ --__e,_,. ,, n,

: : a_ _ e _ _ . ,. _ , . . . . , _. .
-- .,

(.....---,_ > > . . -__. e.-...,.... _ ._. . _ . - - . . _ _ *-,

g _ .. e. es.
e e .. ,. . .

_ .s. _
. . . . .- _ _ . - -.

n.,--._
..

.
_ . _ . . _ . _ _ 1_

_a. ._ _ ___ _s._._._ _...-..,- _, . .

,

x_ .2... ._ . , _ __. . __, ,__, ...,
_., . ._._ . , _ . _ , _ _ _ . _ .._

_
._, . . - .. _ . _ _ . , _.= = . . . _ ,; .

g- - w.w .w== .- . vs

i . ,4 !: 0 ',fO.:. When Level B Ilmits.

| : apply, she peak picssure P alone shan not czceed
*

.

1.1 times the pressure P. calculated Ta accordance with;
Eq. (5), NC.3641.1.i

(2) Lael C Service limits. For Servnce t_~';T ..

for which Level C Scrvice Limits are '- =E= " in the'

* Design ", = '='=_ abe sum of strusses .' ;,. L . * *
, _ _ , u ,__, __,x_

n. . ,.. - . .. - - __, _ _ __ ._ _.. .--

easioneMeeds shall meet abe heil of NC.3654,,
* , e ,. .

,.y.,.
a ,_._v. r._ . .ee _

._ _n.e n ,.-._.,e,. - _. ,

__, , .

.. . . ~ . .. . ,. ..., . , , . . . . -

. . .... m.,. st,==!rae 9 amr'cu i... _. _i. __ .xe __ c,.. s . . - -

(3) Lael D Service Limits. For Service 1 nufmgs-

for which L: vel D Service Limits are designared in they
Design Specification, the som of satsses shall meet thep
requirements of NC-3655. '.".a L .d C 'd 2 .r.e'y,>

_ _x_ a
_..-..,,...__.___o. . . . , , . _. . . . . - ,. .,. . . . . , . . . . . . _ _ _. . .

2: - == : .". ='r': =' % :x x' c :: - $ E;. '5),*

,

; . ,..,... .

w .v..... .

(4) Test Conditions. Testing shall be in accor.*

! dance with NC.6000. Occasional loads shall not bc
, considered as ac:ing at time of sess.

4

4
-

.

. -

t-
o

e

J
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"" X22 Dynamic Errects-

NC-%221 Impact Impact forces caused by either
exactnal or internal loads sha!! be consid nd in the
pipirg design.

e2' sing Dynarnic Leah ReMng &-3622.2 Earthquake. The effects of H-
* u

shall be idered in the design of piping * g sup- namic bds (Rgure NC-%22-1) are those loadsshich eyde.
.

- -

and ,< h up' mz, about a mean valve and indude building fikmd huk earth-
sw- - M n& dduding %uake " * 'I'''* **

cydes to be ined in abe shall be part of tbc Perug or h d a .

Design S"" ~ stresses ~ from these * * * " I

Ade must be included with wet -
^ ***'N

'" '

sure, applied loads when making the requurd the foRowing condioens edsc coAv/amar
4 (c) The frequency ratio d the dynamic bd drivhg fre-

quency to the lowest pping system rntu frequency is less g
NC-3622.3 Vibration. Piping shall be arranged and

than 0.5 g

an~.M so that vibration will bc : O The de.
@ The number of rwermng dynamic bd cydes, exdusive [

dgner shall be res@le, by design and by obser- of earthqmke, eted 20. j
vanon under startup or initial semce conditions, for I
ensunng that vibranon of piping , systems is within ac-
:eptable levels.

NC-3622.4 Exposed Piping. Exposed piping shall
be M-d to withstand wind loadings, using me:e-
aological data to A : b wind forces. When State,
Psovince, or Municipal ordmances covenng the design
' building struennes are in effect and spectfy wind

Jings, these values shall be conside:cd the mmimum
design values. However, it is not mucy to consider
nr bquake and wind loadings to be acting concur- i

..
:ently.

5 Relief and Safety Valve 4---- NC-%22.5 Nonreversing Dynarnic Loads. Nonre-
versng dynamic loads (Figurs NC-%221) are those loads

:ffects of thrusts 'ief and alve loads
whkh do noc cyde about a mean value and inckde the inich!

from pressure and Sow 4ents considered
. thrust force due to sudden operung or desure of vakes and

in abe piping, pipe supports, and
'

waterhammer resulong from erarapped water in two phase
.

*

dix O.' .

Gow systems. *

-

h&

.

.

.

_ _ _ _ _ _ _ _ _ _ . _ _
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LOAD

i
i

< .

BME-

. . : - -

NONREVERSING DYNAMIC LOAD
- (RELIEF / SAFETY VALVE OPEN END DISCHARGE]- '

t(2)

/A q , g MEAN LOAD
-

i.

|
-

TIME

REYERSING DYNAMIC LOAD

(EARTHQUAKE LOAD CYCLING ABOUT NORt4AL OPERATING CONDITION)
l@

'

. ,

#

,..

..-

g[ g j-MEAN LOAD
'

"" V ""~ " '

LOAD
NON-REVERSING LOAO-

,

f

TIME

NONREVERSING FOLLOWED BY REVERSING

(INITIAL WATER SLUG FOLLOWED BY REFLECTED PRESSURE PULSES)1

1(c)

} FIG. NC-3622-1

EXAMPLES OF REVERSING AND NONREVERSING DYNAMIC LOADS
,

'
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NC.3452 -
NC4000 - DESIGN NNC-N49..t.

rates of a be!!:ws ci:n be denned by several methods
(/) The Certi6cate Holder s Data Repcrt sh-J: due to the hysthesis loop which can occur during de.

:::-
which of the above procedures was utilized to verify Section; a restoring force may be sequired to return the
the design. bellows to abe original neutral position after de$ection.

(g) If there are two or more types of suess cycles
which produce signi6 cant snesses, their cumulative e!.

When applicable, the Design'Speci5cade s shall stpe
the =ni==n allowable force that can be imposed on

.fact shall be evaluated as stipulated in Steps I through the can, n my parts or shall sequi e the Cc:ri6cate
.

'

5 below. Holder to desermine the .. i - force -wy to
Step 1: Designate the speedied number of times each deacct abe bellows a given Amace such as the max-

sacss cycle of types 1, 2. . . ., m, will be repeated
imum move:nent to be absorbed.during abe life of the - ,- = as ai, n:, . . ., n

, & 4 y.

NOM: la dammanes a . . . a <masulanace Mt.tw si,a NC.M50 AN/ LYSIS OF PIPING SYSTEMS
se she asperpassoon of cycles of various origins which prahace a _3
ammi suuss dormenee s s . . s.sr=ser sham om s==s dirrerac: NC-3651 General Rw .-

at she individuni eyenes. For es mple if ene type W sress cyde
pimensus 1.000 syeiss et suuss dinuace varimien sa. =r. . (a) The des.ign of the ea~ 8~ piping system shall
+4o,e m p,i d duesy,e er ac ese p.g so coo eye , be analyzed between anchors for the effec:s of thermal

|
at a smuus asmenne veri e.m nr. a - so. coo p.t. sw r.,

-

weight, and other + : wi and occasional. = - !=
typse er eyenes as be enamened me d=6med by she reno.ing p

loads. The system design shall meet the limits of NC-
'

y , ,y,, % ,, 3ana, 3650. The pressure portion of Eqs. (8) and (9) may
5. - (40. coo +.5o.000) - nic. coa poi be seplaced with the Aa

w
. Type 2 cyene a, - 9000

5 = 00.000 + 0) - 50.000 pai W
Saep 2: For each value S., Ss. . . ., S use the gw , ,' A* - d'

apprw-.hte design fatigue curve and e--:-'as;
toesbod of analysis to desermine the * . - number

The pressure portion of Eq. (11) may be replaced by
of stress cycles which would be allowable if this type

. '

of cycle were the only one acting. Call these values
the expression

Pd' .

N., Ns, . . ., N The fatigue curve used may be either g , __ 2 - 42D,
the S plot de5ned in NC-3649.4(d) or the curve con- where the terms are the same'as in NC-3652, exceptf
sistent with NC-3649.4(c)(2) or (3). If the fatigue curve
has been ai.w'.y.4 based on a total suess difference, P=P or P ,pn
then the full value of S , Ss, , . ., S., of Step 1 must d= nominal inside diameter of pipe, in. .

be used so determme #; however, if the airve is based (b) When m." suesses in the vicinity of ex-i

on an alternating stress, then the values S., pansion joims, consideranon amst be given so acmal.

I areas that exist at the q = != joint.,

Ss. . . ., S become the i"=g stresses.

Step 3: Fw each type of stress cycle, calculate the (c) For analysis of Aanged joints, see NC.3658. -

.

usage factors, U,, Us, . . ., U;. frorn U = m,/N,. U:
U. = N. W NC-3652 Consideration of Design'Cor.ditions - ar

= n /Ns
Step d: CalEilate the c:nm lative usage factor U from

The effec:s of pressme, weight, and other sustained

s

U = U + U + . . .+ U,
mechamcal loads must meet the requirements of Eq. ,i

Step 5: The cumulative usage factor U shall not ex-
(3):caed 1.0.

(h)The Certiftente Holoer shall submit a report
.

ro, + B: 2u, s 1.55, (8)
-which demonstrates compliance with NC 3649.

Sa = 8 ~2r.
- :-

(i) Where si. hey to carry the pressure, the cy*
lindreal ends of the be!!ows may be reinforced by suit-
able collars. The design method used to assure that the B,.S.=prunary stress indices for the specific product

,

stresses generated will not cause premature failure of
under investigation (NB-3680)

the bellows material or weldment shall include the at.
P= internal Design Pressure, psi

tachment wc!d between the bellows and end conr.ec-
D,=outside diameter of pipe. in.

.

tions.
tj) The spring rates of the expansion joint assembly ( 'c--ri in h (SL rR ario em w sie mir fo' '

ncteu a new,n ,.m
> hall be provided by the Ce:tifieste Holder. Tne sp:.ng

i-.

1
a n ,,

- - - - - - --._____________ _ - - - -- - ----_-__ - - ____ - ___ ____
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NC-3653 Consideration of Level A and B
>

Servia Limits

NC-3653.1 Occasional Loads." The effects of pres-
*

ecsure, weight ~her simined loads, and occasional including nonreversmg dymm. loads
loads,$...w:.d_.; 0.i ' , for wtisch Level B Service
Limits are designated, must incet the requirements of'

Eq. (9)-
.

*

M, + Me
5 = 8, P""' O* + B :S l 8Sa (9)2

2t. Z
s

.

but not grenser than 1.55,. Terms are the same as in
~

NC 3652, excepc
P.,.= peak pressure, psi
M,=r- ''--' moment loading on cross section due nonr-g dynarnic M.

A _...-d int, =o = p_ r ' x x":'

:i =':; :2:: ?rt f.:= = - =! *:=
*

. =2 .=. . u m- _w--=
- _ . - . .__ _, _ J..

-, - _
eq_

w -!t. F:: __t ; ' . = - .'y
--_

'

m t; .L.' _ ' - , ~=. 2*- . - - _
L _19 -- t.*.te. . , r. _-

L -

. .. . - - - - ,

--_ w--...f...._.._._L_...t.._ - . L .___

~ 3-
_ j w w... .. . J J .e___t

_ - .w... e a
--.

s.=nge .
re m 2

v.
- *- t a 2 *roms *r L

aw as .ww.a. see ge ws ameau
s.ag gej en mae=j

. ., . c -, -
s . . , n. . w.,, ,.

.
.,s

S,= material yic!d strength at k w.are consis-
sent with the load'mg under consideration, psi

~ S.= mat rial allowable stress at temperamre con-
,

sistent with the loading under consideration, 1l

psi m
i

|

.

. . .

.

.

IA-25
4
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NC.3653.2 Therma' Expansion. For Service Loid- /g ! i

ints for which Level A .vul B Service Umits are des- I
,and Eq.

ignated. the requiremems af either Eq. (10) or Eq. (11)'
must be met. '

. (a)"Ibe effects of thermal expansion must meet the
requirements of'Eq. (10): _ ., .

,,

iSe= b ;s5 (10)
,Z

Terms same as above except

Mc= range of : =ih=at =amean due to thermal ex-
Pansion, in.-lb.: also include moment effects _ 7s,....h,g dynamic loads
of anchor f=p - --- due ad. _Q '-- if
anchor -'u - - = effeca were omiaed'from
Eq. (9) (NC-3653.1)'

Sa=anowable stress range for epa 6 stresses
(NC-3611.2), psi

i= stress =ne-ine=riaa factor (NC-3673.2)
*

(6)The effects of any single soarepeased anchor
movesnent shall meet.she requiresnents of Eq. (10a):

U s 3.05, (los)-
z

.

.

p ' Terms same as in NC-3653.2, except
M =sesultant. m due so any single nonre-*

3
Pi.ased anchor movesnent (e.g., r. h ,

,

"

building sendement), in.-lb. ,

(c) The effects of pressure, weight, other ~M *

loads, and thermal, expansion shall meet the seguire-
ments of Eq. (11): ,

.

Srg = PD- 2 + 0.751 z' + l { Me%r ,! s (5. + 5[)
f

(11) .
- ,

. e. z
, m

0.75i shall not be less than 1.0. ,

//s.V
.

.

* * ' ' - (d)The effects of r ' g dynanuc loads must meet the
~

/,

^ requirements of Eq. (

SR" I h
,

Terms same as abcm excepe
MR = range of resultant rnomenu due to mercia and an.

*

chor motion effects of reversing dynamic leads

1

4

- , , . (L Ah/2_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ _ _ _ _ _ _ __ _ _ __
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% 54 Consideradon er Level C Service
,

Limits -

Sema i n=Angs for which Level C b NC-3654.1 Permissible Pressure When Level C ~

is designated &c condidons of Eq. (9 Semce brnrts [NCd-21-12.4(b)(3) anIN'B-3113(b) are
l= i g t e r ir=ar - loading speedied. the pernissible pressune shah not exceed the

ecc. In y**1* @"" "* " **"h'* * d *' pressure P. calculated in accordance with Eq. (5) of NC.*
4 or other - effects not be .~w 3641.1, by more than 50Y
dMic e w w A Mb is
S.but not grescer than NC-3654.2 Analysis of Piping Cornponents. For
5,=manenal yield at =-- =---.c consis-

Service Leadings for which Level C Service Limits [NCA-
.

,, ,gg g%. ,,, ps; ;

2142.4(b)(3) and NB-3113(b)] are designated the require-'

5.= kwable stress at - - : : - - ma.
sist wi6 ec loading under $,.A - ments of (a) or (b) below shah apply.

(a) For Service Loadings for which Level C Service
.

Urnits are desagnated which do not indude reversing dy-
namic loads or have reversing dynamic loads combined
with nonreversing dynarnic loads,the condidens of Eq. (9)

,
*

of NC-3653.1 shan be met using Service Level C coinci-

dent pressure P and moments M,which result in the
,

maMrnum d-_=E=4 stress. The 3Rowable stress to be

-

-

used for this condition is 2.255, but not greater than
l.85.

.

(bj For Service Loadings for which Level C Service
Limits are designated which indude reversing dynamic
loads thatare not required to be w..tAed with nonre-
versing dynarnic loads the requirernents of NC 3655(b).

shall be satisfied using the allowable stress in
'NC-3656(b)(2), 70% of the agowable stress in NC-

.

-

3655(b)(3) and 70% of the allowable loads in.

NC-3656(b)(4).
-

NC-36543 Deforrnation Lirnits. Any deformation
or deflection limits prescribed by the Design Spedfica--
tions shall be considered with respect to Level C Service

Limits.

) .

A-27
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NC 3655 Consideration of Level D Service material designated P No. I 6*

LI*IL5 or piping fabri t.

' Section !!. Part Ohhe Design SpeciJl thru 9 in Table- r Service Loadings for which Level D Se:v' = fications specay any Service Leading for which Level D, ,
Limits designated, the corditions of Eq. (o shall

be met. In culating the result 2ra mom loading Limits are des' ted CA-2142 7(b)(4)1)the require.

Mg, the effects anchor displacemen ue to canh- rneno o a). (b) or c) e oYshaliIpply.
(o) For Service Loadngs for which Level D Service k

quake or other _ cffects ne- not be included. I

& aMie sass => or mis condh Limrts are designated which do not include' reversing
;

~ ~*

dynarnic loads or have reversing dynamicTads combined ,,

1- ~ eat with nonremrsing dynamic loads the requirernents of (1)m e cons5 yield g&
nder S' i

and (2) shal apply.whh &c ,.

(1) Tee pernussbie pressure shan not exceed 2.0
:

S.= le sess at con.*

with the loading under con'siderso
times the pressure P, calculated in accordance with Eq.

" . ..
i

(3) of NC 3641.1

,,-
(2) The condioons of Eq. (9) of NC-3653.1 shan be ,'

The anowable stress to be used for this condidon fmet. ' >
is ,3.0 S, but not greater than 2.0 5.

| - (b) or serwce Loadogs for which Level D Service
Umrts are designated which include reversing dynamic
loads that are not required to be combined with nonre-

- ,

versing dynarnic loads the requirements of (I) thru (5)
i /

/ shah apply.
(l) The pressure occurring coincident with the3'gs m,,e.s.,.:,T" earthquake or other reversing type loading shah not

7v y .<. ..< y, - exceed & % Pressn. _..

(2) The sustamed stress due to weight loading shallI
t not exceed the following: NW'

D

yf S 0.5 s,My B

where
resuhant moment due to weight , effectsM =g

e stress due to weight and inertial loading

due to reversing dynamic loads in combination with the*

level D coincident pressure shall not exceed the follow.,

.'cm -
-

PD D "

2hNE 5 4.5 5,6 *0
1 t

where
the pressure occurring coincident with theP =g

| reversing dynamic load
the amplitude of the resultant moment dueM =g
to the inertialloading from the earthqu.ke.

-

other reversing type dynamic events and
weight. Earthquake and other reversing
dynamic loads shall be computed from a

'

linear elastic response spectrum analysis as
defined in Appendix N 1226 except the

,

(
'

.
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spec: rum peak broadening value a,,in N.
1226.3 shall ret be less than 15 percent
and.in phce cithe damping values fer beta
hrge and small dhmeter piping systems in
Table N-1230-1 fer Operating Basis Ear-h-

quake and Safe Shutdown Earthquake, a
value of 5 shan be used. The ground ino-

-

tion design inpts fer generating the floor *

response spectrum to be used in the $near
elastic analysis shaR meet the requiremena
cf Appendbc N-12il(a) and N 12tl(b).
Momena and forces may be computed
using a wethodology other than prescribed
above if the alternate methodology is dem-

onstrated to produce results which enve-
lope the presented methodology resuics.
In the combinaden of loads, all dreedonal

.

moment componenu in the same dreedon
shall be combined before determang the
resukantmoment. If the method of analysis

-

is such that only magnitude without alge-
braic signs are obtained. the n est

. conservatrve combinadon shaR be as-
sumed.

(4) The range of the resultant rnoment M, and
the ampEcude of the longitudinal force F, resuldng from
the anchor mocons due to earthquake and other revers-,

ing type dynamic loedng shall not exceed the following

Yo *

2T<53C
*

.-
..

Fg

{<52
-

where: 5,= 65,
S, = 1.05 ,
A = cross-sectional, area cf metal in

n
the piping component wall

(5) Piping asplacements shall satisfy Design Speci- .

ficatien limiutions. .

(c) As an alternative to NC-3655(a) and (b). the rules
concined in Appendix F may be used in evaluating these
service loadings independently of all other Design and
Service 1.ca6ngs.

A-29
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- NC-3658.3 ANSI B16.5 Hanged Joints With High .
.

Strength Belains. Flanged joints using sanges, bois- a . ...,
e a

ing, and gaskets as speci6ed in ANSI B16.5 and using
bolung =mserial having an S value at 1007 not less

I than 20,000 psi may be analyzed in acconiance with
the following rules.

!, ! (:) Design Lindes and Laels A and B Service Linun .

E _ (1) The pressure shau not exceed the rated pres. *
8 sure for Level A Service Limits or I.! signes the saaed

pressure for 1.svel B Service f imin-

*

(2) Tbc limisations given by Eqs. (12) and (13)
.shau be siec

.

M, s 3125(5,/36,000)CA, (12)

. -

#ps 6250(5,.136.000)CA. (13).
,

where the value of Sy/36.000 shan act bc taken as
3:cuer than unity.

th) Level C Service Lirnits
(1) The pressure shag not exceed 1.5 times the (

smed presse e.
(2) The li=imian ;;iven by Eq. (17) shan be snec .-

-

..M 5 (ll.250A. - (1r/16)D//p)C(5./36.000) (17)p

. where she value of Sy/36,000 shan not be taken as '.
gecaser than, amity.

(c) Lael D Service Lasiss
.

(1) The pressure shaB not c:.cced 2.0 times the * , .
ssed pressee. .. ,.

-

. (2) The Emitadoo given by Eq. (17) shan be met. .

-

where Pp and My are p. . psi. and moments. -

. in..lb occurring concurrentlyg The allowable M calculated from Eq. (13) shall be in.y

(4) Tem loadings. Analysis for ses loadings is not eased by 401
requaed.

-

:

|
!

.

.

1-

i

I

(, .

| ~.

| |
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' Appendix II-A: Analytical Study of Frequency Effects on Margins
'|

1

I

Prepared by 6

6

| Dr. C. T. Huang
,

!California Institute of Tecimology . .
.

,

..,
.,

' Supervised by

Dr. W. D. Iwan
.

' '
CaliforniaInstitute of Technology
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Appendix II-Bi' PFDRP Component Tests Seismic Ratchet-Fatigue Margins

.)
|

margins developed by i

K. R. Jaquay .

Energy Technology Engineering Center a -*-

,

data confidence study by

R. P. Kennedy

Structural Mechases Consuhing, Inc.

.
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CIT TEST 14 MARGINS !
.

!11.000 *

i
,

t10.000 RT S-TYPE !

- - -MODEL 1 f---

,s e
.

9.000 uocsts : : j

. . .

!-- oucvurr--
' .-

. .

8.000 .s :

: \. |, , ..
. .:.- : ' '. : .

.

7.000 1 i
.i

.
<

. :-
.

: .

E t.: ' '

6.000 ?- .c. | . :.. .

i%^' , | '. !O : :,a: i ~~. i;.: t , :.- 'y 5.000 ! 4! \ |f..
.: .a ,..

',:' .f. f fi I

;
.

.,-
\

: s .;
-

: y ;
.

.i !
.

4.000 : 1

'. !
i ! \/. ! !)

!
* *3

\' - s
3.000 : ' \ /

1 s
- .ft

*% .' ,-; t.s .f
-

s.v.: j ; y ,-~' \ ;

2.00u '- ' \ t.

?- ;.. .

/"<. . , , ' !,

1.000 Re = 2 STUDY POINT (CIT 1.96 DATA) i

h' R. = 0.5 STUDY POINT (CIT 8.52 DATA)
!,

i
'
-

0.000 '

i0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000 |Rw
.

|t.,

b

' .
$

.

)

.

I
*

,

e g' ;

I-

r :
I,

y



;

!

!

Nominal Properties,650F CIT MRF Rw = 0.5 and 2.0 Lower Bound Ratchet-Fatigue Margins, Uncorrelated
HI LEVEL TEST RUN INERTIA STRESS W! NOMINALTHK EVENT CORRECTIONTEST MARGIN CIT TEMP + FREQ ADJ f

A B C D E Fueo G H I J K 1. M T Uuoo U, ann %o|V.nw !GE R= TEST Zn B M5u GE ROT EVNT EQ 9 P+WT NOM T CIT CIT DYN MRGN
2

8 BR TEST BASED NOM /Z f OF # OF CORR P,WT ADJ TEST MEAS MRF@ MRF@ Rw Rw !

2 r

TEST USED MS S(Fn)/Sa M5u T NOM T EVNT EVNT BM/Z NOM T 4.5Sm MRGN Rw 0.5 2.0 0.5 2.0 lELBOW TESTS:
3 5.51 593 0.85 505 4.35 641 3.5 2.13 935 1.36 88.6 10.6 0.975 0.153 0.325 1.62 3.434 3.27 1675 0.80 1340 8.50 516 2.5 2.70 847 0.41 89.6 9.5 0.971 0.158 0.335 1.50 3.17 L5 3.27 1741 0.62 1071 8.50 412 3.5 2.40 639 0.41 89.6 7.1 0.919 0.222 0.470 1.58 3.35i 6 3.27 1638 0.54 885 8.50 340 3.5 3.40 628 0.41 89.6 7.0 0.875 0.276 0.585 1.94 4.10

-
7 3.27 1953 0.82 1801 8.50 616 4.5 4.80 1350 0.41 89.6 15.1 0.928 0206 0.440 3.13 6.638 327 2004 0.67 1343 8.50 517 5.0 5.10 1167 0.41 89.6 13.0 0.917 0.222 0.470 2.89 6.12, 13 429 1345 0.77 1033 8.50 521 2.5 3.69 1002 0.78 892 11 2 0.957 0.175 0.370 1.96 4.15i 19 3.27 1826 0.99 1800 8.50 693 3.0 2.34 1060 0.41 89.6 11.8 0.985 0.144 0.305 1.70 3 61

,

30 5.51 279 1.00 279 4.35 354 3.0 3.59 670 10.73 79.3 8.5 0.993 0.135 0285 1.14 2.41

'

35 3.27 1677 0.71 1198 8.50 461 5.0 4.81 1011 7.74 82.3 12.3 0.932 0.201 0.425 2.47 5.22OTHERS:
9 1.00 2006 0.88 2462 8.50 290 1.5 1.84 393 10.93 79.1 5.0 0.943 0.187 0.395 0.93 1.96

,

10 1.00 2851 0.79 2246 8,50 264 2.5 1.74 349 6.79 832 4.2 0.930 0.203 0.430 0.85 1.80
;

11 3.35 788 0.49 376 4.35 292 0.5 0.93 281 10.86 79.3 3.5 0.862 0295 0.625 1.05 2,2212 1.00 3412 0.72 2444 8.50 288 2.5 2.40 454 10.93 79.1 5.7 0.905 0241 0.510 1.38 2.9314 1.00 2373 0.77 1837 8.50 216 1.5 1.89 281 10.93 79.1 3.6 0.917 0.222 0.470 | 0.789| 1.871 l

,

15 1.00 1376 0.66 904 3.21 281 5.0 5.09 671 10.11 79.9 8.4 0.903 0.246 0.520 2.06 4.3716 1.00 3244 0.65 2097 3.21 652 0.5 0.75 565 10.11 79.9 7.1 0.905 0.241 0.510 21 . 7 0 3.6136 1.00 GE UNBR : 1058 8.50 125 0.5 1.37 146 10.93 79.1 1.8 0.779 0.383 0.810 0.71 1.49
t

38 2.02 2756 0.82 2270 8.50 540 3.6 3.17 961 11.82 782 12.3 0.928 0208 0.440 2.55 5.41 '

TEST 14 CIT MARGIN: 0.368 1.832
,

CORRELATION: 1.996 1.096

-
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Nominal Properties,650F CIT MRF Rw = 0.5 and 2.0 Iour Bound Ratchet-Fatigue Margins, Minimum B = 2, Correlated2

HI LEVEL TEST RUN INERTIA STRESS WI NOMINALTHK EVENT CORRECTION TEST MARGIN CIT TEMP + FREQ ADJ
A B C D E Fasoo G H I J K L M T U co U,ew V soo [ V,ewi

GE R= TEST Zn B M5u GE ROT EVNT EQ 9 P+WT NOM T CIT CIT DYN MRGN2

B: BR TEST BASED NOM tZ # OF # OF CORR P.WT ADJ TEST MEAS MRFO MRFg Rw Rw
,

''

TEST USED MS S(Fn)/Sa M5u T NOM T EVNT EVNT BM/Z NOM T 4.5Sm MRGN Rw 0.5 2.0 0.5 2.0
ELBOW TESTS:

3 5.51 593 0.85 505 4.35 641 3.5 2.13 935 1.36 88.6 10.6 0.975 0.168 0.388 1.77 3.76
4 3.27 1675 0.80 1340 8.50 516 2.5 2.70 847 OA1 89.6 9.5 0.971 0.173 0.387 1.64 3.47
5 3.27 1741 0.62 1071 8.50 412 3.5 2A0 639 0.41 89.6 7.1 0.919 0.243 6.518 1.73 3.67
6 3.27 1638 0.54 885 8.50 340 3.5 3.40 628 0.41 89.6 7.0 0.875 0.303 8.841 2.12 4.49
7 3.27 1953 0.82 1801 8.50 616 4.5 4.80 1350 OA1 89.6 15.1 0.928 8.228 0.482 3 43 7.27 [8 3.27 2004 0.67 1343 8.50 517 5.0 5.10 1167 OA1 89.6 13.0 0.917 4.243 0.515 3.17 6.71
13 4.29 1345 0.77 1033 8.50 521 2.5 3.89 1002 0.78 89.2 11.2 0.957 0.192 SAes 2.15 4.55 I
19 3.27 1826 0.99 1800 8.50 893 3.0 2.34 1080 0.41 89.6 11.8 0.985 0.168 0.334 1.87 3.95

|30 5.51 279 1.00 279 4.35 354 3.0 3.59 670 10.73 79.3 8.5 0.993 0.148 0.312 1.25 2.64
35 3.27 1677 0.71 1196 8.50 461 5.0 4.81 1011 7.74 82.3 12.3 0 932 8.220 0.488 2.70 5.73

OTHERS: |
9 2.00 2006 0.88 2462 8.50 580 1.5 1.84 786 11.80 78.2 10.1 0.943 0.204 0.433 2.05 4.35
to 2.00 2851 0.79 2246 8.50 529 2.5 1.74 896 7.86 82.3 8.5 0.930 0.223 8.471 1.89 3.99
11 3.35 766 OA9 378 4.35 292 0.5 0.93 281 10.86 79.3 3.5 0.862 0.324 0.888 1.15 2.43 ;
12 2.00 3412 0.72 2444 8.50 575 2.5 2A9 908 11.80 78.2 11.6 0.905 0.264 8.889 3 07 6.49
14 2.00 2373 0.77 1837 8IO 432 1.5 1.89 562 11.80 78.2 7.2 0.917 8.243 0.516 1.75 3.70
15 2.00 1376 0.68 904 3.21 563 5.0 5.89 1342 12.15 77.9 [ik 0.903 0.269 0.578].64M83,

.

16 2.00 3244 0.65 2097 3.21 1305 0.5 0.75 1130 12.15 77.9 14.5 0.905 8.264 0.889 3.83 8.11 !36 2.00 GE UNBR : 1058 8.50 249 0.5 1.37 292 11.80 78.2 3.7 0.779 OA19 ' O.888 1.57 3.32 I
38 2.02 2756 0.82 2270 8.50 540 3.6 3.17 961 11.82 78.2 12.3 0.928 8.228 0.482 2.80 5.93

|

RPK: T56.8[ ] S21 9.57)
,

9
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_ _

'
;

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - - __ ___________- _ _________________



_ ,, a ea<------ ' " ' ' ' '

La

-
-

8
o

k
8 8
o

b
o

* 'e~_

o

$
o

5( -

i a
e

N
o

b
d

O.
F O

/,- .
o e
#
* E56a:
It:
O D
s d
S
a: E.

2 6
'

E
d

o

O

.

r
o a
9
o

9 ~

o

k
6

$e

d

,

9 $ n Q N m * 8 O**
d d d o

4WW

,



~.a<s A .w k 2 - es-- .+A.a,s m: A w --- 61wp

L

.

We

S=
i$6
,

w 1
'

o
. ...e

Sa )-

o ', . , .
2.

9e

/ m or o ;

Y i

*C
/ g

m
< *~ \}

/
*

m.
_f o

/ -

*
!

/ ge

/ :-
5 / :-

/ &=

k :oJe r :-
*

/ :-
f :=

a *m/ o

i :-
e =e/ o

r :~
| :-

/ : A~

f :=
,

/
;"

/ ;~
r ;-

[ ;"

/ d*

/ ae
f -

; -

-

e
g d , d d d d

dWW

- w _ . _ ___. -



_.__ _ _ . _ _ . . _ _ _ _ . . _ _ _ _ _ . _ _ _ _ . . . _ _ _ _ _ _

u i

|
|

Altemate Approach
. Use frequency corrected component test. ,

margins to study case of 4.5Su llow, with Min 'a
'

B = 2.02
a. -

,

.

