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FOREWORD

Six topical areas were covered by the Task Group on Other Dynamic
Loads and Load Combinations as described below:

1. Event Combinations, dealing with the potential simultaneous
occurrence of earthquakes, pipe ruptures, and water hammer events in the
piping design basis.

2. Response Combinations, dealing with multiply supported piping
with independent inputs, the sequence of combinations between spacial and
modal compcnents of response, and the treatment of high frequency modes in
combination with low frequency modal responses.

3. Stress Limits/Dynamic Allowables, dealing with inelastic
allowables for piping and strain rate effects.

4, Water Hammer Loadings, dealing with code and design
specifications for these loadings and procedures for identifying potential
water hammer that could affect safety.

5. Relief Valve Opening and Closing Loads, dealing with the
adequacy of analytical tools for predicting the effects of these events
and, in addition, with estimating effective cycles for fatigue
evaluations.

6. Piping Vibration Loads, dealing with evaluation procedures for
estimating other than seismic vibratory loads, the need to consider
reciprocating and rotary equipment vibratory loads, and high frequency
vibratory loads.

NRC staff recommendations for regulatory changes and additional study
appear in Sections 1 through 5 of this report. Section 5 combines the
topical areas "Relief Valve Opening and Closing Loads" and "Piping
Vibration Loads" in a single section.
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EXECUTIVE SUMMARY

This report partially fulfills and complies with the requirements of
the July 13, 1983 memorandum from Harold Denton and Robert Minogue to
William Dircks entitled "Proposal for Reviewing NRC Requirements for
Nuclear Power Plant Piping." In accordance with that memorandum, the Task
Group on Other Dynamic Loads and Load Combinations has developed
recommendations for revising present requirements for nuclear reactor
piping and has made suggestions for additional effurt to respond to issues
not currently amenable to resolution. This summary provides
recommendations for modifying present regulatory standards in general
terms and, in addition, offers guidance or potentially useful future
research.

More detailed information and qualitative value impacts of the
recommendations are found in Sections 1 through 5, as well as in Appendix
B. Particular sections of the Standard Review Plan (SRP), regulatory
guides, and sections of 10 CFR are cited in the latter parts of these
sections.

Recommended Revisions to NRC Criteria

The principal recommendations of the Task Group are as follows:

1. The event combination of earthquake and double-ended guillotine
rupture of primary system piping in Westinghouse and Combustion
Engineering reactor systems should be eliminated from the design basis.

2. Water hammer events should be considered in the pipe stress
analysis and pipe support design process for which the ASME Code-required
desiyn specification includes such requirements. The potential for water
hammer and water/steam hammer should be given proper consideration in the
development of these design specifications.

3. The independent support motion method should be allowed as an
option to the uniform support motion method for multiply supported piping
with independent inputs. Also, algebraic combinations should be used for
high frequency modes in place of the present square root of the sum of the
squares (SRSS) technique, and any combinational sequence between modal and
spacial components should be allowed.

4. A major shift to inelastic amalysis of piping systems using
strain limits for piping analysis is not justified at this time. No
change is recommended in the current SRP procedure, which allows the
inelastic piping analysis on a case-by-case basis.

5. The SRP should allow increases in minimum design yield strength
greater than 10 percent due to strain rate effects for pipe whip restraint
design when an adequate basis is provided.

6. The responsibility for including water hammer in the design
specification should rest with the plant owner or applicant and the NRC




should not be called upon to define an all-inclusive checklist. Efforts
to reduce and minimize the incidence of unanticipated water hammer should
continue with emphasis on operator training and awareness of potential
water hammer occurrence.

7. For vibratory loads other than seismic and with significant
loading in the frequency range of 33 to 100 hertz, it is acceptable to
perform nonlinear analysis to account for gaps tetween pipes and pipe
supports provided that verification of the predicted nonlirear response is
made .,

8. The SRP should allow and accept the conduct of vibration test
programs in accordance with ANSI/ASME OM3, “Requirenents for
Preoperational and Initial Start-Up Vibration Testing of Nuclear Power
Plant Piping Systems."

9. Explicit reference to vibrational loads from reciprocating and
rotating equipment should be made in the SRP.

10. The SRP should indicate that it is acceptable to perform the
evaluation of vibratory loads transmitted by supporting structure to
piping by analysis, testing, or a combination of analysis and testing.

Recommendations For Additional Studies

The following represents potentially useful areas of future research:

1. Work should be completed on Babcock and Wilcox and General
Electric reactor coolant loop piping to learn if earthquake and reactor
coolant Toop double-ended guillotine break may be excluded for these
vendors,

2. Currently planned research efforts related to evaluating flawed
(degraded) ductile piping response to dynamic loads, such as simulated
seismic and water hammer loads, would be useful for developing predictive
techniques for estimating design margins.

3. A vreplacement pipe rupture for combination with the safe
shutdown earthquake should be developed.

4, Investigations should be undertaken to establish the transition
frequency between high and low frequency when implementing the algebraic
summation rule for high frequency modal combinations,

5. The impact of phase correlations between support groups on the
recommendations for the independent support motion method should be better
clarified.

6. Additional effort is warranted on appropriate methods for
calculating the effect of closely spaced modes.

7. Additional benchmarking of piping response to thermal-hydraulic
transients will help to reduce uncertainties,



8. It should be determined whether the recently approved PVRC
(Pressure Vessel Research Committee) pipe damping values for seismic

design can be extended to higher frequency (33 to 100 hertz) vibratory
loadings.



1. STAFF RECOMMENDATIONS ON EVENT COMBINATIONS

1.1 Introduction

This section deals with proposed revisions to NRC criteria and
suggested research on Event Combinations for nuclear reactor piping.
Event Combinations refers to the assumed or postulated concurrence of
distinct loads that are treated for design purposes as existing
simultaneously. The focus is on infrequent and intermittent events,
usually dynamic in character and of short duration, that may be
independent or dependent on a common source or on each other. Normal
operating loads such as operating temperature and pressure, and dead
weight loads will always be assumed to act concurrently with the
infrequent and intermittent events and are not further discussed herein.
The events of principal concern are earthquake (OBE and SSE), pipe rupture
(including pipe whip and jet impingement), and water hammer. Piping
vibration loads and safety relief valve loads are treated in Section 5 of
this report.

1.2 Historical Development of Technical Issues

There has never been a well-developed rational basis for considering
concurrent earthquake and large loss-of-coolant-accident (LOCA) loads in
the design basis. In the early 1960's, the double-ended guillotine
rupture of reactor coolant Toop piping was postulated for containment
sizing and emergency core cooling system (ECCS) performance, Later this
pipe rupture was combined with earthquake and applied to containment
structural design and subsequently to the design of other plant features,
including nuclear reactor piping and their support systems, The evolution
of seismic design requirements over the last two decades has led to
increases in seismic stresses by a factor of two to three., Likewise,
large increases in the calculation of pipe rupture loads have taken place
since the 1960's (estimated at a factor of between 1.5 and 2.5). Thus,
design to meet the requirements of this event combination has become
progressively more difficult. Field evaluations of piping at conventional
power plants and petrochemical facilities have indicated that ruptures in
the type of piping found in nuclear power plants in general do not occur
during severe earthquakes. Moreover, recent probabilistic assessments
demonstrate that for the particular case of the primary system piping of
PWRs, pipe rupture is extremely unlikely under any transient condition,
including earthquakes, although special attention must be directed toward
maintaining the reliability of heavy component supports. Progress in
advancing the leak-before-break hypoihesis and increasing confidence in
its applicability are leading to a situation wherein serious consideration
is being given to excluding certain pipe ruptures entirely from the design
basis. Should this occur, event combinations involving these events
automatically vanish,

While undue conservatism may have “een exercised in combining certain
pipe rupture events with postulated earthquakes, the same conclusion
cannot be reached for other combinations of dynamic loads such as water
hammer, safety relief valve discharge, turbine trips, and vibratory loads,
Since water hammer occurrences have resulted in damage to piping and
piping supports 1ia nuclear plants, water hammer was designated an
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Unresolved Safety Issue (USI A-1) and this issue was technically resolved
in March 1984 (see NUREG-0927). Nonetheless, water hammer will continue
to recur (despite design and operating precautions) because of the
nonanticipatory nature of the phenomenon. Therefore, recognition of water
hammer potential should be maintained in the preparation of system design
specifications and plant operating procedures and in operator training.
Section 4 of this report discusses this phenomenon, underlying causes, and
systems affected.

1.3 Summary and Assessment of Available Information

Both deterministic and probabilistic advanced fracture mechanics
evaluations for PWR primary system piping indicate that fatigue crack
growth from all transient sources, including earthquakes, will not lead to
a double-ended guillotine rupture. Studies of indirect sources of
double-ended guillotine rupture in which a seismically induced failure
elsewhare in the plant causes a pipe rupture in primary piping confirm the
improbu.bility of these events. The limited historical record supports
these analytical results, Work to date has been limited to Westinghouse
and Combustion Engineering reactor systems but is being extended at this
time to Babcock and Wilcox PWR configurations and General Electric BWR
reactor coolant loop piping. The methodology would be applicable to other
nuclear power plant piping and has received the endorsement of the
Advisory Committee on Reactor Safeguards. Additionally, in the Federal
Republic of Germany, the double-ended rupture is no longer postulated for
new PWR primary systems.

With respect to water hammer events, approximately 150 have occurred
during the iast 20 or so years, the majority being relatively minor or
within the design basis. The likelihood that some of these water hammer
events would occur during a major earthquake or a plant dynamic event is
not small, The staff view is that anticipated water hammer events should
be combined with earthquakes ard plant dynamic events (an SRSS procedure
is an acceptable method). Benefits and uniformity would result from the
preparatior of checklists to identify all water hammer events that may
affect plant safety in the development of system design specifications.

With respect to unanticipated or accidental water hammers, these
events are driven by the same underlying phenomena or operator actions
attributable to the anticipated class. Operator awareness and training
have been stressed and are recommended for avoiding such water hammers.
Water hammer in the PWR secondary system(s) is the most significant such
unanticipated water hammer, and the associated loads can be large. Use of
bounding-type analyses for such load estimates leads to massive pipe
supports. On the other hand, such water hammer occurrences have not
resulted in major pipe ruptures (with the exception of Indian Point, Unit
2, in 1972) despite repeated recurrences. Damage to pipe hangers and pipe
supports has been the principal effect. Rather than requiring additional
load combinations, the staff recommends that continued emphasis on proper
plant operating procedures and operator training should be maintained, At
present, the staff opinfon is that loads from unanticipated water hammer
should not be included in the design basis but that continued emphasis
should be devoted to reducing the incidence and effects of uranticipated
water hammer. Water hammer considerations have already been incorporated
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in designing reactor system features (e.g., J-tubes, vacuum breakers,
keep-full systems) for avoiding and minimizing water hammer occurrences.

1.4 Recommendations for Revisions to Present NRC Criteria

The following general revisions are recommended:

0

When adequate technical evidence is presented, the event
combination of earthquake and double-ended guillotine pipe
rupture may be excluded from the design basis for the mechanical
design of components and their supports. Such evidence already
exists for the reactor coolant loop piping of Westinghouse and
Combustion Engineering designs, and this event combination
should te eliminated for these vendors. The staff emphasizes
that it believes only evidence on primary circuit piping exists
at this time. This recommendation influences plants already
licensed in that they may now take credit for improved safety
margins resulting from the relaxed criteria. Definite
information for Babcock and Wilcox and General Electric reactors
does not exist but is now being developed. Requirements for
equipment qualification, ECCS performance, and containments are
not affected by this revision. Replacement criteria for the
event combination of pipe rupture and safe shutdown earthquake
are addressed in NUREG/CR-1061, volume 3, section 10.6.

With respect to water hammer, these events should be considered
in the pipe stress analysis and pipe support design process for
which the ASME Code-required design specification includes such
requirements. The design specification shall define the load
and specify the applicable Code Service Stress Limit. For
clarification, it should be noted that the potential for water
hammer and water/steam hammer occurrence shouid also be given
proper  consideration in the development of design
specifications. (See Section 4 of this report, “Staff
Recommendations on Water Hammer Loading," for additional
information on water hammer.)

Regulatory Guide 1.48 should be withdrawn since updated guidance
is now provided in SRP Section 3.9.3, Appendix A, for the
material covered by the regulatory guide.

1.5 Recommendations for Additional Study

The Task Group recommends the following as high-priority fields of
investigation:

0

Work should be completed on Babcock and Wilcox and General
Electric (Mark I) reactor coolant loop systems to learn if the
leak-before-break hnypothesis can be extended to these vendors
and if the probability of a double-ended guillotine break
combined with earthquake is sufficiently low so that this event
combination can be excluded from the design basis for these two
particular vendors. Later, other General Electric
configurations (Mark II and I11) may be considered.
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0 Currently planned research efforts related to evaluating flawed
(degraded) ductile piping response to dynamic loads, such as
simulated seismic and water hammer loads, would be useful for
developing predictive techniques for estimating design margins.

1.6 Qualitative Value Impacts of Recommended Revisions

Excluding the combination of SSE and the reactor coolant loop
double-ended guillotine break from the design basis will have a large
impact on the perceived reliability and safety margins of reactor
internals, heavy component supports and systems, and components and
structures inside the containment. In the event that the seismic hazard
is increased or design deficiencies are discovered in operating plants,
margins may still be shown to exist without undertaking any plant
modifications. For any future plants, relaxed and more realistic design
standards will prevail leading to simpler and less costly designs. On the
other hand, the Task Group recommendations on water hammer do not impose
any new requirements although encouragement of checklists may enhance
safety if these checklists lead to the identification of water hammer
events that warrant consideration in design.
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2. STAFF RECOMMENDATIONS ON RESPONSE COMBINATIONS

2.1 Introduction

This section of the Task Group report treats questions regarding the
use of independent support motion (ISM) methods in place of the presently
approved uniform response spectrum (URS) techniques specified in SRP
Section 3.9.2. Additionally, issues relating to the sequence of
combinations between directional and modal components and to the treatment
of high frequency modes are included.

2.2 Historical Development of Technical Issues

The NRC position on multiply supported piping with independent
seismic inputs was developed at a time (during the early 1970's) when the
urgency to establish criteria did not allow for a complete assessment of
the problem. As a consequence, criteria were selected that would provide
conservative results without, however, indicating the effect that these
criteria might have on overall reliability. These criteria were based on
the following conservative assumptions:

1. A single uniform response spectrum that enveloped all the independent
response spectra applied to the different support groups was used.

2. With peak group displacements occurring at the same moment,
these peak displacements were combined in the most unfavorable way to
calculate the seismic anchor motion (pseudostatic) component of
seismic response.

3. The inertial and pseudostatic response was absolutely combined to
obtain the total response.

Recent studies have indicated that, in most cases, analyses based on
these assumptions can considerably overestimate the seismic response when
compared to time-history solutions that do not embody these conservatisms.

An item that was not addressed during the early 1970's is the
combinational sequence between modal and directional components of piping
response. This combinational sequence is a consideration only when
closely spaced modes comes into play, under which conditions combining
directional components first will give a more conservative result. This
issue is not addressed in the SRP or in regulatory guides but is treated
in branch technical positions. Recent studies have shown that in some
situations the choice of one sequence over another leads to maximum
differences in response estimates of about 20 percent. However, in the
majority of practical cases where this item was addressed, the results
show only minor differences in final responses. Therefore, present
thinking is that this issue 1is more an academic one than an issue
seriously impacting safety.
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Difficulties with combining high frequency modes by the square root
of the sum of the squares (SRSS) approach were pointed out in 1979 in the
course of responding to Task Action Plar A-40. Here high frequency modes
means modes beyond the maximum input .xcitation frequency where dynamic
amplification is essentially zero. Fcr this situation, the high frequency
modes are a'l nearly in-phase with the input motion, and, as a result,
in-phase with each other. This implies that the algebraic combination of
high frequer:y modal responses is appropriate.

2.3 Summar. and Assessment of Available Information

Brookhaven National Laboratory (BNL) in a report prepared for the
Nuclear Re-:latory Commission entitled "Alternate Procedures for the
Seismic Anaiysis of Multiply Supported Piping Systems," NUREG/CR-3811, May
1984, recommended that "The independent support motion response spectrum
method should be certified as acceptable for the evaluation of the dynamic
component of response." This recommendation was endorsed by this Task
Group's consultant and the NRC staff -- however, with a significant
exception. BNL (with support from NUTECH) advocated that combinations
between support groups be by the use of the SRSS rule. The NRC staff and
our consultant recommended the absolute sum rule instead. Westinghouse
offered the view that absolute summation should be implemented "unless the
groups are from different structures (or if from the same structure, they
can be shown to be phase uncorrelated), then SRSS should be used." For
the dynamic and pseudostatic component of response, our consultant and BNL
both endorse a newly developed procedure called grouping by attachment
points (BNL offers an additional option, grouping by elevations, for
preliminary design). In this grouping procedure, structural support
points that are attached to a rigid floor or structure (so that the same
translationary motion, without rotation, is experienced) are considered as
one group of supports. Supports should not be considered rigid for any
frequency. After the individual group responses are determined, they are
combined by the absolute sum method. The aforementioned BNL NUREG report
demonstrates that significant reductions in predicted resporses can be
achieved without leading to unconservatisms, It is the consensus of all
parties that the total response should be obtained by combining the
inertial and pseudostatic responses by the SRSS rule, which would be a
relaxation over the present absolute sum rule,.

Evaluations of the issue on the sequential combination of directional
and modal components indicate that it is relatively insignificant and our
recoomendations reflect this observation.

Available evidence also strongly supports the algebraic summation of
high frequency modes or a procedure equivalent to algebraic summation.
After the high frequency modes are combined by algebraic summation, this
quantity is combined with the response to lower frequency modes by the
SRSS rule to obtain the total response.

2.4 Recommendations for Revisions to Present NRC Criteria

There are three principal recommendations for the material of this
section as follows:
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Independent Support Motion Method

The independent support motion response spectrum method should be
allowed as an option in calculating the response of multiply
supported piping with independent inputs. This method should be
implemented under the following rules for response combination.

a. For Inertial or Dynamic Components

(1) Group responses for each direction should be combined by
the absolute sum method.

(2) Modal and directional responses should be combined by the
SRSS method without considering closely spaced frequencies.

b. For the Pseudostatic Components

(1) For each group, the maximum absolute response should be
calculated for each input direction.

(2) These should then be combined by the absolute sum rule.

(3) Combination of the directional responses should be by the
SRSS rule.

c. For the Total Response

Dynamic and pseudostatic responses should be combined by the
SRSS rule.

Sequence of Combinations

Any sequence may be selected between spacial and modal components,
that is, modes may be obtained first or spacial components may be
combined first. The reason is that consideration of closely spaced
frequencies need not be taken into account,

High Frequency Modes

Algebraic combinations should be used for high frequency modes as
described in the position paper on Response Combinations in Section
B.2 of Appendix B to this report. The high frequency modes should be
combined with low frequency modes by the SRSS rule,

The procedure for independent support motions should be added to SRP

Section 3.9.2. Regulatory Guide 1.92 should be modified to reflect the
inclusion of the high frequency modal effects.

2.5 Recommendations for Additional Study

The studies delineated below reflect the Task Group's view as to

fruitful fields of future effort.



0 Investigations should be undertaken to establish the transition
frequency between high and low frequency when implementing the
algebraic summation rule for high frequency modes.

0 Additional effort on phase correlation between groups and the
impact on the BNL recommendations is needed. BNL, using the
Lawrence Livermore National Laboratory (LLNL) data from Zion,
were unable to quantify the influence of phase correlations.
Thus, uncertainties exist as to potential limitations on the
recommendations.

0 Additional effort is warranted on appropriate methods for
calculating the effect of closely spaced modes.

2.6 Qualitative Value Impacts of Recommended Revisions

The revisions discussed above regarding multiply supported piping
with independent inputs will lead to more accurate and more realistic
estimations of piping behavior. Significant predicted reductions in
response (by a factor of two or more) can be expected in general for all
response quantities, Adoption of these procedures could lead to the
removal of pipe supports from operating plants without violating code
allowables. On the other hand, for very stiff piping systems, the high
frequency mode combination recommendation could result in higher response
predictions under certain conditions. The degree to which these response
predictions increase depends on the importance of the high frequency modes
in deciding the total response.
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3. STAFF RECOMMENDATIONS ON STRESS LIMITS/DYNAMIC ALLOWABLES

3.1 Introduction

This section of the report deals with two issues relating to
allowable limits for piping analyses. The first issue involves the
appropriate allowables (stress or strain limits) that should be used for
piping if inelastic piping analyses are performed. The second issue
involves the appropriate treatment of strain rate effects in piping
analyses. Strain rate effects involve the increase in measured material
yield strength when the specimen is rapidly loaded. Both issues are
relevant to criteria for infrequent dynamic design events postulated for
piping systems. These issues are currently addressed in Appendix F to the
ASME Boiler and Pressure Vessel Code.

3.2 Historical Development of Technical Issues

Criteria for inelastic system analysis stress or strain limits for
ASME Class 1 components have been included in the ASME Boiler and Pressure
Vessel Code since the incorporation of Appendix F. Although these
criteria could be used for piping analyses, the standard industry practice
has been to use the special stress limits for piping in conjunction with
Code Equation 9 and an elastic system analysis. Similar stress limits
were also developed for ASME Class 2 and 3 analyses.

The stress limits for piping in Appendix F, as well as the stress
limits for Class 2 and 3 piping, allow components to be loaded
substantially above the material yield strength for many piping
components. As stated in the accompanying position paper (Section B.3 of
Appendix B), these limits could result in certain components being loaded
above their theoretical limit moments. However, the limits were selected
based on judgments that conservatisms existed in the application of the
Code criteria that would preclude reaching the point of structural
instability. The NRC staff, recognizing that the Code stress limits were
high, developed a set of functionality criteria incorporated in Section
3.9.3 of the SRP to ensure that piping systems maintained dimensional
stability when the higher Code 1imits were used.

In addition to the elastic piping amalysis limits, the Appendix F
criteria for inelastic analysis have been addressed in Section 3.9.1 of
the SRP., The SRP requires a case-by-case review of stress-strain
relationships and analytical procedures employed in the analyses,

Criteria for considering strain rate effects have been recently added
to Appendix F to the Code. The criteria allows for the adjustment of the
shape of the curve but does not increase the Code-allowable stresses. Use
of the criteria as written would not result in any apparent benefit in
terms of the load-carrying ability of a given component but would improve
the accuracy of the system analysis.
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3.3 Summary and Assessment of Available Information

Both criteria for inelastic allowables and criteria for consideration
of strain rate effects are contained in the current Appendix F to the ASME
Boiler and Pressure Vessel Code. In addition, SRP Section 3.9.1 requires
case-by-case review for the application of inelastic component analysis.

In order to apply general strain criteria for inelastic amalysis,
strain limits that would result in a uniform margin of safety would first
have to be developed, considering different component geometries and
material properties, including weld properties. In addition to strain
limits, inelastic computer codes for piping analysis would have to be
developed and properly benchmarked. Based on these considerations, a
major shift to inelastic analysis of piping systems using strain limits
for piping analysis is not justified at this time. The current SRP
procedure, which allows inelastic analysis on a case-by-case basis with
appropriate justification, is adequate for current piping analyses.

The use of strain rate effects in piping system analyses would
require more complex computer codes than are currently used in the
industry. As discussed in the position paper (Section B.3 of Appendix B),
most of the test data available today on strain rate effects is based on
uniform tensile test specimens. Piping system analyses result in complex
stress patterns in some components that would require consideration of
three-dimensional effects. Therefore, the analysis on an entire system
would be extremely complex, and the available test data might not be
directly applicable. The mos* benefit obtained from the application of
strain rate effects occurs during impactive-type loadings such as those
involved with whip restraint design. Since the whip restraint is
generally less complex than an entire piping system, consideration of
strain rate effects would be practical for this application. Currently,
SRP Section 3.6.2 allows a 10 percent increase in minimum specified design
yield strength to account for strain rate effects. This should be changed
to allow jJustification of higher values on a case-by-case basis.

3.4 Recommendations for Revisions to Present NRC Criteria

0 No change in current NRC criteria for inelastic analysis stress
or strain limits is recommended.

0 Section 3.6.2 111, 2.a of the SRP should include a statement
that allows increases in minimum design yield strength greater
than 10 percent because of strain rate effects for pipe whip
restraint design provided a report that includes a detailed
description of the basis for the values and the analysis methods
used for strain rate effects is submitted for review.

3.5 Recommendations for Additional Study

0 None

3.6 Qualitative Value Impacts of Recommended Revisions

The recommended change in the SRP will have minimal impact since the
position is already being implemented in the licensing review process.
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4. STAFF RECOMMENDATIONS ON WATER HAMMER LOADING

4,1 Introduction

This section deals with staff recommendations regarding water hammer
loading on piping components and fittings.