Component B2 Event Corrected Lower Bound Lower Bound
'

Test Margin Freq. Corr. Component
Repr Margin Rep :

; Rw=0.5 Rw=2.0 Rw=0.5 Rw=2.0
Elbow4

3 5.51 10.6 .168 .356 1.77 3,76
4 3.27 9.5 .173 .367 1.64 3.47
5 3.27 7.1 .243 .515 1.73 3.67
6 3.27 7.0 .303 .641 2.12 4.49
7 3.27 15.1 .228 .482 3.43 7.27.

8 3.27 13.0 .243 .515 3.17 6.71
13 4.29 11.2 .192 .406 2.15 4.55
19 3.27 11.8 .158 .334 1.87 3.95
30 5.51 8.5 .148 .312 1.25 2.64
35 3.27 12.3 .220 .466 2.70 5.73

Non Elbow
9 2.0 10.1 .204 .433 2.05 4.35
10 2.0 8.5 .223 .471 1.89 3.99 -.

11 3.35 3.5 .324 .686 1.15 2.43 ;
12 2.0 11.6 .264 .559 3.07 6.49
14 2.0 7.2 .243 .515 1.75 3.70
15 2.0 16.8 .269 .570 4.52 9.57

~

16 2.0 14.5 .264 .559 3.83 8.11
36 2.0 3.7 .419 .888 1.57 3.32
38 2.02 12.3 .228 .482 2.80 5.93

R 9.5 2.19 4.63=g
0.42 0.37 0.37=

RCP

Rqq 3.5 0.92 1.94=
,

- - . - . - ._ - -
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Problems With Alternate Approach
.

.
.

. Uncorrected test margins are for a very narrow
frequency input motion, and are unrealistically
high for a broad frequency input motion

' ~

'

. Frequency corrections are extreme lower bound;

corrections appropriate only for a very narrow,

|frequency input motion
i

L
. Scatter of results are very large and are not

;
significantly reduced by applying frequency !
correction factors

|
i !

. Because of these issues, all of these results are I

very controversial and argumentative i

. Despite these problems, the Rw = 2.0 frequency
corrected results might represent a reasonable
compromise at least for situations where

1

Rw > 0.7. _.s

. Does not include any redundancy margin which
exists in actual piping systems but not in

; component tests

.

.- . .. .- ._.-
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1

Study Homoaeneity of Data

: Rw = 2.0 Frequency Corrected
.

'

Elbow Non-Elbow -- C,gmbfned ".
CS SS Combined CS SS Combined

| R4 = 4.27 4.53 4.42 4.64 5.00 4.87 4.63 -

SRCP
= 0.23 0.38 0.31 0.49 0.47 0.45 O.37

'

-

R = 1.94q,3

.

.. Reasonable to combine data into a single
data set so long as Min B2 = 2.0 is used

; for Non-Elbow data

,

e

RCPw, ~ 2.0 for
!*
\,

4.5 Su Allow

B 2 2.0 Min _i
-

2

.

i *

.

t
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Tentative Conclusions

. Data reasonably fits lognormal distribution

. In myjudgment, this alternate Margin "
' ~

-

Approach is suspect, because it contains
several adjustment factors on the data, _

and the resulting Log. Std. Dev. (.3) is large

. However, results reasonably support
. judgment that HCLPF seismic ma'rgin is

about2.0 when:

Allowable : 4.5 Su.
So Long As Min B2 = 2.0

.

*

|

.amr

.

9

_ _
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L i

1 Introduction

The members of the Seismic Analysis of Piping program's Peer Resiew Group (PRG) were imited to proside commentaries
following their reviews of Part I of this report. They were also asked to review and comment on R. Kennedy's write-up4

j
"Using Component Test Data in Establishing Code Criteria to Achieve the Desired Seismic Capacity Margin foi Piping" %

contained in Attachment 2 to Appendix Ill-B of this report. Part 111 of this report contains these PRG member 8

commentaries as separate appendices, in alphabetical order oflast names.
.

Appendix III-A is the inputs from Professor Bill Iwan at the California Institute of Technology (CIT). The opin[ons - %

expressed are those of Dr. Iwan as an individual, and should not be construed as repre e@g in any way the position of
CIT. Dr. Iwan concludes there is insufficient basis for the current ASME seismic code provisions for nuclear piping
systems and the new rules can kad to inadequate margin of safety in both stiff and flexible piping. He discusses the basis
for his conclusion. Although he supports system displacement-based criterion as the best approach, he concurs with the
Kennedy component moment control design approach as the best alternative. He raises some issues with Kennedy's
approach and the adequacy of the current data base to resolve them. He concludes with a list of studies that are needed to
confirm the validity of Kennedy's moment control design approach.

Appendix III B is the inputs from Dr. Robert Keruedy at Structural Mechanics Consulting, Inc.. Dr. Kennedy is of the
opinion a number of open issues exist with the new rules and the previously published technical basis for the new rules is

'

inadequate. He considers the-issues resolvable under a proper focus ofinvolved parties provided a candidate path forward
can be identified and agreed upon. Towards that end, in his Attachments 1 and 2 he suggests a seismic capacity margin
approach using ultimate dynamic moments achieved in component tests that will resolve most of the issues and achieve

sufficient conservatism in piping design so that piping does not control the High-Confidence-Low-Probability-of-Failure
(HCLPF) seismic margin of the nuclear power plant. His only significant reservation is that nonlinear or pseudo-linesr
methods are needed to malize the full nonlinear dynamic benefit existing in the majority of piping systems. Lacking su6.
excess crmservatism will be typically introduced by his approach to address the odd case.

Appendix di-C is the inputs from Everett Rodabaugh at E.C. Rodabaugh and Associates. Rodabaugh provides a series of
letters that study the test demonstrated dynamic moment capacity issue central to the seismic capacity margin approach

1

suggested by Kennedy. Special attention is given to the Test 37 results which do not follow the higher than static data trend '

c5 served in other PFDRP component tests. He provides an approximation for the pressure effects on elbow behavior that
may be a contributor to this outlier behavior. '

Ap=~W III-D is the inputs from Larry Shipley at ARES Corporation. Shipley is concerned the ETEC evaluation has
become an increasingly acadenue exercise and may be diverging from the objective of providing realistic criteria. He
recommends the approval of the current criteria for a subset ofpiping systems in order to obtain actual use of the en:eria
needed to assess the risk / benefit the new criteria brings. He is critical of the extrapolation of the collapse failure mode
observed in the component tests to piping systems that are within the bounds of good engineering practice and disputes the
importance of near-field events. He also supports a ductility control approach rather than a factored load approach to
assuring adequate pipe support design. ~

-_

Appendix III-E is the inputs from Dr. Edward Wais at Wais and Associates, Inc.. Dr. Wais is of the opinion that the basis
for the new rules was incomplete and that while one can argue with the details of the data reductions, it still has not been

demonstrated that sufficient margin exists with the new rules. He points out the ASME has established a Special Working
.

Group - Seismic Rules that has identified over 40 specific issues identified with the new rules, including all of those
identified in the ETEC effort. He believes there is now an improved understanding of piping behasior that provides a basis
for rstablishing rules with a completejustification. He supports consideration of Kennedy's " ultimate moment" approach.,

Ap==h Ill-F is the inputs hom Dr. Gery Wilkowski at Battelle-Columbus The input was co-authored by his co-worker
R. J. Olsen They believe that the new rules are in need of further validation before they are deemed acceptable. The basis i

for this position are wal==~ in six technical areas; (1) incomplete material selections and use of room temperature tests
caly in the PFDRP component test program, (2) testing lacked components with Code allowable workmanship flaws, (3) I

testing lacked concurrent restrained thermal expansion and seismic anchor loading, (4) margin data reductions did not
account for actual loading, use of greater than Code minimum strength test components nor actual failure location, (5) the

|

test time history was not adequately characterized as to damage propensity and (6) specific issues exist with the margin
definition, lack of published details of the REMS analytical extrapolations and the choice of stress indices.

|
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Seismic Analysis of Piping Peer Review Group Report

Submitted by W. D. Iwan
California Institute of Technology '

Cerclusions

Based upon information presented up to the time of the meeting of the Seismic Analysis
of Piping P6er Review Group held on July 15-16 at the NRC office in Rockville, MD and the - w

ensuing discussions, it is concluded that there is insufficient basis for the current ASME seismic
code provisions for nuclear piping systems. Furthermore, it is concluded that the current code
provisions provide an inadequate margin of safety for some piping system components in both
the stiff and flexible system frequency ranges. However, it appears that an adequate seismic
margin may be assured if a relatively simple change is made to the current code provisions.

B: sis for Conclusions

The recently completed studies of frequency and temperature effects on seismic margin
indicate the following:

1. The results of the new study of frequency effects differ significantly from the
previous REMS results which were used by ASME in the development of the new
code provisions both as regards the nature of the margin versus frequency relationship
and the level ofinput acceleration required to cause failure.

2. Collapse failure of piping systems cannot be ruled out, especially for soft (long period
or high R,) piping systems.

3. The level of ASME seismic code margin obtained in the new study is strongly
dependent on the earthquake input employed. There is a high degree of variability in
the margin results for different piping frequencies and input accelerograms. This
variability must be taken into account when interpreting the margin results.

'

4. For narrow-banded PFDR and broad-banded RG 1.60 type inputs, ASME code
- margins of the order of one are routinely observed for stiff (short period or low R,)
systems.

5. For narrow-banded PFDR-type inputs, displacement-based margins for soft (long
,

'

period or high R ) systems may be as low as two. ,

6. For narrow-banded PFDR-type inputs, the level of aedeleration required to cause
failure generally decreases with increasing piping system flexibility (increasing
period or R ), rather than increasing as indicated by previous REMS studies.

7. Disp'lacement-based margins are generally significantly lower than fatigue-based
margins for flexible piping system.

8. There is a strong correlation between margin and level of acceleration required to
cause failure.

9. The degree of fatigue damage can be very sensitive to the level of input acceleration,
particularly for systems with a large P-A moment.

.-_ _. __
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10.Both the fatigue-based and collapse-based failures observed in the new study are
associated with large deformations of the piping components corresponding to highly
ductile nonlinear material behavior. Therefore, excessive deformation appears to be
the primary factor leading to both fatigue and collapse failure.

Recommendations
'

It is the writer's opinion that the best approach to insuring the safety of piping systems"

would be to place deformation limits on the dynamic response of the piping components. These
limits would be selected to allow a significant degree of ductile behavior while limiting the

,

possibility oflow cycle fatigue or collapse failure. Based on the test results, it would appear that
limiting the response deformations to the equivalent of a ductility of four would be acceptable. It
would be acceptable for design purposes to demonstrate satisfaction of the deformation limits
using a linear analysis with prescribed viscous damping.

,

Although deformation limits are generally preferred by the writer, in design practice it
may be easier to place limits on the moment that can be safely applied to each piping component.
This is basically the approa:h suggested by Dr. Kennedy. The writer concurs with this approach
as the best alternative to a displacement-based criterion.

Kennedy has shown that a 1% probability of failure code capacity factor, Rce, of at least
2.0 is adequate to assure that piping does not become a significant contribution to the seismic
risk of a nuclear power plant. This corresponds to a HCLPF seismic margin of 1.4-1.5 which is
somewhat higher than that projected for existing plants (about 1.25). Kennedy argues that the
1% Rep 22 condition can be achieved if the corresponding 1% exceedance ratio, Fs
ultimate moment capacity of the piping components to the code-based moment is greater than or

, of the
equal to 1.5.

This condition being independent of any earthquake duration or cycle countconsiderations.

From the test data, the above condition on Fs is satisfied for the collection of elbow
components tested near resonance using the current ASME code evaluation procedure with 4 5
Su. It is not satisfied for the collection of non-elbow components including those for which.

B '-1.
However, the condition will be satisfied if the value of B is not allowed to be less than

2

2.0. Test 37 appears to represent a special case that needs further consideration. Based on these
2

observations, Kennedy suggests using the current ASME criterion of 4.5 Su but requiring the B
index to be greater than or equal to 2.0 for all components. Since the B index is not really

'

2

i
~ -

applicable for this type of analysis, the introduction of a new index (p2 ) is recommended in its
2

7

seismic margins for seismic inputs of the types considered. place. The Kennedy approach is believed by the writer to be sound and should insure adequate
*

to be largely dependent on the peak amplitude of the response while the time history of theFor the PFDR and RO 1.60 input motions considered in the present study, failure appears
response, including fatigue cycles and duration effects, plays only a secondary role. This might
not be the case for some other types ofinput motions, particularly those oflong duration For

|

such cases, the fatigue margin may be lower than the displacement margin for low R, systems
.

Another concem about the proposed approach is that it seems to be on the conservative
.

side for the near-resonance condition and would leave some significant excess margin for the
number of piping components that were observed to have Fsvalues considerably in excess of ,

- -
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.

1.5. It would be appropriate to allow this margin to be recovered by the designer ifit could be
demonstrated that the maximum moment based on linear analysis did not exceed 1.5 times the
ultimate moment of the component as determined from static tests of a validated fmite element
analysis.

Issues Requiring Further Study
.

It.is believed that the following issues warrant further study in order to con _frm the
.

t . m
validity of the proposed moment control design approach that has been endorsed by the author.
These studies may also reveal whether the proposed approach is overly conservative.

1. The effect of prior fatigue damage due to normal aging and transient pressure events
should be investigated. This would be a straight forward study using the models
developed for the current margin versus frequency study. All that would be required
is to begin the margin calculation with some non-zero level of fatigue cumulative
usage factor.

2. A long duration input motion should be examined in order to extend the present off-
resonance margin results and verify the assumptions of the Kennedy approach or any
other response amplitude based approach for this case.

3. Test 37 requires further study to resolve apparent inconsistencies with other test data
as regards the ratio of ultimate to code moment.

4. The effects of unsymmetric elbow hysteresis loops on the seismic margin would be
investigated to confinn that the proposed moment controlled design approach is valid
for these cases.

!
,

:
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Peer Review Comments Concerning
ETEC Studies of New ASME '

;

Code Criteria for Seismic Design of Piping
i g

a

bya
.

Robert P. Kennedy " "~
s -

July 1997
4

t

The new ASME code criteria for the moment capacity Mcoot of piping
} components subject to seismic loads is:
:

!
4.5Su "'[Do (;) jMCODE =

ETEC has been reviewing the technical basis for this revised criteria. In particular

1_
ETEC has extensively reviewed the EPRI dynamic piping component test data and
its usage injustifying Eqn. (1).

4

, . Tbe ETEC report ." Seismic Analysis ofPiping-Vol.1: Issue Idenafication " |
does an excellentjob ofidentifying issues and concerns associated with the prior

|technical basis for Eqn. (1). Clearly a number of open issues exist and the
!

; previously published basis is inadequate. However, I believe it would be

inappropriate to stop withjust identifying issues and concerns. A practical way
.

,

: forward to resolve most of these issues can and should also be presented. In this
regard, hopefully the remainder of my comments will be helpful.

;

Previously (see Attachment 1) I recommended that a desirable goal for
piping seismic design criteria would be to design piping systems sufficiently:

*

conservatively that piping did not control the High-Confidence-Low-Probability-
of-Failure (HCLPF) seismic margin of the nuclear power plant. In this way piping:

-

;
would not become an important contributor to the overall seismic risk of the plant.'

Furthermore, I suggest in Attachment I that this goal is reasonably achieved so
long as the 1% non-exceedance probability (NEP) Seismic Capacity (Code)

'

Margin RCP g is about 2.0.
'

i

In Attachment 2, I suggest an approach to use the data presented in the
[ ETEC Volume 1 together with the many nonlinear piping studies conducted by

Cal Tech for ETEC to reasonably conservatively establish a Code Moment.

Capacity Mcoos so as to achieve R
'

cpi % of at least about 2.0 for a wide variety of

piping systems, differing seismic inputs, and both low cycle fatigue and excessive
displacement (collapse) failure modes. My recommendations are summarized
below.,

.

-1-
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I
1

The ultimate moment Muo achieved under dynamic cyclic loading appears
to be a stable and predictable parameter which is reliably reached prior to failure g

irrespective of whether the ultimate failure mode is low cycle fatigue or excessive .

deformation. Therefore, it is recommended that the Code Moment Capacity
,

Mcooc be established based upon:
la - .

.

.

MCODE = (2) ,

where Ma,,is the 1% non exceedance probability (NEP) ultimate dynamic
~

moment capacity demonstrated in the dynamic component tests and Fs is an
appropriate strength factor of safety. Based upon my interpretation of the Cal
Tech nonlinear studies, I suggest that Fs hould lie in the 1.1 to 1.5 range in orders

to reliably achieve an overall 1% NEP seismic capacity (code) margin RCP g ofi
about 2.0. The remainder of this capacity margin is accommodated by nonlinear-
dynamic behavior and redundancy benefits.

With the exception of Elbow Component #37, I show that the 1994
Addenda ASME Code Moment Capacity Eqn. (1) with an allowable stress of -

4.5Su reliably achieves a strength factor of safety Fs of at least 1.5 for Elbows.
- However, Eqn. (1) does not reliably achieve an adequate Fs for Non-Elbow
Components when B < 2.0. - Two alternates are proposed to overcome this2.

deficiency.

I prepared Attachment 2 not because I believe it is necessarily the final
answer. However, I present it as a possible way forward to resolve many, but not
all, of the important open issues. Two major open issues which need more work

'

are:
,

a
1. Why did Elbow Component #37 excessively deform at a Mun so

low that Mcoos from Eqn. I provides a strength factor Fs of only
about 1.0 for this component, whereas Elbow Component #30 -

which is essentially identical and Was tested with essentially
identicalinput has a Moo /Mooos ratio of1.67 The only apparent

difTerence was that the hoop pressure stress (@) was

approximately 10 ksi for Component #30 and zero for Component3

#37.,

.

2. All the tested components were at room temperature. What
adjustments if any need to be made to Eqn. (1) for application at
elevated temperature?

2-
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!
My major concern is that a path fonvard is needed. Othenvise I fear that

|

people will look at all of the identified open issues and concerns and just give up. |
Volunteer committees are likely to disband without a clear path to resolution.

,
'

Then all of the extremely valuable Industry and NRC sponsored research together I

,

with the many hundreds of volunteer committee hours will have been wasted. I '

reject the notion that most of.the open issues and concerns are net resolvable se - ~

long as all parties are focused on seeking reasonable and technicallyjustifiable
compromises, and a candidate path forward has been identified and agreed upon.
The ongoing ETEC and Cal Tech studies provide the necessary data base
expansion to enable such forward progress so long as all parties involved wish to
progress.

My only significant reservation with my proposed "strawman" path forward
summarized in Attachment 2 is that the resulting Seismic Capacity Margin R iSCP

likely to be exceedingly and unnecessarily high for the majority of piping systems.
However, this likely excessive margin is generically unreliable because generically
large nonlinear dynamic benefits are unreliable as is shown in the Cal Tech

studies. The only way I know of to avoid this problem that the average Seismic
Capacity Margins are likely to be exceedingly and unnecessarily high would be to
perform either nonlinear or pseudo-linear piping evaluations against a strain or
inelastic rotation failure criteria in order to reasonably account for the nonlinear
dynamic and redundancy benefits that exist for the specific situation being
analyzed. Short of performing such analyses, I recommend living with the
excessive conservatism which will be typically introduced by establishing the
Code Moment Capacity Mcons from Eqn. (2) with an appropriately low Fs so as to
avoid unconservatism for the odd case where the nonlinear dynamic benefit is low.

'

.a

,

|

|

-3-
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Attachment 1.

Establishine the Reautred
Seismic Mnrein for Pinine Systems

in Nuclear Power Plants
.

Robert P. Kennedy
May 1995

.

l. Introduction & Backcround a. -.-
,

.

Dr. Nilesh Chokshi of the U.S. Nuclear Regulatory Commission (NRC) and
Dr. W. Paul Chen of ETEC have requested that I document my thoughts
conceming how one might establish the required seismic margin for piping
systems in nuclear power plants. This brief report attempts to summarize my
initial thoughts on this matter.

First, the required seismic margin for a piping system will depend upon the
required seismic margin for the plant as a whole for some damage state such as
seismic induced core damage. Currently, the NRC has requested that all existirig
plants define their plant seismic margin in tenns of the High-Confidence-Low-
Probability-of-Failure (HCLPF) seismic capacity. The seismic margin for the
design basis Safe Shutdown Earthquake (SSE) is then defined by the ratio Ra

; between the HCLPF and SSE ground motion levels, ie.,
!

f

R = HCLPF'
ff (1)< SSE >

Initially, the HCLPF seismic capacity was defined as the level at which one
had approximately 95% confidence ofless than about 5% probability of failure.
However, in Ref. I the NRC has suggested that this HCLPF seismic capacity can.

'

be approximated as the 1% composite (mean) probability of failure. With this.

approximation, one does not have to separate their estimates of variability into
" uncertainty,'' and " randomness," but can work with a single composite (mean)-

-'

fragility curve which defines mean probability of failure versus grcund motion. '
-

level. For simplicity, this composite (mean) approximation of the HCLPF capacity |

will be used herein.
~

After anchorage, seismic-interaction, or other significant deficiencies
:'

caught as a result of a careful seismic walkdown of a plant have been corrected, I

seismic probabilistic risk assessments (PRA) and seismic margin studies conducted.

. on existing nuclear power plants have reported (Ref. 2) that:

R 21.25 (&isting F/ ants) (2)ff

f Structural Mechanics Consulting. Inc.

18971 Wila Terra < u. Yorba Linda. CA 92686 e (714) 777 2163
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In addition, as a target goal for the standardized Advance Light Water Reactor
(ALWR), the NRC has suggested:

i

Ry 21.67 (ALWR ) (3),
~

These levels for Rn will be used herein to establish the required seismic margirfor
~ "

piping systems.
.

In addition, based upon current seismic design criteria, seismic PRA and
seismic margin studies have concluded that piping is not a significant contributor
to the seismic risk of a nuclear power plant and does not control the High- .

Confidence-Low-Probability-of-Failure (HCLPF) seismic capacity of the plant. A l

desirable goal is to not liberalize piping seismic design criteria so much that
piping begins to control the HCLPF seismic cr.pacity of the plant.

However, because of the large number of at-least partially independent
piping segments, piping will control the plant HCLPF capacity unless piping has
substantially less than a 1% Prob. Of Failure at the Plant HCLPF capacity. In
order to provide reasonable assurance that piping will not control the plant HCLPF
capacity, I suggest that the probability of failure Per f a piping segment be limit'edo
to about 0.1% at the plant HCLPF seismic capacity level, ie.:

Pp, s 0.1% ct Plant HCLPF Level (4)

2. Derivation of Reauired Seismic Marcin for Stmetures and Other Components

The ratio of the median (50% probability of failure) seismic capacity of any
component to the design basis SSE can be defined by a median factor of safety
F e,. given by:5

,

~-

Fon =
Medad

(5)
r

3

This median factor of safety can be defined by the product of the median capacity |
facto: v 3on , and the median response factor of conservatism, Fasom ie.'c

F og =(Fc,)(Fa,) (6)3

*

,

't

-2-
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!

The variability (logarithmic standard deviation or apnroximate coefficient of
variation), p, on the factor of safety can be obtained by adding capacity and
response variances (p[ and p[, respectively) or:

p2=pg,pg (7)

Since the plant HCLPF is defined at the 1% probability of failure, then: ".~
~

RH = F oge-2M (8)5

where (-2,326) is the standardized normal coefficient con esponding to the 1%
~

probability of failure.

The code minimum ultimate, code limit-state, or code Service Level D
capacities that I have investigated all lead to a capacity margin Rem greater than
unity on the 1% non-exceedance probability (NEP) capacity. Thus:

232 % (9)Fc, = Reise

|

Similarly, in my,iudgment, response analyses conducted in accordance with
the Standard Review Plan (SRP) are aimed at defining the seismic response at the
84% NEP. However, because of either excess conservatism in some aspects of the
SRP response requirements, or because of excess conservatism introduced by the
analyst, most response analyses achieve a response margin Rasm greater than
unity when compared to a probabilistic computed 84% NEP response. Thus:

0
| Fg, = Rg,,e R (}Q}

By combining Equations (6) through (10):
,

| Rn = (Rc,,)(Rays)(f ) (11)
-"

p

where: ,

r = eda-232gs-sc) (12)p

|
However, for structures and most other components, the factor fpwill be very close
to unity over the likely range of pc from 0.2 to 0.4 and pa from 0.2 to 0.3 as is
shown in Table 1. Therefore, Rn may be closely approximated by:

-3-
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|

!

Rn = (Reis)(Rg,,) (13)

~
Thus, to approximately achieve a seismic margin ratio Rn defined as the ratio of; 6 >

the HCLPF/SSE capacity, it is sufficient'to establish the capacity margin Rcin '

above the 1% NEP capacity and to establish the response margin Ras.in on the -

84% NEP response. Equation (13) can then be used to estimate Ra without having
,

"~ .~
to explicitly estimate the variabilities pc and pg. Equation (13) di: fines the
essence of the Conservative-Deterministic-Failure-Margin (CDFM) method for
finding the HCLPF seismic capacity. I.

For structures, and other non-distribution system components, I have
estimated that:.

Rc,, = 1.25 to 1.9 (14)

! .My lower estimate of 1.25 corresponds to brittle failure modes where there is
negligible inelastic energy absorption such as a welded connection, or out-of-plane
shear failure of a concrete member without shear reinforcement. My high estimate
is for ductile failure modes with significant inelastic energy absorption capability
defined as the ratio by which linear elastically computed responses can exceed the
ultimate capacity for oscillatory, limited duration dynamic events.

,

j Based upon my review of design basis response analyses, for structures and
other non-distribution system components I estimate that:

'

Rg,, = 1.0 to 2.0 (15)

At low elevations for structures founded on rock, Raun = 1.0 for response
analyses which satisfy the SRP. Higher values often occur at higher elevations
and for structures embedded in soil. However, there is no consistency in these

, higher values so that they cannot be counted upon to reduce the required capacity a
margin Rein. In myjudgment, all that can be counted upon is:

Rg,,21.0 (Existing Plants)
'

(16)Ray,21.25 (ALWR)
.

The estimate that Raun 21.25 for standardized ALWR plants is based on the
design seismic responses for these plants being an envelope of the responses

! computed for many sites and thus being conservative for any particular site.

a

l-

-4-
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.

,

Thus, combining Equations (13) and (16) with the plant seismic margin Rn
goals defined by Equations (2) and (3):

i

Re,=(Rg/Rg,s)Ra R *Rus

(Existing Plants) 1.25 1.0 1.25 -

(ALWR) 1.67 1.25 1.33
._

. . _ ,

.

In conclusion, for structures and other non-distribution system componenn, I
believe an adequate capacity margin Rct% on the 1% probability of failure capacity
is in the range of 1.25 to 1.33. However, I do not believe that this is an adequate

'

-
,

capacity margin for distribution systems such as piping which have a large number
of at-least partially independent failure locations (segments).

3. Derivation of Reauired Seismic Margin for Piping and Other Distribution
Systems With Larne Numbers of Segments

As summarized in Equation (4), I recommend that the probability of failure
Per for piping and other multiple segment distribution systems be limited to about

: 0.1% at the plant HCLPF level. To achieve this lesser probability of failure,
Equations (11) and (12) must be modified for piping as follows:

R , =(Rg / Rap _)(f p) (17)CP p

where:
f p = e "+XoE*-X*EPD
p

XcP = 2.326 (1%NEP) (18)
Xg = 3.090 (0.1%NEP)

and the subscript P refers to piping specific estimates.
.

For distributed piping systems, the capacity variability per and possibly the -
,

response variability pap are typically larger than those tabulated in Table 1 for
structures and other non-distribution system components. In addition, the ,

coefficient Xe f 3.090 in Equation (18) for fpp associated with 0.1% NEP iso

larger than the corresponding coefficient of 2.326 in Equation (12) for fp
associated with'1% NEP. Table 2 presents the resulting estimates for (fge)" for

piping systems Note that (fsp)4 is nearly constant over the estimated typical

ranges of per and pap. The mean value (fpp)~' is 1.42 with a small coefficient of
variation (COV) of 0.07. I recommend that (fap)~'be taken at about the 84% NEP
level given by:

-5-
.
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,

:

i-

,

;

-

(f p)-1 = (f p)~'(1+ COV) = 1.50 (19)p p
'

i
I For piping the response margin Rapam is highly variable and is often ' '

'

excessively conservative particularly at high elevations in stmetures at frequencies-
near resonance with the structure frequencies. In myjudgment: . ...,

.

Rap, = 1.0 to 4.0 (20)
,

Here again, at low elevations for structures founded on rock, Raps 4%= 1.0 fora

response analyses which satisfy the SRP. Therefore, I don't see how one can take
i

credit for the potentially excess but highly uncertain conservatism in Rapsm. I
recommend setting Rapsm equal to Rap 4% rom Equation (16),f:

p

)- Thus, from Equations (17) and (18):

;

(Ry/RRPmJ R
,3: CP

(Er.isting Plants) 1.25 1.875
(ALWR) 1.33 2.0

In conclusion, I recommend that an adequate capacity margin Rcpin on the
1% probability of failure piping capacity is in the range of 1.875 to 2.0.

~ However, it may not be possible to derme the 1% probability of failure
piping capacity from a limited number of component seismic tests. Therefore, it
may be necessary to define the required capacity margin Repp,in terms of some
higher Y% probability offailure. At a Y% other than 1%, the desired stability of
(fpp)' shown in Table 2 for Y = 1% will not be so well achieved. For example at ,

. Y = 5% the Coefficient of variation (COV) increases to 0.12 versus 0.07 at Y =
1%. Even so, this COV is still reasonably small. For Y > 1% the largest (fpp)''

'

-

will always occur at the largest typical per f 0.6. Therefore, at some other Y%o

probability of failure, the required capacity margin Rcer, can be slightly
conservatively estimated from:

.

-6--
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.

CPys = (RCPn)eNCP= (21)R
i

i
'

where:
cp, = 0.6 -

a = 2.326- X * '~'
CPyy, -

,

'(RCPyRCPm)Y XCPyu a

1% 2.326 0 1.0 _

2% 2.054 0.272 1.175
3% 1.881 0.445 1.30
5% 1.645 0.681 1.50

Thus, if RCP g = 2.0 is deemed sufficient for piping as per my recommendation,
'

i

then:

Y RCPyg

1% 2.0
2% 2.35
3% 2.6
5% 3.0

The required capacity margin for piping on the Y% probability of failure seismic
capacity can be specified by any of these RCPyy, Values. Thus, for the 1% to 5%

probability of failure capacities, the required seismic capacity margin should range
from about 2.0 at 1% NEP capacity to 3.0 at the 5% NEP capacity.

-
.

p

.
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Table 1

Tvnical Values for Factor fg.for Structures ,
and Other Non-Distribution System Components ,

,

'Ec fs-

' "'

Da :r 0.2 Da = 0.3
0.2 1.01 0.93

'

0.3 1.06 l.01
0.4 1.09 1.07

P

Table 2'

Tvnical Values for Factor
fgp for Pioina Systems

.

Dce (fBP'

pap = 0.2 Dap=0.3 Dap = 0.4
,

0.3 1.24 1 37 1.56
0.4 1.29 1.37 1.52
0.5 1.35 1.40 1.52
0.6 1.43 1.46 1.54 j

. ,
,

|'

i
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Attachment 2
,

*

Using Component Test Data to Assist
in Establishing Code Criteria to Achieve the Desired:

Seismic Capacity Margin for Piping );
Robert P. Kennedy-

July 1997 - --.

'

;

1. IntroductipJn
i

Revised and more relaxed dynamic load design criteria for piping were -

published in the 1994 Addenda of the ASME Boiler and Pressure Vessel Code,
Section III (ASME Code). By this new criteria, for dynamic loads similar to
seismic the code moment capacity Mcons resulting from weight stress, SSE inertia
effects, and other mechanical loads is limited to:

1
J

MCODE = S '2A g
SA = 4.5Su

where: SA s the allowable stress

Su = ASME Code material allowable stress
'

1P = Pressure coincident with SSE loading
i

Do = Outside pipe diameter

t = Pipe wall thickness

Zu = Nominal Section Modulus
,

.

-

B,B2 = ASME Code Stress Indicesi
1

.