4.2 Historical Development of Technical Issues

Water hammers have occurred in nuclear power plants since the late
1960's; since that time, approximately 150 water hammer occurrences have
been reported. The staff's concerns were founded on the increasing
frequency of occurrence in the early 1970's and, in particular, the
feedwater line rupture at the Indian Point 2 plant in December 1972 due to
a steam generator water hammer. Since that time, only one additional
incident (i.e., at Maine Yankee in January 1983) has resulted in a
pressure boundary failure due to water hammer. The other water hammer
occurrences have resulted primarily in damage to pipiny supports and/or
equipment supports.

The staff (and its subcontractors) have carefully reviewed these
occurrences and concluded that:

1. Total elimination of water hammer occurrence is not possible
because inherent in the design of nuclear power plants is the
possible existence of steam, water, and voids in the various
plant systems. Experience shows that design inadequacies and
operator- or maintenance-related actions have contributed about
equally to initiating water hammer occurrences.

2. Proven design changes (e.g., use of J-tubes to minimize PWR
steam generator water hammer and "keep-full" systems and vacuum
breakers in BWRs) should be maintained.

3. Operator awareness to water hammer potential and training for
avoidance should be stressed,

The staff's technical findings are reported in NUREG-0927 entitled
"Evaluation of Water Hammer in Nuclear Power Plants-Technical Findings
Relevant to Unresolved Safety Issue A-1." SRP Sections 3.9.3, Rev. 1,
"ASME Code Class 1, 2, and 3 Components Supports and Core Support
Structures"; 3.9.4, Rev. 2, "Control Rod Drive Systems"; 6.4.6, Rev. 3,
"Reactor Core Isolation Cooling System (BWR)"; 5.4.7, Rev. 3, "Residual
Heat Removal (RHR) System"; 6.3, Rev. 2, "Emergency Core Cooling System";
9.2.1, Rev., 3, "Station Service Water System"; 9.2.2, Rev. 2, "Reactor
Auxiliary Cooling Water Systems"; 10.3, Rev. 3, "Main Steam Supply
System"; and 10.4.7, Rev. 3, "Condensate and Feedwater System," were
revised to reflect staff findings and to maintain proven practices,

4.3 Summary and Assessment of Available Information

As noted above, NUREG-0927 reports the staff's technical findings
regarding water hammer. Appendix B to this paper contains consultant
position papers dealing with water hammer and the other dynamic loads.
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4.4 Recommendations for Revisions to Present NRC Criteria

Designing for water hammer piping loads are dealt with in SRP Section
3.9.3, Appendix A, Rev. 1. Since water hammer occurrence cannot be
predicted, the potential for such loads should be considered in preparing
design specifications for normal operation, upset, and faulted conditions
as defined in specified service-loading combinations identified for ASME
Class 1 components and Class CS Support Structures per the ASME Boiler and
Pressure Vessel Code, Section III, Div. 1. Table I of Appendix A to SRP
Section 3.9.3 was modified as follows:

"These events must be considered in the pipe-stress analysis and
pipe-support design process when specified in the ASME Code-required
design specification. The design specification should define the
load and specify the applicable Code Service Stress Limit. For
clarification, it should be noted that the potential for water hammer
and water (steam) hammer occurrence should also be given proper
consideration in the development of design specifications."”

Thus, the NRC design requirements are based on endorsement of ASME
Code requirements, and the development of adequate design specifications
is incumbent on the applicant or his designer. The adequacy of these
design specifications is, therefore, the key question when addressing
dynamic loads (such as water hammer) and combined dynamic loads.

Because of the multidisciplinary nature of the problem, there does
not exist a systematic and uniform treatment of water hammer, or other
dynamic loads in developing design specifications, except for major events
such as turbine stop valve closure, feedwater 1°ne break, and safety
relief valve (SRV) discharge in nuclear power planis. It is not always
clear whose responsibility it is to determine the susceptibility of a
system to water/steam hammer (i.e., system designer versus piping
designer). If these events are not mentioned in the design specification,
it is possible that the system will not be evaluated for these events.

NUREG-0927 contains summary tables identifying systems that have
experienced water hammer, the underlying causes, and remedial actions that
could be taken. Tables 4-1 and 4-2 (extracted from this report) are
included for ease of reference.

Therefore, a checklist of water hammer design considerations could be
developed. Underlying causes such as potential line voiding, steam pocket
formation, flashing and unstable condensation due to entrapped condensate
can be derived from Tables 4-1 and 4-2. Certain system design features
have proved effective; certain systems have been more susceptible to water
hammer. However, the wide variety in plant desizns and operations works
against development of such a generic checklist. Therefore, the
responsibility of including water hamme: considerations into design
specifications must rest with the plant owner or applicant, and the NRC
should not be called upon to define an all-inclusive checklist and
institute adoption thereof. The revised SRP sectiuns fdentified in
Section 4.2 identify systems warranting review for water hammer design
adequacy.
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In summary, efforts to reduce or minimize the incidence of
unanticipated water hammer shoulc continue with an emphasis on operator
training and awareness to potential water hammer occurrence. Since loads
from likely unanticipated water hammer are similar to those that can be
designed against, the design specifications dealing with upset, emergency,
and faulted conditions should be used to deal with such occurrences. The
proper development of design specifications rests with the plant
designers,

4.5 Recommendations for Additional Study

Additional studies or research based principally on water hammer
occurrence postulates are not warranted. Any proposed experimental
programs should be preceded by properly structured analytical studies that
would define the extent and magnitude of postulated problems. Studies in
the following areas would be nelpful:

0 The sensitivity of piping supports to dynamic loads (e.g.,
vibratory, SRV, water hammer) and determination of excess design
margins, etc., for various piping systems (treat PWRs and BWRs
as two different classes).

0 Evaluation of combined load effects on degraded (or flawed)
piping coupled with dynamic loads (such as water hammer).
Such studies would shed 1ight on where emphasis should be placed
in developing design specifications, as well as providing an
analytical basis for determining which code design requirements
warrant reconsideration. For example, the recently reported
LLNL  studies on "stiff" versus “flexible" piping (see
NUREG/CR-3718) might warrant an extension to evaluate all
postulated dynamic load effects singularly and then ~1n
combination, thereby providing a basis for recommending load
combinations.

4.6 Qualitative Value Impacts of Recommended Revisions

Since no additional restrictions are being proposed for water hammer
loads in combination with other loads, the result is a zero impact to the
industry.
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TABLE 4-1

BWR SYSTEM WATER HAMMER CAUSES AND PREVENTIVE MEASURES

SYSTEM PRIMARY CAUSES PREVENTIVE MEASURES*
OF WATER HAMMER
RHR Voiding, steam Void Detection (3.1), Void Detection and
bubble collapse Keep-Full System (3.2), Correction (3.1),
Venting (3.3) Venting (3.2),
Operating Procedures
(3.12), Operator
Training (3.11)
HPCI Steam water entrain- No Opening Seal-In Valve Opening Se-
ment, turbine inlet in Manual Mode (3.5a) quence (3.5cg. Opera-
valve operation Gradual Opening (3.5bs tor Training (3.11),
Operating Procedures
(3.12)
Steam water entrain- Proper Drain System Verification of Drain
ment drain pot mal- Including Drain Pot Pot Level (3.8),
function Sizing and Level Veri- Operating Procedures
fication (3.8) (3.12)
Turbine exhaust line Exhaust Line Vacuum
bubble collapse Breakers (3.7)
Pump discharge line Void Detection (3.1), Void Detection and
voiding Keep-Full System (3.2), Correction (3.1),
Venting (3.3) Venting (3.2), Operat-
ing Procedures (3.12),
Operator Training (3.11)
Core Voiding steam bubble Void Detection (3.1), Void Detection and Cor-
Spray collapse Keep-Full System (3.2), rection (3.1), Venting
Venting (3.3) (3,2), Operating Proce-
dures (3.12), Operator
Training (3.11)
Essen- Voiding column Void Detection (3.1), Void Detection and Cor-
tial separation Keep-Full System (3.2), rection (3.1), Venting
Service Venting (3.3), Open (3.2), Operating Pro-
Water Loop Line Analysis cedures (3.12), Opera-

(3.4)

tor Training (3.11)

'Refers to section in NUREG-0927 providing de*2’'s of preventive measures.
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TABLE 4-1 (Continued)

PREVENTTVE MEASURES*
OF WATER HAMMER DESIGN PLCANT OPERATION
Main Steam hammer relief Valve Closura (3.9)
Steam valve discharge and Relief Vulve Dis-

charge Loads (3.10)

Steam water Operating Procedures
entrainment (3.12), Operator Train-
ing (3.11?
Feed- Feedwater control Feedwater Contr)l-
water valve instability ler Design Verivica-
tion (3.6a, b, and c)
RCIC Exhaust line steam Exhaust Line Vacuum
bubble collapse Breakers (3.7)
Isola- High reactor water Operating Procedures
tion level (3.12), Operator Train-
Con- ing (3.11?
denser
**Con- Rapid valve Actuation Loads
trol Rod motion (3.14)
Drive

**Control Rod Drive events have not been reported but have been analytically
postulated,
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TABLE 4-2
PWR SYSTEM WATER HAMMER CAUSES AND PREVENTIVE MEASURES

~PREVENTIVE MEASURES*
OF WATER HAMMER “DESIGN PLANT OPERATTON
Feed- Feedwater control FCV-Design Veri-
water valve (FCV) over- fication (3.6)
sizing & instability
Unknown and operator- Operating Procedures
error-induced steam (3.12), Operator
bubble collapse Training (3.11)
Main Steam hammer (valve Include Valve
Steam closure) Closure Loads in

Pipe Support and
Component Design
Basis (3.9)

Relief valve Include Relief

discharge Valve Discharge
Loads in Pipe2 Sup-
port and Component
Design Basis (3.10)

Steam water entrain- Operating Procedures
ment , unknown (3.12), Operator Train-
ing (3.11?
Reactor Relief valve Incluce Relief Valve
Coolant discharge Discharge Loads in
(Pres- Pipe Support and
surizer) Comporent Design

Basis (3.10)

RHR Voiding Veating (3.3) Operating Procedures
(3.12), Operator
Training (3.11)

ECCS Voiding Venting (3.3), Operating Procedures
Void Detection (3.1) (3.12), Operator
Training (3.11)

CvCs Steam bubble col- Operating Procedurcs
lapse or vibration (3.12), 8perator
Training (3.11)
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TABLE 4-2 (Continued)

£S
OF WATER HAMMER

_PREVENTIVE MEASURES*

PCANT OPERATION

Essen-
tial
Cooling
Water

Voiding

Venting (3.1),
Filling Essential
Cooling Water
(3.4), Analysis
(3.4)

Filling Essential Cool-
ing Water (3.4), Oper-
ating Procedures (3.12),
Operator Training

(3.11)

Steam
Gener-
ator

Line voiding
followed by steam
bubble collapse

BTP ASB 10-2

Provisions (3.13):

Top Discharge,
Short Line
Lengths, External
Header (B&W Only)

BTP ASB 10-2 Provisions
(3.13): Testing, Keep-
ing Line Full, Auto-
matic AFW Initiation

*Refers to section in NUREG-0927 providing details of preventive measures.



5. STAFF RECOMMENDATIONS ON PIPING VIBRATION LOADS

5.1 Introduction

Staff recommendations on consideration of vibratory loads to ensure
structural and functional integrity of piping systems are based on a
review of the current requirements and two consultant resorts: (1)
Position Paper on Vibration Load Considered As a Design Basis For Nuclear
Power Plant Piping by J. D. Stevenson (see Section B.6 of Appendix B) and
(2) Position Paper on Piping System Dynamic and Thermal Stress Response
Induced By Thermal-Hydraulic Transients by R. C. Gunzler (see Section B.5
of Appendix B). The three types of vibratory loads considered here are
(1) high stress and low cycles such as those caused by transient operation
and seismic loading, (2) very high stress and a few cycles such as those
caused by blast or shock type of loading, and (3) Tow stress and high
cycles such as those caused by steady operation of rotating machinery.
For type 1 vibratory loading, the earthquake component is well understood
and is amply covered under the current criteria. However, hydrodynamic
loads caused by plant transients such as discharge through pressure relief
devices, anticipated water hammer loads, and loads caused by flow control
devices are the subject of major emphasis for coverage in the proposed NRC
requirements. T o type 2 vibratory loading is appropriately covered by
NRC requirements in SRP Section 3.9.3 under design basis pipe break
loading. Tvpe : loading does not pose a serious concern since piping
systems are subjected to preoperational testing and the ASME Code uses a
conservative stress limit for sustained loads.

5.2 Historical Development of Technical Issues

The need for consideration of hydrodynamic loads came from
observations of relatively high magnitude of loading due to pressure
suppression phenomenon in BWR plants. Requirements for the consideration
of these loads were incorporated in the July 1981 revision to SRP Section
3.9.3. Also, the anticipated water/steam hammer loading was emphasized as
a source of vibratory loading in the recently revised SRP Section 3.9.3.