This new code criterion (Eqn. (1)) has been primarily based on a series of
dynamic component tests extensively discussed in Ref. I and analyzed in Ref 2.
The open question is whether this new code criterion (Eqn.(1)) provides an
adequate seismic capacity (code) margin. Previously (Ref. 3), I recommended that
the seismic capacity margin RCP g corresponding to a 1% probability of failurei

should be about 2.0. The purpose of this brief report is to first determine whether
the new code criterion achieves this recommended goal based'on the component
test data summarized in Ref.1. Secondly, some changes are recommended to

-1-
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u

i

i

enable the desired seismic capacity margin goal to be reliably achieved over a |

wide variety of seismic inputs and piping natural frequencies.
'

,

%
'

It is most convenient to consider the Seismic Capacity Margin Rep to be
,

composed of the product of three parts, i.e.: .

RCP = FsFgt ned N ~

F
~

4

'

where Fs is a strength factor and Fn is the additional factor due to non linear
dynamic behavior and Fu is a redundancy factor associated with the load
redistribution that will occur when a region is overstressed in an actual piping
system.

The strength factor Fs is given by:

*
Fs = M (3)

CODE

where Mua is the ultimate moment achieved in any component under dynamic
cyclic loading prior to failure. This strength margin can be estimated with
minimum controversy from the available component test data since Muo can be
estimated with little uncertainty for each tested component. In all of the
component tests described in Ref. I and for all of the additional analyses presented |

in Ref. 2, the nonlinear hysteretic behavior of the component prior to failure was
similar to that shown in Figure 1. A moment capacity close to tlie ultimate
moment capacity Muo was reached at a relatively small rotation (typically in the
range of 0.02 to 0.04 radians). However, failure did not occur until a substantially
greater rotation (typically 0.06 to 0.1 radians) was exceeded. This behavior
occurred irrespective of whether the ultimate failure was a low cycle ratchet-
fatigue failure or was excessive deformation (collapse or deflection based failure). -

The seismic margins shown by the analyses presented in Ref. 2 are highly variable -"

and are sensitive to the ratio Rw between the component and input frequency, the
breadth of the input motion frequency content, and the postulated failure mode
(fatigue versus displacement). For example, see Figures 2 and 3. However, in
each analysis case the maximum moment reached prior to failure was
approximately Muo. Therefore, Mun remains a stable description of the
component strength irrespective of the input time history, the component
frequency, and the failure mode (Iow cycle fatigue or deformation). As such, Fs is
a stable strength factor for each tested component.

The nonlinear factor Fm is highly sensitive to both the ratio Rw of the
component natural frequency to the central frequency of the input motion, and the |

-2-
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:

breadth of the frequency content of the input motion as well as the assumed failure
mode (low cycle fatigue versus deformation): Therefore, it will be very difficult
and probably impossible to reliably estimate Fa for an actual piping system
without perfonning a nonlinear dynamic analyses coupled with a nonlinear ,

analyses presented in Ref. 2 do enable some reasonably conservative estimates ofacceptable strain orinelastic rotation criterion. However, the nonlinear component'

Fa to be made as will be discussed in Section 3.
~ "

The redundancy factor Faa is unity in the component tests because no
1

redundancy benefit exists in these tests. For actual piping systems Faa will vary
somewhat from system to system. However, some reasonably conservative
generic estimates of Faa can be made as will be discussed in Section 4.,

From Eqn. (2), the 1% probability of failure capacity margin Rep,, can beestimated from:

Rcp,, = Fs,,(Fut Red) CONS.F
(}''

where F ,, is the 1% non-exceedance probability (NEP) strength factor which can3

be directly estimated from the component test data, and (FaFaa) cows represents a
the considerations presented in Ref. 4, the product (FmFaa) cows should bereasonably conservative generic estimate of the product of Fa and Faa. Based on

.

established sufficiently conservatively that there is less than about a 16%
.

probability that the actual product would be less for any specific piping system and
seismic input. It is recommended that a conservative generic estimate be made by
consensus of a committee using the Ref. 2 results as guidance. Some further

,

guidance is given in Section 4.
,

'

.

Once a consensus estimate of(Fut aa) cows.is established, then theF

required strength factor Fs,, needed to achieve the goal of Rep,, = 2.0 is given
'

,

by:

2.0 *

3"(Fut Red) cons.F

(FaFaa) cons. Psis
1.0 2.0

1.33 l.5
'

1.5 1.33
2.0 1.0

' -
-3-~~
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E

i.e., the required strength factor Fs,, should lie in the range of 1.0 to 2.0

depending upon how much consensus credit is given for (Fut a a) cows.
,

F

2. Comoonent Test Data Strencth Factor F
'

'

3

a - ...,

In order to estimate the strength factor Fs for each of the component tests,
the appropriate values of B , Muo, and Su must be established for each of these2

tests. Some controversy exists over the appropriate B value to use for each test.2

Also Muo is not directly measured in the test at the failure location and must be.

extrapolated to this location based on an analytical model of the test. The values
4

used herein are those recommended in Table 2 of Ref.1. For all tested
components:

20 ksi 1Su =
-

4.5 Su = 90 ksi 1

Table I summarizes the parameter used herein for each component test and the
resulting test strength factor Fs.

!

In this discussion, it will be assumed that the seismic strength factor can be !

,

approximated as being lognormally distributed. Such a distribution has been
!

shown to reasonably approximate many seismic capacity situations. It will
'

subsequently be shown that the piping component seismic strength factor data also
reasonably fits a lognormal distribution.

With the assumed lognormal distribution, the seismic strength factor Fs3%
conesponding to a 1% probability of failure can be estimated by:

-2 2%
Fsis * Iis em (6) !

a
where Fs, is the median seismic strength factor from the test data, and ps is the |

logarithmic standard deviation of the test data. The va*ue Fs, is obtained from.

the mean value of the logarithm of the test data, arid Ss is the standard deviation of |

the natural logarithm of the test data, and is approximately the coefficient of '

variation of the test data.

Table 2 presents statistical distribution infonnation on the strength factor Fs
for the Elbow Components for which B > 3.0 versus the Non-Elbow Components2

with B = 1.0. Elbow Component #37 has been left out of the Elbow Component2

distribution in Table 2 because its Fs is clearly not of the same distribution as the

other Elbow Components. The median Fs for the other 12 Elbow components is

-4-
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.

2.18 with ps = 0.14. Thus the Fs of Elbow Component #37 lies 5.5 standard
deviations below the median of the other 12 Elbow components. If all of the
Elbow component Fs were part of the same distribution, the likelihood that one out
of 13 tests would lie at least 5.5 standard deviations below the median is
infinitesimally small. Elbow Component #37 is clearly an outlier from the other
tested Elbow components and must be separately considered., a ...

.

Table 2 shows that the Code Moment Capacity Eqn. (1) produces similar ,
strength factors Fs for the tested carbon steel (CS) components as for the stainless
steel (SS) components. Therefore, the strength factors for the carbon steel and

,

stainless steel components can be combined.

However, Table 2 shows that the 10 Non-Elbow Components with B = 1.02

have a strength factor Fs which is only about 50% of that obtained for the Elbow
components. Thus, the Code Moment Capacity Eqn. (1) does not provide for a
uniform seismic strength factor. Although the strength factor Fs is likely to be
acceptable for the Elbow components tested (except Elbow Component #37), it is
not acceptable for Non-Elbow components tested. Some modification should be'
made to the Code Moment Capacity Eqn. (1) in order to increase the Fs for the
Non-Elbow components with B = 1.0 up to that of the Elbow components.2

Several candidate modifications exist. Two altemates will be discussed herein.

2.1 Proposed Alternate #1

Replace B in Eqn. (1) by Bi for oscillatory dynamic loads defined by:2

Bi = B2 or 2.0, whichever greater (7)
i

This change has the advantage of being very simple. However, it has the
,

disadvantage that Bi does not represent an elastic stress indice.
,

Alternate #1 produces no change in the code moments and strength factors
Fs reported in Table 1 for the Elbow components. Table 3 shows the revised .

Mcooe and Fs for the 12 Non-Elbow components based on Alternate #1.

2.2 Prooosed Alternate #2;

Limit the Code Moment Capacity to the idealized limit state moment Mu
for unpressurized straight pipe, i.e.:

CODE:!E(f)SZM YN (8)

-5- .
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1 Introduction
1

1.1 Acknowledgments ponding to the ASME Code allowable stress obtained

from a linear response spectrum analysis.-
This research project is part of the US Nuclear Reg-

The majority of the PFDR component tests were per -. i
ulatory Commission (NRC) Seismic Analysis of Pip. ~

formed using a narrow-banded earthquake excitation in-
ing (SAOP) research program conducted at the Energy

'

put that was tuned to have a peak frequency slightly
. Technology Engineering Center (ETEC). Any opinions,

lower than the fundamental frequency of the test com- -

Andings, and conclusions or recommendations expressed
. ponent. Due to these frequency limitations, the PFDR

h this report are those of the authors and do not neces-
.

test margins are considered applicable only for near-
sarily reflect the views of NRC or ETEC.

,

resonance conditions. However, the natural frequency
The authors would like to thank N. C. Chokshi and

of a p. .iping system in an actual plant may vary over a
.

J. Fair of the US NRC for valuable comments and con-
rather wide range, and the corresponding seismic mar-

.

tinuous support during the course of this study. Thanks
b4 Miti & be d p

are also given to K. Jaquay of ETEC for his important
i h is & pim @ tin d this stdy '

technical assistance and guidance on this research pro-
to analytically extrapolate the PFDR test margins such

ject. The authors would also like to thank R. P. Kennedy
that the var. tion of seismic margins due to input-to-ia . .

for his encouragement and insightful discussion of this
system frequency effects can be investigated.

project.
To achieve this goal, a series of nonlinear dynamic

This research is dedicated to the memory of Dr. W.
models and fatigue damage models are developed for

P. Chen, the former program manager of the SAOP re-
the pip ng components. The PFDR test data and fail-

search program at ETEC.
m idomion m und b dim h a pare

meters. With these established models, margin evalu- *

'1.2 Overview ations can then be performed analytically according to"

the margin definition. Although originally targeted at
This report documents an analytical study of frequency '

the PFDR off-resonance test margins, this study repres-
effects on seismic margins. This study is based on

ents a framework of margin assessment in which many
selected piping component testa conducted as part of

influential factor 8 on margins are systematically evalu-
the previous joint Electric. Power Research Institute

ated and the interaction of possible failure modes are
(EPRI) and NRC Piping and Fitting Dynamic Reliabil-

identified and characterized.
:

ity (PFDR) program. The seismic margin was taken to
'IA summary of some of the s.ignificantissues addressed

.

|be the ratio of the peak acceleration required to cause
. . .

in this report a.s given below.
failuse of the component in one application of a given

i

carthquake excitatic to the peak acceleration corres- e approaches to alter the frequency ratio
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Two possible approaches to alter the input-to- based margins are evaluated for PFDR Tests 11,14

system frequency ratio are investigated. They are and 36 using both the target PFDR input and RG

respectively the approach of altering the system's 1.60 input time histories. Only the displacement-
g

fundamental frequency and the approach of altering based margin is given for Test 40. '
i

a

the predominate frequency of the input earthquake.
. Section 4 presents additional considerations on seis-

.

o ccismic loadings mic margins, including eccentric moment efects

This study employs two input excitations, the tar- and temperature efects, for PFDR Test 14 and {,

get PFDR input, representing a narrow-banded Test 40.

spectrum excitation and the Regulatory Guide
. Section 5 gives a summary and conclusions of this

(RG) 1.60 input, representing a broad-banded spec-
study.

trum excitation.

o failure modes

Two possible failure modes, fatigue failure and

large-displacement induced failure, are considered.

O e5 acts of structkaral configurations
i

This study explicitly addresses the efects of dy-

namically destabihsing factors that include the P-A

erect and the sustained bias moment efect.

o effects of elevated operating temperature

The eKect on seismic margin due to an elevated

operating temperature of 650'F is investigated.

1.3 - Organization 4

The results of this study are presented in four major

secti:ns as follows.

.c Section 2 describes the techniques developed for

nonlinear modeling, identification and fatigue ana-

lysis for the PFDR component test system. Results

of these analyses are presented for PFDR Tests 11,

' 14,36 and 40.

o' Section 3 presents analytical margin results.

Both fatigue-based margins and displacement.
II-A-2
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2 Modeling, Identification and Fatigue Analysis

2.1 Description'of the 11 DR Compon- formulation as

ent Tests |
'

- 18-pESisin(6-44)+ m,(8,5) = -af()ES cos(8-di)
- |i -.

1

A typical test configuration used in the PFDR piping
where d and 5 Are respectively the rotation velocity and

component tests is shown in Fig. 2.2. The test compon-
ac e era n, I is the total mass moment ofinertia, p isent is connected to an over hanging inertia arm with .

the acceleration of gravity, a(t) is the base acceleration, .an attached weight. The input excitation is supplied

through' a base sled motion. The input acceleration time m,( , ) is the restoring moment of the spring and Si are

8 8et I878 tem Parameters associated with each masshistory as well as the strain, displacement and acceler-

element.ation response time histories at selected locations are
,

recorded for later analysis. The total mass moment of inertia I is given by ..
,

|

I = EI4 (2.2)

2.2 Generalized Analytical Model where I, represents the mass moment ofinertia of each

mass element that can be expressed as

For the purpose of analysis, the deformation leading to
,

failure is assumed to concentrate at one location in the mid! ' for lumped mass
f, , ,

, Fi idf + h for distributed massltest component, and the portion of the system above the

' failure region is assumed to act as a rigid body. This
The expressions for S4 are given by

leads to a single-degree-of-freedom (SDOF) model for
"

,

the piping test system which appears to be supported mg d, for lumped mass
S, = 4 (2A) -by the data. The restoring moment given by the piping lpi ids for distributed mass

component at the failure locetion is modeled by a non-

L linear rotational spring. The idealized analytical model In the above equations, mi is the mass of a lumped

that is employed in this study is shown in Fig. 2.3. mass element, and pg and I, are the mass density per unit

* ****The idealised analytical model consists of a set of *

! lumped and distributed mass elements. For each mass

2.2.1 Simplified Equation of Motionelement in the undeformed configuration, , and dg are

the rotational angle and distance from the mass center to A simplified equation of motion can be derived when

. the center of the base. The equation of motion governing the rotational angle is assumed to be "small". Using the

the rotition response f(t) is derived using the Lagrange small angle approximations, sin # as e and cos # as 1,
Il-A-3
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Eqn. (2.1) becomes developed in the piping component. Ilence, Eqn. (2.8)

can be used to deduce the restoring moment-rotation
15 + m,(0, ) + k 0 = -eja(f) - f, - a(t)e/p (2.5) characteristics using the physical parameters and meas-

p4

g

ured response data. 8

whera k g is the P - A stiffness, ef is the participa- ,

p '
.

Note that Eqn. (2.7) is a simplified equation of mo-
tion constant, f, is a static eccentric rnoment and fp is

. .

tion where the geometric nonh.nearity and tire paramet- j
,

a parametric excitation constant. The expressions for
ric excitation terms are neglected. The same technique

.

these terms are given by
can be applied to Eqn. (2.1) to obtain moment-rotation

_ _ characteristics with geometric nonlinearity fully con-

sidered.
ESgcos44cf =

1

1I* " d#' ' " #'
2.4 Modeling and Identification of the

f, - = ES, sin di (2.6) Reston.ng Moment

The last term in the right-hand side (RHS) of Eqn. The restoring moment m,(0,5) is assumed to consist of

(2.5) represents a parametric excitation term which ap- both linear and nonlinear components, and is modeled

pests only when a bias loading is present. This para- as

metric cxcitation term is relatively small in general as m,(G,d) = cd + ks0 + h(6,5) (2.9)
compared to the first term on the RHS of Eqn. (2.5). By

neglect.ing the parametric excitah.on term, Eqn. (2.5)is where e is a linear damping constant governing the. .
.

,

* * " " " * " * ** "8' "further simplified as

ness constant governing the post-yielding moment, and

IE + m,(6,5) + k 0 = -ef a(t) - f, (2.7) h(B,5) represents the hysteretic component having ap4

zero ultimate stiffness.
'

2.3 . Hysteresis Loop Identification St betituting Eqn. (2.9) into Eqn. (2.7) yields J .

Eqn. -(2.7) stipulates the dynamic balance associated
18 + ej + k,0 + k 9 + h(G,4) = -cf a(t) - f, (2.10)p4

with the restoring moment. Rearranging the order of '

this equation' yields Eqn. (2.10) can be solved numerically given the avail- t

I

ability of an appropriate hysteretic model for h(0,d). j
m,(8,d) = -le - k se - cf a(f) - f, .(2.8)y

Given the rotational displacement and acceleration time

histories, the RHS of Eqn. (2.8) is an explicit function

of the physical parameters of the test system only. The The hysteretic model employed for h(e,d) is a class

left-hand side (LHS) represents the restorin6 moment of hysteretic models capable of representing a broad
II- A-4
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I
*

. rtngi of curved non-deteriorating hysteretic behavior. I

These models are of the continuous parallel-distributed- Type 1 --

f : element type [1] and permit both steady-state and tran-
.

! : sient dynamic analysis. For both analyses, the hys-

! ' teretic behavior is fully determined by the initialloading '

j
, '~

(skeleton) curve.
'' ~ "--..

Two different types of continuous, monotonically in-
i.

| - creasing skeleton curves are considered. [fhe expres-

j sions for the skeleton curve, v, as a function of the ro- Type 2
*

' tational angle # are given by

"o Type 1:-

:

v(#) = f,(1 -exp(b)|#|)sgn(#) (2.11) /f, -

o Type 2:
Figure 2.1: Two types of skeleton curve and closed-loop

v(#) = f,tanh(kg.,#) (2.12) hysteretic moment
lu

where f, and kg.4 are the parameters governing the ulti-
The model parameters ofinterest are the parameters

mite yielding moment and the initial hysteretic stiffness
of the reston.ng moment m,.(#,d). As formulated in Fan,.,

respectively. A comparison of the closed-loop moment
(2.9), the restoring moment is separated into linear and -

. .

characteristics resulting from these skeleton curves is
nonlinear hysteretic components. The nonlinear hyster-

.

shown in Fig. 2.1. These two moment characteristics
.. .

esas is fully determined by only two parameters kg g and 1

represe different degrees of rounding of the hysteretic
f, once the type of skeleton curve is selected. There-.

loops'
fore, this poses a four-dimensional optimization problem '

' " " "'2.4.2 Parameter Identification

~A parameter identification procedure associated with Min J=J(kg4,ks.fy,c) (2.13)
*

this class of models is also developed. The purpose of

the parameter identification is to obtain a set of model where J symbolises the objective function to be minim-

: parameters based on a certain minimization criterion. ined. The objective function defines a measure of the er-

The minimization is set in such a way that the model ror between the measured and simulated response data.

generated response is as."close" to the measured data In the present study, this is taken as the sum square
~

as possible. This process is formulated as an optimiza, error between the model simulated and measured rota-

tion problem defined in a space spanned by the model tional respones.

| parameters. The solution to the optimisation problem is performed
II-A-5
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| numerically using a computer code developed specific- In these equations, S (psi) is the strain amplitude multi-

! : ally for this study. The code is called PIPES (Para- plied by the Young's Modulus (psi) and N is the number

f '' meter Identification using Parallel-distributed-Element of cycles to failure. The characteristics for these curves
g

f ~ Systems).' P1 PES involves an integration of successive are illustrated in Fig. 2,4. ''

4

function evaluations and an optimization search scheme. '

The function evaluation is performed by a subroutine, 2.6 Modeling and Calibration Esults * *

using the extended Masing's Hypothesis [2,3] to gener-

tte transient hyster $ tic loops. The response variables
The modeling and identification processes are imple-

. mented for four piping component tests, Tests 40,36,
are integrated in time using an explicit fourth-order

14 and 11. The last three tests failed in fatigue and
- Rung >Kutta scheme. The optimization search is based

' are subjected to fatigue analysis. Table 2.1 summaries
or. a first-order gradient method (4). The moment char-

the modeling, identification and calibration results. De-
acteristics evaluated from Eqn. (2.8) are used to guide

tailed descriptions are given in subsections that follow.
- the optimal search within a plausible parameter range.

2.5 htigue Model
Test 40 was conducted for an unpressurized Schedule

The f tigue analysis is based on the assumption that the
@ h4Wb5mWM2@

loc:1 strain,'e, is linearly proportional to the rotational
level earthquake input. The adjacent pipe spool failed

angle,8, according to the relationship
b Mi i h5Whw wmmW
minated. The Run 4 data is used to obtain an optimal

e = #8 (2.14)
analytical me lel.

where p a.s a constant proportiondity factor. The factor The response of Test 40 exhibits significant re-.

. # is determined from test data such that the cumulat- 8ponse ratcheting with excessive accumulated deforma-

"* ''' " " " " '"" " "#ive usage factor (CUF) reaches unity at the instant that ~

the fa'tigue failure was . bserved in the test. The calil>. ectly described in the measured data because the test
.

- ~"
o

ration procedure is based on the Sequential Method of measurement transducers were re-seroed before each~

new nin. simdak & Mual test sequences and torango. pair selection and the Miner's Linear Hypothesis

[5].: The material S-N curves are then used to evaluate
recover the deformation time history, the optimal model.

the fatigue usage. The expression for the material S-N is subjected to a sequential base excitation of Run 4 and.

Run 5. Test 40 is also used as a benchmark test for thecurves for carbon steel and stainless steel are given m
. .

Eqn. (2.15)'and Eqn. (2.16) respectively (7]. validity of the small angle assumptions. Both the fully

nonlinear equation of motion, Eqn. (2.1), and the sim-

S = 21,645 + 8,660,000N-l (2.15) Plified equation of motion, Eqn. (2.10), are examined

and compared.

S = 43,500 + 8,420,000N-l (2.16) The simulatica results are given in Fig. 2.5. The fi-
II-A-6
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- nal cffset in e is estimated as 0.06 radians for Run 4. that the response level of Run 7 is close to being within;

After Run 5 starts, the rate of ratcheting accelerates and the linear range.

| the rotational angle exceeds 0.20 radians at the end of The response time history and hysteresis loops of Run ;
i

i the excitation. The linear and nonlinear analyses show 8 are compared in Figs. 2.12 and 2.13 respectively. The 8

| almost identical solutions for # $ 0.1 radians. ' Only component failure causes an abrupt change intoth the

a slightly difference is observed for 0.10 < 0 < .0.20, response time history and the restoring moment chaf- *
,

and the linear assumption gives a more conservative re- acteristics at a time around 17 seconds. The response

sponse amplitude'. This result demonstrates that the given by the optimal model agrees well with the meas-

small angle assumption offers accurate response approx- ured data prior to failure. ~

imiti:ns and is well suitable as an alternative solution A subsequent fatigue analysis is performed using the

cpproach. simulated Run 7 and Run 8 data. The results of the

Comparisons of the rotation time histor'es and hyster- fatigue calibration is illustrated in Fig. 2.14. The pro-

esis loops are given in Figs. 2.6 - 2.9. In Run 4, excellent portionality factor # is determined to be #=0.685. This

perf:rmance of the optimal model is demonstrated for fatigue model predicts CUF = 1 at 17 seconds into the

both the ratcheting rate and the response amplitude. In simulated Run 8. It is observed that the simulated Run-

the Run 5 rotation plot, the measured rotation is adjus- 8 consumes over 95 % of the fatigue usage and the con-

ted by an initial offset of 0.06 radian.: to recover a lost tribution of Run 7 is insignificant. This implies that the

initi:1 condition due to the re-seroing process The op- fatigue consumption prior to Run 7 is also negligible due

. timal model still accurately predicts the response for a to a much smaller input intensity.

duration of about 10 seconds but response discrepancies

become apparent after that. 2.6.3 Test 14
|

Test 14 was a pressurized out-of-plane Schedule 40 tee |

2.6.2 Test 36 |
test. The tee was subjected to increasingly higher levels !.

Test 36 was a through-run test of a Schedule 40 pressur- of excitation in Runs 5,6 and 7. A through-wall crack
.

-*

ised tee. Run 7 and Run 8 were the only runs subjected due to fatigue occurred during Run 7 which terminated

to high level earthquake input. The test was terminated the test sequence. This crack was in the upper branch *

in Run 8 due to a through-wall crack. The identification nipple adjacent to the tee-nipple weld.

procedure is based on the Run 8 data. Run 6 test data are used in PIPES to obtain an op-

The optimal model obtained from Run 8 data is then timal model. The measured restoring moment charac-

continuously subjected to the input of Run 7 and Run 8 teristics and the model simulated hysteretic loops are

in a manner similar to that performed for Test 40. The compared in Fig. 2.16. The measured restoring moment

comparison of the simulated and measured response of exhibits a smooth yielding bysteretic behavior. The op-,

|
Run 7 is given in Fig. 2.10, and the hysteresis loops are timal model provides good agreement in the overall hys- i

compared in Fig. 2.11. These results clearly indicate teretic loop shape. j
II-A-7 |
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The measured and simulated rotational angle re- hysteresis loops of Run 6 and Run 7 is given in Fig. 2.21
'

sponse is compared in Fig. 2.15. Slight ratcheting re- and Fig. 2.22 respectively, i

sponse is observed for this run which results in a final Good response fitting is again achieved for the Run I

offset angle of approximately 0.02 radians. The optimal ~6 data. Since only one third of the earthquake input

model demoratrates excellent performance in both the is used..the total duration of the base excitation is es-
~

. response amplitude and phase, as well as the rate of timated as 10 seconds, /.ncr the 10-secand excitatron w

r:;tcheting. period, the system undergoes free vibration response

The optimalinodelis further subjected to Run 7 ex- where a' slight response discrepancy is observed.
''

citation for a response prediction. Good agreement This optimal model also provides an excellent re-

between the predicted and measured response is again sponse prediction for Run 7 during the duration of main I

achieved as demonstrated in Figs. 2.17 and 2.18. The excitation. The sudden change in the measured response

component failed at around 11 seconds into this run corresponds to the component failure that occurred at

tt an accumulated final offset rotation of approximately roughly 7 seconds into this run.

0.04 radians. The simulated test sequences of Runs 5, 6 and 7

The fatigue calibration procedure is illustrated in Fig. and the fatigue calibration results are illustrated in Fig.

2.19. The value of # that causes the model to reach 2.23. The proportionality factor is determined to be

CUF = 1 at the time of the actual occurrence of fatigue # = 1.20. The fatigue usage contributed from the lower

failure is # = 0.49.-It is observed that Run 6 and Run level run (Run 5) is again seen to be insignificant to the |
|7 together consume over 95 % of the fatigue usage while total CUF. Most of the fatigue usage is accumulated in

the contribution from Run 5 is insignificant. only a 17-secoud time. interval, i.e.,10 seconds in Run 6
;

and 7 seconds in Run 7.

2.6.4 Test 11 The 17-second interval of fatigue usage in Test 11 is

found to be almost identical to that of Test 36 Run 8. I

Test 11 was an out-of-plane Schedule 10 tee test. The
In addition, similar levels of rotational angle response

component was internally pressurised at 400 psi. Run '"are observed for both tests. However, the calibrated # "

5 was a low level earthquake test for a full time his-
value for Test 11 differs significantly from that for Test

tory. Run 6 and Run 7 were subjected to higher level
36. One reason is that Test 36 exhibits a larger num-

carthquake input.with only one third of the full time
ber of rotation range-pairs. A more significant factor is

. history.- A through-wall crack occurred during Run 7 1<

the difference in component materials and correspond-
which terminated the test sequence. .

. ins S-N curves (stainless steel for Test 11 in contrast to.

.The parameter identification is performed on the Run \

carbon steel for Test 36).
'

6' data.' The optimal model is then used to simulate

the test sequences consisting of Runs 5,6 and 7. The

simulated responses of Run 6 and Run 7 are compared

to the measured data in Fig. 2.20. The comparison of
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Test damping natural skeleton kg., f, kg e #
No. ratio (%) frequency (Hz) curve (kips-in) (kipe in) (kips-in) (kips-in-sec)
40 4.5 7.5 Type 2 16108 221 64.9 30.9 N/A

-

36 3.1 6.8 Type 1 18350 708 345.5 26.8 0.685 J
14 2.5 7.8 Type 2 14302 558 116.3 14.7 0.490
11 3.0 - 5.9 Type 1 8189 600 50.9 13.2 1.200

Table 2.1: System identification and fatigue analysis results
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3 Analytical Seismic Margins

i
'The ebjective of the analytical seismic margin study where w, is the predominant frequency of an earthquake

S to (xtend the limited frequency range of the PFDR input and w,, is the natural frequency of the component

t:st results to other frequencies and other dynamic load- test system. *
- -- w

ings not tested. This study is based on the previously

obtained dynamic models and fatigue damage models.<

3.1.2 Approaches in Varying Frequency3.1 ASME Code Margins
,

Ratio
The ASME rcde (fatigue) margin Mr for a given earth-

qu kwdh.| 2 h defined as,

There are two possible approaches to achieving a dif-

ferent frequency ratio from that was tested. The firstM, s l- (3.1)
a* approach is to adjust the natural frequency of the test

systems by physical means such as lengthening or short-where of s the peak acceleration of the linearly amp.i

lifi;d earthquake required to result in fatigue failure ening the inertial arm and adding or removing attached

weight while leaving the input excitation unchanged.at the conclusion of the earthquake excitation. The
This approach is referred to as the Varying System Para-factor a, is the peak acceleration of the linearly ampli-
meter (VSP) approach s:. nee it results in a variation of

|fled.carthquake excitation resulting from application of
the system parameters in the governing equation of mo- |the Code design procedure for calculating the maximum

*I "-'

allowable stresses.
!

The Code design procedure was modified to use an The second approach is referred to as the Varying
J,

r n6modened 5 % damped response spectra. This Code Earthquake Time-scale (VET) approach. In this ap-
'

x

design procedure modification reflects the latest ASME proach, the test system configuration is unaltered and

consensus on margin definition. The ASME Code mar- the predominant frequency of the input excitation is ad-,

gin will be referred to as the fatigue margin in what justed by compression or stretching of the excitation

follows. time scale.
|

|

For both approaches, the model's nonlinear restor-
3.1.1 Frequency Ratio

ing moment characteristics must be left unchanged to
i

12 the current margin study, the margin is presented in preserve the test calibration. The sustained eccentric

terms of a frequency ratio R. defined as moment is excluded in the following consideration for

simplicity. The VSP approach is described in Section i

R. s (3.2) 3.2 and the VET approach is described in Section 3.3.

II-A-30
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3.2 Varying System Parameter (VSP) { is the damping ratio of the system given by

' Approach
,*

( = 2 fl(k ni + k, + k s) (3.9)
\ i y g

- The VSP approach is considered as a parametric gen-
,

:(0,5) is a normalized hysteres.is given by
. .

}f
eralization of all possible physical means in altering the

,

k,6 + h(0,5)u' fundamental frequency of the test system. By pursuing ,(g, j)' = (3.10)
~

k + k nst i
the VSP approach, one considers an equation of motion

giv:n by Clearly, the normalized hysteresis :(0,5) has an initial
.

slope of unity.

IE(t) + k,se(t) + m,(e,d) = cf a(t) (3.3)

erhere
3.2.1 Evaluation of a,

m,(8,d) = cd(t) + k,0(t) + A(0,d) (3A)

Evaluation of a, is based on a linear version of Eqn.
Eqn. (3.3) is identical to Eqn. (2.10) except that the (3.5). Since the normalized hysteretic restoring moment

bias enoment term is removed and the excitation sense :(0,d) has an initial slope of unity, this results in a lin.

is reversed. All the symbols are as previously defined- earized equation of motion

Substituting Eqn. (3A) into Eqn. (3.3), and dividing
.

8(t) + 2(w d(t) + wid(t) = c a(f) (3.11)the resulting equation by I, the equation of motion is n r

rewritten as
The restoring moment in Eqn. (3A) for this case is

therefore given by
5(t)+2(w d(t)+o.wjS(t)+(1-o.)wjz(8,6) = c a(t)

.

n
r

(3.5)
m,(#,d) = cd(t) + (k n, + k,)e(t) (3.12)

!i *
where o. is the ratio of k,4 to the total linearized stiff-

-
ness defined as

The factor a, is evaluated under the condition that

k,, the restoring moment reaches maximum Code allowable
.

o. = (3.6)73 Y #ini Ni
moment. The peak restoring moment usually occurs at

e, is a force participation factor given by a zero velocity, and is therefore aporoximated by

I

|(k[n, + k,) 8(t)| (3.13)Max m,(G,5) = Maxc= (3.7)p

n
u is the linearized natural frequency given by The maximum Code allowable moment is denoted as

n

M , and (, is the 5% damping ratio specified in the Codek a + k ng + ksp i
Wa = (38) design procedure. The factor a, is evaluated based onf
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G such that is uniformly assigned for all altered test systms The

value of G can be selected according to engineering con-
|(k ng + kg) 8(t)| = MeMax i

siderations or be selected based on the system damping
g

ratio identified from the test data. '

For a given (, and M, and given piping parameters.