Unanticipated vibratory loads, however, have always been considered
important for integrity and functionality of piping systems and are dealt
with under the dynamic testing requirement in SRP Section 3.9.2.

Piping system design for "high frequency" (33 to 100 hertz) vibratory
loading is generally performed by using in-structure acceleration response
spectra in much the same way as the design for earthquake loading, for
which cut-off frequency for significant energy input 1s considered to be
33 Hz, Sufficient experience has been gathered in the United States
regarding piping design for "high frequency" vibratory loading and in
Europe with respect to aircraft impact loading for over a decade. There
fs reason to believe that the use of acceleration response spectra for
piping design may lead to overestimating the actual loading,




5.3 Summary and Assessment of Available Information

Results of Kuosheng SRV tests and studies analyzing the test data are
now available. It is clear from these studies that the high amplitude
responses are consistently overpredicted by analytical means.

Also, the two consultant studies in this area reviewed both
characterization of the loading as well as the response of piping S{sten
to the loading, The prevailing view is that anticipated vibratory loads
should be accounted for by a combination of analysis and preoperational
testing, and reliance must be placed on testing for consideration of
unanticipated vibratory loads.

5.4 Recommendations for Revisions to Present NRC Criteria

For the type 1 vibratory loading, seismic design requirements are
covered by the activities of the Task Group on Seismic Design. However,
other vibratory loads such as hydrodynamic loading and water/steam hammer
loading are addressed in the recommendations indicated below. Type 2
vibratory loading is adequately covered in the current NRC requirements,
and no change is considered necessary. The use of inelastic response
analysis methods will continue to be acceptable for dealing with type 2
vibratory loading. Type 3 vibratory loading has not been a source of
concern for piping systems since conservative allowable stresses are used
for sustained loading and consideration of vibration on aging is given in
qualificaticn of equipment, including piping nozzles.

Following are the specific changes recommended to the SRP:
(1) SRP Section 3.9.2, Page 3.9.2-%, article 1.

Add after line 8: The conduct of vibration testing progrem in accordance
with the latest ANSI/ASME OM3 standard, "Requirements for Preoperational
and Initial Start-Up Vibration Testinc of Nuclear Power Plant Piping
Systems," or an equivalent is considered for acceptability of the proposed
vibration testing program.

(2) SRP Section 3.9.2, Page 3.9.2-5, article 1B,

Add: (5) Opening and closing of flow control valves

(3) SRP Section 3.9.2, Page 3.9.2-9f,

Add a new paragraph: For vibratory loads other than seismic and with
significant loading in the frequency range of 33 to 100 MWz, it fs
acceptable to perform nonlinear analysis in order to account for gaps
between pipes and pipe supports and the ability of the pipe supports to
transmit vibration displacements of limited amplitude provided that

verification of the predicted nonlinear response is made by conducting
preoperational vibration testing.

(4) SRP Section 3.9.2, Page 3.9.2-15
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Add a new item 7 as follows:

7. It 1is acceptable to perform the evaluation of vibratory loads
transmitted by supporting structures to the piping by analysis,
testing, or a combination of analysis and testing. Acceptability of
analytical procedures and testing methods is discussed in subsections
I1.2.a and II.1, respectively.

(5) SRP Section 3.9.3, Page 3,9.3-2.
Delete the word "downstream" from the seventt line under item 2.

In addition to the above changes, a number of changes proposed in the
consultant paper on consideration of vibration loads are also endorsed.
These proposed changes are listed below for convenience.

(1) Reference I. Areas of Review 1.

In the 11th line, the following words should be added:

. . withstand flow-induced and reciprocating and rotatina equipment
dynamic loadings . . .

(2) Reference i. Areas of Review
Add a new item 7 on page 3.9.2-4, the text of which is as follows:

7. A discussion should be provided that describes methods to be used to
evaluate equipment and piping system to confirm their structural
design adequacy when subjected to transient, accident, and extreme
environment (other than seismic) vibratory loads. Such vibratory
loads typically result from response of equipment and piping system
supporting structures when such suppart structures are subjected to
vibratory loads of significant amplitudes.

(3) Reference II. Acceptance Criteria 1.

Rewrite Section 1 as follows:

vibration, thermal expansion, an ynamic effects testing are
conducted during start-up functional testing for specified high- and
moderate-energy piping, and thiir supports and restraints. The
purpose of these tests is to confirm that the piping components,
restraints, and supports have been designed to withstand the dynamic
loadings and operational transient conditions that will be
encountered during service as required by the Code and to confirm
that no unacceptable restraint of normal thermal motion occurs.
Results of vibrationa® tests may also be used directly or by
interpolation to confirm design adequacy of high- and moderate-energy
piping, components, restraints, and supports to accident and extreme
environmental loads.

1. Relevant requirements of GDC 1, 2, 4, 14, and 15 are met if
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An acceptable test program to confirm the adequacy of the designs
should consist of the following:

a. A list of systems that will be monitored. This list may be
limited to those systems based on experience that undergo
significant thermal expansion, vibration, and dynamic effects.

b. A 1listing of the different flow modes of operation and
transients such as pump trips, valves closures, etc. to which
the components will be subjected during the test. (For
additional guidance see Reference 8.) For example, the
transients associated with the reactor coolant system heat up
tests should include, but not necessarily be limited to:

(1) keactor coolant pump start.

(2) Reactor coolant pump trip.

(3) Operation of pressure-relieving valves.
(4) Closure of a turbine stop valve.

c. A list of selected locations in the piping system at which
visual inspections and measurements (as needed) will be
performed during the tests, For each of these selected
locations, the deflection (peak-to-peak), maximum ve'ocity, or
other appropriate criteria, to be used to show that the stress
and fatigue limits are within the design levels, should be
provided,

d. A list of snubbers on system which experience sufficient thermal
movement to measure snubber travel from cold to hot position.

e. A description of the thermal motion monitoring program, that is,
verification of snubber movement, adeq: te clearances and gaps
including acceptance criteria and how m ~ion will be measured.

f. If vibration is noted beyond the acceptance levels set by the
criteria of c. above, corrective restraints should be designed,
incorporated in the piping system analysis, and installed. If,
during the test, piping system restraints are determined to be
inadequate or are damaged, corrective restraints should be
installed and another test should be performed to determine that
the vibrations have been reduced to an acceptable level. If no
snubber piston travel is measured at those stations indicated in
d. above, a description should be provided of the corrective
action to be taken to assure that the snubber is operable.

(4) Reference II. Acceptance Criteria 2.

Add the following new paragraph as the last paragraph of I1.5, page
3.9.2-15.
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High frequency (greater than 30 Hz) vibratory loads other than
seismic, analyses methods for all Category I systems, and components
equipment and their supports (including supports for conduit and
cabTe trays and ventilation ducts) are reviewed. In additior, other
significant effects that are accounted for in the high frequency
vibratory load analysis such as nonlinear response and plastic stress
TeveTs in the materials are reviewed.

(5) Reference I11. Review Procedures 1.
Rewrite Section 1 as indicated.

1. During the CP stage, the PSAR is reviewed to assure that the
applicant has provided a commitment to conduct a piping steady-state
vibration, thermal expansion and operational transient test program,
The applicant may also commit a simulated accident or natural
phenomena vibration test program in Tieu of analysis.

(6) Reference IV. Evaluation Findings 2.
In the fifth line, add the words "or test" after analysis.
(7) Reference IV. Evaluation Findings 4.
In the sixth line, add the words "or test" after analysis.

5.5 Recommendations for Additional Study

The following are recommended for further studies and action:

0 Characterization of hydrodynamic loads and the prediction of
response of piping system subjected to such loads are subject to
several sources of uncertainty. Significant improvement in the
licensing review process can be achieved by benchmarking both
the thermal-hydraulic transient load and the piping response
calculations by developing standard problems and acceptable
solution bounds.

) A regulatory guide should be prepared to endorse the industry
standard ANSI/ASME OM3, "Requirements for Preoperational and
Initial Start-Up Vibration Testing of Nuclear Power Plant Piping
Systems." Consideration should be givern in developing the
regulatory quide to supplementing the provisions of OM-3 to
provide more restrictive acceptance standards for vibratory
stresses in those limited areas where crack initiation from
other service conditions can be anticipated. Also, the need
should be considered for more rigorous evaluation of vibratory
stresses to be performed in those areas, to the extent necessary
to evaluate stress Jlevels consistent with those Tlimits,
Supplementary acceptance standards for those areas should be
based on the capability of such stresses to contribute to crack
propagation rather than be based on the crack initiation
potential for such stresses as in a normal fatigue design
eva luation.
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0 If the Task Group on Seismic Design proposes changes to piping
damping values to be used in analytical modeling, a closure
study should be maie regarding their applicability to analytical
evaluation of pip ig systems subjected to high frequency (33 to
100 Hz) vibratory loading.

5.6 Qualitative Value Impacts of Recommended Revisions

It is generally recognized that high frequency" (33 to 100 Hz)
loading as currently evaluated by analytical techniques tends to
overpredict piping response. By allowing nonlinear analysis with
appropriate verification through properational testing, it would be
possible to evaluate more realistic response of piping. This should be
particularly useful to utilities making modifications to safety-related

piping.

This could lead to a reduction in the number of piping supports and
perhaps an improved reliability of piping systems to accommodate such
vibratory loads.

Proposed changes are likely to increase attention to preoperational
testing for vibratory loads. As opposed to reliance on purely analytical
methods of calculating usage factor for fatigue effects due to vibratory
loads, the staff has relied on preoperational vibration testing in
addition. It should be noted that the staff had always used criteria that
are similar to the ANSI/ASME OM3 criteria for allowable vibration limits,
and the latest version of the OM3 standard provides a convenient document
for the industry to follow. It is expected that some additional testing
may result from the proposed changes. However, the benefits from reduced
piping supports and a more reliable piping system could outweigh the cost.
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1.0 INTRODUCTION

This paper presents and summarizes the response of a number of non-U.S.
organizations regarding the current practices used in the design of
nuclear power plant piping subjected to dynamic loadings and load
combinations other than seismic and pipe break. The material presented
herein was developed as a result of responses to a questionnaire sent to
several foreign agencies both government and industry in December 1983,
as shown in Appendix A attached hereto. The questionnaire was meant to
be comprehensive with regard to piping design. Hence 1t included
requests for information which are beyond the scope of the 1imited set of
dynamic loads design considered in this position paper

In addition, informal discussions were held in the offices of several of
the organizations contacted with Or. Stevenson in January 1984. The
following organizations have responded in whole or in part to the
questionnaire, or individuals from these organizations have discussed the
questionnaire personally with Dr. Stevenson:

(1) Belgium-
Electrobel
Tractionel

(2) Canada-
Ontario Hydro
Atomic Energy of Canada Ltd., AECL

(3) France-
Framatome
French Electricity Authority -- EDF
French Atomic Energy Commission, CEA

(4) Italy-
Ansaldo Impianti

(5) Japan-
*procedures, Analysis and Research on Earthquake Resistant
Design for Nuclear Power Plant® Presented at the Tadotsu
User's Seminar, Tadotsu, Japan, May 1983

(6) Sweden-
Swedish Nuclear Power Inspectorate

(7) Federal Republic of Germany-
Kraftwerk Union, KWU
TUV Rheinland
Company for Reactor Safety, GkS
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The position taken by the various organizations are summarized by topic
areas defined herein and by country. The country positions are a
composite of the information received and were transmitted to the various
contributing organizations to solicit their review comments and
correction as necessary. Information contained in this paper should in
general be considered unofficial and does not necessarily reflect formal
regulatory policy, or as is often the case in foreign countries, formal
regulatory policy has not been formulated in the technical area
discussed. The text of the country positions presented in this report
follow as closely as possible the woerdings or translation of the wording
in the response to the questionaire.

Considerable detalled background information on dynamic load design of
nuclear power plant facilities in several foreign countries is alse
contained in NUREG/CR-3020(1), and 1t 1s recommended that this
reference be used in conjunction with this position paper.

2.0 DYNAMIC LOADS OTHER THAN SEISMIC AND PIPE BREAK

High frequency vibratory loads (greater than 20H;) are developed in
piping from flow-induced and rotating equipment vibration, as weli as
vibratory response of structural supports to airplane crash, BWR
suppression pool safety rellef valve discharge, and postulated pipe break
blow down loads. Water and Steam Hammer loads are another category of
dynamic loads which are considered in piping design.