Exam. .ining Eqn. . (3.15), the free paramete'rs con-
k,n, and ks, the factor a, is governed by w and e, only.

.
-n

w

Replacing the dependent parameter w by the frequencyo

rttio &, the functional dependency for a, can be ex-
failure condition CUF = 1, the syskm may undergo apressed as

highly yielding response where the post-yielding stiff-
I a, = a,(R. , e,) (3.14);

ness k and the geometrical stiffness k,4 may play s.ig-
.

i

^

" ' ' " ' '* **' * " * ' * * * * "* *" # '3.2.2 Evaluation of of
of becomes

; A similar procedure is used to evaluate af except that
of=af(A,0.,c,) . (3.16)

} . ' the n:nlinear response is considered and fatigue failure

is used as the condition. The fatigue failure condition is
3.2.3 Margin Spectra: Parametr.ic Rep-

.

reached when the cumulative fatigue usage factor CUF

f reaches unity at the end of one earthquake excitation.

| Fct illustration purposes, Eqn. (3.5) is rewritten here. Substituting Eqns. (3.16) and (3.14) into the ASME
r

Code margin definition yields
N(t)+2(w..$(t)+a.wje(t)+(1-o.)wl (8,d) = c,a(t).,

M,(R. , o. , e,) = # I "' ,",' #'}(3.15) (3.17)a,(A e )
As shown by Eqn. (3.9), the analytical damping ratio

(in Eq1. (3.15) becomes frequency-dependent when a The above functional dependency can be further sim-
'

.

j , fixed-value damping constant e is used. However, plified by considering the role of ep. Let A be some
<

1. The linear damping mechan.ismin the actual system arbitrary constant. Then, the factor a, follows an amp- J.

" ' * E *" **is generally poorly known.

'
2. The damping constant e generally exhibits a cer-

1
; e,(&, Ae,) = p,(&,e ) (3.18)p

tain degree of uncertainty as a result of the system<

f

b identification procedure. Although nonlinear analysis is used, a similar amplific-

3. The total system danping is strongly dominated #' '.

by the hysteretic damping in the nonlinear failure
1

of(&,o., Ac,) = yaf(&,o.,e ) (3.19)p; - analysis. <

It is thus preferred to provide a constant damping ra- Then, using Eqn. (3.17) and the amplification rules,
4

tio G such that a frequency-independent damping ratio Eqn. (3.18) and Eqn. (3.19), the ASME Code margin
Il-A-32
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of a system with a participation factor Ac, is derived as by

c(&,"Ac,)Mr(R., o., Ac,) E(t) + 2(w 5(f) + o.w g(g) + (i _ o,)sp(g,p)
' ' " 2=

n
e

g
af(R. o., c,) =ca(At), 0$f 5 { (3.22) $!

|r
a,(& , c,)

|
1Mr(&,o.,c,) (3.20) !

=

where tf represents the end of the excilgion duration. w
i

.{
.

Eqn. (3.20) shows the margin is independent of the value
. i

!
'

of c, for any system expressible in the form of Eqn.
1

- (3.5), and leads to the following parametric representa- 3.3.1 Alternative Statement -

tion for the ASME Code margin

Consider the process of subdividing the response given i

Mr = Mr(&,o.) (3.21) by Eqn. (3.22) into peak to peak response segments as

illustrated in Fig. 3.1. Each response segment starts i
.

I

Motivated by the simplicity of this parametric repres- with zero initial velocity and also ends with sero velo- '

(ntation, a maryin spectrum is herein proposed where # I'

tha margin cutee is plotted as a function over a desired The restoring force associated with each response

& range using a fixed value of o., In addition, mul. segment represents a segment of the hysteresis curve

tipla margin curves with diffuent values of o, can be between consecutive turning points. In general, this

simultaneously presented to account for the P - A cf- restoring force is a nonlinear function of the displace-
' fects,

ment variable only. This statement holds for hysteretic

models ranging from elasto-plastic type, bilinear type,

to the class of curved-hysteresis models as currently em-

3.3 : Varying Earthquake Time-scale ployed.*

(VET) Approach Denote each segment of restoring force as dg(6), which,

is a nonlinear function of G only. The equation of motion

The VET appronch maintains the physical test system governing this response segment can be written as

unaltered, but changes the predominant earthquake fre-

E(t) + 2(w 5(t) + o.w 6(t) + (1 - o.)w dg(6)2 2
quency by compressing or stretchm.g the earthquake

data in time. By this process, the total excitation dura- = c a(At), t< $ f $ tai (3.23)p

tion will also be changed due to the change in the time'

step of the earthquake data. '

Let the earthquake time history a(f) be altered as g(g)=A&"(r), 5(f) = A6'(r) (3.24)
2

a(At), where A is an arbitrary constant. The equation

of motion for the VET approach can then be described
Substituting Eqn. (3.24)into Eqn. (3.23) and dividing

II-A-33
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.

by the observation that the hysteretic force depends on

,g the sign but not the magnitude of velocity response.
^

Therefore, the restoring force :(0,B') offers exactly the

samesequence ofrestoring functions (do,di, 4 ,44, .}

), as that given by :(0,5). '

t,- 8. _ s. e.c
Further considering ee time variabletin Eqn. (3.26) ' - *

as a dummy time variable and replacing the r variable

by the conventional tirne variable i, a new system is

constructed as

'

5(t) + 2(y5(t) + o.(t)2d(t)+
/\

(1 - o.)(y)':(8,5) = ba(t), 0 $ t $ i (3.27)f

Me)

)8 Given any solution function #*(f) that satisfies Eqn.7
g ,) (3.27), then #*(At) will satisfy Eqn. (3.22) automat-

ically. Therefore, the displacement responses of Eqn.

(3.27) and Eqn (3.22) have identical response shape

and response magnitude except for a different time scale

Figure 3.li Response and restoring force segments of a
_ hysteretic response in the time histories. Consequently, the peak response

amplitude and fatigue damage of the two systems would

the resulting equation by A2 yields - als be identical. It is also noticed that a linear consid-

eration of Eqn. (3.22) is only a sub-case of the nonlinear

J"(r) + 2(yd'(r) + o.(y)2d(r)+ hysteretic case presented. Therefore, the margin and the

(1 - o.)(y):(4(#) = ba(r), Ata $ r $ Afgt (3.25) failure acceleration levels for Eqn. (3.22) can identically 6

be obtained by analyzing Eqn. (3.27). '"

'One can start this transformation from the first re-
'

3.3.2 Relation to VSP Approachsponse segment and continue until the end 'of the re-

sponse process. By concatenating each equation seg- By pursuing the VSP approach to achieve the same fre-

ment represented by Eqn.' (3.25), an al'ternative state- quency ratio, one alters the equation of motion as

rnent to Eqn. (3.22) can thus be formed as
!

5(t) + 2(y5(t) + o.(y)20(t)+ |
t#"(r) + 2(yd'(r) + o.(y)28(r)+ (g _ o,)(9)2 (0,5) = c,a(t), 0 $ f $ i (3.28) I

f

(1 - o.)(y)2 (#,d') = ba(r),0 $ r $ if (3.26)
3

Eqn. (3.28) and Eqn. (3.27) differ only by a constant

The validity of the above representation is substantiated divider A2 in the force participation factor. Applying
II-A-34
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I the trgument that margin is independent of the force input represents a typical broad-banded earthquake mo-

participation factor as shown previously, it is concluded tion. The reference frequency of RG 1.60 input for pur-

that the margin will be identically obtained by either the pose of calculation of A is arbitrarily taken at 7.5 Hz to

j VET cpproach or the VSP approach. facilitate the comparison. The acceleration time history ',

However. the VET approach and VSP approach will is shown in Fig. 3.3, and the corresponding response

| _ giva different acceleration levels required for failure. De- spectra are given in Figs. 3.6 and 3.7. lris observed -.

.

note the over-hat symbols 6, and af as the required ac- from the acceleration time histories that the duration of'

cel: ration levels for the VET approach to reach Code strong shaking for the PFDR input is about 10 seconds

,

c.llowable moment and fatigue failure respectively. By and for the RG 1.60 input is about 20 seconds. .'
the r.mplification rules stated in Eqn. (3.18) and Eqn.*

(3.19),3, and & satisfy the following relationship. 3.4.2 Code Allowable Mornent
f

I For the Service Level D SSE loading, the new ASME
$, A Q,=

rule for calculating the Code allowable moment is

A2aj (3.29)6f =

*+ < 4.5Sm (3.30)
* '

2t Z ~

where a, and of are the acceleration levels for the VSP

*PPmach as previously defined. where S. is die Code material allowable stress, B andt

This A2 relationship yields a very different curve B are stress indices, P is the pressure, Do,2 and i are2

shipe for 6, and i when plotted as functions of R.. component geometric properties, and M is the resultantf
,

Since the & of the altered system is directly propor- moment amplitude due to weight, SSE inertia effects

tional to A, the a, and af curves art proportional to se ar.d other mechanicalloads.

cnd of by a factor of R2 Rearranging Eqn. (3.30), the maximum allowable

Code moment, M., satisfies

3.4 ~ Analytical Code Margin Results
.,

B M, = Z (4.5S.) P Z Do Bn
(3.31) -. 42

2f3.4.1 Input Earthquakes

Two earthquake loadings are considered: the PFDR Using Sm = 20,000 psi at 100*P, the component data ,

time history B (abbreviated as PFDR) input and the and the calculated Code allowable moment for PFDR

Regulatory Guide (RG) 1.60' earthquake. The PFDR Testa 11,36,14 and 40 are tabulated in Table 3.1.
;

input is a 25-second excitation that represents a narrow- I
,

sbanded input motion and its ' response spectrum is No. (poi) (in ) (in) (in) (in-lb)
36 1700 s.5 0.28 6.625 0.5 679,526

sharply peaked at a frequency of 7.5 Hz. The PFDR 11 40 4.35 0.134 6.625 0.5 369.994
14 1700 8.5 0.28 6.625 0.5 679.526

time history is shown in Fig. 3.2, and the pseudo- 40 0 3.21 0.237 4.5 0.5 288.900 },

m

ace:ltration and displacement response spectra are
{'g

' givin in Fig. 3.4 and Fig. 3.5 respectively. The RG 1.60 i

II-A-35
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3.4.3 Analytical Margin Results tests considered except for the o. = -5% case in

The analytical procedures of ASME Code margins for Test 14. It is believed that this exception is because

'# ****** " ' 'PFDR Tests 11,14 and 36 are presented using the.

proposed parametric representation following the VSP 5. Fatigue analyses based on either the Sequential or,

opproach. The margins are normalised by the ASME the Rainflow cycle count method give sirnilar mar-

primary stress index B , and are plotted over a range gin results
~

2

of 0.5 5 R. 5 4.,0. The primary stress index has been -

factored out of the margin as there is debate over just 3.5 Response Implications
t

j what value this index shouid have int several of the com-

. ponent testa considered. Three levels of P-A effect,
consequential to the fatigue margins, important addi-.

o. = 5%, 0% and -5 %, are evaluated using the Se-
tional insight is gained by plotting CUF as a function of

- quential Method of cycle counting in the fatigue analysis.
A and the peak acceleration of the linearly amplified

The o. = -5% case is also analyzed using the Rainflow
PFDR input. This indicates a cliff-like profile due to the

MGthod of cycle counting for comparison. These margin
influence of the negative (destabilizing) P-A stiffness (

results are shown in Fig. 3.8 - Fig. 3.19.
See Figs. 3.20 and 3.21 for Test 36, and Figs. 3.23

General observations concerning the results are sum-

and 3.24 for Test 14). The sudden increase in the CUFmarised below.,

profile at the " cliff" is caused by excessive rotational

1. For the A range considered, both the PFDR and ratcheting. This shows a region where the CUF can be

RG 1.60 fatigue margins follow a general increasing highly responsive to small increases in input excitation

trend as R. increases. For R. 51, low margin ],yet,

factors on the order of unity are frequently observed The possible occurrence of unstable displacement re-

for both the PFDR and RG 1.60 inputs- sponse is also indicated in Figs. 3.22 and 3.25. These
'

2. The degree of irregularity of the margin spectra figures show three rotational response time histories cor-

seems to correspond to the degree of irregularity responding to R. = 0.5,1.5 and 3.0 under relatively "

in the shape of the input spectra. The PFDR fa- mild P-A effects. Each of these rotation time histories

. tigue margins exhibit a more irregular curve shape results fr m a different level of PFDR input intensity,

as compared to the smoother RG 1.60 fatigue mar- but they all correspond to the same fatigue failure con-

gins dition that CUF = 1. Both the response for R. = 1.5

and 3.0 exhibit ratcheting behavior with very large peak
3. For the PFDR input, a rapid increase in margin is

rotations. To explain this, one notices that for a SDOF
observed as R. increases from 0.5 towards 1.

system undergoing a fixed duration'of excitation, the

4. The effect of P-A stiffness is observed to be a rel- total number of response cycles decreases as the natural

' atively insignificant contribution to both the mag- period increases. Hence, a higher R. system gener-

citude and shape of the margin curves for most ally requires larger average response-ranges to achieve
'

Il-A-36
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'

.CUF m 1,' particularly in the low cycle failure region The frequency ratio effects on displacement maigins

where the fatigue damage is relatively less sensitive to can be represented using the same parametric approach
i

increases in strain amplitude. Such response behavior adopted for fatigue margins. It can also be concluded
%

introduces deformation response issues not adequately that Mj') is a two-parameter function that can be rep- d

addressed by the consideration of fatigue damage alone. resented as -

- Mj') =.Mj')(&, o.) (3.33) '*-
.

3.6 Displacement Based Margin
The discussions regarding parametric representation for

The potential occurrence of excessive rotational re. the fatigue margin are also applicable to the displace-
-

1

sponse raises concern about possible deformation. ment margin. j

.~ induced failure modes, such as bucking or collapee. The numerical results of displacement margins are

Moreover, quantitative assessments of fatigue damage presented in Figs. 3.26 - 3.33. The e prescribed form

for such large displacements are highly uncertain since Tests 14,36 and 11 are respectively 0.12,0.09 and 0.08

radians. These seleck-d values are the maximum test ro-
o the analysis for large displacements may extend

tations. This conservatively assumes rotations in excess
beyond the range of applicability of the analytical

of those demonstrated in the tests willlead to immedi-
model, and

ate failure. For Test 40,8. is set equal to 10 degrees in

o the fatigue damage correlation does not include rotation, an early Code rule limit addressing collapse -

known detrimental effects of coincident accumu. later dropped, which is approximately equal to 0.17 in

lated mean strain. radians.

" '*
.To address these issues, a displacement-based margin

#(displacement margin) is developed to complement the ',

* * #* #-.use of the fatigue margin. By analogy to the fatigue

margis, the proposed displacement Mj')is defined as ~
''

going yielding response. The effect of P-A stiffness is J
i

. gje) , as (3.32) be inconsequential to the displacement margins, seen t
*

for Tests 36,14 and 11. For Test 40, the P-A effect res-

where es is the loading intensity required to reach a pre. ults in greater variations in displacement margins due

scribed rotation limit 8. and a, is as previously defined. to its larger 0..

The value of of B. can be prescribed according to engin- During the numerical iteration process to determine

. eering considerations or set equal to the rotational cap- the displacement margins,it was observed that the rota-

ability demonstrated in the tests. The introduction of tional responses are relatively insensitive to variations in

this displacement-based failure condition also provides the input intensity around the prescribed e even at the '
m

a basis for margin analysis for those tests that did not a. = -5% level. This is because that the displacement-
' fail in fatigue, such as Test 40.

' based failure region, as a function of & and peak input
II-A-37
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acelleration, is located in a region of stable response and

is sufficiently far away from the "cliK" observed in the

fttigue margin analysis. This property indicates that the ,
~

proposed displacement based margin is a more stable a

margin than the highly input sensitive fatigue margin.
'
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Figure 3.2: PFDR input: peak acceleration = 0.383 g, dominant frequency = 7.5 Hz
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Figure 3.3: RG 1.60 input: acceleration time history, peak acceleration = 1 g, dominant frequt'ncy = 7.5 llz
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Figure 3.4: PFDR input: response spectra

1
i

i

l

!

I I I I I I I
.

I2.5 ( m 2% -- -

-- N ( = 5% --- |
N ( = 15% - . - - ;

\2* - = 7$ ''* ''s ,s*%
'

' |.

-
' s
. g M i|j 4

'. \
"

j1.5 '- -

1 '. i.

\1 '

.e ..
', 'd jQ 1 - -

g

.',s ri
I \.*.,*g

0.5 .*..N- -

se,,4*
. % ,*,r

.........,
''i i I i i 1g

1 2 3 4 5 10 20 30
Frequency (Hz)

|

Figure 3.5: PFDR input: displacement response spectra
i
i

II-A-40
_ _ _ _ _



_ _ _ . .-________ _ - -

L

Droft Copy 19:08 September 11,1997

8 i i s a i i i 6

5.5 - i-

5 -
4 -

,

4.5 -
-

( = 2% - ''. |
'

4 - '-_

,f'S ( = 5% --- g3.5g (= 15% ---- V

-
""

..1 3 |.'W\isiy-s j
,

-
-

''' 6.,'v\.s /
* e'2.s -

U -

e' #' \< ,

%,2 -

*,- / -

*...,.....*.~...,,~....s,,s% ).
1.5 - <

so ......

' ,..... ,,....
. . . . ..,a n .

,,
,

~ . . - . _,

0.5 d
-

' ' ' ' ' ' '0
1 2 3 4 5 10 20 30

Frequency (Hz)

Figure 3.6: RG 1.60 input: pseudo-acceleration response spectra

10
.i ; is i i i s a
', t

9 . \ \-
-

' %

' . , i,
s

'

. -
-

'. .
7 *

t-
, -

Y *
. t

5' s
*

', 's, -
-

-

a * ,
s

!
. -

\5 - *
-.

W ', $

', \} 4 -
-

', \5 -

3 ',N,
-

-

s, ( = 2%-

2
-

'

.N
- < = 5% ---. -

'

, \s ( = 15% . -- -*

1 * * . '=
-

.

*.;'''..e e i e a -

0
1 2 3 4 5 10 20 30

Frequency (Hz)

' Figure 3.7: RG 1.60 input: displacement response spectra'

Il-A-41
_ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ . .. ._ . _ _ .__ ._ .



. . . _ _ _ . ___ __._. . . . . . _. . . _ . . _ _ . . _ . .__ . _ _ _ . _ - _ _ _ . - . _ , . ~ _ . _ - _ . . . .-_

L
' Draft Copy 19:08 September 11,1997

i.

12 , , , , , , , g,

s

10 -
-,

pt ~

gy "8 * '*- --

j.,-
7 \''g*

J+
. .' '

% 6 *-*

-}
- N 3. '

6 - <S -,

~ .}}'i,
j 4 o, = 5%-

-

o.,=0% -- .
,

o,,.-5% ...

2 -
-

.

' I I I I ' I0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

.

4

. Figure 3.8: Test 36, PFDR input: margin spectra for various values of a.,(, = 2%, Sequential Method

.

.

I I I I I I i

Sequential10 - -

RainRow ---s

/s
I t

=$c /8 '- -
i

- - . , ,

, , 1

.h | |
,

, -), 6-

N /
-

,/s,
, s,

.! \ / % /k ,\#W kJ g ,/ %,/
4 ~ ~

j

2 - -

I ' ' ' ' ' '0
|

0 0.5 1 1.5 2 2.5 3 .3.5 4
Rw

Figure 3.9: Test 36, PFDR input: margin spectra for various fatigue evaluation methods, a. = -5%, (, = 2%

II-A-42

_ _



. . - . . . . . . . . - . . . - -. . . - - _ - . . - . . . .. .... _ . - . . . - .. .-_--

L

Droft Copy 19:08 September 11,1997

1

1

, , , , , , i g10

a.

. oJ u 5% -8 .-

o,=0% ---

.

a -5% ==-- y .a,.- as ,

;-
.- -

8 .

1 * Mf46si'* j I
~

w .. ,

''

.y ._..e- .
4 - ,

2

2
--

0 -

' ' ' ' ' ''

O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.10: Test 36, RG 1.60 input: margin spectra for various values of a., (, = 2%, Sequential Method

.

30 : : i i i

sequentials --

Rainbow ---

.9 -

2
. --

-

8. - ' ' " -
} ,--....e,

'

E ''
, .-4 --

[ --

1 . . -
'

,-

2 - --

' ' ' ' ' ' '
0
'O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

' Figure 3.11: Test 36, RG 1.60 input: margin spectra for various methods, a. = -5%,(, = 2% ,

II.A-43
-.. . . _ . . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _



- .. - - - -..-.- - . . . - - - . .

Draft Copy 19:08 September 11,1997

8
i e i a i i i

5 -
-

.

a 5% I'as
o,m0% --- G

-
*

:ib" 4 w- '
a, = - 5 % - - ~

T
C

-

f 3 -

e
g- --

,,

f 2 -
-

1 -
-

I I I I ' ' I0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.12: Test 11, PFDR input: margin spectra for various values of a., (, = 3%, Sequential Method

|

|

6 , , , , , , ,

Sequential5 -
-

Rainflow ---
'ja 4 -

-

|w
1

5 |

5 m,,
3c ,' \-

s s.s N '

e ,
- -

f 2
'

- ~
-

1 -
-

' ' ' ' ' ' '0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.13: Test 11, PFDR input: margin spectra for various fatigue evaluation methods, o. = -5%, (, = 3%

,.

II A-44



. . --. .- . . . - - . . . - - - . -. . . - - - . . - - _ . . . . . . - - .. . . - . . - . . -

L

:DrOft Copy 19:08 September 11,1997
. -

|

|*

r

i

<.
. 8

.

s i i i i i )
s

5 - -

.

o, m 5%
o,=0% --- - '.~

"az15
4 ' ~ "

o, = - 5% - - -
-

w

8

} 's - - ,

e

'I.
2

-
< ...

-

2

1 - -

,

' ' ' I I ' '0
O- 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.14: Test 11, RG 1.60 input: margin spectra for various values of a., (, = 3%, Sequential Method

.

,.

i i i I I I i

Sequential5 - -

Rainflow ---

a$a 4 - -
.

-

g ..

}
* ms - _

e

'g .
2 2 =

.

1
--- -

' ' ' ' ' ' '
|- 0
j 0 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.15: Test 11, RG 1.60 input: margin spectra for various rnethods, a. = -5%, (, = 3%

Il-A-45

_ _ _ _ _ . _ _ - _ _ - _ _ _ _ _ _ _ - .
-



._ _ . . _ . _ _ _ . _ . - --

t

Dr:ft Copy 19:08 September 11,1997

I I i i I i i
11 o m -5%=

-

/}
o. = o% ---20 -

.. 53 .... j -

.

Q - 0 $ ,#%
/ . ,\-/

'\
-

21 s * .
- ."i..' '+

-

s : -

#,\ /\ _/ b:: s' ' '*4
I 77 '-

-

f4'$ |*s ~e - ~ s

I '',s':. 'sJ
_

, .

.5 5 o '- ''-

I /
-

2 4 -
,

a

3 #-

,</
-

2 -
-

#
1 -

-

' ' ' ' ' I I0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw*

Figure 3.16: Test 14, PFDR input: margin spectra for various values of a., (, = 2.5%, Sequential Method

|
|

|
0

|

12 , , , , , , ,
Sequential1 11 -

-.

Rainnow ---
10 -

jg -

\
,Is - s -

\I

Efs
'8

/
-

-

,,\y 7 / / 5,
'-;

i
>

\,n, j \
- ~# 1r,.,%,

|

,e
w%

* 6 -
, -,, y

- 1 '

\/s.g s5 s _, v-
-

f 4 -
-

3 -
-

2 -
--

1 -
J -

I I I ' I I I0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.17: Test 14, PFDR input: margin spectra for various fatigue evaluation methods, o. = -2%, (, = 2.5% |

|

II A-46



_ ._ _._. __ . . _ . _ _ . _ . . _ _ _ _ _ . . _ . . _ .

L ,

Dr:ft Copy 19:08 Septzmber 11,1997

1
i

*
s s e e e e n %

i

o m 5%7 - -

o.m 0% --- ,

, I.'': h ,*s.- jo. = 5% - -- '
6 -

i. t|o.
. .

~ J .s*
s . s,,9 -

.

5 ,f.",'- -.-
6 a': f '

. 4 -

,,
' ~

.E - Mf
_; 3

/
'p.'- - ,

2
ge'2 - -

1 - -

' ' ' ' ' ' I0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.18: Test 14, RG 1.60 input: margin spectra for various values of o., (, = 2.5%, Sequential Method

.

'

a , , , , , , ,

Sequential7 = -

Rainnow ---

6 -
,-- , , ,, ,,

_ , ..-

=% ,v'5 -- -*

g ,- # .

'- .. .m
W 4

, g' , e ,"
- -

6
.!
f 3 e'- -a
2

,

.as
,

2 - -_,,

1 - - -

' ' ' ' ' ' '0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

- Figure 3.19: Test 14, RG 1.60 input: margin spectra for various methods, a. = -2%, C, = 2.5%

II-A-47

. .-



_ _ ___ - - . - -- -- - - - -

G
\Dr ft Copy l19:08 September 11,1997 |

|
,

|
CUF |

2 - --

' |
0.5

CUF 015 ~~ i
-

4- -

_- . ..
3 -

_ ; |',',' ' , ', i

,

' '' ' i rts' ''
, - ' ' fiffr7_ ';' i i

I

1 - r7 s////

~,,1,1,1,1s
-

7
.

O

. <............'''-.'7-N .~
s 20

16...,

1 1.5 ' ' ' . . . . 8 Peak acc. (g)2
- 2.5 3 4

3.5
Rw 4 0

,

4

'

Figure 3.20: Test 36, CUF as a function of R, and peak acceleration oflinearly amplified PFDR input, o, = 0%,'
e = 0.01, (, = 2%, sequential methodp

4

S

.

CUF
<

2 --
1'

03
-

CUF 0.25 -- -
, . -,

4- '
i

; 3 - [M, [, '
\

:
-

. . ~

, _ ' ' ~ ' ' ' "j ' j
.i

~*

-1 -
"

i r r,A, ,l-
'

,0

. . . . _ . . . . . . , 20
''' ~ .....;' ~~ . 16

1
1.5 ''''' .. 8 Peak acc. (g)2 23 43 3.5

Rw 4 0
".

Figure 3.21: Test 36, CUF as a function of R, and peak acceleration oflinearly amplified PFDR input, o, = -5%,
e, = 0.01, (, = 2%, sequential method -*

Il-A-48
1



_- _ . - _ - -

L>

Dr ft Copy 19:08 September 11,1997

i
I

|

i

1

I

.

-
- . ,-

0.4; . . . .

.

0.3 - - *

Ii ' f'f ' f5!'i
.

y 0.1 -

9,
'e n i

0 "

i i. . !.
; ,;i3, ,i:4 |

-$ -0.1 -

gi;3;
-

,

~ ~ l J i! 9 :| '|..t
-d

!|iII
E i

1?

( )i
'

; g:p j ! |.4-
f. 1

j g, ,-0.2 -

, i

:.i ; g ,,,;.I :t :
-

p'
-

i....

j;i f. (,W i- ji,Rw=0.5 ij. yi'j!i|iViy..;g

Itij s

Rw=1.5 | ij -,' y y
.

-03 - Rw=3.0 ---

i- -

y
1

-0.4 ' ' ' '

0 5 10 15 20 25 .

Time (sec)
-

Figure 3.22: Test 36, response time history for systems with R.=0.5,1.5 and 3.0 subjected to PFDR input, CUF=1,
o, = -3%, c = 0.01, (, = 2%, sequential methodp

|

|

II-A-49



'

1.

'

L
Droft Copy t,

19:08 September 11,1997 1

|
'

|

|
'

1

CW.

l .5 -- -

1 6

'

0.5 -- '

CUF 0.25 ~~ a
.

4-

3 .

. --
. . , , ,f, , 1''O,,'ik -

' '
,

1 1 iii
.

.. . ,' ,5 ,' ,' ,' ,' ,''' '1 W2
,

. - ::,', ','
g . --

0'
.

, . ''' ... 'T''\ '' 16
. 20 i

0.5 12g3 ..'8 Peak acc. (g) ~
1

2.5 43 3.5
Rw 4 0

, . Figure 3.23: Test 14, CUF as a function of R. and peak acceleration oflinearly amplified PFDR input, a. = 0%,
e, = 0.01, (, = 2.5%, sequential method

a

.

,1

'

CUF
, '

2--
1

0.5
-i

CUF 0.25 ~~~

4- t
'

'3 -
.-- A - - :.-

| /
'

* ~

-('''l ]
i

2 -
-,

,. :::, ,1

1 - ''''

.,,

0

% 20
l. . . . . ' 4' %. 16N

0.5 I . ' ' - - 12
-

1.5 2 8 Peak acc. (g)
2.5 3 4; 33-

Rw 4 0 ,

1
'

1
,

l

~

l

Figure 3.24: Test 14, CUF as a function of R. and peak acceleration oflinearly amplified PFDR input, o. = -2%,
;. , = 0.01, (, = 2.5%, sequential method

4

0- II.A.50 '

. . . _ . . . _ _- _ . _ _



_ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - -. ..

.

Drrft Copy. 19:08 September 11,1997

|

.

-
- . ,.

0.6 , , , .

0.5 -
.

I d.J

0 . l
., }if)ft 'N!ifif $tN:if I j

|f,|||I ,I i I
.

'

t: J0.2 -

ij l
'

- :

0.1 - ..j j || 4 :s e !.
.

O h |:N U=:!f ":e';%y;A
,

I ( i F) h,f.'g -0.1 -

,

a M;il I : : i

,

$ i
| |:1

~

i\ b ' i! " .I?jfs
i is 3-0.2 -

5 'fi!\!\ n L .
''

*'
1

-0.3 - E E jN\|\jb\j 5
_

.

! :l I

.

'
Rw=0.5

-0.4 . Rw=1.5 ,

Rw=3.0 --

i!

1
-0.5 - .

0.6 ' ' - -

0 5 10 15 20 25 ,,

Time (r.ec)
-

1; Figure 3.25: Test 14, response time history for systems with R =0.5,1.5 and 3.0 subjected to PPDR input, CUF=1,
b c. = -1%, e, = 0.01, G = 2.5%, sequential method

f
1

.

! II-A-51
i
l - - _ . . _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _



_ __ . _ _ . _ . _ . . _ ._ _ _ . . . . _ - - - - - -

L |

Drift Copy 19:08 September 11,1997

12 , , , , , , , ,

*
,

110 o. = -5%-
-

'o.= 0% --- |
5% - -

.

~
|ow n.g a - - - "

-

ij Ie -
-

e ,p
.$ 4 -

r. ,, -,

s
,

, , ,
,

' '
. . . . v., _ ,,

I ' ' ' ' ' '0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.26: Test 36, PFDR input: displacement margin spectra for various values of a.

'

12 , , , , , , ,

10 o. m 5%-
-

o.= 0% ---
o. m 5% ** -

h_
8 - -

t
'"

i e - -
ta.
cs.
j 4 - -

.. ..
.

. .

2 -
.

#
I ' ' ' ' ' '0

O 0.5 1 1.5 2 2.5 3 3.5 4
Rw

Figure 3.27: Test 36, RG 1.60 input: displacement margin spectra for various values of a.

II-A-52



E.*

..Drcft Copy 19:08 September 11,1997

s ,_ i , , , , i g

4

7 .
o, = -5% -

o . = 0% ---
'

o. = 57. --
6 _-

g. -
.-...5 . --

,_.

f'.
.

E
-- <
W 4

f ., -
-.- . ,

,'

f. -\'
*> / g

w s
.s
y 3 e- . g,

;I*'r'
2 *

2 --

1 - -

I ' ' ' ' ' '
0
O 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.28: Test 14, PFDR input: displacement margin spectra for various values of a.

8 I I I I I I

o m .5%
o.= 0% ---
o. = 5% -- -3 - _

*[*, ,

$' r N ~ ~ . 3,,s ,.

#' / S-5
$ .,t :p t e, .
~ - ,

.

''

] 2 d# '" #- -

,o s! , . ,'. j 550
~'

s,.a
g ),

e ,-
#

1 - -

I ' ' ' I I '0 .

0 0.5 1 1.5 2 2.5 3 3.5 4
Rw

Figure 3.29: Test 14, RG 1.60 input: displacement margin spectra for various values of a. !

II-A-53

.. . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ ._ _ - _ _ _ _ _ . _ _ _ _ .



. , .. . ... - . . . . -. .. - . - . - . . .. . . -. . . , . . - - _ . - . - __ - ______

:
4

Draft Copy 19:08 September 11,1997
'

.

d

I 4 i i i i i i i
;

o m 5%
i o.m 0% ---
| ', o. = 5% ----

'

- 3 |
- -

, J -s*~

9 :
,

;,
.

2-

3 2
''-

u.
c
. s
a
2,

1 - -
,

,

4

I' . i i i e i io
0 0.5 1 1.5 2 2.5 3 3.5 4

| Rw e

:
;

i
j- Figure 3.30: Test 11, PFDR input: displacement margin spectra for various values of o.
A

i

4 i i i a i i i

o m 5%
o.= 0% --- )

o. = 5% --- 'I3 - -
,

i-

l'
.

_

B - ,'

] 1'
2 - - --

,
...

,,
.
2
2

1 - -

I

l
1

I I ' ' I ' I0
O 0.5 1 1.5 2 2.5 3 3.5 4 ,

Rw |

Figure 3.31: Test 11, RG 1.60 input: displacement margin spectra for various values of a.

II-A-54
1 .)



. . . . . . - . . . . - . . _ . - . . . - . - ~~. . . . . . - . .._ _ . . . - - - - . . . - . - - - . . .-

L

4 DrOft Copy 19:08 September 11,1997
i

*
|

*

1

4

1 18i i i i I I I I {
1

8
1 16 o. = .5%- --

a.m 0% ~~~.

'

14 -. , . , o. m 5% --* -

.
.,. . * ' ' ,* ' , ~ " 'gg 12 * -=

. ,,

.
. . .

.',,,,'.j*, ,')'\*., , . . , -
#

.

1 .
10 =

|~:, . . , s. . ~.
. ,,

. l' Y0 | \, ', ,#,r/ t'. ,* *. * i'

|
~

.5 ,. s' s '**vs e *y
| ,| % . ,,*y *.. s.,| s s se , .*y 6 s, %~, c- -

% .,o-
.,

sog
.4 4 ,.',s - -=

t
,

,

i 2 .;. '= -

e
,

I I I I I I I '

O
a 0 0.5 1 1.5 2 2.5 3 3.5 4

Rw.

't

i

.

Figure 3.32: Test 40, PFDR input: displacement margin spectra for various values of a.
J

!

..
T

a

E

;
;

i
:

10
; , , , , , , ,

o, m .5%9 - -

o.m 0% ----

8 o. m 5% -*--" -

,,' . 'i

j 's',- . .' * N ,'.J.7 --

ny * .; ..... : .
- . ..|. ,

6- -

.t. . . . . . -, .
~ ,s . , . ,

5 - ......-. ,-- , -

..
*a i.,,,,.. ~. ,. ,-~- #* #9 4 - -

a .. s:,. ,,. ,~ s -1 3 -

*
'

. . . -2 . -
. . ,
.

/
1 - -

' ' ' ' ' ' 80
0 0.5 1 1.5 2 2.5 3 3.5 4

Rw

Figure 3.33: Test 40, RG 1.60 input: displacement margin spectra for various values of a.

II-A-55



_ _

'

i- Drrft Copy. 19:08 September 11,1997 |
l

4 Additional Considerations Affecting Margins

..

L fc!!o .ng sections address additional considera- to the physical configuration parameters as '

tions afecting seismic margins that allow issues includ- '

Of # {ESisindiing eccentric' moment efects, temperature efects and N ""

S,co,4,

worst-case margin to be exa'nined. Analytical results

for these considerations are presented for Tests 14 and This indicates that as represents a dimensionless length

40. rati that is aPproximately the ratio of the oKset distance
.

of the eccentric weight to the height of the test system. I
*

Thus, the higher the value of or, the higher the degree

of weight eccentricity. |
'4.1 ~ Eccentric Weight Moment Eff'ects This additionally introduced system parameter res-

1

ults in a three-parameter representation, j
l; In the previous margin studies, the eccentric weight mo- '

l

ment efects were excluded from consideration for the Mr = Mr(R..o.,as) (4.3) I

saki of simplicity. However, several PFDR test data

suggest that the eccentric moment caused by the bias for both fatigue margin and displacement margin. This

static weight significantly influences the test system's re- higher-dimensional margin function implies a more com-

sponse characteristics, particularly for flexible systems plicated correspondence between physical systems and

under low-frequency base motion. The typical response its parametric space. Consequently, using a parametric

characteristic is the rotation ratcheting in the preferred approach to study margins may not necessarily provide

weight direction that substantially increases the final a plausible parametric combination for physical systems.

. displacement ofset. It is the objective of this section As a remedy to this inherent difficulty, this study also j

emP oys a physical-model approach in addition to the ilto examine the implications of eccentric weight moment a

effects on seismic margins. Parametric-model approach. The two approaches are

Toincorporate the eccentric weight moment in margin

. analysis, Eqn. (2.7) is rearranged in a form similar to
4.1.1 Parametric Models

. Eqn (3.5) as

The parametric-model approach is based on Eqn. (4.3).

8(f) + 2(v,,5(t) + a.wje(f) + (1 - a.) wiz (0, d) Three degrees of as,0%,15% and 30%, with a. = 0%,

= c,a(t) + are p (4.1) are first examined. An additional study considers twop

cases of parametric combination, as = 15% with a =

where all the symbols are defined previously except for a -2%, and or = 30% with a. = -5%. For simplicity,

newly introduced symbol as whose expression is related the weight stress due to the eccentric weight moment
II-A-56
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-is neglected in the allowable Code moment evaluation. . The. weight stress is now considered in the allow-

Cases with negative on are not performed. That is, the able Code moment evaluation due to the significant

directional effect is not investigated in this parametric- weight stress in some of the selected physical mod-
,

mod 11 approach, but will be addressed in the physical- els. The calculation of the allowable Code moment

model approach later. is illustrated in Table 4.1 and Table 4.2 for Tests

The margin results for Test 14 are given in Figs. 4.3 14 and 40 respectivsly, a
'

- s.
r

- 4.10 and those for Test 40 are given in Figs. 4.11 -

4.14.' It is observed that the effect of eccentric weight
e The directional effect in the input base excitationmoment is relatively insignificant for low R. systems ,

is taken into account. Specifically, two applications
. (stiff systems), and generally causes much larger margin

reduction for high R. systems (flexible systems).
. f base excitation in opposite sign sled directions

are performed. The margin results are presented

4.1.2 Physical Models as the minimum margin from these two analyses.

The physical-model approach is based on three groups
.

. of physical models categorised by different levels of res. '

The physical models are subjected to the previously
.

. ulting eccentric weight stress. The three levels of weight
defined RG 1.60 input and the margin results are given -

stress are respectively 0 S.,0.25 S. and 0.5 S., The
. . .

m Fig. 4.22 - Fig. 4.23 for Test 14, and are given
last livel,0.5 S., is the maximum Code weight stress

in Fig. 4.24 for Test 40. For short-per. d systems,
. .

io

allowed. The physical configurations and corresponding
& Mi hf in ibly

systems parameters for these models are illustrated in . . .

mcrease when the eccentric weight effect is considered.
Figs.' 4.15- 4.17 for Test 14, and Figs. 4.18- 4.20 for

The reason is mainly due to the reduct. ion in the Code
Test 40.

allowable seismic moment. However, both the fatigue
The margins study using physical models differs from

;
and displacement margins show a decreasm, g trend as

that using parametric models in the following aspects:
the eccentricity level increases for most flexible systems

.,

o The selected physical models encompass a much ( T 2 0.5 second for Test 14 and T 2 0.3 second for

' broader frequency range; one that covers from 0.05 Test 40). For some period ranges, both margins are

second to 1.5 second in natural period. In the . significantly reduced by as much as half at the case when

P ysical-model' approach, both fatigue based and maximum weight stress is assumed.h

' displacement-based seismic margins are presented
For the RG 1.60 input, the acceleration levels for fail- -

as functions of natural period, T, instead of fre-
ure are observed to follow a generally decreasm.g trend

,

quency ratio R..
as the system natural period increases. The acceleration

o In the physical-model approach, the acceleration levels associated with displacement margin are observed

levels required to reach failure conditions are to be within the 1 - 2 s range for the more flexible phys-

presented together with the seismic margins. ical models.

II A-57
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4.2 Temperature Effects creases from room temperature to 650*F. That is,

The material dynamic constitutive relationship and ma- t

k, k n R,=

terir.1 fatigue life are highly dependent on operating tem- I '

kJ = k R,i s

perature, . Consequently, temperature variations may

lead to significant variations in the dynamic response
where a superscrip,t * is used to deaqte. the corres- %

process, failure conditions and seismic margins. The
ponding material property at the elevated temper-

PFDR component tests were conducted at room temper- ,go,, 3,y,),
(ture, and the subsequent margin analysis is considered

8 moment, f,, b vaded by a* eu ma e
meaningful only for this temperature. The objective of

this study is to , vestigate seismic margins at an elev- factor of R, when strain softening material beha-, ,

m

"" #** *cted temperature of 650'F. '

This study employs a set of reduction factors for car.
" *

bon steel and stainless steel that are calculated in Table *

4.3 and Table 4.4 respectively. In these tables, S is
f* = f,R, for S-Type-

the ASME Code allowable stress, S, is the ASME yield
* #'stress and E is Young's Modulus. The set of reduction

factors, R., R, and R., is defined as
where Rn is a hardening factor that will be used

S. 0 650*F to consider rnaterial dynarnic strain aging behaviorR. (4.4)=
S. O 100*F for cubon steel. .
S, O 650*F

R, (4.5)=
S, O 100*F

e The frequency-independent damping ratio,(,, used ,

E O 650*F
R. (4-) in room temperature studies remains unaltered at

=
E O 100'F

650'F, despite the fact that k7,g and ki are varied.,

The analytical models established at room temperat-
*"" '" ' "ute are modified according to these reduction factors to

obtain corresponding models for 650'E. Modifications

of the analytical models as well as the margin analysis
H-Type: A fi

procedure are detailed below,

I RT: f, ,

' 4.2.1 ' Hysteretic Model 5 #''' "'''
-

s...
.

Modifications of the analytical hysteresis models are * * * ' ' '

based on the following assumptions.;

Rotation, #

- o The stiKness properties of the restoring moment
Figure 4.1: Modification of hysteretic model

decrease by a factor of R. as the temperature in-

II-A-58
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4.2.2 Material e-N Curve 4.2.4 Simulation Results

Mr.terial fatigue data show that an increase in temper- The temperature effect is investigated using both para-

trure generally causes a decrease in strain; amplitude metric models (o., = 0%, or = 0%) and physical models

f:r failure in a given number of fatigue cycles. 'In this without eccentric moment. In plotting the margin res-
'

: study, the fatigue analysis is performed on three postu- ults, the R. or period at room temperature is still used
~

. lated temperature e-N models at 650*F. These models as the reference R. oiperiod at 650*Nfacilitate com-
"

.,

are based on variations of the ASME material <-N curve parison. Both U-type and S-type of yielding response
,

by diferent levels of reduction in strain amplitude (See are considered for Test 14 (Figs. 4.25- 4.31). However,
'

Fig. 4.2). They are respectively: only the S-type yielding response is considered for Test

40 ( Figs. 4.32 - 4.33).

o Model 1: unaltered S-N curve
It is observed that the temperature erect causes either

. .

. . a left-shifted or a right-shifted trend for the margin
e Model 2: 20 % reduction in strain amplitude

curves. To explain this, one must consider two factors,

o Model 3: 40 % reduction in strain amplitude namely the linear efect and the nonlinear efect. The

linear efect is due to the linear stiKness reduction at

650*F in the analytical model. With the linear efect,

0.12 the system's behavior at 650'F will resemble a more i. , _

,J

gg . .
flexible system at room temperature, and consequently |

'

g the margin curve exhibits a left-shifted trend. For the
e4 0.08 - Model 1: unahased S-N -

H-type (S-type) materials, the nonlinear erect is due.

"" Model 2: 20n nducuan

%.\ ,' to an increase (decrease) in the yielding level. Altern-1
-

< ,

'
l aos - - Mod 13:40s edmenon - stively, this can be viewed as an increase (decrease) ins
el s

,, ,
2, the efective stiKness, and hence results in a right-shifted

'

_

' %:. .m . , (left-shifted) trend. ~#'

0 * '

10 - 100 3000 10000 Using the above arguments, the margin results can bey

summarized as follows.
,

. Figure 4.2: Three postulated models for e-N relationship
i at 650*F e For the S-type yielding model, the fatigue margin

curves exhibit a left-shift trend with a decrease in j;

i magnitude. In this case, the linear and nonlinear

4.2.3 ' Code Allowable Moment efects are added together.

The Code allowable moment is reduced by a factor of . By contrast, H-type yielding models on the order

R. when the pressure stress is neglected, since the S. of Ra = 1.5 have fatigue margin curves that gener-

;: value is reduced to R.S. at 650'F. ally exhibit a right-shift trend with an increase in
II-A-59

- .-. . - . . . - - . . -- - - _



.- ~ .. - - - - .- . - . . - . . . - --.- - . . - - . - . - . - - .--

L
Dr:ft Copy-

19:08 September 11,1997

m:gnitude. This indicates that these systems may These models are further subjected to the following
need to undergo highly nonlinear response to reach conditions in the margin analysis.

fatigue failure. Thus, the nonlinear effect can far
. S-Type of yielding moment characteristics is as- '

cxceed the linear effect.
,

sumed. The Ry used for Test 14 is 0.726, and for
o. Obviously, the higher the reduction in the material Test 40 is 0.584.

S-N curves,' the higher will be the reduction in the ~ '

fatigue margins. . Model 3 of the S-N curve (40% reduction in strain)

is assumed in calculating the fatigue maigin.
* Most displacement margins show a left-shifted

>

trend without significant variations in magnitude.

This observation suggests that the response is * Weight stress is included in the Code moment eval-

strongly dominated by the linear eEcct when a ro_ uation when an eccentric weight momentis present.

tation limit is imposed.
A summary of the Code moment calculation for the

WC ph'ysical models is given in Table 4.5. Both PFDR
4.3 Worst-Case Considerations

and RG 1.60 inputs are used in this study. The worst-

The worst-case considerations on margins are based on case margins as well as the failure acceleration levels are

simultaneous consideration of the eccentric weight mo- 'shown in Figs. 4.36 - 4.39 for Test 14, and are shown in

ment effects and temperature efects. For each test, the Figs. 4.40 and 4.41 for Test 40.

w:rst-case (WC) margins are evaluated separately for

stiff systems and flexible systems following the physical- !|

- '

|

model cpproach. The representative groups of physical

models are:

1. WC stiff systems:

Short-period physical models, T 5 0.25 second,
; !

without eccentric moment at 650'F (See Fig. 4.15

- for Test 14 and Fig. 4.18 for Test 40). !
|

2. WC flexible systems:1

| Long-period physical models, 0.25 s T 5 1.75
l
i

second, with maximum allowable weight stress at
'

650'F (See Fig. 4.34 for Test 14 and Fig. 4.35 for

Test'40). Due to the reduction of S,,, at 650*F, the
'

selected WC flexible systems have smaller eccentric

| weight stress than that allowed at room temperat-

ure.

II-A-60
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M., (Ib-in) @ (psi) weight stress pressure stress "'7" ||
l = 1 = 0 in. 0 0 0.000 Sm 0.503 S. 3.997 Smi 2

t = 1 = 56 in. 42,279 4,974 0.248 Sm 0.503 S. 3.749 Sm |i 2

l = 1 = 85 in. 82,025 9,650 0.482 Sm 0.503 Sm 3.515 Smi 2

Table 4.1: Code moment calculation for Test 14 physical models at room temperature, Sm = 20.1) ksi

-_,

*

1
!

M., (ib.in) @ (psi) weight stress EZ^ 11 |/
l = 1 = 0 in. 0 0 0.000 Sm 4.500 Smi 2

l = 1 = 30 in. 15,510 4,832 0.242 S. 4.258 Smi 2
,l = 1 = 49 in. 32,068 9,990 0.500 S. 4.000 S.i 2

Table 4.2: Code moment calculation for Test 40 physical models at room temperature, Sm = 20.0 ksi

Tes; 14 Room Temp. (100' F) 650*F Reduction Factor
Sm(ksi) 20.0 17.0 R. = 0.850
Sy(ksi) 35.0 25.4 Ry = 0.726

E/10 ' (ksi) 29.5 26.7 R, = 0.885

Table 4.3: Material properties for Test 14 (carbon steel)

Test 40 Room Temp. (100* F) 650' F Reduction Factor
S (ksi) 20.0 16.7 R. = 0.835
Sy (ksi) 30.0 17.5 Ry = 0.584

E/10' (ksi) 28.3 25.3 R, = 0.885

Table 4.4: Material properties for Test 40 (stainless steel)

.

M., (Ib-in) @ (psi) weight stress pressure stress "'7" "

Test 14: l = 1 = 0 in. 0 0 0.000 S; 0.5 S* 4.000 S;i 2

Test 14: l = / = 78 in. 71,309 8,389 0.493 S; 0.5 S; 3.507 S;i 2

Test 40: l = / = 0 in. 0 0 0.000 S; 0.0 S; 4.500 S;i 2

Test 40: l = 1 = 44 in. 27,204 8,474 0.498 S; 0.0 S* 4.002 S;i 2 m

Table 4.5: Code moment calculation for worst-case physical model at 650'F, S; = SmR., Sm = 20 kai for both
stainless steel and carbon steel, R. = 0.850 for carbon steel, Rm = 0.835 for stainless steel

II-A-61
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Figure 4.3: Test 14, Parametric models, PFDR input: fatigue margin spectra for various values of as, n. = 0%,
Sequintial Method
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Figure 4.5: Test 14, Parametric models, PFDR input: fatigue margin spectra for various values of al and o.,
Sequential Method
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Figure 4.6: Test 14, Parametric models, PFDR input: displacement margin spectra for various values of as and a. 1
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Figure 4.7: Test 14, Parametric models, RG 1.60 input: fatigue margin spectra for various values of os, aw = 0%,
Sequential Method
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Figure 4.8: Test 14, Parametric models, RG 1.60 input: displacement margin spectra for various values of os,
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Figure 4.9: Test 14, Parametric models, RG 1.60 input: fatigue margin spectra for various values of or and o.,
Sequential Method
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Figure 4.10: Test 14, Parametric models, RG 1.60 input: displacement margin spectra for various values of or and
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Figure 4.11: Test 40, Parametric models, PFDR input: displacement margin spectra for various values of ol, o. = 0%
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Figure 4.13: Test 40, Parametric models, RG 1.60 input: displacement margin spectra for various values of os,
eo = 0%
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|

la(in) | T(see) | c , o(%) o.(%) fn

5 .032 .0659 .0 0.1
610 .039 .0528 .0 -0.1
,

20 .056 .0369 .0 0.1

30 .073 .0281 .0 0.1 '

40 .090 .0226 .0 -0.2 3503h
---, a 4

+j
50 .109 .0189 .0 0.2

60 .128 .0163 .0 0.3
A,,c,,d ,,,g ,g

70 .147 .0143 .0 0.3 ,

80 .167 .0128 .0 0.4 33

90 .188 .0116 .0 0.4

100 .209 .0106 .0 0.5

. 150 .320 .0075 .0 -0.7

||| -200 .442 .0058 .0 1.1
A250 .574 .0048 .0 - 1.5 W

300 .715 .0041 .0 2.0
sw | IV-350 .866 .0036 .0 2.6

400 1.026 .0032 .0 33

450 1.195 .0028 .0 4.0

500 1.373 .0026 .0 4.8

Figure 4.15: Test 14: physical models without eccentricity, l = 1 = 0 in.
i 2

|| Is(in) | T(see) e, |os(%) a.(%)0
5 .147 .0053 259.1 0.1

e

10 .151 .0064 206.4 0.1 11 12

20 .361 .0080 145.9 0.2

30 .174 .0089 111.7 0.3

40 .189 .0094 89.7 -0.3 | -{50 .207 .0094 74.5 0.4
,

60 .226 .0093 63.4 0.5

70 .247 .0090 54.9 0.5 Anached weight -

80 .269 .0086 48.2 0.6 83

90 .292 .0083 42.8 0.7

100 .316 .0079 38.4 -0.8

150 .447 .0062 24.5 -1.2

200 .590 .0051 17.3 1.7 h|| -

h250 .744 .0043 13.0 2.3 M

300 .908 .0037 10.2 3.0
Sw I lV-350 1.081 .0032 8.2 -3.7

| 400 1.263 .0029 6.8 4.5

I 450 1.454 .0026 5.7 5.4

500 1.654 .0024 4.9 6.4

|

Figure 4.16: Test 14: physical models with eccentricity,1 = I = 56 in.1 2
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h $ (in) || T(sec)3 e, on(%) a.(%) |
5 .250 .0023 412.4 0.1

10 .252 .0028 327.2 -0.2 : |, u
| ,

20 .260 .0038 229.8 -0.2 I l

30 .270 .0045 175.7 -0.3 E -

'

40 .283 .0052 141.3 -0.4 I E --

p =
- -

50 .298 .0056 117.6 0.5 330 m .

60 .315 .0059 100.3 -0.6

70 .334 .0060 87.0 0.7 *
,

80 .355 .0061 76.6 -0.7 0

90 .376 .0061 68.2 0.8 '

__f100 .399 .0060 61.3 0.9

150 .529 .0053 39.7 1.5

200 .677 .0046 28.4 - 2.0 555
250 .838 .0039 21.6 -2.7 84

300 1.010 .0035 17.1 +3.4
Sled |

350 1.192 .0031 13.9 -4.3

400 1.383 .0028 11.6 5.2

450 1.584 .0025 9.8 -6.1

500 1.794 .0023 8.4 7.2

Figure 4.17: Test 14: physical models with' eccentricity,1 = 1 = 85 in.1 2

|| la(in) | T(sec) e, |o#(%)fa.(%)h
5 .045 .0420| .0 -0.1

/

10 .052 .0368 .0 -0.1

20 .066 .0290 .0 -0.1

30 .081 .0236 .0 0.2

40 .097 .0198 .0 -0.2 300 b

50 .114 .0171 .0 0.2 /
/, '

e
60 .131 .0150 .0 -0.3 ,

*

A,,c,,, ,,,g,,

70 .149 .0134 .0 -0.3 e
80 .167 .0121 .0 0.3 D

90 .186 .0110 .0 -0.4

100 .205 .0102 .0 -0.4

150 .308 .0073 .0 -0.7

200 .421 .0057 .0 1.0 ||| -

a
250 .544 .0047 .0 - 1.4 64 '

300 .6 76 .0041 .0 1.8 '3
g

350 .816 .0035 .0 -2.3

400 .966 .0032 .0 2.9

450 1.123 .0028 .0 3.5

500 1.289 .0026 .0 4.2 !

!

1

Figure 4.18: Test 40: phy8ical models without eccentricity,1 = 1 = 0 in.
|1 2
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f Is(in) h 7(sec) a(%) o.(%) |e, s

5 .080 .0192 81.0 0.1

10 .086 .0192 69.7 -0.1 !! 12 *

20 .100 .0182 54.0 -0.2

30 .116 .0167 43.6 -0.2 '

40 .134 .0151 36.3 -03 | E g . .

50 .153 .0137 30.8 -0.3

60 .172 .0125 26.6 -0.4

70 .192 .0114 23.'J -0.4 Anached Weight

80 .213 .0105 20.6 -0.5 33

90 .235 .0097 18.4 -0.5

100 .256 .0091 16.6 -0.6

150 .373 .0067 10.6 -0.9

200 .499 .0053 7.5 1.3 ||| -

h250 .635 .0044 5.6 1.7 M
300 .779 .0038 4.3 2.3

sied | |If-350 .932 .0033 3.5 -2.8

400 1.092 .0030 2. 9 -3.5

450 1.261 .0027 2.4 -4.2

500 1.438 .0025 2.0 5.0

Figure 4.19: Test 40: physical models with eccentricity,1 = 1 = 30 in.1 2

|| ls(in) || T(sec) | c, as(%)|o.(%)h
5 .124 .0094 141.1 -0.1

to .129 .0101 120.9 -0.2 |, 12 |
20 .141 .0110 93.3 -0.2 1' ~I l
30 .156 .0112 75.3 -0.3

40 .172 .0110 62.7 -0.3 I E 750 .190 .0100 53.4 -0. 4 Mob
60 .209 .0101 46.2 -0.4

70 .229 .0095 40.6 -0.5 #g
80 .251 .0090 36.0 -0.6 33

90 .273 .0085 32.3 -0.6

100 .295 .0081 29.1 -0.7

150 .416 .0062 18.9 -1.1

200 .549 .0051 13.5 1.5 ||| -

h250 .691 .0043 10.2 -2.0 M
300 .842 .0037 8.0 -2.5 /

_

350 1.001 .0032 6.5 -3.2 '

400 1.169 .0029 5.3 -3.9

450 1.345 .0026 4.5 -4.6

500 1.528 .0024 3.8 -5.5

Figure 4.20: Test 40: phy8ical models with eccentricity,1 = 1 = 49 in.
1 2
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Figure 4.22: Test 14, Physical models, RG 1.60 input: fatigue margin spectra and required acceleration levels for
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n. = 0%, & = 0.726, Sequential Method
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Figure 4.26: Test 14, Parametric models, PFDR input: temperature efects (S-type) on displacement margin spectra,
e, = 0%, & = 0.726
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Figura 4.27: Test 14, Parametric models, PFDR input: temperature effects (H-type) on fatigue based margin spectra,
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. Figure 4.28: Test 14, Parametric models, PFDR input: temperature effects (H-type) on displacement margin spectra,
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Figure 4.32: Test 40, Parametric models, PFDR input: temperature effects on displacement margin spectra, o. =
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Figure 4.35: Test 40: worst-case phy5ical models with eccentricity,1 = 1 = 44 in.
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5 Summary and Conclusions

. A framework for hysteretic modeling, identification (R. 51) and greater than those of the previous

and f:tigue analyses for piping component seismic test study in the soft system region (R. 21).'The res-

systems has bee'n developed in this study. The de- ults of the present attidy are based ormore soph-
~ "

veloped models are capable of simulating the nonlinear isticated modeling and analysis techniques, and are

response of the test system with a high degree of accur- believed to be more accurate than those of previous

acy. A unified treatment of frequency effects on seismic studies.

m:rgin is presented. The seismic margin is concluded to

2. The fatigue margin for relatively stiff piping sys-be a two-parameter funct. ion when the eccentric moment.

(ffects are excluded from consideration. Representation

e,f seismic margins can be based on the frequency ratio latively soft piping systems. For a building filtered
i

*R, and the P-A stiffness ratio a.. A proofis provided *

* *** I " " "to show that the effects of R. on margins can be identic.

ally obtained by varying the frequency of the physical
gion of the predominant frequency of the structure.

model or varying the time scale of the input loading.
|

The study results suggest the possibility of large- '

" "rotation induced damage mechanisms and failure modes

th:t are not being fully addressed by the ASME Code

fatigue margin. The concept of displacement-based 3. The fatigue rnvgin is directly proportional to the
margin is proposed in this study to complement the use stress index B . Therefore, whether or not the fa-2

of fctigue-based margin.
tigue margin results are " acceptable" will depend

Based on the present study of the seismic margins upon the value of stress index assumed. For ex-
|;

of piping component test systems;the following conclu- ample,if B is assuraed to be 1.0 for Test 14, the

sions are drawn: fatigue margin in the stiff region is on the order of
;

unity, which is clearly unacceptable.
1. The fatigue margin versus frequency ratio results

from this study differ significantly from those of 4. The fatigue margin for piping systems in the soft

the previous study that provided the basis for in- region is generally high regardless of the value of

creased allowable primary stress in the 1994 Ad- B assumed. However, the displacements in this2

dendum to the ASME Boiler and Pressure Vessel frequency ratio region may become quit large. This

Code. Generally speaking, the fatigue margin res- can lead to the possibility of failure modes other

ults from the present study are lower than those than fatigue, such as buckling or collapse. Fatigue-

from the previous study in the stiff system region based failure margins may not be an appropriate
II-A-88,
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measure for such cases.

5. A displacement-based failure margin can be use-

. ful for piping systems in the s >ft region. A pos- I
d

cible rotation-based failure margin is described in
.

..
~

this report; The magnitude of the displacement-
-

, _ -.

based margin in the soft region will depend upon -

the, value of acceptable rotation limit that is as-

sumed. However, the displacement-based failure
'

margin will generally be lower than the fatigue- '

based failure margin in the soft region.

6. Based on PFDR and RG 1.60 inputs, it is ob.

served that there is a strong correlation between

the margins and the acceleration levels required

to reach either a fatigue-based or a displacement-

based failure condition. For structural systems

without bias eccentric weight, the required accel-
,

eration level generally follows a decreasing trend

with increasing structural natural period, while the
,

margins generally follow an increasing trend with '
,

increasing structural natural period.

7. Eccentric moment effects and the temperature ef-

fects can significantly reduce both fatigue-based

and displacement-based margins for flexible sys- ',
-

tems. .Under the indicated considerations, study

results suggest that the minimum " soft-side" dis-

placement margin is only slightly higher than the

minimum "hard-side" margin. Thus, concern may

be raised about the seismic safety of extremely flex-

ibl3 systems due to the simultaneous occurrence of

low seismic margins and low input earthquake in-

tensity levels.

. II-A-89
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Spreidsheets for ANCO Quick Look Report Data. Top 10 Lines for ASME SWG-SR

Test Test ID # Comments on test (text continued below type identification line)
type Note [1): n

; Z input Section Modulus, in"3 8

B2: input Moment stress index at measured moment location
Mc: calc = Based on 4.5 Sm = 90 ksi: Mc = 90*2182, ksi P=WT=0 used.

i QL title: QL report run titles ~
. - ~

run; tist run # 5 6 7 8 9 10 11
Sa [ Note 2]: !

LMs range / 2: Ms range / 2 [ Note 4) . :: calc = calc 3 J calc E calc = calc
TM [ Note 3]: c calc .: 1calca r calc . : calc : e calc n s calcL : calc .,

,

Ms range / 2: location Maximum test run measured moment range divided by 2, in-kips
mrx rot range: Extreme range of rotation measured dunng entire test run, radians

! mPx rot cycle: Maximum range of rotation for a single half cycle during test run, radians
1 run frcction: Fraction of full test run when test was stopped or through-wall leak reduced pressure
! sted input freq: F1, Frequency at peak of 5% damped LERS using sled's measured accel T-H, hz
! S(fn): Accel at nat freq on 5% damped LERS using sled's measured accel T-H, g's
| R u S(fn)/ Sa: Ratio used to convert broadened LERS moments to unbroadened LERS moments

GE BR M5: GE EPRI Vol. 2 reported 15% peak broadened 5% damped LERS moment. in-kips,

] R * M5:- "Unbroadened" 5% damped LERS moment for cases .87 < Rw < 1.15, in-kips
j rot / rot (MS)"2: Run magnitude using " max rot cycle" ratio to value at boxed R*MS and -0.2 slope S-N

iff # events:: Run magnitude adjusted for partial run times. Summation inside SUM box.
4

| |QL test data SUM | | Total # events Problem""

|4 : lln above table: Spreadsheet calculated values.

: In the Test tables: a scaled number or computed
; na = Not Available using a scaled number. See notes for assumptions used,
i

Note [1): This is a string of text identifiers separated by commas.'

4

i FiM.; 1: Type of fitting
; REL Long radius elbow

}REL Short radius elbow

_TTE Tee
PED Reducer -

Fisid 2: Pipe Schedule

Fi:Id 3: Material
CS Carbon steel A106 Grade B pipe and A234WPB fittings
SS Stainless steel A312 TP316L pipe and A403 WP316L fittings

Fi:Id 4: xxxx P Intemal pressure, psig

Fi:Id 5: xx.x WT Eccentric weight moment, in-kips

Page1
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.