2.1 Belgium
2.1.1 High Frequency Vibration Loads

Aircraft crash (AOE) loads including vibratory response are considered as
a design basis accident. Flow-inciced vibration level 1s checked during
preoperational test, but specific calculations are performed only for
critical applications. Analytical methods for ADE treatment are similar
to earthquake simulation; three directional AOE response spectra are
considered; modal combination is performed using R.G. 1.92 rules modified
with absolute sum of low frequency modes and directional combination is
SRSS.

Testing methods for flow-induced vibration are as follows: Peak
velocities and acceleration are measured with a full-range general -
purpose accelerometer near any significant flow restriction. Results are
compared with a general curve based on velocity requirements for pipe and
stress and acceleration requirements for supports. When the 1imits are
not met, induced stresses are estimated from the maximum velocity
recorded and compared with the margins in the pipe stress report. No
explicit fatigue evaluation {s performed for piping vibration.
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2.1.2 wWater (Steam) Hammer Loads

In water systems (main feedwater e.g.), the water hammer problem is
explicitly addressed and taken into account. In gas systems (incl.
steam) the only influence being considered s a small overpressure.
water slugs in pressurizer relief and safety valve discharge systems are
explicitly considered. The latest state of the art, including RELAP 5
-MOD 1 thermohydraulic calculations, are used to determine the
corresponding piping and support loads. Hardware modifications (slug
heating) are introduced to moderate these loads.

Analyses are performed on water systems to evaluate the possible water
hammer effects (e.g. cavitation at pump section when pumps in series);
layout criteria (e.g. no swing check valve in vertical run ) and design
provisions (use of equilibrium chambers, etc.) are ruled out. Systematic
control of rapidly closing valves is performed with use of damping
devices or pressure-operated safety valves on water circuits (letdown,
shutdown cooling). In the conventional portions of the plant,
administrative provisions guarantee the absence of gas bags in water
circuits before start-up; moreover, all isolation valves are opened
before pump start-up.

Water hammer events are classified as Service Level B and combined with
other loads as required per ASME code.

2.2 Canada
2.2 | High Frequency Vibration Loads

At th: design stage no specific evaluation for high frequency pipe
vibrations is generally carried out. Good engineering practice and
experierce is used as a guide in designing the pipe 1ines to minimize the
adverse effect from high frequency vibrations. Emphasis is given to the
inspect‘on and observation by the field starf to identify and decide if
trouble is 2nticipated during the 1ife of the system from its everyday
vibration, whatever the cause. A corrective action is then taken if
necessary, and incorporated in other current and future designs.

For the latest CANDU design (1.e. Darlington GS) a more detailed approach
to high frequency pipe vibrations is proposed. The following answers
pertain mostly to this latest approach proposed by Ontario Hydro for
Darlington GS.

For frequencies up to 30 Hz, flow-induced vibration analysis is
performed. As well, pipe whip computations (pipe hitting containment or
other structures) are carried out.

2.2.1.1 Setting Allowable Limits For Flow-Induced Vibrations.

The piping modes below 30 Hz, computed routinely for seismic analysis
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purposes, are used to provide an ensemble of possible distortions which
provide known velocity maximum values for unknown distributions of
moment< within the structure. From the modal moment, one computes
corresponding ASME code stress intensities (the maximum in the structure
noted) corresponding to the maximium velocity. Hence, for the mode, one
obtains a stress to velocity ratio.

Assuming that one wishes to 1imit the alternating s gess intensity to a
value likely to ensure design adequacy for, say, 10'! cycles, one uses
the maximum stress to maximum velocity ratio in conjunction with this
admissible stress and computes an admissible modal velocity.

In practice, the moda’l admissible velocities vary from mode to mode
depending on whether the maximum moments for the mode happen to occur at
@ high stress indice point (such as a tee) or at a low stress indice
point. The lowest modal admissible velocity encountered is the one which
is deemed significant. To account for possible synergy between two modes
of maximum at different points, but whose stresses may prove additive at
the same point (a pessimistic assumption), this minimum admissible modal
velocity s halved to produce the final system specific allowable
velocity.

The numbers that emerge in this manner are purely for internal testing
purposes. It is relatively easy for fleld staff to observe where a
piping structure is exhibiting maximum vibration velocity and so decide
whether trouble s anticipated during the 1ife of the system from its
normal vibrations, whatever their cause.

2.2.1.2 Analysis to Reduce Flow-Induced Vibrations

The method consists of frequency response analysis of the piping system
for all modes up to 30 Hz. A flat spectrum is then applied at al)l elbows
and tees and the responses are combined in a conservative manner. The
method identities the few modes which are most susceptible to
excitation. ODuring plant construction supports are instailed, and left
untied to the piping. Ouring the plant operation, these supports are
tied one-by-one (at hot conditions) as the need arises unti]l measured
vibration velocities are below the allowables established. It should be
noted that the analysis described herein is a fatigue oriented
calculation. Since it has greatest use on ASME III Class 2, 3, or B31.1
systems, combination with other fatiguing loads 1s often not possible.
At present, there is no special cognizance of safety class for these
purely formal computations.

2.2.2 Water (Steam) Hammer Loads

Uriginaliy, water hammer computations were 1imited to guarding against
catastrophic pressure loading. For this purpose, a network analysis
program for computing the pressure transient has been used. An Ontario
Hydro internally developed program has been the workhorse of such a
computation. The results of the analysis identify design changes to
avoid pressure loading above allowables. Use has alsn been made of the
RELAPS and SURNAL programs in recent years.
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Recently, anticipated rapid change in the pressure caused by a rapid
change in fiuid velocity is required to be considered in design. If the
system operational characteristics cannot be changed, protective features
are often installed to reduce water hammer loading due to rapid valve
closure or yump trip to that below other operational transients.

Steam hammer loading has been computed successfully (as compared with
experimental (commissioning) data. As a time history analytical
procedure, it remains in the developmental stage. Maximum pressure surge
on valves have been hand-computed for some time now to guard against
catastrophic overpressurizations.

Protection against water hammer includes consideration of the following
features:

(a) (1) Design against overpressurization as above: 1including
sequencing of values;

(2) Avoidance of dead legs containing columns of 1iquid near
boiling and other “common sense” design methods;

(3) -- vacuum breakers to let air into break voids

-~ acoustic filters

-- system logic for valve opening anc
closure(sequencing and timing)

-- butterfly valves gear-operated

~-- accumylators on small piping with solenoid valves

-- spring loaded check valves

-- cyclone to take air out of inlet

-- "eaton" type wave arrestor

-- one-way surge tanks to fi111 voids following pump
trip prior to startup

-- small vessel containing pressurized nitrogen with
solenoid valve to inject after pump trip at
sufficient pressure

-- controlled air outlet from piping (small orifice on
air release valves)

-- control valve or pump by-pass to reduce flow into
system during startup

-~ increased rotor inertia to avoia rapid pump rundown.

(b) & (¢) It is deemed inappropriate to leave to human beings too much
operational/administrative decision making which, 1f done
erroneously, could lead to serious water hammer. Human error
is designed out of the system as far as possible through the
use of control system logic.

Computation of water hammer piping loads is through time history analysis
and the extraction of maximun moment loads. These are combined with
other applicable loadings (ylelding their own sets of moments).



2.3 Ffrance
2.3.1 High Frequency Vibratory Loads

Aircraft considered in France are small and thus generate limited
excitation for piping which are not analyzed for that effect.

For vibration induced by flow and valve or pump operation, the current
position is to try, in the design, to avoid some effects such as
cavitation, to evaluate some other effects as it s mentioned in Section
2.3.2, and for the rest to rely upon the hot functional tests to reveal
latent problems, especially in small lines (vent, drain or
instrumentation 1ines), recognizing the fact that high frequency
vibration leads to quick failure (within hours or days) and s difficult
to diagnose by a vibration test due to the short time and the number of
system (valves, pumps) configurations to be considered.

2.3.2 Water (Steam) Hammer Loads

Taking into account water or steam hammer is not explicitely required by
French regulations. The status 1s the following:

(1) - Steam hammer in main steam 1ine due to rapid ciosure of
the turbine stop valve or tl.e MSIV has been studied on one
plant and is not considered severe.

(2) - Steam hammer in feedwater 1ine due to partial voiding of
the 1ine close to steam generator has been solved by
installing J tubes on the feedwater ring inside the steam
generator.

(3) - Pressurizer discharge 1ine has been extensively tested
in-situ and in laboratory with steam, with and without
water seals upstream of the valve, with cold water, with
hot water. Computer programs have been validated and
these loads are taken into account in the design, when

necessary.
Other relief and safety valves discharge 1ines see similar
loadings.

(4) - Water hammer generated by the rapid closure of a valve (a

check valve for example) in water filled piping are
studied presently on a R&D basis.

(S) - Pressure waves generated by coupling of a valve elastic
drive and a fluid column (veina, or slug), called elastic
instability by some people, are evaluated when they cause
damage (see Section 2.3.1), examples are: 1) the
operation of spring loaded safety valves with water
upstream, especially water slug which generate
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self-maintained small amplitude valve stem displacement
coupled with plane pressure waves in the fluid upstream,
and 2) the possible elastic vibration of an alr operated
butterfly valve with water flow.

Problems have occurred in the past on steam and/or water
spring loaded safety valves, during cold and hot
functional tests, and¢ on loops tests, this led some people
to think of replacinj these valves by pilot valves which
had been used for a time by the French Navy. Extensive
tests in laboratory and in-situ have been carried out and
the solution is being implemented progressively on three
and four loop plants in France, on the pressurizer
discharge 1ines anc on the RHR 1ines first.

In addition to the design considerations mentioned above,
operational proceduras are taken to minimize the potential
for water hammer caused by rapid closure of a valve.

2.4 Italy
2.4.1 High Frequency Vihratory Loads

High frequency loading induced from airplane crash and BWR suppression
pool response are considered in designs of piping. In general analytical
rather than testing methods are used to determine and evaluate these
loads. Fatigue analysis is performed for ASME-III Class 1, 2, and 3
piping.

2.4.2 Water (>team) Hammer Loads

Water hammer even*s are limited primarily by administrative and
operationa) procedures. Anticipated water hammer events are considered
analytically in design.

2.5 Japan
2.5.1 High Frequency Vibratory Loads

High frequency vibration of piping induced by postulated external events
such as aircraft or other missile impact 1s not evaluated in Japan, but
loads induced by flow and valve or pump operation are considered in
design of piping systems. Flow and valve or pump operation are
considered in design of piping systems by past operating experience and
testing.



2.5.2 MWater (Steam) “2 mer Loads

Design considers both aniticipated and unanticipated water and steau
hammer phenomena wheic it 1s reasonable to consider these phenomena in
the design. However, different resolutions such as preventions by
operational procedures, administrative control, piping layout, etc., are
also used as appropriate.

2.6 Sweden
2.6.1 High Frequency Vibration Load

High frequency excitations are considered in some cases (e.g. when
evaluating effects of BWR suppression pool condensation oscillations).
Analytical, finite element and experimental methods when required are
used to design against vibration load effects. For Class ) components
fatigue analysis s considered according to ASME III. For other classes
1t s considered »  required because of actual problems.

2.6.2 Water (Steam) Hammer Loads
In design, rapid valve closure is postulated to occur both under normal
operation and after a pipe break outside the containment in steam and

feed-water 1ines. Administrative and operating procedures as well as
design features are used to control potentia) water hammer effects.

2.7 Federal Republic of Germany
2.7.1 High Frequency Vibration Load

Pipings (as well as other components) are designed against high-frequency
cyclic loads ( 20 Hz). 1In these loads are comprised aircraft impact, gas
cloud explosions, fluid reaction and impingement induced loads,
suppression pool dynamic loads resulting from safety relief valve and
postulated DBA's discharges in BWR systems, opening and closing of
valves, and pump operations.

The design of piping systems in response to aircraft impact is based on
the load assumptions of the RSK Guidelines for pressurized water reactors
(Section 19.1):

- colliston load-time-diagram (see Figure 2.1)

- area of impact: 7 m? circular

- angle of impact: normal to the tangent plane at the point of
impact

- crash weight: 200 kN
- speed of impact: 215 m/s



As in the loading case for "earthquake*, in the design of the piping
systems against the vibrations caused by aircraft impact there are
determined acceleration transient responses or floor response spectra for
the corresponding site. In Figure 2.2 are shown the determinative points
of impact (1 to 6) for a reactor building of a pressurized water

reactor. The enveloping acceleration processes are determined for these
points of impact and used for the design of the piping (except as
permitted by the simplified procedure given below). Figure 2.3 shows a
typical comparison of the floor response acceleration spectra for safe
shutdown earthquakes, aircraft impact and gas cloud explosions.