Field 6: Direction and/or manner of loading, when applicable
IP In-plane of fitting
OP Out-of-plane of fitting
-1 or -2 Number of tee run ends attached to sted |

Field 7: xx.x sec Duration of a full Test Run
'

(x.x hz) Targeted sled peak response frequency, hz = 143/ duration . .

Field 8: x.x Fn EPRI Report Vol. 2 Appendix B stated Natural Freq of test system, hz )( ), Measured natural frequency of test system, in, hz '

fphz units based on Fourier analysis of preliminary test run
fehz units based on Fourier analysis of * elastic level" test run -

Field 9: Rw= Ratio of input peak frequency to natural frequency based on;
Test frequency measurements when available
Last full high level run when available

Note [2): Sa = Acceleration at peak of 5% damped LERS using sled's measured accel T-H, g's

Note [3]: TM = LMs/Mc

Note [4): LMs = linearly extrapolated measured moment = Sa/Sa(Low EQ) times Ms/2(Low EQ), in-kips

!

-

.

er

I

|
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'

T1: MISSING KEY DATA -|NFO ONLY
Test 1 |QL has only strain data Runs 6,7,9,10 Rotation is "across elbow"

: type LREL,80,CS 1500/2600 P,2.8 WT,lP.20.5 sec (7 hz),7.81 Fn (8.4 fehz),RW = 0.905
Z |__ QL Run titles indicate magnitude relative to Run 612.23
B2 1 2.37 Sa scaled from titles. Eff # events based on Sa estimates. '

Me (P=WT=0) 464 | Based on 4.5 Sm = 90
QL title Elastic EQ l High EQ |1.2 X Run 6|1.4 X Run 6|1.4 X Run 6|1.4 X Run 6|
mn 5 6 7 8 9 *10 RETE 5TS

,

Sa 8 84
201 2111

TM 0.43 4.54,

Ms range / 2 mid elbow na na 567 na na
max rot range na na na 0.039 na na
max rot cycle 0.038 ja
run fraction 1.00 1.00 1.00 1.00 1.00 1.00
sled input freq 7.3 | na | na | 7.6 | na | na |
S(fn) 4.8 .| na | na | 60 | na | na |
R = S(fn) / Sa 0.60 | | | 0.71 | | |
GE BR M5 na | na | na | 2803 | na | na |

ef # events

T3: MISSING DATA RECOVERABLE
Test 3 |Run 5 Sled Sa na. Sa from M5 ratio to Run 6 M5
type _L.REL,10,SS,400 P.1.1 WT,lP,39.7 sec (3.6 hz),4.0 Fn ( 4.0 fphz),Rw = 0.975
Z | 4.35 No rotation data. Listed dis values are top of inertia
B2 | 2.37 | arm total displacements, SDH-3, In., listed range for run.
Mc (P=WT=0) 165 Based on 4.5 Sm = 90
QL title Low Level increased Level High Level
mn 5 6 7 8 9 10 11
Sa 0.715- 5 7.6 11 15 27 25
LMs range / 2 25 : 175.- 266: 385: 525. -944 874=
TM 0.15 r1.06 1.61 e 2.33, 3.18- :5.72 , 5.29 - --

Ms range / 2 mid elbow 66 80 96 105 158 156
mmsen.st:mm na 6.53 7.68 8.81 12.4 18.96 16.41

| max dis cycle na 6.4 na na na na na
run fraction 1.00 0.33 0.33 0.33 1.00 1.00 0.42
sled input freq na 3.9 3.9 3.9 3.9 3.9 3.8
S(fn) na 4.5 6.8 10.0 13.0 23.0 22.0

R = S(fn) / Sa 0.90 0.89 0.91 0.87 0.85 0.88
! GE BR MS 16.3 114 168 252 313 593 561

j R*MS 103 150 229 271 505 494
1 m v miM.Mdr< (run range) 0.12 0.16 0.22 0.43- 1.00 0.75
' eff # events - 0.06 - 0.08 0.10 0.43 .1.00 0.46-

3 SUM 2.13
,

Page 3
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|
|

|

| T4 |

.

1 Test 4 | Rotation is inertia arm |

| type LREL.40,CS 1000 P 1.1 WT,lP,22.7 sec (6.3 hz),7.0 Fn ( ),Rw = 0.971 |
j Z 8.50
8 82 3.27
i Mc (P=WT=0) 234 Based on 4.5 Sm = 90 -

| QL title Lowlevel High level
" *

run 5 6 7 8 ~.-

'. Sa 7.5 64 68 70

| LMs range / 2 231 1971 2094 2156
! TM 0.99 8.43 8.95 9.22

f Ms range / 2 mid elbow 386 403 400 .

j, max rot range 0.063 0.274 0.278 0.297 |
! max rot cycle 0.063 0.274 0.261 0.277 l

i run fraction 1.00 1.00 1.00 0.62
| sled input freq 6.8 6.8 6.8 6.8
| S(fn) 5.8 52 55 56
*

R = S(fn) / Sa 0.77 0.81 0.81 0.80
GE BR M5 na na na 1675
R*MS 1340

rot / rot (MS)**2 0.05 0.98 0.89 1.00 SUM
eff # events 0.05 0.98 0.89 0.82 2.7 |

T5: MISSING DATA RECOVERABLE
Test 5 | Rotation is inertia arm. Run 6 Sa from Ms ratios and Run 7
type LREL,40,CS 1690 P,1.1 WT,lP,22.7 sec (6.3 hz),7.1 Fn (7.4 fphz),Rw = .878
Z 8.50 Test Run 7 FI used for Rw calc noting Test Run 8 partial run
B2 3.27 with S(fn) identical Test Runs 7 and 8. LERS Test Run 8
Mc (P=WT=0) 234 Based on 4.5 Sm = 90 suspect. 75% damage Test Runs
QL title Low level High level 6 and 7.
run 5 6 7 8
Sa 5.6 m m64s 68 65
LMs range / 2 163 win 1863 aim, 1979 1892

'

TM 0.70 AmL7.96 m 8.46 8.09 -

Ms ran0e / 2 mid elbow 429 458 470
max rot range 0.043 0.306 0.348 0.341
max rot cycle 0.043 0.265 0.314 0.308 '

run fraction 1.00 1.00 1.00 0.44
sled input freq 6.8 na 6.8 6.5
S(fn) 4 na 40 40
R = S(fn) / Sa 0.71 0.59 0.62
GE BR M5 na na na 1741
R*MS 1071

rot / rot (MS)"2 0.02 0.74 1.04 1.00 SUM
eff # events 0.02 0.74 1.04 0.64 2.4 |

Page 4
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T6: MISSING DATA RECOVERABLE
Test 6 | Rotation inertia arm. Run 6 Sa from Ms Run 7. Noisy LVDT Run 6
type LREL,40.SS 1700 P 1.1 WT,lP,22.7 sec (6.3 hz),7.1 Fn (7.2 fphz ), Rw = 0.875

; Z 8.50 No sled spectra. R value Run 8 from Rw vs R trend plot
B2 3.27 See sheet 2'

Mc (P=WT=0) 234 Based on 4.5 Sm = 90 -,

3 QL title Low level Hi0h level |
'run 5 6 7 8 9 |

~ ~>

| Sa 5.7 c59x % 64 62 62 )LMs range / 2 156 e 116155 1752 1697 1697 1
} TM 0.67 :6.90 u 7.49 7.25 7.25
! Ms range / 2 mid elbow 420 453 460 470
| max rot ran0e 0.042 0.29 0.412 0.370 0.363

max rot cycle 0.042 0.25 0.374 0.320 0.321 l,

| run fraction 1.00 1.00 1.00 1.00 0.28 |

| sled input freq na na na - na na
'

; S(fn) na na na na na

) R = S(fn) / Sa 2:0.543
| GE BR M5 na na na 1638 na
j R*MS :. 885 n

j tot / rot (MS)**2 0.02 0.59 1.37 1.00 1.01 SUM
eff # events 0.02 0.59 1.37 1.00 0.38 3.4 |

i
:
:

i
; T7: MISSING DATA RECOVERABLE
| Test 7 IRotation is nipple. Run 10 Sa from Ms Run 9. Run 8 R from Run 6
i type LREL,40,SS 1000 P,1.1 WT,lP,22.7 sec (6.3 hz),7.0 Fn (7.0 fphz), Rw = 0.929
. Z 8.50

! B2 3.27

j Mc (P=WT=0) 234 Based on 4.5 Sm = 90

i QL title Low level Hi0h level
run 5 6 7 8 9 10

1

Sa 6 73 75 74 74 +74;:wm
'

c LMs range / 2 145 1764 1813 1788 1788 m1788w
i TM 0.62 7.54 7.75 7.64 7.64 rr7.640 -- |
1 Ms ran0e / 2 mid elbow 380 396 404 406 406 I

; max rot range 0.034 - 0.319 0.287 0.258 0.288 0.218

[ max rot cycle 0.034 0.223 0.218 0.208 0.22 0.218
3 run fraction 1.00 1.00 1.00 1.00 1.00 0.28

| sled input freq 6.8 6.5 na na na na
j S(fn) - 4.6 60 na na na na
j R = S(fn) / Sa 0.77 0.82 ;0.821

'

3 GE BR M5 na na na 1953 na na

q- R*M5 L1601=

1 rot / rot (MS)"2 0.03 1.15 1.10 1.00 1.12 1.10 SUM

j eff # events 0.03 1.15 1.10 1.00 1.12 0.42 4.8

.i

Page5-

,

1

i |

. .



.__

I

1
s

!

! T8 MISSING DATA RECOVERABLE
i Test 8 | Rotation is inertia arm. Run 8 R unavailable, used Run 4 R
! type LREL,40,SS.O P,1.1 WT,lP,22.7 sec (6.3 hz),6.8 Fn (7.2 fehz).Rw = .917 |

Z 8.50;

; 82 3.27

| Mc (P=WT=0) 234 Based on 4.5 Sm = 90 -

i QL title Low level High level
~

i run 3 4 5 6 7 8 ~,--

; Sa 6J2 75 75 76 76 78

! LMs range / 2 150 1815 1815 1839 1839 1887 ,

j TM 0.64 7.76 7.76 7.86 7.86 8.07
Ms range / 2 mid-elbow 396 328 324 312 300;

j max rot ran0e 0.046 0.308 0.304 0.301 0.310 0.285
i max rot cycle 0.046 0.269 0.268 0.257 0.298 0.271 I

| run fraction 1.00 1.00 1.00 1.00 1.00 1.00
; sted input freq 6.6 6.6 na na na na

S(fn) 4.2 50 na na na na

R = S(fn) / Sa 0.68 0.67 x 0.67 2
GE BR M5 na na na na na 2004
R*MS :1343a
rot / rot (MS)"2 0.03 0.99 0.98 0.90 1.21 1.00 SUM
eff # events 0.03 0.99 0.98 0.90 1.21 1.00 6.1

T9
Test 9 | Rotation is upper nipple
type TEE,40,SS,1700 P,7.4 WT OP-2,22.7 sec (6.3 hz),7.2 Fn (7.0 fphz),Rw = 0.943 I

Z 8.50
82 1.00

Mc (P=WT=0) 765 Based on 4.5 Sm = 90
QL title Low level High level
mn 5 6 7
Sa 9 65 68
LMs range / 2 246 1777 1859 ~

TM 0.32 2.32 2.43 --

Ms range / 2 upper br 572 584
max rot range 0.039 0.429 0.486
max rot cycle 0.039 0.312 0.486 '

run fraction 1.00 1.00 0.26
sled input freq 6.6 6.6 6.5
S(fn) 7.3 57 58

R = S(fn) / Sa 0.81 0.88 0.85
GE BR M5 na 2808 na
R*M5 2462

rot / rot (MS)"2 0.02 1.00 2.43 SUM
eff # events 0.02 1.00 0.82 1.84 |

|
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i

,

T10
'

Test 10 | Rotation is nipple
type TEE,40,SS,1000 P,7.4 WT,OP 2,22.7 sec (6.3 hz),7.1 Fn ( 7.2 fphz),Rw = 0.931
Z 8.50
82 1.00

Mc (P=WT=0) 765 Based on 4.5 Sm = 90i
'

QL title Low level Hi0h level.

run 5 6 7 8
' ''~-

Sa 8.9 62 66 66
LMs range / 2 256 1783 1898 1898 ,

TM 0.33 2.33 2.48 2.48
Ms range / 2 upper br 320 555 560
max rot range 0.039 0.184 0.188 0.179

: max rot cycle 0.039 0.176 0.183 0.17
run fraction 1.00 0.29 1.00 0.28
sled input frog 6.6 6.6 6.7 6.7
S(fn) 5.8 41 52 52
R = S(fn) / Sa 0.65 0.66 0.79 0.79
GE BR M5 na na 2851 na
R*MS 2246
rot / rot (MS)"2 0.05 0.92 1.00 0.86 SUM
eff # events - 0.05 0.37 1.00 0.33 1.74 |

.

T11 WELD |

Test 11 - | Rotation is nipple
type TEE.10,SS,400 P,7.4 WT.OP-2,30.3 sec (4.7 hz),5.8 Fn (5.8 fphz),Rw = 0.862 -

Z 4.43
B2 1.00 Based on weld;

i Mc (P=WT=0) 399 Based on 4.5 Sm = 90
OL title Low level increased level
run 5 6 7
Sa 2.7 17 24
LMs range / 2 46 290 409 .

TM 0.12 0.73 1.03 -
Ms range / 2 upper br 128 1384

; - max rot range 0.031 0.112 0.156
j max rot cycle 0.031 0.110 0.156

run fraction 1.00 0.31 0.19
,

sted input freq 5.0 5.0 5.0

S(fn) 1.4 8.4 14

R = S(fn) / Sa 0.52 0.49 0.58
; GE BR M5 na 777- na

R*MS 384

tot / rot (MS)"2 0.08 1.00 2.01 SUM
eff # events 0.08 0.44 0.42 0.93 |

1
<
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T11 TEE: SUSPECT DATA
Test 11 | Rotation is nipple

|

type TEE.10,SS.400 P,7.4 WT,OP 2,30.3 sec (4.7 hz),5.8 Fn (5.8 fphz),Rw = 0.862
Z 4.43
B2 3.35 Based on tee
Mc (P=WT=0) 119 Based on 4.5 Sm = 90 |-

QL title Low level increased level
' ~

run 5 6 7 *--
.

Sa 2.7 17 24<

154 TLMs range / 2 <

IM .1 1.29 1.82
Ms range / 2 lower br 68 74 -

max rot range 0.031 0.112 0.156
max rot cycle 0.031 0.110 0.156
run fraction 1.00 0.31 0.19
sled input freq 5.0 5.0 5.0
S(fn) 1.4 8.4 14

R = S(fn) / Sa 0.52 0.49 0.58
GE BR M5 na 766 na
R*MS 378

tot / rot (MS)"2 0.08 1.00 2.01 SUM
eff # events 0.08 0.44 0.42 0.93 |

T12: MISSING DATA RECOVERABLE
Test 12 | Rotation is nimie. Run 8 Sa from Ms Run 7^

type TEE,40,SS,1700 P,7.4 WP,lP-2,20.5 sec (7 hz) 8.2 Fn (8.4 fphz),Rw = 0.905
Z 8.50 '

B2 1.00

Mc (P=WT=0) 765 Based on 4.5 Sm = 90
OL title Low level Hi0h level
run 5 6 7 8
Sa 12 74 78 t77am
LMs range / 2 330 2035 2145 2118

*

TM 0.43 2.66 2.80 2.77 --

Ms range / 2 upper br 612 634- 623
rnax rot range 0.079 0.222 0.163 0.137
max rot cycle 0.079 0.144 0.135 0.126 '

run fraction 1.00 1.00 1.00 0.40
sled input freq 7.30 7.60 7.60 na
S(fn) 7.7 53 54 na

R = S(fn) / Sa 0.64 0.72 0.69
GE BR MS 3412
R*MS 2444

rot / rot (MS)"2 0.30 1.00 0.88 0.77 SUM |
eff # events 0.30 1.00 0.88 0.31 2.49 | |

|
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T13: MISSING DATA RECOVERABLE
Test 13 | Rotation is inertia arm. Run 11 rot from Sa and Run 10
type SREL,40,CS.1000 P,1.5 Wr,lP,22.7 sec (6.3 hz),7.0 Fn (7.0 fphz), Rw = 0.957
Z 8.50

~
82 4.29
Mc (P=WT=0) 178 Based on 4.5 Sm = 90 -

QL title Low level 2x low level 4x low level 6x low level 8x low level 9x low level 10.4x low
mn 5 6 7 8 9

~

10 '-11
^-

Sa 5.5 12 22 32 44 56 59
LMs ran9e / 2 210 458 840 1222 1080 2138 2253
TM 1.18 2.57 I 4.71 6.85 9.42 11.99 12.63
Ms range / 2 mid elbow 363 403 410 412 418 410
max rot ran9e 0.047 0.098 0.133 0.154 0.177 0.204 a0.215=
max rot cycle 0.047 0.095 0.133 0.154 0.168 0.192 0.202g
run fraction 1.00 1.00 1.00 1.00 1.00 1.00 0.32
sled input freq 6.5 6.5 6.5 6.5 6.6 6.7 6.7
S(fn) 4 11 18 27 35 43 46
R = S(fn) / Sa 0.73 0.92 0.82 0.84 0.80 0.77 0.78
GE BR MS 134 307 570 839 1095 1345 na
R*M5 97.5 281 466 708 871 1033
rot / rot (MS)"2 0.06 0.24 0.48 0.64 0.77 1.00 nt114
;ff # events 0.06 0.24 0.48 0.64 0.77 1.00 00.50 i

SUM 3.69

T14
Test 14 | Rotation is inertia arm
type TEE,40,CS,1700 P,7 4 WT.OP-2,22.7 sec (6.3 hz),7.2 Fn (7.2 fphz),Rw = 0.917
Z 8.50 GE M5 at tee center, divided M5 by 1.09 for weld location
82 1.00

Mc (P=WT=0) 76 E Based on 4.5 Sm = 90
QL title Low 13 vel Hi0h level
mn 5 6 7
Sa 9 62 62
LMs range / 2 286 1970 1970
TM 0.37 2.58 2.58
Ms range / 2 upper br 596 600 ~

max rot range 0.042 0.171 0.167
max rot cycle 0.042 0.167 0.164
run fraction 1.00 1.00 U.45
sled input freq 6.6 6.6 6.6
S(fn) 5.5 48 44

R = S(fn) / Sa 0.61 0.77 0.71
GE BR M5 na 2373 na
R*M5 1837

rot / rot (MS)"2 0.06 1.00 0.96 SUM
;ff # events 0.06 1.00 0.63 1.69 |4

|
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T15
Test 15 | Rotation is inertia arm
type RED,40,SS.1700 P,6.6 WT,22.7 sec (6.3 bz),7.2 Fn (7.2 fphz), Rw = 0.903
2 3.22
B2 1.00

Mc (P=WT=0) 290 Based on 4.5 Sm = 90 {
'

QL title Low level 2x low level 3.5x low ivl 5x low level Hi0h level Hi0h level High level '

,

run 5 6 7 8 9 10 11
,

--
4

Sa 5.2 9.5 18 26 35 34 30
LMs range / 2 99 181 343 495 666 647 571,

TM 0.34 0.62 1.18 1.71 2.30 2.23 1.97
Ms range / 2 lower 4nps 138 170 197 220 215 208 -

max rot ran0e 0.022 0.046 0.078 0.097 0.089 0.111 0.082
max rot cycle 0.022 0.036 0.056 0.066 0.066 0.086 0.082
run fraction 1.00 1.00 1.00 1.00 1.00 1.00 0.38
sled input freq 6.6 6.6 6.6 6.5 6.5 6.5 6.5
S(fn) 3.5 6.9 14 18 23 23 20
R = S(fn) / Sa 0.67 0.73 0.78 0.69 0.66 0.68 0.67
GE BR MS 208 384 740 1044 1376 1332 1204
R*M5 140.0 279 576 723 904 901 803
rot / rot (MS)"2 0.11 0.30 0.72 1.00 1.00 1.70 1.54
eff # events 0.11 0.30 0.72 1.00 1.00 1.70 0.86

SUM 5.69

T16
Test 16 |
type RED,40,CS,1700 P,6.6 WT,22.7 sec (6.3 hz),7.2 Fn (7.4 fphz),Rw = 0.905 |
Z 3.22
B2 1.00

MC (P=WT=0) 290 Based on 4.5 Sm = 90
QL title Low level Hi0h level
mn 5 6
Sa 5.8 82
LMs range / 2 186 2630 ~

TM 0.64 9.07 --
Ms range / 2 lower 4nps 278
max rot range 0.025 0.228
max rot cycle 0.025 0.163 '

run fraction 1.00 0.52
jsled input freq 6.7 6.7

S(fn) 3.9 53

R = S(fn) / Sa 0.67 0.65 |

GE BR MS 230 3244
~

'

R*MS 154.7 2097

rot / rot (MS)"2 0.02 1.00 SUM
Iff # events 0.02 0.73 0.75 |
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F T19
Test 19 | Rotation is inertia arm.
type LREL,40,SS,2500 P,1.1 WT,lP,22.7 sec (6.3 hz).6.8 Fn (6.8 fphz).Rw = .985

*

Z 8.50 '
B2 3.27. '

Mc (P=WT=0) 234 Based on 4.5 Sm = 90
QL title Low level Mid level 3/4 level High level
run 5 6 7 8

* *-

Sa 5.5 41 58 70
LMs range / 2 217 1618- 2288 2762
TM 0.93 6.92 9.79 11.81
Ms iErse / 2 mid-elbow 403 462 498
max rot range 0.068 0.214 0.323 0.315
max rot cycle 0.069 0.191 0.282 0.300
run fraction 1.00 1.00 1.00 1.00
sled input freq 6.7 6.7 6.7 6.7
S(fn) 5.3 40 57 69,

R a S(fn) / Sa 0.96 0.98 0.98 0.99
GE BR MS 134 1075 1546 1826
R*M5 129.1 1049 1519 1800
comp LMS 217.0 1638 2334 2825
tot / rot (MS)"2 0.05 0.41 0.88 1.00 SUM

'

Iff # events 0.05 0.41 0.88 1.00 2.34 |

-T30: MISSING DATA RECOVERABLE
Test 30 |No low level EQ test, No Run 13 Ms , (Run 3 scaled from Run 4 by Sa).
type LREL,10,SS 400 P,8.5 WT.110 sec (1.3 hz),1.4 Fn (1.44 fphz),Rw = 1.007 |
Z 4.35 Unpressurized detuned high level Runs 1 and 2, no reduced data
B2 5.51 GE reported Ms Runs 1 and 2. Run 1,22.7 sec (6.3 hz), Rw = 4.6
Mc (P=WT=0) 71 Based on 4.5 Sm = 90 Run 2. 35.6 sec (4 hz), Rw = 2.9

'

QL title Mid level High level | Initial detuned high levellData4

run 3 4 5 6 | 1 | 2 | aliasing
r

Sa 1.7 3.3 3.3 4.8 77 40 concems
i LMs ran9e / 2 smn80aiis mm 116 T :1 cited

TM N sn1.64j 4 c 1.64sa m Runs 3 - 6 -"
Ms range / 2 mid elbow 116 119 12,8 133 93
max rot range na 0.183 0.185 0.215
max rot cycle ns 0.174 0.18$ .

run fradion 1.60 1.00 1.00 0.20 1.00 1.00
sled input freq 1.45 1.45 1.0 1.45 | 6.7 | 4.2

i ^

S(fn) 1.7 3.3 3.3 4.8 | 2.0 | 2.3
R a S(fn) / Sa 1.00 1.00 1.00 1.00 | 0.03 | 0.06 Runs 1,2&3 !;

! GE BR MS 139 279 271 na 591 536- eff # used
| R*M5 139 T 271 S(fn)2 ratio
! rot / rot (MS)"2 na 1.00 1.13 1.53 SUM
'

j eff # events e 0.27:i 1.00 1.13 0.34 LO.3714 0!i;!-0.49 iisi- 13.59 n
e

!
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.
' T35: NON-STANDARD TEST, HIGHLY SUSPECT DATA '

| Test 35 | Highly suspect Ms Run 5. High weight moment. Mixed frequencies
1 type LREL,40,CS,1700 P,20.1 WT,lP," sec (~ bz),4.4 Fn (4.4 fphz) |
j Z 8.50 | ~ Runs 5,7,9,10: 37.2 sec (3.85 hz),RW = 0.932
| B2 3.27 | ~ Run 6: 32.5 sec (4.4 hz),Rw = 1.07
) Mc (P=WT=0) 234 | Based on 4.5 Sm = 90 Run 8: 40.7 sec (3.5 hz).Rw = 0.841-
1 QL title Low level | High level on plot est,
j 'run 5 | 6 | 7 | 8 | 9 10 UNBR11' ",-

1 Sa 3.5 31 34 30 35 34 = 0.68
LMs range / 2 t05t n71- z639 73e 71i'

,

I

TM a0.03 s e c0.30 : * e 0.31 ; 9 0.30 t 1
4 .

Ms range / 2 mid elbow 385 404 402 410 408 !.

max rot range 0.041 | 0.230 | 0.235 | 0.233 | 0.22 0.212,

| max rot cycle 0.041 | 0.179 | 0.194 | 0.210 | 0.191 0.185
, run fraction 1.00 1.00 1.00 1.00 1.00 0.48
i sted input freq 4.1 4.7 4.1 4.1 ' 4.1
j S(fn) ' 2.6 27 26 17 25 '

- -

24
R = S(fn) / Sa 0.74 | 0.87 | 0.76 | on plot | 0.71 0.71i

j GE BR MS 166 | 1617 | 1667 | 1496 | 1677 na
_

R*MS 123.3 | 1408 | 1275 |n #1017m "| 11984

: rot / rot (MS)"2 0.05 | 0.88 | 1.03 | 1.21 | 1.00 0.94 SUM
j eff # events 0.05 | 0.88 | 1.03 | 1.21 | 1.00 0.64 4.81
|

|

1

; T36 WELD: NON-STANDARD TEST
i Tcst 36 |No low level EQ., Mixed frequencies. Earlier mid/high level sine sweeps'

type TEE,40,CS,1700 P.7.4 WT,lP-1," sec (~ hz),6.77 Fn (6.8 fphz) |
Z 8.50 | ~ Test 7: 41 sec (3.5 hz),Rw = 0.551
B2 1.00 | based on weld - Test 8: 28.4 sec (5 hz),Rw = 0.779
Mc (P=WT=0) 765 | Based on 4.5 Sm = 90 event count sum includes sine
QL title murimmuum Hi0h level E,mavauw nmaruaunsweeps as equiv to EQ event
run 7 | 8 | _ _ _5 ,_ j ,_ ,6 ,_ _ j

y, ,,
, ,

______;______;
,

23 52

, _ _ _ _ _ _ , . _ _ _ _ _ _ . , .

Ms range / 2 thru run 634 , ,,466 _5,2,0
max rot range 0.067 | 0.229 | 0.08 i 0.106 e

max rot cycle 0.063 | 0.196 | "0 O'8~~I~l)~106 ~1
-

*

run fraction 1.00 | 0.60 | ~~~~]]]
sted input freq 3.75 | 5.3 | 13.5_to,3.5[13.5 to 3.5j
S(fn) UNBR avall| UNBR availl e i

R = S(fn) / Sa UNBR avall| UNBR avall| i Unbroadened LERS
GE BR M5 433 | 2058 | [,]"] ,~ ~ ]~ Run 7 Run 8

~

,

R*M5 UNBR avall| UNBR avall| 1 375 1058

e event
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T36 TEE: NON-STANDARD TEST
Tcst 1 36 |No low level EQ., Mixed frequencies. Eariier mid/high level sine sweeps
type | TEE,40,CS,1700 P,7.4 WT,lP-1," sec (~ hz),6.77 Fn (6.8 fphz) |,

Z | 8.50 | ~ Test 7. 41 sec (3.5 hz),Rw = 0.551
,

*

B2 | 2.52 | based on tee * Test 8: 28.4 sec (5 hz),Rw = 0.779 '

Mc 304 Based on 4.5 Sm = 90 event count sum includes sine -

QL title h level sweeps as equiv to EQ event
run 7 8

,

_ _ _5_ _ _ ,i. _ _ _6_ _ _ ,
,

" .~-

,, ,, ,,
, ,, ______p______q
, ______p______3
Ms range / 2 thru run 634 466 i 520 i

~ ~[(I8,]"O,7106]
~

max not range | 0.067 | 0.229 | 0
max rot cycle | 0.063 | 0.196 | _0.08_ ( _0.1,06_ j
run fraction | 1.00 | 0.60 | i
sled input freq [ 3.75 | 5.3 | 13.5 to 3.5"13.5 to 3.5'';

S(fn) |UNBR avail |UNBR availl f
R a s(fn) / Sa IUNBR avail | UNBR availl i Unbroadened LERS
GE BR MS | 433 | 2058 |"~~"I"~~~ Run 7 Run 8
R*MS |UNBR avall| UNBR avall| -- r----

375 1058
~~~7 "d29" 8 8UMrot / rot (MS)"2 0.10 1.00 01

eff # events 0.10 0.81

1 T38
Test 38 '~ IRotIntion out-of-plane, moments SRSS in-plane,out-of-plane
type TEE,40,SS,1700 P,7.4 WT,OP 1,22.7 sec (6.3 hz),7 Fn (7.0 fphz),Rw = 0.929
Z. 8.50

3

B2 2.02

Mc (P=WT=0) 379 Based on 4.5 Sm = 90
QL title Low level High level
mn 5 6 7 8 9
Sa 8.7 68 68 65 66

-

LMsEE6v /2 222 .1735 1735 1659 .1684e
TM 0.59 4.58 4.58 4.38 4.45 _J:

Msise e/2 lower br 530 553 560 567v
max rot range 0.054 0.201 0.192 0.178 0.177 i

' max rot cycle 0'054 0.19 0.192 0.178 0.177.

run fraction 1.00 1.00 1.00 1.00 0.20
sled input freq 6.6 6.5 6.5 6.5 6.5
S(fn) 7.2 56 55 54 57.

R a S(fn) / Sa 0.83 0.82 0.81 0.83 0.86
"

GE BR M5 na 2756 na na na.

* R*MS 2270

: rot / rot (MS)"2 0.08 1.00 1.02 0.88 0.87 SUM
eff # events 0.08 1.00 1.02 0.88 0.19 3.17 |
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FROM CIT TEST 14 RUN 6 CUMULATIVE USAGE FRACTION (FATIGUE) STUDY I

TF RF 4

0 0 l PARTIAL CYCLE ADJUSTMENT .

0.1 0.084
3,

0.2 0.222 : o.g a . ...,

0.3 0.419 I *
0.8

0.4 0.597 i 50.7
0.5 0.704 ; y 0.6 '

O.6 0.807 g 0.5
0.7 0.856 '0d -

0.8 0.918 03

0.9 0.989 02
0.1

1 1 i
a 0:

0 0.1 02 C.3 0.4 0.5 0.6 0.7 0.8 0.9 1
RUN FRACTION

ALL TESTS AT TEST RUN M5 BASED ON (FOR TEST 6 R SELECTION)
Rw R

0.975 0.85
0.971- 0.8 Rw versus R
0.919 0.62
0.928 0.82 1 ,

0.917 0.67 0$:
0.943 0.85 Og; *g**,*

0.93 0.79 0.75 -

0.862 0.49 " od: 4 +* *
0

0.905 0.69 0.6 -

Od '

, gRUN 6. R = OM$:0.957 0.77
0.917 0.77
O.903 0.66 0.as 0.9 0.95 1

0.905 0.65 I h
0.985 0.99 |

'

0.932 0.71
-

'

O.779 0.51 -

O.928 0.82

9

)

|
-
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i

| SWG-SR TEST BASED MOMENTS VS GE 5% BR
{ LERS MOMENTS
{ i.co -

| - -,a
,

. -

;

j g '" ,

! g 'a
l1 - -

O

h 0.60

| I am

j om

| 0.00

PFDR COMPONENT SDSMIC Rf TESTS

!

i
SWG SR TEST BASED MOMENTS VS ETEC 5%

UNBR LERS MOMENTS
2.50

.

i 2.00

| 1 '

! s '-
3 - .

1

f l"'a
i ;

j PFOR COMPONENT SGSMIC Rf TESTS

i

|

|

!
,
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COMPARISON SWG-SR Sa-Ms BASED UNBR MOMENTS TO BR MS AND R VALUE a -

BASED UNBR MOMENTS FOR TEST RUN WITH MAX LISTED GE BR M5 VALUES
A B C

SWG-SR GE R TIMES RATIO RATIO -

TEST LMS/2 BR M5 BR MS A/B A/C'
1 2111 2803 2002 0.75 1.05
3 944 593 505 1.59 1.87
4 2156 1675 1340 1.29 1.61
5 1892 1741 1071 1.00 1.77
6 1897 1638 885 1.04 1.92
7 1788 1953 1801 0.92 1.12
8 1887 2004 1343 0.94 1.41
9 1707 2806 - 2462 0.61 0.69
10 1898 2851- 2246 0.67 0.85

11P 290 777 384 0.37 0.76
11T 154 766 378 0.20 0.41
12 2035 3412 2444 0.60 0.83
13 2138 1345 1033 1.59 2.07
14 1970 2587 2003 0.76 0.98 TEE CENTER
15 666 1376 904 0.48 0.74

'

16 2630 3244 2097 0.81 1.25
19 2762 1826 1800 1.51 1.53
M 116 279 279 0.42 0.42

'

35 73 1677 1198 0.04 0.06 ,

36P 780 2058 1058 0.38 0.74
36T 780 2058 1058 0.38 0.74
38 1735 2756 2270 0.63 0.76

,
a

|

,
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Appendix I-C: Predicted Maximum Moments for Selected PFDR Component Tests

.,
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Plots by g

1

C. T. Huang
.

California Institute of Technology
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14aximum Moment Determinations by
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Spreadsheet for Table 2 Muo Values

Scaled to max test run level. Ratioed from QL(1st) or GE(2nd) MM values if no CIT Appendix l-C plotted moment PMenvalues
BASIC DATA TEST RUN RATIOS SCALED % VALUES CALC OF AVERAGE RATIOS (MINUS TEST 11)

*

i Run # Attached ggEj (GEgg QL Note 1 Note 2 Note 3

CIT Plots" or QL orOL MMw CIT QL GE CIT QL GE,

'

Test (max) P% M% MMwx / Mb % % Muo % P% Mb CIT / QL M% CIT / GE
Elbows

1 " Circles on attached CIT moment plots indicate values used
2

_3 10(10) 162 158 158 1.00 162 162 162 158 1.03 153 1.06
4 7(7) 429 403 403 1.00 429 429 429 403 1.06
5 7(8) 520 458 470 1.03 534 534 520 458 1.14
6 8(9) 509 460 470 1.02 520 520 509 460 1.11 457 1.11
7 8(9) 520 404 406 1.00 523 523 520 404 1.22 426 1.22
8 7(4) 400 312 396 1.27 508 508 400 312 1.28
13 10(10) 379 418 418 1.00 379 379 379 418 0.91 400 0.95
19 7(8) 587 462 498 1.08 633 633 587 462 1.27 420 1.40
30 6(1) 111 128 133 1.04 115 115 111 128 0.87
31 na(7) ra $15Db 192 192
35 na(9) na 410 470 470<

37 5(5) 72 64 64 1.00 72 72 72 64 1.13 57 1.26
41 na(12) na (3982 510 510

Non-elbows
' 9 6(7) 616 572 584 1.02 629 629 616 572 1.08 540 1.14
! 10 na(8) na 560 641 641

11 6(7) 342 128 138 1.08 369 369 342 128 143
12 na(7) na 634 726 726 *

14 6(7) 613 596 600 1.01 617 617 613 596 1.03 564 1.09
15 8(9) 298 197 220 1.12 333 333 298 197 1.51 172 1.73
16 6(6) 385 278 278 1.00 385 385 385 278 1.38 260 1.48
34 na(12) na NB05' 775 775
36 8(8) 700 634 634 1.00 700 700 700 634 1.10 512 1.37

! 38 na(9) na 567 649 649 [
39 na(4) na 549 629 629
40 4(5) 277 4178J $202Y 1.13 314 314 277 178 1.56

1

SUM 2: 17.18 SUM 3: 15.37

, C2 = SUM 2 /15: | 1.15 | _

- - _ - - . - - - - - - - - - - -- -- .- -
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E. C. Rodabaugh
August 13, 1997 7025 Scribner Way

Dublin, Ohio 43017 ,

614-792-9142 i
Ken Jaquay i

Energy Technology Engineering CenterP. O. Box 7930 '

Canoga Park, CA 91309-7930 . ..- '^ .

Subj ect:
Peer. Review Comments Concerning ETEC Studies of New ASME
Code Criteria for Seismic Design of Piping

Dear Ken:

My letter to you dated July 28, 1997, the enclosed letter dated
August 12, 1997 and this letter constitute my comments.
(1) Letter Dated August 12, 1997

This is a revision of my July 21, 1997 letter. Part (1) of thelotter was revised to use the Mud moments per your " Input to BobKannedy Mud Study", 7/21/97.
" time-effects" as possibly significantIt also contains an added paragraph on
between static limit moment tests and Mud moments.in explaining the difference

Part (2) of the letter was extensively revised prompted,
by my belated recognition that D-Test #37 was not appropriate formainly, !

calibration of P-effects. Part.(2) may help to explain and/or |

extrapolate the ef fect of internal pressure on Mud moments.
(2) Letter Dated July 28,- 1997

Equation (a) of my 8/12/97 letter is:
M(Capacity) => M CDemand)

(a)

My 8/12/97 letter suggests a simple Code change that,
introduces sufficient conservative on the M(Capacity) in my view,

side of Eq. (a).
(3) Test # 37

,__

i

This model failed by " incipient collapse", no pressure boundaryfailure. In my view, the remaining task relative to Test #37 1s to
ottempt to , identify those conditions under which failure such es inTc=t #37 might occur in piping systems.

NUREG-1367 addressed this potential problem by "the elastic
raeponse spectrum analysis must show that the response stress
contribution at 2 Hz and less is not more than Sy."



-_________ _ ______-____ _ _ _ _ .

. .

(4) M (De mand )
|
'As a layman in this area, I am not aware of any dausge to piping

systems in nuclear power plants due to an earthquake. In the USA,
this mav represent some 200*10 = 2000 plant years; perhaps another
2000 plant years in nuclear power plants outside the USA.

'

During these years of operation, there have been numerous piping
failures or incipient failures in nuclear power. plants dua_to suck 4

causes as water hammer, thermal striping, stress-induced corrosion -

cracking, corrosion-erosion, fatigue due to vibration in small lines,
'etc.

-
J

As a layman, I do not know what uncertainties or conservatisms are ;
.

involved in the Code prescribed elastic analysis used to establish the
M(Demand) side of Eq. (a). The operating history suggests to me that
M(De mand) has been estimated in a conservative way.

Yours Very Truly,

Re#
E. C. Rodabaugh

Encl: 8/12/97 Letter

File: ken 897-2, etec97 disc
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E. C. Rodabaugh
7025 Scribner Vay

August 12, 1997 ,

Dublin, Ohio 43017
|

614-792-9142

1 |1Kon.Jaguay
Energy Technology Engineering Center
P. O. Box 7930

.
*

Canoga Park, CA 91309-7930 -
. -_ -.

Subj ect: Use of Static Limit Moment Test Data (S-Tests)
and Approximation of Pressure Effect '

Decr Ken: .

As I see it, the design process consists of satisfaction of the
equation:

M.(Capacity) => M(Demand) (a)

In this letter, I will discuss two aspects of the M(Capacity) side of
Eq. (a). My only comment concerning the M(Demand) side of Eq. (a) is
that the Code has the method pretty well tied down; e.g., linear
alcstic response spectrum analysis, peak broadened, 5% damping, etc.

|

(1) Use of Static Limit Moment Test Data (S-Tests)

There was speculation at the July 15,16/1997 meeting that S-Tests
would be about the same as D-Teste(Mud) and thus could be used to help
cotablish new Code rules for earthquake evaluations.

.

In order to examine the premise that S-Tests are about the same as
D-Tests (Mud's) . I made the enclosed Table X for elbows. My
conclusion from Table X is that, except for D-Test #37, M(Capacity)
from S-Tests is substantially less than Mud (D-Tests). '

Some specific examples from Table X are:
.

S-Test M2 Mud M2/ Mud D-Test

(22)5 334 534 0.63 #5 ~ ~ " "

(22>15 191 508 0.38 #8
-(22)16 174 508 0.34 #8
(23>1
Scaled 55 72 0.76 #37
(13)8 68 72 0.94 #37
GE24 200 508~ 0.39 #8 '

The enclosed Fig. X illustrates the significance of M2 and the
maximum moment capacity, Mm, from S-tests. In many S-Tests in Table
X, the test was not carried to the extent that Mm was reached.
However, as indicated in footnote (f) of Table X, some were. For most
cuch tests where both M2 and Mm are available, the difference between
M2 and Mm is small. To illustrate this aspect, I have enclosed Fig.



m
.a

7-26 of the GE/EPRI report. While the tests are a bit on the crude
side, roughly M2 = 200 in-kip, Mm = 210 in-kip as compared to Mud =
508 in-kip.

Howe ve r., there are two exceptions: j

S-Test (24)1 M2 = 1500 in-kip: Mm = 3300 in-kip. .

Scaled 54.5 in-kip: 120 in-kip )
S-Test (13)6: M2 = 184 in-kip; Mm = 313 in-kip, 4 -.-

.

These two " exceptions" lead to the following comparisons: 1

S-Test M2 Mm Mud M2/ Mud Mm/ Mud D-Test

(24)1 54.5 120 72 0.76 1.67 #37
Scaled
(13)6 184 313 520 0.35 0.60 #6

S-Test (13)8 also is roughly comparable to D-Test #37; it's Ma is
79 in kips. Thus we have:

S-Test (24)1, Scaled: M2 = 54.5, Mm = 120 Mud = 72
S-Test (13)8, M2 = 68 Mm = 79

Thus, for D-Test #37, the S-Tests are in reasonable agreement with
Mud; but not for any other elbcw D-Test.

You mentioned, at the July 15,16, 1997 meeting, that in running
static limit load tests, there is a " time effect"; an effect that I
have also observed. In the plastic response region, if an increment
of load is applied in, for example, 5 seconds, then the measured
displacement will continue to increase for perhaps another 10 seconds.
The enclosed Fig. 7-28 for closing moment, may' be showing this effect
by the dif ference between the " initial" and " stabilized" lines.
D-Tests involve high rates of loadings and, perhaps, part of the
dif ference between D-Tests and S-Tests may be due to the " time
effect".

_2) Approximation of Pressure Effect (P-effect)( -

~ ~ "There is an existing theory for P-effect'in the elastic region:
Sp = So/Fp (b)

where Sp = stress due to moment at P = 0 1

So = stress due to moment at P> 0
Fp = 1 + 3. 25* (pr/t > * (r/t > * (3/2) * (R/r> * (2/3) /E
p = internal pressure
r = elbow mean radius
t = elbow wall thickness
E = modulus of elasticity of elbow material
R = bend radius of elbow

i

I

- , - _ __ - ___ _ _ _ _ _ _ _ _ _ _-
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3,

Equation (b) is.non-linear; to duplicate the results using
! finite-element computer programs would require consideration of

f inite-displace ments.
,

:
'

For elastic analysis:
s

So = [ 1. 95/h" (2/3 )) *M/2. (c)
j: where-h'= (t/r>*R/r) l. * *.

{ M = in plane moment
1

Z = section modulus of elbow cross section
1. 95/h* (2/3) .Not to - be taken as less then 1. 5

i

.This stress, for parameters of main interest, is a bending stresse at
the sides of the elbow. To obtain thru-wall plasticity, the stress
must be 1.5 Sy, Sy = material yield strength. This concept led to the
Code B2-index for elbows; i.e., B2 = (1.95/1.5)/h'<2/3) = 1.3/h'<2/3).

] The implicit assumption is the that elbow parameter, h, continues to.be valid for plastic response. ;

.
4
,

I will use Eq. (b) to' estimate the P-effect on elbows in the 1

plastic region. The assumption is that the dimensional parameters h,3

;
} _r/t and R/r continue to be valid for plastic response. j

j Eq. (b) and (c) can be combined to give:

Sp = [Co/h*(2/3)) * M/Z/ Fp (d)
.

: Where Co and the E in Fp are to be " calibrated" from a dimensional and
material identical pair of tests in the plastic regime that differ in

i internal: pressure, p. .

!

The D-tests include four models, with D = 6.625, t = 0.280, R=9. ,
'

and P = 0, 1000, 1700 and 2500 pai; D-Tests #8, #7, #6'and #19,
; roopectively. D-Test #8 had no cracks, D-Tests #7 and #8 had through
; ' wall cracks in the side wall (the theoretical location); D-Test #19
; had partial cracks at the side wall. Ideally, we would like to have a

cot of tests where through wall cracks occurred; .but this set appears
;to . be the most appropriate for " calibration" of Eq. - (d) .i
i

''
. .

,_
.

_r 1i Using the extremes of pressure, D-Tests #8 and #19. Mud = 508'and '
.

;,
633. respectively, leads to the estimate that the P-effect, for 2500
psi internal. pressure, is about a factor of 633/508 = 1 2461

. .

.

;- Thus, a calibrated value of E, E', is obtained by:

(pr/t) *3. 25* (r/t > * (3/2) * (R/r) ^ (2/3)/E' = 1.2467 - l' (e)

With p = 2500 psi, r = 3.172 inch, R = 9 inch, Eq. (e) gives:
,

; E' (2500*3.172/.280)*3.25*(3.172/.280)*(3/2)*(9/3.172)*(2/3)/0.2461=

t E' ' 2.279e7 psi-=

.

$

4

)
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. -_.___,_ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _.____._ _ _ _ . _ _ _ _ .._ _

L

\ Y'
,

To obtain Go, a limiting nominal stress must be assumed. Taking
this to be 90000' psi, then:

,

' Co = 90000*h'<2/3)*Z/153000 = 1.958 ,

'

; Some examples of the use of the " calibrated" Eq. (d) are shown in
. Table Y:- ,

,

The first and fourth lines of Table Y are simply getting back the -.

'
calibration input. -

It.is apparent in Table Y that D-Test #37 is "different"; we think
it should be, the failure mode is incipient collapse; not a fatigue.

failure.'
.

It may be noted in Table X that there are two pair of S-tests in
which pressure is the only variable; 1.e., (22)2, (22)5 and (13)S,
(13 (6 ) . The pair (13)5 and (13)6 are stainless steel tests; use of
this pair to estinate P-effect, af ter adj usting for the rather large
difference between S-Tests and P-Tests for stainless steel, give
rceults similar to those obtained in the preceding for stainless
cteel.

To extend the estimates of P-effects to carbon steel, I used the *

pair (22)2 and (22)5; for which M2 (p=0) = 264, M2(p=1500 psi) = 334
in-kip; M2 (p=1500)/' M2 (p=0) = 334/264 = 1.2652. Using this ratio in
Eq. (e), with p = 1500 psi, gives:

E' 1.592e7: Co = 1.151=

To give direct comparison, an adj ustment was made by multiplying.

-the results (which are for N2) by a factor such that agreement was
obtained with Mud, D-Test #4. This factor is 429/311 = 1.38. This is
a much smaller factor than for stainless. steel tests and suggests that
the dif ference between S-Tests and D-Tests for carbon steel may be
oignificantly less.than for stainless steel.

The results for. carbon steel tests are included in Table Y;
D-Tests #4, #5, #13, #35 and #41. It may be noted that the P-effect *

.for the "short radius" elbow, D-Test #13, is consistent with the Mud _ _,g
moment .

The last four lines of Table 4 are intended to illustrate that the
P-effect results can be extrapolated to most elbows. -

.

-- _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ - _ - _ _ . _ . _ _ _ _ . _ _ . _ . _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _
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The question arises: Can the P-effect be incorporated in Code
rules?

Table Y is based on the characteristics of 90 deg. elbows within plane closing moments. In piping systems, other than 90 deg.
olbows may be used and, in general, the elbows will be subjected to
combinations of in plane, out-of plane and torsional moments. .

Further, adjustments must be made for some elbows; related to the
1.75/h"(2/3) not to be taken as less than 1.5. 4 "**

-

Thus, my answer to my question is: No.

In brief summary of this letter:

(a) Elbow S-Tests, except for Test #37, are NOT the same as from
D-Tests; Mud. The difference is substantial for stainless steel.There is a suggestion, in the P-effect portion of this letter, that
the difference may be much less for carbon steel.
(b) P-effecta using Eq. (d), after calibration, appears to be a
reasonable way to estimate the effect of internal pressure for 90 deg.olbows subjected to in plane closing moments. However, the scope ofEq. (d), as presently developed, is far too limited to permit its use
in Code rules.

> Yours Very Truly,

E. C. Rodabaugh'

Encle: Tables X and Y, Fig. X
Fig. 7-28 of GE/EPRI Report, Vol. 2

File: ken 897, Disk etec97

~"
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' 'Tcble X: Summary of Static Limit Load Tests on Elbows, all Data for
In plane Closing Mcment

S-Test 1[' t ' l D ' t, R. Sy, p, M2, D-Test p. Mud
Number in in in ket ksi in-kip Number ksi in-kip ;,

(c) (b) (c) (c) (c) (d) (e) (f ) (g) (g) (h)

(22)2 C '6.625 0.280 9.00- 50.0 0 264 )
5 C '6.625 0.280 9.00 50.0 1.5 334 #4 1HW 429* '-*

. - ,

*#5 1.7 534

8 C 6.625 0.432 9.00 37.8 0 '428 '

11. C 6.625 0.432 6.00 39.6 0 206
15 S. 6.625 0.280 9.00 37.7 0 191 #8 0 508 ,

16 S 6.625 0.280 9.00 37.7 0 174 #8 0 508
17 S 6.625.0.280 6.00 35.6 0 175
18 8 6.625.0.432 9.00 35.4 ~0 341
19 C 6.625 0.280 6.00 46.0 0 202 #13 1. 0 379
20 C 6.625 0.432 6.00 34.6 0 369

(23)1 S 20.00 0.472 30.0 36.3 0 1500
Scaled 6.625 0.156 9.94 36.3 0 54.5 #37 0 72

(13)1 C 6.504 0.280 9.00 ? 1.4 212 #4 1. 0 429
#5 1.7 534

5 S 6.504 0.280 9.00 ? O 153 #8 0 508g
' 6 .S 6.504 0.280 9.00 ? 1.7 184 #6 1.7 520

#7 1. 0 523
7 S 6.504 0.197 9.00 ? O 114
8 S 6.504 0.157 9.00 ? O 68 #37 0 72

| 9 S 3.893 0.226 6.00 7 0 74 -

Scaled 6.625 0.385 10.2 7 0 365
|

(24)4 S 3.508 0.118 4.50 7 1.2 43.8
Scaled 6.625 0.223 8.50 7 1.2 295 #7 1. 0 523

,

5 S 3.508 0.118 4.50 7 1. 2 45.0
Scaled 6.625 0.223 8.50 7 1.2 303 #7 1.0 523

| ' GE24 S 6.625 0.260 9.00 54.2 0 210 #8 0 508 _ _ .
i

Notes on next page

'

o

,
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Table X, Notes

(a) Except for the last lite, these are from Table 4, " Summary of ;Limit Load Tests on Elbows", of:

(1) " Evaluation of the Plastic Characteristics of Piping !
Products in Relation to ASME Code Criteria", NUREG/CR-0261, |
Rodabaugh and Moore, July 1978 |

-
.

All tests with -Mz moment (in plane closing moment) are included. The
number in ( ) is the reference number of Ref. (1). The last line is !f rom the enclosed Fig. 7-28 of GE/EPRI Report, Vol. 2 |*

|(b) Elbow material: C = carbon steel, S = stainless steel
!
!(c) Nominal dimensions of elbows, D = outside diameter, t = wall |

thickness, R = bend radius. I

l

(d) Sy = yield strength of elbow material. ? indicates Sy not given
in cited reference. I

1

l(e) p = internal pressure held constant in S-Tests

(f) For S-Tests other than Ref. (24)
M2 = moment as defined in enclosed Fig. X
For "S-Tests" of Ref. (24)
These wer: vibration tests; see page 22 of Ref. (1). They are
more akin to D-Tests than S-Tests.
For other-than Ref. (24) tests, the maximum moment , Mm (see
enclosed Fig. X), is close to M2 with two exceptions:

1'

(23 > 1 : M2 = 1.50 in-kip, Km = 3.3 in-kip
(13>0: M2 = 0.184 in-kip, Mm = 0.313 in-kip

(g) Test # and internal pressure p from Table 2 of ETEC report
,

1
(h) From 'Jaquay, " Input to Bob Kennedy Mud Study", 7/21/97.

1
.

j. .ar

|

|
,

1

!
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Table-Y: Examples of use of " Calibrated: Eq. (d)

M' t ' l D-Test D t R p M Mud
in in in psi in-kip in-kip

,
(a) (b) (c)

'
1

SS. #8 .6.625 0.280 9 0 508 508 .

SS #7 6.625 0.280 9 1000 558 523
SS #6 6.625 O.280 9 1700 593 520 _J - w

,

SS #19 6.625 0.280 9 2500 633 633 -

SS #37 6.625- 0.134 9 0 154 72
SS' #3 6.625 0.134 9 400 194 162
SS #30- 6.625 0.134 9 400 194 115 .

SS #31 6.625 0.134 9 400 194 192

CS #4 6.625 0.280 9 1000 429 429
CS #5 6.625 O.280 9 1700 474 534
CS #13 6.625 0.280 6 1000 316 379
CS #35 6.625 0.280 9 1700 474 470
CS #41 6.625 0.280 9 1700 474 510

SS 24.00 0.375 .36 0 5140 ------

SS 24.00 0.375 36 500 8550--- ---

CS 24.00 0.375 36 0 3680--- ---

CS 24.00 0.375 36 500 8090--- ---

(m) SS = stainless steel, CS = carbon steel

(b) Moment per calibrated Eq. '(d )

(c) From Jaquay, " Input to Bob Kennedy Mud Study", 7/21/97.

.
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E. C. Rodabaugh
July 28, 1997 7025 Scribner Way

Dublin, Ohio 43017
614-792-9142

Ken Jaquay- g

Energy Technology Engineering Center '

P. O. Box 7930
.

;
'

-

Canoga Park,'CA 91309-7930' a *-
'

Subj ect:
" Straw Man" change 1,n Code

L Dear Kent

(1) " Straw Man" Code Change

Baclosed is a marked-up copy of page 154 of the Code;i NB-3656. it is all of i

the SSy limit thatI deliberately kept the change very simple; t3 e.g., I didn't put inI would eventually like to see. |
'

my " druthers". Indeed, if I hadI would replace 4.5Sm with 3Sy. |
1

The change leaves a number of issues to be addressed. ;

issue is an explanation of the behavior of GE/EPRI Test 37. One maj or I

issue is the question: Another
other-than-earthquake-caused reversing dynamic loads?Is the " Straw Man" change defensible for
have a current' list of "SVG-SR lasues", If you don't

I suggest you get it so that
you can see.what all other issues the " Straw Man" is not addressing.

4 '

(2) Limit Moment Alternative

Alternatively, the page 154 insert might read:
4

" NE shall not be taken as less than 1.273*(Do-t) *2*t*Sy "
.

(The Do/t <= 50, which is redundant for B-indices, becomes
essential for the ME < Limit Moment.)

i

The reason why (Do-t)m

following NPS 6 examples: should be used is illustrated by the
s

i:
'

'

Sch. Do t Dm Z=1.273*Dx*2*t = 2 (exact ) j
?

For Dx=Do For Dr=Da'10 6.625 0.134 6.491 4.619 4.434 4.35 i

4

(!100 _6.625 0.718 5.907 24.8 19.7 17.6
. Assuming that Z = 1.273*Da*2*t

that the limit of 4.5Sm can be replaced by 3Sy then with B2 = 2:is an adequate approximation and1

M = 1.178*Da*2*t*Sy

As Bob Kennedy pointed out,
.acaent, M = 1,273*Da*2*t*Sy. this is essentially the same as the limit I

|
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1

(2) Relationship Between NB-3656(a) and (b)
;

The problem is that for components where the lower bound of B2 = 27- ;
'

)

i controls, such as straight pipe, some elbows, some teos, etc.,
NB-3656(a) permits higher moments f or static loads than does

,

NB-3656(b) for reversing dynamic loads.

A solution might be to modif y NB-3656 (a) so that it also has the'

lower bound limit of B2 = 2. For weight load, there probably-be no4

obj ections. For other -loadings such as water hammer and steady-state
|

* wa
relief valve thrust, there' might be strong objections. --

'

,

f
'

%

Yours Very Truly, .

hY
E. C. Rodabau6h

Enc 1: Marked copy of page 154 of Code

Filer ken 797-2, Disk ETEC97
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.NB.M56 1995 SECTION !!!. DIVISION 1 - NB NB MM

NB 3656 Consideration 'of Level D Service spectrum analysis as defined in Appendix N-
gLimits

1226, except the spectrum peak broadening
,

" "" O , in N 12263 shall not be less thanIf the Design Specifications specify . any Service /

leading for which Level D Umits are designated 15% and, in place of the damping values for

[NCA 2142.2(b)(4)) the requirements of (a), (b), or both large and srnall diameter piping systems in
Table N 12301 fo , Operating Basis Easthquake * ~

a a SW a e, a valm of 5(e For Service dings for which Level D Service

Umits are designated which do not include reversing shall be used. The ground motion design input

dynamic loads or have reversing dynamic loads com- fw gwratmg the th response spectan to
bined with nonteversing dynamic loads, the require. Unear e as analys,is s . meet

ments of (1) and (2) below shall apply, the requirements of Appendix N 1211(a) and N.

(1) The permissible pressure shall not execed 2.0 1211(b). Momats and forces may be cornputed

times the pressure P calculated in accordance with using a athodology other than prescribed
Eq. (3) of NB-3641.1. above if the alternate methodology is demon-

548 to Produce red wM ennlope me(2) The conditions of Eq. (9) of NB-3652'shall
- he met. The allowable stress to be used for this condition PrescNMWogy res@s.In de cank,na.
is 3.0 S., but not greater than 2.0 S,. [ ads, aH dkectional moment coyti n

(b) For piping fabricated from material designated nents m the same direction shall be combmed
,

"* * 8 "' '*"' "#"*"I' N **P NS. I through P No. 9 in Table 2A, Section !!, Part
D and limited to D/s s 50 if Level D Service Umits method of analysis is such dat only magnimic*

wi om alge raic s@s b etamed, se mostare designated which include reversing dynamic loads
* ""*'** " " * * * "U ***""*d'that are not required to be combined with nonteversing

4

dynamic loa'ds, the requirements of (1) through (5) Po= the pressure occurring coincident with the re.'

below shall apply. versing dynanue load

4 (1) The presure occurring coincident with the (4) The range of the resultant moment Mut and

carthquake or other reversing type loading shall not the amplitude of the longitudinal force Eur resulting
g g g

) es in tress due to weight loading
"" **E 'IE" Y""* * I"* "I " " ' '

" 3
'

shall not exceed the following:

B: Mw s 0.5 $. IX) gu, po
21 C: <S

21

where
; ' M, = resultant moment due to weight effects (NB-

_ 3623)
'

-"

(J) The stress due to weight and inertial loading
due to reversing dynamic loads in combination with b < g,,

the Level D coincident pressure shall not exceed the A,,-

following:
,

Po Do D *W*
A + A: o Mr s 4.5 S. ly) Aum cross-sectional area of metal in the piping com-i

2r 21 ponent wall-

Oa Irv ' M .ly] is gaf lar Herr ?* %f

: where ' (5) Piping displacements shall satisfy Design Spec-&

)- - Mr= the. amplitude of the resultant morner* |ue to ification lirnitations.
the inertial loading from the carthquuac. Ther (c) As an alternative to NB 3656(a) and (b), the
reversing type dynamic events and weight. rules contained in Appendix F may be used in evaluating

'

Earthquake and other reversing dynamic loads these service loadings independently of au other Design4

| shall be cornputed from a linear elastic response and Service loadings.

154.

._ __ _ _ _ _ . __ _
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COMMENTS ON THE DRAFT NUREG
SEISMIC ANALYSIS OF PIPING

by )

Larry Shipley )

August 1997 '

: *

\
~,

I previously provided recommended editorial changes to the document and commented to Ken|

that I thought that the NUREG was well written and discussed the facts in a manner that was!

relatively easy to understand. Section 5 provides a clear summary of ETEC's concems and
recommendations.

General Comments

. The independent evaluation and acceptance of the new code criteria for seismic design of piping
systems has become one of an increasingly academic exercise. If the original component testing!

and code criteria development were subjected to this level of scrutiny, we would be designing
'

piping like a pressure vessel today. It is important to understanding piping behavior and how
the criteria is supported by the testing program, but it appears to be diverging from providing
realistic criteria that a piping designer can use to qualify piping to the ASME code.

I agree fully with Bob Kennedy's recommendation and that we must develop a path forward, but
have an additional recommendation that may be useful to move the effort offdead center.

.

-

It is difficult in today's environment to develop a bullet-proof criteria of such a sweeping
magnitude that can be used on any piping system. However, it may be possible to approve the
use of the criteria for a subset ofpiping systems by applying constraints on the use of the criteria.

. This would allow actual hands-on use of the criteria to see if there is any net benefit gained.
Fragility of components, limitations imposed by small branch lines, deflection limitations, and
other dynamic conditions may require the use of restraints, unrelated to seismic loading, that
preclude a very flexible system design and high stresses. Only through the actual use of the
criteria, even in a restricted form, will the industry and the NRC be able to assess the risk / benefitthat it brings - -

Snecific Comments

Section 5.1.1 One of the primary bases for the acceptability of the new rules is the concept that
piping experiences a rachet-fatigue failure when exposed to reversing dynamic loads rather than
failure based on a collapse mode, a concept on which much of the code criteria was previously
based. However, the .P-delta effects that were evident in a number of the tests resulted in piping
failure mode that could be best described as incremental collapse. The concem is therefore
voiced that the PFDR tests did not conclusively prove that a collapse failure mode can be ruled
out cf the evaluation ofreversing dynamic loads.

'

1



L

ARES
.,r:.. . ,:n

The test configurations were apparently designed to provide the most rigorous set ofloading i
possible to the component undergoing testing within the bounds of budget and the capability of |
the test equipment. In order to produce the moments of sufficient magnitude to induce failure in !

the test component, it was necessary to design test configurations such as those depicted in
Figures 1 and 2. The weights used at the top of the riser were intended to simulate the effects of
the first axial run after the elbow at the top of the riser. Although in the test the weight can

,

induce P-delta effects, in an actual system the gravity weight of the horizontal axial run sli5uld ,

be supported and in general will not have a significant contribution.
.

The use of any set of code rules presupposes that the engineer or designer has the intelligence,
experience and common sense and is able to bring them to bear in an effort to layout and analyze '

a piping system that is within the bounds of good engineering practice.

Large displacements that have been observed in the near-field records in the first several cycles
oflarge magnitude earthquakes present a somewhat different concern. The concem is clearly
valid from an analytical point of view since displacements of up to 4 feet have been observed.
However, viewing the matter from a slightly more pragmatic direction, it is highly unlikely that
any nuclear power plant in this country or any other that is predisposed to use the ASME rules, is
going to site a plant in close proximity to a major earthquake fault. Further, should the structure
he able to withstand such a displacement, it would appear that the piping located within the
building would "see" the displacement as an anchor movement and would be analyzed as such.

Section 5.1.5 The concern with pipe supports and the predicted loads generated from piping
designed to relatively low frequencies is valid. However, it is one that is not likely to be
resolved by providing a Code requirement that the loads generated by a linear clastic program be
multiplied by a factor to account for non linear piping behavior. The use of a factor provides the
designer whh a false sense of security that if he/she only use the 1.x the systems and supports
will be adequately designed. The primary issue may well rest with the' ability of the pipe
support / restraint to have sufficient ductility such that the support has the ability to deflect and
transfer load if the piping load is in reality somewhat higher than calculated. The designer of the
piping and supports will also have to be mindful of rod swing angles, and loads on equipment . <

and structural steel but it should not be a foregone conclusion that the loads are always
underpredicited. ~"

2
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j SEISMIC ANALYSIS OF PIPING.

PEER REVIEW INPUT

I
Edward A. Wais .

Wais and Associates, Inc.
a - .,

INTRODUCTION

In 1994, ASME Section III significantly revised the design rules related to nuclear
power plant piping for seismic loads (as well as other " reversing dynamic" loads).
These new rules were the result of an extensive industry effort involving several ASME
Committees and other industry organizations (1). The Energy Technology engineering
Center (ETEC) is supporting the US Nuclear Regulatory Commission (NRC) in
evaluating the impact of these changes under the Seismic Analysis of Piping program.
As part of this program, peer review input was requested.

SUMMARY

There have been several meetings with ETEC and the NRC to discuss the Seismic
Analysis of Piping program's findings. Based upon this input and the various
documentation regarding this effort, it is clear that that the basis for the new rules was
incomplete.

.

ETEC, with support from staff from California Institute of Technology, has thoroughly
investigated the majority of the significant issues which have been raised.

- DISCUSSION

It should be noted, that in order to review various concerns regarding the new rules,
- ASME Section III has established a Special Working Group - Seismic Rules (SWG-

.

- SR). The SWG-SR reports to the Sub Group on Design and has identified 15 " Issue "

Categories" which are under review. "These Issue Categories" (2) are:

1. The 5% Strain Limit in NB-3200.
2. Basic Margin Definition.
3. Acceptable Level of Margin (Target Value)'
4. ~ Margin Calculations from Test Results (Data Reduction)
5. Section XI Issues -
6. Limit for Combination of SAMS and Inertia Loads