The RSK Guidelines for pressurized water reactors also admit a simplified
procedure for the loading case aircraft impact as proof of the stability
of the components and systems in the reactor building. This proof is
given by the assumption of a static substitute load upon the piping,
resulting from a defined acceleration, in a horizontal and vertical
direction up to 16 Hz. The degree of acceleration depends on the
construction of the building. For KWU pressurized water reactors there
can be taken an acceleration of 0.5 g for the reactor building. In the
frequency range above 16 Hz, It must be made certain that the relative
displacements between component and support can be elastoplastically
absorbed up to 1mm.

2.7.2 water (Steam) Hammer Load

Loads that occur due to the opening or the closing of a valve will be
determined with the aid of dynamic analyses and taken into consideration
in the design of the piping systems.

Therein, special attention is pald to free-swinging non-return valves
which are installed in the emergency cooling and residual heat-remova)
systems. ‘he calculations are based on load-time diagrams (e.g.,
square-wave impulse). The modal analysis is conducted with the ald of
the direct integration.

Generally, structura) measures are taken as protection against loads
caused by water hammer. They consist of an adequate arrangement of
support structures, of the installation of attenuation elements, of the
timely 1imiting of the opening and closing of valves and flaps, and in
the 1imitation of aperture angles in the case of non-return valves.
Attention has to be paid during operation so that the pipings are
vented. No administrative control measures are appiied.

Water hammer loads are superposed in pipings with the operating pressure
and the inherent weight of the piping. For supports, the dead weight of
the pipings s superposed with the water hammer loads.
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Figure2.1:Load-time diagram for the loading case aircraft impact
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Figure2.2:Load impact points of the reactor building of a pressurized
water reactor in the load case "aircraft impact”



ACCELERATION a/m/sek2]

18
Safe shutdown earthauake EB
D=002 Aircraft impact FA
Gas cloud explosion GA
’EB Attenuation D=2%
14
10 3 D=0,02
6 [ANLL,
GA
2.. V.

—t

0.3 0 2 3 5 10 20 30 50 100
FREQuency fIHz]

Figure2.3:floor response spectra



3.0 LOAD COMBINATIONS

3.1 Belgium

The criteria of the ASME code are used as the main guide, using the
flowing specific guidelines:

(a)- the SSE and AOE are considered faulted conditions (Service
Level D)

(b)- al) pipe breaks are considered faulted conditions (Service
Level D)

(¢)- post-accidental operation of safety systems (e.g.ECCS) s
considered a normal operation condition for the system, even
if corresponding to a faulted plant condition (Service Levels
A and B are used in design)

(d)- secondary stresses in piping systems are not 1imited for C
and D Service Levels, but integrity of the supports 1is
required for primary equilibrium purposes.

LOCA and SSE loads are combined on a SSRT basis.

3.2 Canada

General Load Combinations for applicable to Canadian nuclear power plants
are summarized in Table K-1 of NUREG-1061 vol. II..

Short-term loads, such as loads due to pipe break, water/steam hammer,
seismic, etc., are normally categorized in other than ASME Service Leve)
A conditions. These loads, therefore, get combined accordingly in the
ASME Code equations. For earthquake load combinations please see
CAN3-N289.3-M81 (Section 6.3.2).

Both plus and minus signs are attached to the dynamic loads and then
combined with others to get the worst combination. However, if time
history method of analysis is carried out, then the magnitudes with the
associated signs are considered in the combination.

3.3 Ffrance

Water hammer loads as identified in Section 2.3.2 (1), (3) and (5) are
combined with other loads. The water hammer load described in Section
2.3.2 (4) is currentiy under investigation and will be combined with
other loads.

3.4 Italy

Generally applicable load combination used in design of Italian nuclear
power plants are contained in Tables K-4 and K-5 of NUREG-1061 vol. II.
Specific loads applicable to BWR pressure suppression pool safety relief
valve and LOCA discharge response are found in the proprietory General
Electric Co. Document NEDO 1070. Time phasing of pressure suppression

pool loading 1s indicated in Figure 3.1 of this paper.
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3.5 Japan

Load combinations other than earthquake are the same as ASME Code Section
III (Author's Note: ASME Code for piping does not specifically specify
load combinations).

A distinction 1s made between long and short term loadings but procedures
used have not been specified. Different dynamic loads are combined on an
absolute sum basis.

3.6 Sweden

A distinction 1s made between long and short term loading but procedures
used have not been specified. Independent short term dynamic loads are
combined on a SRSS basis.

3.7 federal Republic of Germany

Load combinations and the thereto pertaining 1imits are compiled, by way
of example, in Tables 3.2 and 3.3. Other applicable load combinations
can be found in Appendix K-1 of NUREG-1061, Vol. II. The compilation can
be considered as being representative. No distinction is made between
long-term and short-term acting loads as their effects individually or in
combinations. Loads resulting from dynamic analyses are superposed
absolutely with the other ‘1o0ads.

4.0 BEHAVIOR AND ACCEPTANCE CRITERIA APPLICABLE TO HIGH FREQUENCY,
VIBRATING AND WATER HAMMER LOADS

4.1 Maximum Stress and Behavior Criteria
4.1.1 Belgium

Stresses resulting from high frequency vibrating loads associated with
alrcraft crash (AOE) appea~ to use Service Level D acceptance criteria.
Flow-induced or operational high frequency vibration stress are
determined experimentally. It is not clear what acceptance criteria is
used for velocity levels in the pipe and stress or deflection levels in
the supports.

4.1.2 Canada

In Canada, static loads - dead weight, therma)l and slow dynamic loads -
seismic, steam/water hammer, valve thrust are considered with allowable
stress 1imits defined by the code equations. For fast dynamic loads -
pipe-break the plastic strain is 1imited to half the ultimate strain in
current practice. For high frequency vibrating loads, acceptance appears
to be based on velocity criterfa. For a discussion of velocity used as
an acceptance criteria as considered by Ontario Hydro, - see Appendix B.
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4.1.3 France
4.1.3.1 Piping

Allowable stresses and loading combination are defined in RCC-M Code,
B-3600, C-3600, D-3600 chapters of Section 1. Functional capability is
assured by leveling up stress criteria.

Detailed fatigue analyses are required for Class 1 piping and frequently
call for more than the simplified methods described in B-3600. Finite
element analyses are needed to minimize the effects of thermal
transients, the results being combined to other terms of B-3600 equations
(pressure, earthquake, other mechanical loads, thermal expansion, and
support settlement).

The French Code, RCC-M, requires that an evaluation of protection against
fast fracture risk in piping be done for class 1 piping.

This is required in Section B 3611.5, which refers to Section B 3260,
which refers to appendix IG for the analysis methods which can be used
for feritice steels.

Rules in appendix IG for austenitic steel are in preparation.

Piping degradation in service is not explicitly considered in design.
Defects detected during in-service inspection and which are difficult to
be repaired immediately, are subjected to a crack propagation and
stabi1ity analysis which, 1f successful, enables the plant to wait until
the next outage to repair the defect.

With regard to overall design margins, Class I piping and components have
to conform to Arrete des Mines of 26 February 1974 in which specific
coefficients by which loads should be multiplied without damage, are
included in paragraph 10.

The coefficients are the following:
i = o |

Excessive deformation .. . 1.5 12

-m.muumumuu.mw
wmm--nuwm-m.—
m.w~mmc¢.nmuamcn

(First Category loading conditions refers to design
conditions, Second Category to Normal and Upset, Third to
Emergency and Fourth to Faulted, in the United State
terminology. CPP includes all the reactor coolant loops and
al) auxiliary lines up to the second isolation valve.)

It 1s the objective of RCC-M Chapter B to meet this regulation
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4.1.3.2 Supports

RCC-M coade Section 1 Volume H covers supports (1inear type and plate
elements, except embedded plates themselves); 1t 1s not usually used for
primary steel frames.

For expansion bolts for which criteria are not included in RCC-M,
FRAMATOME has developed a procedure that guarantees a good fixture for
bolts and plates. The procedure s based on recognizing that usua)
dri1ling (with tungsten carbide drills) is very often difficult and leads
to holes which are out of tolerance (diameter, surface, uprightness,
angle with concrete surface), not to speak of the impossibility to cut a
rebar. .

The method is based on diamond drilling associated, for the buildings
where 1t is not permitted to cut rebars (the reactor buildings), with a
detection of the location of rebars through:

~-Examining the rebars drawing
~-Checking the rebar locations with a magnetic detector

for embedded plates, tests have been performed to qualify the design in
terms of:

-resistance of welded attachment of the embedded (curved) bar to
the plate,

-resistance of the embedded bar,

-necessity of stiffening the plate,

-M-0 relationship,

-concrete behaviour,

-validation of design loads (computer program, nomographs),
-validation of a detailed analysis mode)l used for interpretation
(non-1inear finite element model)

Design margins in steel support design are greater than those used in
piping design: steel supports have an elastic general behaviour, even in
faulted conditions, per RCC-M.

In faulted conditions, piping thermal expansion effects are computed in
order to determine loads on supports which are then designed to withstand
these loads, wereas thermal expansion generates in the piping stresses
which are secondary and unbouunded per the RCC-M code.

4.1.4 Italy

Acceptance criteria applicable to loads for Italian nuclear power plant
piping and support are summarized in Tables K-4 AND K-5 of NUREG-106)
Vol. II.

4.1.5 Japan

Acceptance criteria applicable to loads for Japanese nuclear power plant

piping and supports are summarized in Section 6.3.1.5 of NUREG-106) Vol.
I1 and in Section 4.4 of MUREG/CR-3020.(7.1),
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4.1.6 Sweden

Behavior criteria for water hammer type levels are established consistent
with ASME [II service levels as determined in the design specification.
For high frequency vibrating loads, ASEA-ATOM has developed acceptance
criteria for the Swedish State Power Board hase¢ primarily on measured
reponse of p\g\ng similiar to procedures developed in the ASME-OM-3
standard (7.2),

4.1.7 Federal Republic of Germany

Acceptance criteria applicable to all loads for FRG nuclear power plant
piping and supports are summarized in Appendix K-1 of NUREG-1061 vol. II.

4.2 Fatique Analysis Requirements
4.2.1 Belgium

Fatigue analysis in general are performed in accordance with the ASME III
Code.

4.2.2 Canada
Fatigue analysis requirements for loads identified for analytical

purposes are similar to those defined 1an ASME III. Fatigue evaluation
for high frequency vibration are discussed in Section 2.2.1.) of this

paper.
4.2.3 France

Detailed fatigue analyses are required for Class 1 piping and frequently
call for more than the simplified methods described in B-320. Finite
element analyses are needed to minimize the effects of thermal
transients, the results being combined to other terms of B-3600 equations

(pressure, earthquake, other mechanical loads, thermal expansion, support
settlement).

4.2.4 [Italy

Fatigue analysis is performed for Class 1, 2 and I piping according to
ASME Section III requirements.

4.2.5 Japan

Explicit fatigue analysis requirements are described in the MITI Code.
4.2.6 Sweden

For Class 1 components fatigue analysis is performed according to ASME

I11. For other classes of pipes fatigue aralysis is performed
cronsidering actual nrobiem experience.
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%#.2.7 Federal Republic of Germany

Fatigue analyses are required for the piping systems. Fatigue analyses
are conducted both for the primary loop and, according to the Basic
Safety Criteria contained in the General Specifications of Table 2.1.3,
included herein for such systems as 1isted in the 1st Attachment to the
RSK guidelines for pressurized water reactors . For all other systems, a
fatigue analysis s not generally conducted. However, in accordance with
the regulations for pressure vessels, a definition 1s made for static and
dynamic loading cases (see AD Memorandum (pamphlet) S1).

For the prevention of failures due to fatigue under changing stresses, a
fatigue analysis is conducted for the components of the primary loop and
for those of the External Systems. For pipings of the primary loop a
difference is made between

- simplified proof of safety against fatigue
- elastic fatigue analysis, and
- simplified elastic-plastic fatigue analysis.

Detalls of the procedure are specified in the safety regulations KTA
3201.2, Section 7.8.

The criteria for the performing of fatigue tests and the applicable
calculation procedures for the External Systems are represented in the
General Specification "Basic Safety" (Attachment 2 to the RSK directives
for pressurized water reactors, Chapter 4.2). The criteria for the
conducting of fatigue tests and the permissible calculation procedures
can be obtained from the ASME-Code, Section III, Subsection NB and NC.

5.0 MODELING ASSUMPTIONS ASSOCIATED WITH HIGH FREQUENCY VIBRATORY AND
WATER HAMMER LOAL ANALYSIS

5.1 Vibrating Loads

In all the foreign countries surveyed, high frequency vibrating loads
induced during normal operation (e.g. flow-induced) are not normally
considered analytically. It is usual to consider such phenomenon
experimentally during plant start up testing as needed on a case-by-case
basis. Therefore, analytical models, except as they may relate measured
velocity and displacement to stress as a function of a series of simple
pipe geometries, are not considered explicitly.

High frequency loads induced by aircraft impact or BWR suppression pool
dynamic response are typically applied to the seismic analytical model of
the piping system and its supports. Input to tnis model in Belgium,
Italy and the U.S. appear to be an acceleration response spectra while in
the FRG a constant g value 1s used. For the FRG in the frequency range
above 16 Hz, 1t must be assured that the relative diplacements between
components and supports can be absorbed elasto-plastically.
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Testing Component Fat)gue AanVyshs
i Criteris Methods

Pressure |Fatigue analysis ifl Fatique analysis e.g. in accordance with ASME NC 3219.2 or NB 13222.4
Vessel, the number of Determination of the number of cycles in accordance with ASME NC 3219
Pumps, cycles >1000 (A1 stress amplitudes >0.2 Sq. Thermically induced load changes are L

Al Valves determined on the basis of AT as it occurs in the wall of the componen )

Fatigue analysis
Pipes always required Fatique analysis e.9. in accordance with ASME NB 3653.4 or NB 3222.4
Pressure |Fatique analysis at] Fatigue analysis e.q. in accordance with ASME NC 3219.2 or a suitable
- vessel, special points if stress index method
o3 Pumps, the number of

A2 Valves cycles >1000

Sine Fatigue analysis Stress index method in accordance with ASME NC 3611
pes always required (Limitation of the Sp value as a function of the number of cycles)

Pressure |[No fatigue analysis
Vessel, (design temperature
Pumps, <100 °C)

Al Valves

Fatigue analysis
Pipes always required Stress index method in accordance with ASME NC 3611
% TABLE 2.1.3 GENERAL SPECIFICATION “BASIC SAFETY"

Table 1

Criteria for the Implementation of Fatique Anlayses and Permissible Calculation Methods



However, in Italy an inelastic spectral input with ductilities taken
equal to 2.0 to 3.0 1s permitted in response to alrcraft impact

effects. This loading condition does not effect design in France and
Canada because of the type of reactor systems used and the aircraft crash
criteria considered. It 1s not clear what inputs are considered in Japan
and Sweden for this loading condition.

5.2 Water Hammer Loads

Except for the FRG anticipated water hammer loads such as rapid large
valve opening and closure, local pressure transient, determined by
simplified hand calculations, are generally performed. Sophisticated
thermal - hydraulic - structural computer analysis and associated dynamic
models of the system have seen very limited application except in the FRG
where such computations are routinely performed for systems with safety
significance. For other countries such calculations tend to be used only
in those cases where simplified methods are thought to give overly
conservative results, or where water hammers have occurred in a
particular system. Structura) models of the piping systems analyzed for
water hammer are usually similiar to those used for seismic analyses.

6.0 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

Review of the design practices associated with high frequency vibrating
and water hammer loads considered in the foreign countries surveyed
indicate that these countries generally take a less mechanistic approach
than the U.S. to the problems that may arise from such loads. For impact
high frequency resultant loads, there is a general recognition that such
loads do not cause the damage that their magnitude as determined by
inertia response acceleration would indicate. As a result such loads
have been 1imited in some countries by use of a frequency cut off, as in
the FRG, and a non-linear spectrum input, as in Italy. It is also
recognized that displacements associated with these loads are quite small
(typically less than the tolerance gaps which exist between the pipe and
its pipe support), hence the motion of the support is not sufficient to
excite the pipe. The resultant stresses in the pipe are much less than
would be indicated by the calculated response of a linear elastic model
of the piping system.

The flow-induced or operational high frequency vibration of piping
systems are generally not considered analytically. This is true because
such effects can be observed and measured experimentally relatively
cheaply and accurately during plant start up. In addition, analytical
definition of vibrating-forcing functions, due to flow or other
operational perturbation of the system, are generally not possible with
any accuracy. It 1s also recognized, because of the small deflections
and gaps in the pipe support systems, that 1t would be exceedingly
difficult to predict stress resultants in the piping system analytically.
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Except for the FRG which tends to use more rigorous analytical
techniques, anticipated water hammer effects in the foreign countries
surveyed are evaluated by simplified hand calculations which,
historically for conventional high energy piping systems (fossil fuel and
petrochemical plants), have given satisfactory results. In foreign
countries in general, there seems to be much less rellance on rigorous
calculation or computational results and a much greater willingness to
substitute experience and technical judgment in developing an adequate
design for piping systems for all applied loads.

6.2 Recommendations

It s recommended that foreign operating experiences, particularly those
associated with water hammer and fatigue fallures be reviewed in detal)
to determine if their experiences are significantly different than those
in the U.S. for nuclear power plant piping. Based on such a review, it
may be possible to determine, at least on a statistical basis, 1f the
higher level of analytical effort expended in the U.S. provides a
significant difference in the level of plant reliability as defined by
unanticipated occurrences, excess vibration and fallures in piping and
their supports.
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APPENDIX A
Questionnaire on

Criteria, Assumptions _and Analytical Methods Used in Desian of
Nuclear Power Plant Safety Related Piping - Al) Classes

LOADING

A. SEISMIC

1.

what forms of seismic load definition are permissible for
piping design,as for example, a) ground spectra with
amplification factors, b) floor or amplified response
spectra - using dynamic multidegree of freedom analysis,

¢) one times peak of floor response spectra applied to mass
distribution of pipe, d) a multiple of one times the peak
of the floor spectra applied to the mass distribution of
the pipe. If a multiple of one times the peak of the floor
spectra s used, how 1s this value defined? Are other
forms of seismic load definition permissible? If so, what
are they?

How reay simultaneous directions of seismic loading are
considered, a) one horizontal only, b) one horizontal plus
one vertical, ¢) two horizontal plus one vertical?

[f more than one direction of seismic loading Vs considered
simultaneously, are they considered of equal magnitude
(e¢.g., 100% 100% 100% )or some other combination (e.q.,
100% 40% 40%)?

Are nelastic floor response spectra '‘nput permitted? If
yes, uncder what circumstances and how and whai values of
ductility are defined? '

How many levels of earthquake (e.g., OBE, SSE or S1, S2)
are actually considered 1n the design of pipe? 1f tweo
levels of earthquake are considered, which level usually
controls design? How are different input response spectra
for piping located at different support locations
considered n design, a) by using single envelope spectra,
D) by use of input from several spectra located at
different support points. I[f single.envelope spectra are
used, how 1s envelope spectra develcped? [f several
spectra from multiple support points ars used please
describe means or glive appropriate references as to how
these spectra are considered in developing seismic response
cf the piping.
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What values of percent critical damping are used in design
and analysis of piping? 1If more than one value 1s used
please describe functiona) relationships and basis of
selection, a) damping as a function of frequency, b)
damping as a function of mode, ¢) damping as a furction of
support type and support gap size?

Please describe how different spacta) and moda) components
are combined to determine resultant forces and moments
about the three principal local axes of the pipe. How are
closely spaced modes considered? what sequence of load
combination Vs used, a) by mode first and then by direction
or b) by direction and then mode?
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B. HIGH FREQUENCY VIBRATION

V.

Are pipes evaluated for high frequency (> 20 H2z) cyc)ic
loads (atrcraft or other missile impact, flow Ynduced,
valve or pump operation, etc.)?

1f yes, please describe methods (analytical or testing) of
evaluation.

Are explicit fatigue analyses required for piping? If yes,
please describe the procedure used as a function of the
safety classification of piping.

C. WATER (STEAM) HAMMER

¥.

3.

4.

To what extent is the rapid change in the pressure of a
flutd in a pipe caused by a rapid change in the fluid
velocity (water, steam hammer) required to be considered in
design, a) anticipated - rapid valve closure,

b) unanticipated - water slugs, steam condensation?

What measures are used to protect against water hammer,
a) design, b) administrative and c¢) operational procedures.

Are water hammer loads combined with other loads?

Is water hammer considered with degraded pipe?

DEAD WEIGHT, PRESSURE, THERMAL AND LIVE LOADS

: 8

Are differentia) support settlement explicitly considered
in design?

LOADS AND LOAD COMBINATIONS

|

Please give load combinations explicitly considered in
cdesign of piping and indicate applicable behavior criteria
Pimits.

Do you distinguish between l1oAg term or short term loads as
to their effect or combination?

Are dynamic loads combined on other than an absolute sum
basis? If yes, what is the basis of combination?

PIPING SYSTEM DESIGN RESPONSIBILITIES

|

Please describe the organizatior used to develop the
overall piping design.




BEHAY]OR

& PlPL

Please define the aliowable stresses and/or deformations
permitted n piping as a function of safety class or give
applicable construction standard reference in design for

Oead + Live Load ¢« Pressure (Primary Stresses)

Dead + Live + Pressure + (OBEf or SSE) farthguake
(Primary Stresses)

Dead + Live « Pressure +« Thermal ¢+ Support Settlement
(Primary « Secondary Stresses)

Dead + Live ¢ Pressure « (OBL or SSE) Earthquake ¢
Therma) + Settlement (Primary ¢+ Secondary Stresses)

A

Are specific fatigue analyses required? 1f yes, under what
circumstances and what acceptance criteriz s

L(A€‘7

Are specific brittle fracture analyses required? [If yes,
under what circumstances and what acceptance criteria s

potential for ratcheting explicitly considered in

you distinguish between allowable stre:ss 1imits

ssociated with dynamic loads (slow - selsmic: and

ipe break) and static loads? If yes, how are the
distinctions made?

overall design margins

determined’




11

A.

PIPE

Are seVsmic supports required to be rigid (e g., the
support plus contributing mass from pipe has fundamental
frequency greater than 33 H2)? Or Vs there some minimum
ratio regquired between the stiffness of the support and the
pipe it supports?

Are there any restrictions or special reguirements on the
use of snubbers, a) hydraulic, b) mechanical?

Are vertical rod type pipe hangers vsed in seismically
designed lines? 1If yes, what analytica) assumptions are
made \f there s a net compression or upward load in the
hanger under seismic loading?

Are the design margins used in support design greater or
less than those used for the piping?

MODELING & LAYOUT ASSUMPTIONS

For thermal analysis of piping, a) s a computer ana:'s's
considering all supports required, b) are all fixed
supports (hangers, U bolts, etc.) considered rigia?

Are spring constants for spring hangers and snubbers
considered in the, 2) dead weight analysis, b) thermal
analysis, ¢) setsmic analysis? If yes, how are they
determined?

How are constant spring hangers considered in the, a) dead
weight analysis, b) thermal analysis, ¢) setsmic analysis?

Are nonlinear analyses of the piping system permitted? 1If
yes, what are the circumstances?

For setsmic analysis of piping are al) fixed supports
(hangers, U bolts, etc.) considered rigid? If yes, what s
the bas's for this consideration?

for seismic analysis of piping are variable and constant
spring hangers considered as resgraints in the analysis?

Are maximum permissible gaps between pipe and supports
specified? In the U.S. such gaps are typically specifiec
at + 0.06 ‘nches, in Carada such gaps are taken 235 ¢+ 0.25
inches. Larger gaps cons'istent with acequate restraint of
the piping based on experimental tests appear to result in
higher damping, hence, lower seismic strestes. Mave you
formylated a pelicy in this area?




8. Are support gaps ever used to reduce therma) loads and
therehy reduce the need for snubbers? 1f yey, on what

bashs?
SUPPOK1S
1. 1s the use of snubber type supports actively encouraged or
discouraged for, a) hydraulic, b) mechanical? 1f yes, what
procedures are used?

2. How are support stiffnesses considered in design for,
a) thermal, b) seismic, ¢) pipe whip?
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APPENDIX B
VIBRATION VELOCITY AS A GENERAL SEVERITY CRIERION

R.T. Hartlen, Ontario Hydro
R. Elmaraghy, Centre de Recherche Industrielle du Quebec
F. Slingerland, Universite Laval

SUMMARY

vibration velocity is better than either displacement or acceleration as
a direct indicator of vibration severity and associated eguipment
distress. Furthermore, the allowable magnitides of velocity lie in a
relatively narrow range, even for a wicde variety of systems, equipment
and structures. Thus, adopting velocity as the standard quantity for
general use will reduce the need for system-specific investigation and
analysis to cdetermine acceptable limits. This approach has been
identified and proven by reference to existing standards of acceptadle
vibration, to a recent CEA Research project which confirmed a strong
theoretical correlation between vibration-velocity and dynamic stress,
and to data from a wide range of actual field problems.