7. Basis for Cycle Limits
8. Protection Against Collapse
9.- Validity of Linear Elastic Analysis

Page1 . * *~~

.
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1

l

10. Fatigue Equations vs. Primary stress Equations
11. Component Tests vs. System Tests
12. Limit higher Allowables to Building Filtered Loads
13. Code Compatibility Questions
14. Suggestions for Alternate Methods i

15. Extensions to components / materials not tested.
- -.-

NWithin these " Issue Categories", there are over 40 specific issues that have been ;

identified. |

,

It is important to note that the issues developed as part of the Seismic Analysis of .,

Piping program were either previously included by the SWG-SR in this list or
incorporated as they were identified. While the Seismic Analysis of Piping Project
does not address all the issues listed by the SWG-SR, the "high priority" items were
investigated.

The ETEC effort clearly provides a better understanding of the effects of various
parameters than was previously available. While this effort may have resulted in
different conclusions, it provides a basis for establishing rules with a complete
justification. Items such as frequency effects are better understood and hence can be
addressed.

In the process of developing the new rules, various organizations participated in
develeping margins for the new criteria as applied to the PFDR test program. The
minimum margin (Test 36) was cited as 4.2 for the new rules. ETEC performed a
margin evaluation which included adjustments for various considerations which reduced
the calculated margin below an acceptable level. These considerations included: actual
dimensions, actual material strengths, temperature effects, concurrent SAM loadings,
etc. While one might argue with the method of evaluating any individual
consideration, the overall conclusion is still that it has not been demonstrated that ;

sufficient margin exists with the new rules, i

In our last meeting with ETEC, the NRC and the Peer Review Group, held on July 15- --

16,1997 at the NRC headquarters, Dr. Robert Kennedy suggested a revised criteria
based on an " ultimate moment" approach. The suggestion was that this type of
approach could result in margins such that piping systems did not control the High- '

Confidence-Low-Probability-of-Failure (HCLPF) of a nuclear plant. While, this
approach is not without challenges, I believe that it is important to consider this type of
approach. It has the advantage of potentially being able to resolve existing issues, and
demonstrate adequate margin even within the methodology used by ETEC to evaluate
overall margin.

Page 2 *'/-
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) Seismic Analysis of Piping Peer Review Group Report
i

Submitted by G. M. Wilkowski and R. J. Olson,
' ,

Battelle-Columbus
4

-

CONCLUSIONS
From the various review meetings and written information supplied, we believe that the recent ASME

.
1

.,~ .

seismic design code rules are in need of further validation before they are deemed acceptable. This
i statement is based on weaknesse2 in six technical areas, most of which are related to the EPRI/ANCO

component tests that are the basis of the new seismic design rules. Some of these aspects may erode the
saf;ty margins that are thought to currently exist.

(1) Materials Considerations
:

The criteria are based on the tests conducted at ANCO on wrought stainless steel and low strength carbon,

steel pipe and components at room temperature. However, the criteria are said to be applicable to a large
variety of materials (P1 to P8) at LWR temperatures. The concern here is that there may be materials
where the margins experimentally determined from the limited component tests may not reach the desired
lev:Is. Materials with higher yield-to-ultimate strength ratios (i.e., lower strain hardening) or materials that

; may be less flaw tolerant at operating conditions may have lower margins than determined from the room
! temperature tests. Some specific materials that are of concern are:
,

Low carbon steels at 300 to 600 F. These materials experience dynamic strain aging, also
*

known as blue embrittlement. This causes changes in the ultimate strength, strain:
'

hardening and toughness of the material as a function of temperature and strain rate. For
! instance, the ANCO tests done on the ferritic components had yield-to-ultimate strengths

of approximately 0.58 to 0.68 at room temperature. At higher strain rates and LWR
temperatures, all of the ferritic steels tested to date in the NRC's Intemational Piping
Integrity Research Group programs (IPIRG-1 and IPIRG-2) have had slightly higher yield

+

strengths, but much lower ultimate strengths. Typically, the ultimate strengths of ferritic
base metals at I sec'' to 10 sec strain rates are lower by about 15 to 30 percent than atd

quasi-static rates. Thus, the yield-to-ultimate strengths can change from 0.45 at quasi-
static rates to 0.77 at the I to 10 sec'' strain rates. The change is even more significant for

.

ferritic weld metals. Hence, ferritic steels at LWR temperatures and dynamic loading will
.,

have less strain hardening than ferritic steels at room temperature under dynamic loading.

| Other higher strength materials that have been used in ASME-designed nuclear power
*

plants. Some additional examples are:
A106 Grade C,. -

! cast stainless steel that has experienced thermal aging, and may be low in-

i toughness at reactor start-up temperatures (i.e.,300 F), and
- - low alloy steel (i.e., A508) used in forgings for nozzles (i.e., surge line nozzles

into cold leg piping) or pipe in German, Swiss, future Japanese PWR's, and
. perhaps the future European Pressurized Water Reactor (EPR).
i

The decarbonized region that can occurin bimetallic welds. This would be a band ofa

j: softer material bounded by higher strength material. Cyclic plasticity at the proposed
design loads would concentrate in this lower strength region. Such welds are also hard to

:

,

I
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inspect.

(2) Effect of Code Acceptable Imperfections
6

In reviewing the test results at one of the meetings,it was stated that there were no observable '

imperfections that contributed to a component fracture other than one case of a stamp mark on an elbow.
'!hus, it appears that the effect of ASME Section XI Code allowable workmanship imperfections, see
Tables IWB-3514-1 and -2, was never considered. Such imperfections would ptobably reduce theJatigue - -*

life of pipe components as shown in a 1995 PVP conference paper *. No work has been conducted in the i
EPRI Pipe and Fitting Dynamic Reliability program to make an assessment of workmanship flaws on the
new seismic design rules. '

In the case of piping with a flaw larger than the Code-acceptable workmanship standards in ASME Section 7

XI, the pipe flaw evaluation standards in IWB-3640,IWB 3650, Appendix C, and Appendix H of Section
. XI and Code Case 494 2 do not allow flaws when the stresses are above 2.8S. for Service Level C and D
conditions. Hence, if a flaw larger than the workmanship standards occurs in service at a high stress
location, then the only option is to replace the piping.

(3) Secondary Stress Criteria

The proposed criteria allows for primary stresses of up to 4.5S It also allows for secondary bending
stresses of up to 6S In addition, there would also be thermal expansion stresses. The latest design code
rules place no restriction on the combination of these suess components, i.e.,10.5S. could be allowed for a
combination of primary and secondary dynamic stresses plus the thermal expansion stresses.

Since the 4.5S. criteria was experimentally based on the inertially-loaded component tests (no seismic
anchor motion or thermal expansion stresses), and the ETEC pipe system tests were at room temperature
with sleds moving in unison, there are no data on the effect of thermal expansion stresses or seismic anchor
motion stresses. The technical basis for the secondary stress criterion seems to be missing.

'

In the IPIRG 1 program, we found that in pipe system fracture tests at 550 F with large flaws where the
failure stresses in the uncracked pipe were below yield, the thermal expansion and SAM stresses
contributed just as much to fracture as the inertial and pressure-induced stresses. This was true even for a

crack in TP304 base metal. At higher failure loads for smaller flaws, we anticipate that the secondary
stresses will be less effective in fracture, but are not sure how to handle that yet.

s
^

(4) Accuracy of Component Test Data Reduction -

There are several aspects of the data reduction and analyses of the component tests that raise questions
about the margins that were calculated. Some points are noted below and are being addressed in the ETEC .

reanalysis of the ANCO tests.

The actual response spectrum from the tests should be used. To date there has been.

disagreement about using the input response spectrum versus a peak-broadened response
spectrum. More fundamentally, the input versus the actual response-spectrum supplied by
the sleds should be checked. Paul Chen showed some results suggesting the ANCO sled
hydraulics were undersized and that the sled may have been stalling, hence, the actual

.

* Scott, P.M., and Wilkowski, G.M., "A Comparison of Recent Full-Scale Component Fatigue Data with ASME
Section III Fatigue Design Curves," ASME PVP Vol. 306, pp 129-138, July 1995.

.
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displacement-time history applied was not the same as the input. This results in a different
actual response spectrum than the input or the peak-broadened input response spectrum.

l
If this is true, then this is a very fundamental problem in the data reduction. '

i 1

The actual component strengths were well above the Section II Code minimums, i.e., the. *

|yield of the pipe in Test 18 is 1.53 times the Section II Pan D minimum values. This was
i

not accounted for in the analysis. Calculating an S. based on actual propenies rather thah |

using the Code S. values would normalize all the test anicles as having material progrties,

. m
that just meet the Code minimum. We found this valuable in Code assessments of pipe
fracture tests in Section XI. Doing this significantly reduced the scatter of the data in
assessing Code procedures. The statistical material property variations can then be
separately assessed.

i

Several interesting aspects from the discussions at the information meeting relative to
using the actual versus Code yield strengths were brought up. One of these aspects is that
it was also noted that there is a limit on pressure since the pressure has a significant effect
on the fatigue ratcheting behavior. However, the component tests with higher than Code

|
minimum properties were tested with pressure levels using the Code limits. Hence, if the i

component tests were done with pressures corresponding to the actual propenies, then the
fatigue life may have been lower. Hence, a correction on the margins due to strength may
not be a simple linear conection. As a result of this, the margins for piping components
with properties near the Code minimum values is not known.

The actual thickness of the component should have also been used rather than the Code.

nominal thicknesses. This has the same effect as not using the actual strength, and all the
associated uncertainties as noted above.

.

The stress intensification factor for the failure location in the component tests should be.

used. Forinstance in Experiment 30, tne failure was at a ginh weld taper, not in the body
|

*

of the tee. '

(5) Fundamental Concerns of Scismic Time History Used
|

The response spectrum used came from cunent plant design criteria. It was used to develop a
displacement-time history for conducting the experiments. Such displacement-time histories are generally
designed with a motion enveloping function that ramps the response up to a strong motion phase of some
durction and then ramps the response back down. The strong motion time used in the tests was 20 seconds. "

The question is, how fundamentally correct is this for assessing seismic damage? Is 20 seconds a
reasonable time period? The Mexico City earthquake lasted almost 2 minutes, a 7.1 Richter Scale
earthquake in the Philippines during the week of November 7,1994 was reported to last 4 minutes, etc...

' Bill Iwan raised a question about the Northridge Eanhquake near-field motions being essentially a large
step change in the displacement time history. I believe that the single, large-amplitude loading is less
severe than large amplitude cyclic loading for pipe component damage.

Recertly in the NRC's Second International Piping Integrity Research Group (IPIRG-2) program, it has
been leamed that for nonlinear problems, specific characteristics of the seismic time-history govern the
'danage potential" for the excitation. Factors we believe to be imponant are; how the amplitude builds up
prior to the first large-amplitude cycle, the number oflarge amplitude cycles within 90-percent of the



largest amplitude cycle, and the stress ratio (ratio of the minimum to maximum stress) of the large-
amplitude cycl:s. There are an infinite number of time histories that can be developed from a given
response spectrum. However, as a result of the above factors, the propensity for causing damage can be
very different for two supposedly " equal'* spectmm-compatible excitations. This is relatively new
information which suggests that consideration needs to be given to determine whether the time history used
in the seismic tests is average, lower bound, or upper bound in causing material damage.

,

(6) Fundamental Aspectsin Calculating Margins - --.

.

The margins used in the new design criteria are based on accelerations not on stress. Our personal
preference is to have the margins based on stress, since all other structural integrity rules in the ASME
Code that we are familiar with use safety factors based on stress.

One difficulty with the proposed margin basis is that it is developed from a small computer code called
REMS. The precise inner working of REMS is not well known and needs to be studied better.

The proposed design rules say that collapse will not be the failure mode, yet the indices developed for
collapse avoidance are used. It would have been better to base the proposed changes on the fatigue based
indices.

s

.*
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s.

s

where Sy is the ASME Code specified yield stress.

%

This change has the advantage ofretaining B as an elastic stress indice. "
2

' However, it has the disadvantage ofintroducing an additional code moment limit. -

i

i

Alternate #2 also produces no change in the code momenti and strength
~

. factors reported in Table I for the Elbow components. Table 3 also shows the'

revised Mcoog and Fs foi the 12 Non-Elbow components based on
Alternate #2. The yield stress Sy used were: '

Sy = 30 ksi Stainless Steel !

Sy = 35 ksi Carbon Steel l

2.3 Discussion of the Strength Factor F for the Proposed Alternates3

With either the proposed Altemate #1 or #2, the statistical distribution of Fs
shown in Table 3 for the Non-Elbow Components is sufficiently similar to that
shown in Table 2 for the Elbow components so that the Elbow and Non-Elbow Fs I

distributions can be combined. The combined strength factor distribution
becomes:

Strength Factor Distribution
Alternate #1 Altemate #2

|
Median Ps,, 2.12 2.15

4

p, 0.15 0.15
1.50 1.531% Fsm

With either alternate the 1% NEP strength factor Fs is estimated to be 1.5 whichm
is sufficient to achieve the desired 1% NEP seismic capacity (code) margin R,

cpm 1
of 2.0 so long as (Fm Fa.a ) cons 2: 1.33.

. .

)' 2.4 Check on Assumed Loenormal Distribution of Strength Factor Data
{
l

It remains to be shown whether the data is reasonably approximated as i'
_being lognormally distributed. This is best shown by ordering the data from low
to high and plotting the natural logarithm of the seismic strength factor Fs ersusv
the non-exceedance probability Pus on cumulative normal probability paper, where
Pws is defined by.

)

|
i
i

I
-6- |
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n
Pg = (9)

i
'

in which n is the ordered data number, and N is the total number of data. Since
N = 24, the first ordered data is plotted at the 4% probability point, the second at -
8%, etc., with the last at 96%. If the data is lognormally distributed, it will appear . . _ ,

as a straight line on this plot. Figure 4 shows such a plot using'the seismic -

strength factor data from Table 1 for the Elbow components (excluding
Component 37) and from Table 3 Alternate #2 for the Non-Elbow components. A
similar plot with identical conclusions results if Alternate #1 were used. This .

|

.

Egure shows that the data can be reasonably approximated by a lognormal
distribution at least between the 5% and 95% probability of failure range. The !

open question remains as to whether this lognormal distribution can be ,

extrapolated down to the 1% probability of failure. |
|

l

The problem is that the lognormal distribution extends down to a zero ;

probability of failure at zero capacity. However, real capacity data achieves
essentially a zero probability of failure at some lower bound capacity level
significantly greater than zero. Therefore, most real data can generally be better
represented by a truncated lognormal distribution in which the parameter

(Fs - Fs,,,;,,) is assumed to be lognormally distributed. The problem being how to

establish the truncation level Fs# when only a limited amount of data is available. >

The shape of the lower tail of the data plotted on Figure 4 does not indicate any
truncation level. In order to realistically estimate Fs, would require about 100 to
200 pieces of test data which is impractical. It is recommended that no truncation

be assumed which leads to Fs, = 1.5.

2.5 Elbow Component # 37
.

For Elbow Component #37, the Code Moment Capacity Eqn. (1) provides a
~

strength factor Fs of only 1.0. For the 24 other tested components, this same Code
Moment Capacity Eqn. (1) modified in accordance with either the proposed ,

Altemate #1 or #2 provides a median strength factor Fsm, of about 2.1 and a 1% ,

|

NEP strength factor of about 1.5. As a result, it is necesssy to understand the
cause of Elbow Component #37 having an abnormally low ultimate dynamic
moment capacity Muo.

From conversations with E. Rodabaugh, I understand that except for Elbow !
Component #37 the ultimate dynamic moment capacity Muo averages about two I

times the expected ultimate static moment capacity Mus. This increase is most
likely due to some combination of:

-7-
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I

a) strain rate increases in the inelastic range
b) cyclic strengthening as a result of prior nonlinear cycles

However, Elbow Component #37 does not show a similar increase. For Elbow -

Component #37, Muo = Mus.
a -.

,

In many respects the dynamic testing of Elbow Component #37 was near
the extreme range of tests conducted. Thus, there are a number of postulated

,

reasons for the apparent lack of dynamic moment capacity increase for this
component. The most likely causes are:

1. Elbow Component #37 had a low natural frequency fu of 1.44 Hz and
a low central frequency f for the input motion of 1.40 Hz. The onlyi
other component with similarly low frequencies was Elbow
Component #30. For all other tested components the natural and
input centrol frequencies were at least 2.5 times greater.

2. Both Elbow Components #30 and 37 had ratios of Weight Moment
Mw to Code Moment Mcong of 0.12. The only other Elbow with a
significant ratio of Weight Moment to Code Moment was Component
#35 for which this ratio was 0.086. However, Component #35 was a
Sch. 40 Elbow, whereas Components #30 and 37 were Sch.10
Elbows.

|
,

3. Elbow Components #37 and 8 were the only Elbows for which Q
was less than about 10.0 ksi. These Elbows had zero pressure. In>

fact this zero pressure was the only difference between Elbow
. Component #37 and Elbow Component #30. Elbow Component #8

differed from Elbow Component #37 iri that Elbow Component #8
was a Sch. 40 Elbow, had negligible weight moment, and '

;

approximately 5 times higher natural and input central frequencies. '

4. Elbow Components #3,30,31, and 37 were the only Sch.10 Elbows

for which Ddt = 50. All of the other Elbows were Sch. 40 for which i

Ddt = 24 Elbow Component #30 had the next to lowest strength
factor of 1.62. However, Elbow Components #3 and #37 had above

average strength factors so that Ddt does not seem to be the primary
cause of the low Mun for Elbow Component #37.

4

.

1

-8-
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.

Elbow Components #30 and 37 were essentially identical and were

subjected to essentially the same input. However, @ = 0 for Component #37 and

@ = 9.9 ksi for Component #30. It is informative to compare the nonlinear )!
,

moment-rotation hysteretic loops for Component #37 (see Figure 5) versus ,

Component #30 (see Figure 6). For both components the weight moment stress:
- a -.-

,
,

Mw = 0.5Sg2

Zg

This weight moment stress has the tendency to ratchet the elbow closed when
~

subjected to a cyclic moment of approximately Mus = 4.5Su(Zw/B ) as shown in 1
2

Figure 5. Because of this one-way ratcheting, full reverse nonlinear opening
cycles never developed. Therefore, cyclic strengthening did not occur and:

!

Component #37

Mun = M s = 4.5SuklU

However, the pressure stress @ = 0.5Su on Component #30 has the

tendency to provide an opening effect on the Elbow which resists the tendency of
the weight moment stress to ratchet the elbow closed. Thus, the full openi g and
closing hysteretic loop, shown in Figure 6 develop in Component #30 resulting in
classic strengthening. Thus, for Component #30 Muo is significantly greater than
Mus and:

Component #30

UD = 7.3SuhM
4

My tentative opinion is that the strength factor Fs will reliably (less than -
,

1% NEP) exceed 1.5 so long as:

*
Elbows

,

0.4Su
'

B Mw2

Zw L1
2

, hichever greaterw

Neither Elbow Components #30 or 37 pass the first of these limits, whereas Elbow
Component #35 barely passes this limit and all other tested Elbow easily pass.

._ - _ _- - -_. _ - _ _ _ - _ - _ _ _ -9- _ _ _.
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!

Neither Elbow Components #8 or 37 pass the second limit, whereas Elbow I

Component #30 barely passes this limit. The combined result is that Elbow
Component #37 fails to pass the limits of Eqn. (10) and Elbow Component #30 );
barely passes, whereas all other Elbows easily pass.

'

My tentative recommendation is that the increase to S = 4.SSu in the CodeA

Moment Capacity Eqn. (1) not be permitted for Elbows which don't satisfy EM.
. -

(10). However, it would be preferable to have a better understanding of why
:

Elbow Component #37 did not develop an ultimate dynamic moment capacity Mua
consistent with the other tested Elbows. To achieve such a better understanding
may require additional cyclic (either static or dynamic) tests. Eqn. (10) is only a
temporary stopgap measure.

3. Nonlinear Dynamic Behavior Factor For Comoonent Tests !

1

Ref. 2 presents a number of parametric study results which demonstrate
i

how a Margin Factor (M,/B ) vary as a function of(1) the frequency ratio Rw of2
i

the component natural frequency f, to the input motion central frequency f, (2) thet
breadth of the frequency content of the input motion, (3) model parameters, and
(4) the assumed failure mode (for example, low cycle fatigue versus excessive
nonlinear deformation failures). Figures 2 and 3 are examples of the Margin
Factor information presented in Ref. 2. The PFDR input motion used in Ref. 2 is
an example of narrow frequency input motion representative of floor motion at a.

high elevation of a moderately low damped stiff structure. The Reg.1.60 input
motion used in Ref. 2 is an example of a very broad frequency ground motion
Therefore, these two motions tend to represent examples of the extremes on the

breadth of frequency content in the input motion to which a piping component
might be subjected.

The Margin Factor M, used in Ref. 2 and the Seismic Capacity Margin Rep
used herein and in Ref. 3 are synonymous for component tests where the -

redundancy factor Fu is 1.0. Therefore, the component nonlinear dynamic factor.

: Fmo for any situation studied in Ref. 2 is:

.2_h
F u = Fs y (1i)B;2

,

where B and Fs are from Table 1.2

The parametric studies presented in Ref. 2 are for Components #14 and 40
-

for which:

-10-
. -- _ __ _.
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Component B /Fs2

14 1.10
,

40 0.92
!,

;

Thus, for these two components:' '

.__; ~-
, ,

; e

j Fm.c=
M ' '

r
(12)

(B2s-

1

so that all of the figures in Ref. 2 of(M/B ) versus Rw are approximately plots of |2

i Fac. Therefore, Ref. 2 provides an excellent basis for understanding Fuw. |

,

A study of the plots of(M/B ) in Ref. 2 shows that Fuw is highly variable2 ',

and sensitive to the ratio Rw, the breadth of the input motion frequency content,
and the postulated failure mode. Therefore, because of the possible variety of
input motions to which the piping component might be subjected, it is impossible
to establish any generic relationship between Fac and Rw. However, some
reasonable but very broad bounds can be established.

The lowest Fac occur as Rw goes to zero for which:

As Rw -+ 0 : Fac = 1.0 (13)

However, iflow Rw values are excluded:

Ew>0.7 : Fac = 2.0 to 8.0 (14)
I

4. Estimating Generic (FwMus for Pioina Systems

Even at the component test level, a generic component nonlinear dynamic '

behavior factor Fme cannot be established even as a function of Rw. Only some -

reasonable but very broad bounds can be established. However even if Fac could
be estimated, this estimate would only establish an unconservative upper bound on
Fn for a piping system. Many nonlinear dynamic analyses of multi-degree-of-

,

freedom systems have demonstrated that the system nonlinear factor Fn is
generally less than the component factor Fm.c, i.e.:

Fn sFme

Therefore, in reality one can only realistically estimate Fn for a piping system by
a nonlinear analysis or a pseudo-linear analysis which approximates the increased
effective flexibility of nonlinear components and uses increased effective damping.

-11-
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However, again some reasonable bounds can be placed on Fut. Within my
experience, so long as the nonlinear behavior is reasonably spread throughout the
rystem:

.

Fut = Fg(F c -1.0)+1.0NL is)
- %,

Fg = 0.5 to 0.75
,

In addition, an actual piping system also has a redundancy factor Faw
due to redistribution. Again it would be necessary to perform either a nonlinear
or pseudo-linear analysis of the actual piping system to accurately estimate this
factor. For a uniform fixed-fixed beam subjected to uniform load,
Faw =. (16/12) = 1.33. In general, for a piping system, I would expect:

Faw = 1.2 to 1.33 (16)

Considering the range of parameters defined by Eqns. (14) through (16), my
judgment is that for typical piping systems:

Ew>0.7

(Fut aw ) = 1.8 to 8.3 (17)F

and even forlower Rw piping systems:
.

(Fwt aa ) 2 1.33 (18)F

Therefore, within myjudgment, a reasonably conservative generic estimate of the
product (Fut aa ) to cover a wide variety of piping systems and seismic inputsF

. should lie in the range: .

-

(Fut aw ) cows. = 1.33 to 1.8 (191F

and the resulting required 1% NEP strength factor Fg from Eqn. (5) would be:

(Fut aw) cows. Fs,F

1.33 1.5
1.5 1.33
1.8 1.1

.

-12-
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In summary, the ultimate selection of(Fut a a ) cons. and thus required FsinF

must be byjudgment. Preferably the required Fs,, should be established by i

consensus of a committee. I would be comfortable with and support any required *

Fs,, value in the range of 1.1 to 1.5. .

~

5. Conclusions
"

-

The ultimate moment Mun achieved under dynamic cycles loading appears
to be a stable and predictable parameter which is reliably reached prior to failure

.

irrespective of whether the ultimate failure mode is low cycle fatigue or excessive
deformation. Therefore, it is recommended that the Code Moment Capacity
Mcoos be established based upon:

.

MUD'"
MCODE = (20)

Fs

where Muo,,is the 1% non exceedance probability (NEP) ultimate dynamic

moment capacity and Fs is an appropriate strength factor of safety. >

Based on Eqn. (5) and the infonnation presented in Sections 3 and 4, it is
recommended that the strength factor of safety Fs lie in the range of 1.1 to 1.5 in

order to achieve an overall 1% NEP seismic capacity (code) margin RCP ,of
3

about 2.0. The remainder of this capacity margin is accommodated by nonlinear
dynamic behavior and redundancy benefits.

With the exception of Elbows which do not satisfy Eqn. (10) such as
Component #37, Section 2 shows that the 1994 Addenda ASME Code Moment

Capacity Eqn. (1) with an allowable stress Sr f 4.5Su eliably achieves a strength
'o r

factor of safety Fs of at least 1.5 for Elbows. However, Eqn. (1) does not reliably --

achieve an adequate Fs for Non-Elbow Components when B < 2.0. Two alternates2

defined by Eqns. (7) and (8) are proposed to overcome this deficiency. With
either alternate Eqn. (1) with SA = 4.5Su reliably achieves a strength factor of

,

safety Fs on Muo f at least 1.5 for all tested components except Elbowo

Component # 37 which is excluded by Eqn. (10).

For most actual piping systems the Code Moment Capacity Eqn. (1)
| modified as recommended herein is expected to lead to a Seismic Capacity Margin

Rep much greater than 2.0. This Seismic Capacity Margin Rcp can be estimatedo

from Eqn. (2). As shown in Section 2, the strength factor Fs is lognormally
distributed with a median value Fs,= 2.12 and a log. std. dev. ps of 0.15. The

1

-13-:
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I

product (Fut aa)is highly variable and cannot reliably be estimated on a genericF

basis. However as noted in Egn. (17), myjudgment is that for typical piping
systems (Fut aa) lies in the range of 1.8 to 8.3. For illustrative purposes, let usF '

assume for a typical piping' system and seismic input that the median (Fut aa) is |
F

,

|3.5 with a log. std. dev. uta Of 0.40. This assumption is equivalent to assuming
|

'

the 90% confidence bounds on (Fut aa) are 18 to 6.8. The resulting Seismic aF
Capacity Margin Rcp has the properties: !

-
-.

|.

Median Rep, = 7.4
pcp = 0.43

1% NEP Rcpm * 27
90% Conf. Band Rcp,g,, = 3.7 to 15.0

In this example, the resulting Seismic Capacity Margin Rep is likely to be
exceedingly and unnecessarily high. However, this margin is generically

!
unreliable because (Fut aa) is generically unreliable.F

The only way I know of to avoid this problem that the average Seismic
Capacity Margins are likely to be exceedingly and unnecessarily high would be to
perform either nonlinear or pseudo-linear piping evaluations against a strain or
inelastic rotation failure criteria in order to reasonably account for the nonlinear
dynamic and redundancy benefits that exist for the specific situation being
analyzed. Short of performing such analyses, I recommend living with the

*

excessive conservatism which will be typically introduced by establishing the
Code Moment capacity Mcons from Eqn. (20) with an appropriately low Fs so as
to avoid unconservatism for the odd case where (FatFaa)is low.

J

.

-14-
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Table 1: Component Test Strength Factor Fs
t'

'

Cornponent Mtl. Zu .PR .Bt B M a

2 CODE Muo Fs3 2tin kip-inch kip-inch
*

| 35'
. -

- Egn. (1)'

Elbow _

. ,

3 SS 4.35. 9.89 0 5.51 71 162 2.28
. 4 CS 8.50 11.83 .0 3.27 234 429 1.83

5 CS 8.50 20.11 0 3.27 234 534 2.28
.

6 SS 8.50 20.11 0 3.27 234 520 2.22
i 7 SS 8.50 11.83 0 3.27 234 523 2.23

)

Y 8 .SS 8.50 0 0 3.27 234 508 2.17
13 CS 8.50 11.83 0 4.29 178 379 2.13 !

19 SS .- 8.50 29.58 0 3.27 234 633 '2.71 I,

30 SS 4.35 9.89 0 5.51 71 115 1.62
31 SS 4.35 9 89 0 5.51 71 192 2.71.,

35 CS 8.50 20.11 0 3.27 234 470 2.02
! .37 SS 4.35 0 0 5.51 71 72 1.01

41 CS 8.50 20.11 0 3.27 234 510 2.18
.

~

; Non Elbow
9 SS 8.50 20.11 0.5 1.0 679 629 0.93

.

} 10 SS 8.50 11.83 0.5 1.0 715 ,642. 0.90
1 11 SS 4.35 9.89 0.5 1.0 370 369 1.00
| 12 SS 8.50 20.I1 0.5 1.0 679 726 1.07
L 14 CS 8.50 20.11 0.5 . 1.0 679 617 0.91
l 15 SS 3.21 16.14 0.5 1.0 263 333 1.26i 16 CS 3.21 16.14 0.5 1.0 263 385 1.46
j 34 .CS 8.50 11.83 0.5 1.0 715 775 1.08 '

;- 36 CS 8.50' 20.11 0.5 1.0 679 700 1.03
m

[ 38 SS 8.50 20.I1 0.5 2.02 336 650 1.93
; . 39 SS 8.50 0 0.5 2.02 379 629 1.66
L '40 SS 3.21 0 0.5 1.0 289 314 1.09i
<

!'
i

$

l

)
i
,

.
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Table 2: Statistical Distribution of
Component Strength Factors |

Elbow Tests * Non-Elbow Tests -

B > 3.0 B = 1.0 _
. .2 2

CS SS Combined CS SS Combined
-

Number Tests 5 7 12 4 6 10

Fs,, 2,08 2.25 2.18 1.11 1.04 1.06

Ps 0.08 0.17 0.14 0.20 0.12 0.15 -

Fs,, 1.56 0.75
C

* Excludes Component #37

Table 3: Component Test Strength Factor Fs for Proposed Alternates

Non-Elbow Meoog (kip-inch) Fs
Component Altemate #1 Altemate #2 Altemate #1 Altemate #2

Eqn. (7) Eqn. (8)
9 340 325 1.85 1.94
10 357 325 1.80 1.98
11 185 166 1.99 2.22
12 340 325 2.14 2.24
14 340 379 1.82 1.63
15 132 123 2.53 2.71
16 132 143 2.92 2.69
34 357 379 2.17 2.05

*

36 340 379 2.06 1.85 --

38 336 325 1.93 2.00
39 379 325 1.66 1.94

.

40 145 123 2.17 2.56

Fs,, 2.06 2.13

ps 0.16 0.16
Fs,, 1.43 1.48
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Figure 1: Measured hysteretic loops for ANCO Test 14, Run 6
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