1.0 JINTROOUCTION

vibration data can be collected and reported in many different forms.
Firstly, there is a choice of the QUANTITY to be recorded, i.e.
displacement, velocity or acceleration. And secondly, there is a choice
of the particular format, i.e. peak, average or root-mean-square;
all-pass or filtered; time waveform or spectral components, etc. Various
formats are also used in STANDARDS of acceptable vibration levels. Most
stancards are expressed in either displacement (peak-to-peak), velocity
(peak) or velocity (r.m.s.). In practice the choice of quantity and
format is normally determined by some combination of specified
requirements, past practice, transducers and equipment reacily available,
and personal preferences.

Most people seem more familiar with either displacement or acceleration,
as they have a ready physical reference; i.e. one can readily grasp and
appreciate the displacement (peak-to-peak) as the total excursion of the
vibratory motion; and one can imagine a aynamic inertial loacing equal to
the vibrating mass times the maximum acceleration. It should also be
noted that most theoretical analysts ang most large general-purpose

com; jter programs work in terms of displacement or acceleration.
Mowever, velocity is widely used, Jue to its appearance in various
standards for machinery, and to the availability of velocity transoucers
which require neither a stationary reference point, nor complex
electronics.

T™he state-of-affairs outlined above can result in uncertainty and wastec
effort in several situations. For example, when stancards anc field cata
are both expressed in a variety of ways, the overall reference cata base
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hfrwm;nlmmmutofbcmgwutomm
EXTRAPOLATE acruss a range of applications. When faced with a
commissioning or operating problem one always wants to know what level of
vibration is acceptable. Suppose the application is 'new' (i.e. where
neither a direct experience-base nor an applicable standard is
avallable). There are then, loosely speaking, two alternatives: decide
arbitrarily, or do an analysis. The first alternative is certainly
undesirable, and where safety is involved, not acceptable. To do an
analysis involves an expense which might be avoidable, if a broader data
base could be utilized; ir adaition, any acceptance criterion developed
analytically may be presented in terms which the field crew is not
equipped to measure readily.

Out of this existing situation there arise two obvious questions: Ooes
any one of the various vibration quantities relate most directly to
distress and potential damage? If so, wouldn't the use of that
sarticular quantity lead to simplifications and cost reduction in most
vibration work? The answer to both questions is affirmative: VIBRATION
VELOCITY is the preferred quantity; and it's adoption as a standard WILL
simplify and reduce the work involved. These conclusions are based upon
three elements of support: existing standards; a small applied research
project; and experience-data from a variety of field problems. The main
bocyoftmmr-mpnmttmlmrtmtuuusofwmnw
arguments, expand upon the results, conclusions and limitations, anc
present recommendations on how to apply the results.

2.0 _“EORETICAL BASIS, CEA RESEARCH PROJECT

As noted ab- e, most standards .” acceptable vibration levels for
mtating mecninery use vibration velocity as the reference indicator of
severity. There are some common misconceptions about the underlying

at high frequencies) and acceleration (which falls off at low

frequencies), and therefore should be applicable over a broader central
frecuency range. mmtmuxmmemnwmzmor
velocity allowed have been developed empirically.

All of the above may be true to some extent. Howevelr, there is a much
more fundamental reason for using veloeity, not only for machinery, but
for any vibration problem on any component or structure. By piecing
together bits of information, it began to appear that there is a st

and persistent direct correlation between vibration velocity and ay
stresses. To explore the analytical basis of this correlation, and the
range of its validity for practical application, a small CEA research
contract was Initiated /1/. The contract was awarded to the Cantre ce
Recherche Incdustrielle du Quebec (CRIQ), and was performed by the second
and third authors of this paper.
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The work on the projict consisted mainly of literature review, and
parametric calculations using formulae available for various
configurations. At the time of wiiting the-technical work was complete,

and the final report was being prepared. The main findings anc
conclusions are as follows:

2.1 First it was proven that for any linear structure there is a
simple relation between space-average mean square vibration velocity and
space average mean-square stress. This relationship is a consequence of
the equality of maximum kinetic and potential energies in the vibrating
structure. It has the fomm

v
I'ms « € 52 (1)

and is independant of the foim of the struc.ure, and of the particular
mode of vibration. This provides a very sound, fundamental starting
point. However it must be noted that fallures are more closely related
§° maximum stresses rather tian the root-mean-square stresses of Equation

2.2 Next, it was found that a basis for relating the maximum
vibratory stress to the maximum vibratory velocity had existed in the
mechanical engineering literature for twenty years. In a footnote to a
1962 paper /2/, Ungar showed that for beams and plates vibrating at
resonance, the maximum dynamic strain is related to the maximum vibration
velocity according to:

v
max
em .. 1-;—?' (2)
Interestingly, Ungar interpreted this relation in terms of the strain
being proportional to the 'Mach Number' of the oscillation, i.e. the

nlmi:{ of the oscillation divided by the velocity of sound in the
material).

By simply introducing Hookes Law <5 = E € , Equation 2a becomes:

v
max
d-x"r?:_c' (2)
2.3 Based upon Equations 2 and 1, there naturally develops a

two-point hypothesis as follows:

-~ Firstly, it is expected that for any structure vibrating at resonance
there will be a simple relationship of the form:

v
Tnax « (constant) (€) (o) (3)
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- Secondly, the ‘constant' is not expected to vary greatly, even over a
wide range of system size, geometry, vibration mode and frequency.

The main theme of the CEA project was to evaluate these two hypotheses,
i.e. their basic validity in broad temms, the variability of the
proportionality constant, and the potential for practical application.

2.4 To test the hypotheses, a very straightforward approach was
taken. First, a list of elements of practical interest was ceveloped,
i.e. rods, shafts, beams, plates and shells. Next the technical
literature was searched for available analytical solutions for vibration
frequencies and modal deflection shapes. Given such solutions one can
determine the maximum vibration velocity and the associated maximum
stress (l.e. vibration velocity is proportional to maximum deflection
times natural frequency, and maximum stresses are determined by section
stiffness and curvature of the deflected shape). The proportionality
factors are then calculated by simple division.

Emphasis was placed on covering as wide a range of element types and
geometry, and as many modes of vibration as could be accommodated within
@ limited project budget. The main results of these parametric
calculations are summarized in Appendix I.

2.5 From a glance at Appendix I it can be seen that the
proportionality factors for the great majority of cases fall in a
reasonably narrow range. This confimms the basic validity of both
hypotheses, and it remains only to define the limits of valld
zpplication, and the range of variation of the proportionality factor.
This cannot be done cefinitively and rigorously from the limited study
m‘m. but several important features have been demonstrated as

o $

-« The correlation works well for flexural vibration of beams and plates
with any practical section shapes and bouncary conditions. The
proportionality factors for most practical cases lie between 1.5 ang 2.5.

The range of extreme proportionality factors is from about 1 to 4.
Included in this range is the effect of having clamped boundary
conditions; this increases the factors by approximately one third as
compared to the simpl,/-supported case as a reference. Also included is
the effect of section cruss-sectional shape; as might be expected the
extreme low and high facters are associated with efficlent ang
inefficient shapes respectively, e.g. from approximately 1 for wF beams,
W to about 3 for Tees and triangles.

- Remarkably perhaps, the correlation also works well for the
non-flexural cases tried. For axial vibration of bars, the
proportionality factor is 1. For torsional vibration of shafts it ranges
from 1.2 to 1.6 depenaing upon section shape.
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- Some exceptions have been identified, where the correlation breaks
down. These incluce:

beams of non-uniform cross section (such as the tapered
cantilever, where there is a factor of five variation even for
the lower modes)

Clamped circular plates and supported/free rectangular plates,
where the proportionality factors are less than one for some

clamped annular plates where the proportionality factor exceeds
four for some modes

add masses which can shift the proportionality factor from the
‘uniform’' reference case (in general the factors can shift in
either direction; of greatest concern in practice is the case
where sizeable adced masses can lead to substantially higher
factors, making the approximate approach nor-conservative.

for uniform cylindrical shells, membrane stresses can be
significant for certain modes, yielding extremely large
proportionallty factors.

- From the analytical relationships developed (e.g. Equations 1 ana 2)
and from the limited parametric studies peformed, it can be concluded

that:

For elementary structures vibrating at a natural frequency,
there is a remarkably simple direct relationship between
;n:nucn velocity and nominal dynamic stress. It is of the
orm:

V')
< max = (contant) (E) (-2:-) (3

which may also be expressed as:

< max

= constant X|QE (a)
Voax £

For a wide range of practical structural and machine elements,
the proportionality factor will fall in the range,
proportionality factor = 1.2 to 2.8

whersby Equation 4 may be rewritten as a rough but very useful
practical approximation:

v—--Z /OE:_CG (S)



Substituting the values of density and modulus of elasticity for
various materials there results the following table of
'stress-per- velocity' constants:

Material cgﬁ, kPa per mm/sec
max

Steel 77.2

Copper 65.9

Brass 59.4

Cast Iron 56.8

Aluminum 27.6

3.0 EXISTING AND DEVELOPING STANDARDS

As noted in the Introduction, various existing standards for allowable
vibration utilize different quantities and formats (i.e. displacement or
velocity, peak or r.m.s., etc.). There are some recent and ongoing
develooments in standards writing, from which some relevant trends can be
determined. These are described briefly, for three different
applications, as follows.

3.1 Rotating Machinery

There are many international, nmational, and manufacturer's standards for
classification or limits of vibration severity. Some of them utilize
lines of constant velocity to define various categories of vibration
severity, Others retain the 'constant velocity' criterion over the
mid-range of frequency, but switch over to limits on displacement at low
frequency, and acceleration at mmmy There are some
situations, particularly for con machinery-protection monitoring,
where the cholce of parameter is quite obvious. Shaft-to-bearing radial
clearance and rotor-axial-positon for example, clearly call for relative
displacement as the most direct and relevant quantity.

Although there are exceptions, velocity appears to be the most frequent
choice as a general descriptor of machinery levels, particularly when
absolute bearing cap or casing measurements are used. A recent paper by
Plummer /3/ recommends using velocity as the criterion for
'periodic-inspection' monitoring of pumpsets; Plummer's a t is baseg
upon the expected direct relationship between vibration velocity and
dynamic stress. Also, an ANSI committee on machinery is consicering
adopting ISO standards which use velocity as the reference Quantity.

3.2 Power Plant Piping

The American Society of Mechanical Engineers is developing a standarg for
piping vibration. Entitled 'Requirements for Precperational and Initial
Startup, vibration Testing of Nuclear Power Plant Piping Systems', it has
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reached the final draft stage /4/. Eventually it will become an ANSI
standard.

This standard allows for varying levels of complexity and effort to
demonstrate acceptability as regards vibration. These options range from
the application of very conservative system - independant screening
criteria for maximur vibration, through detailed dynamic analysis to
determine system-specific test points and permissible vibrations, and
right up to direct measurement of dynamic strain Dy strain gages.

For purposes of this paper we are most interested in specification of
acceptance criteria directly in temrm of a vibration quantity. Here the
ASME standard allows the use of either displacement or velocity as the
u‘fufm quantity. If displacement is chosen, the allowable limits
will be system specific; that is, they will depend upon the size, layout
and mode of vibration. If velocity is chosen, the limits wiil be nearly
independant of these factors, since the approach is based upon the direct
relationship of vibration velocity to dynamic stress. Thus using a
velocity criterion provides a simpler more straightforward process of
measurement, comparison with allowables, and reporting. For example the
ASME standard, bLased upon conservative assumptions regarding layout,
additional masses and stress concentration factors, includes a screening
level below which any system is acceptable.

3.3 Structures

There is at least one code for steady-state vibration of structures.
This is the German code DIN 4150 /5/ which applies for uniform concrete
and wooden beams and plates. This code is another case where vibration
velocity is used as the reference quantity, based upon the direct
relationship with dynamic stress.

5.4 The Choice of Fornat; Peak Vesus RMS

Even assuming acceptance of velocity as the best general descriptor of
vibration severity, there remains the question of which format to use.
The RMS format has an averaging effect which will smooth out the
variability in long-term trend plots. The PEAK format on the other hand
is more sensitive to intermittent vibration which in many cases is an
indication of trouble. Some observations can be mace based upon further
reference to the existing and developing standards as follows.

For rotating machinery the North American practice has been to express
velocity measurements in the PEAK format, whereas in Europe thers is a
praference for AMS. Apparently most European representatives on the IS0
committes are satisfied with RMS, with the case for PEAK beling made Dy
some North American representatives. The aiscussion ls ongoing.

For piping the ASME standard is very clear and specific. The reference
quantity is to be the maximum PEAK vibration, not AMS. [t is acceptable
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to make the measurements in the RMS format, but they must then be
converted to PEAK by a demonstrably conservative multiplying factor.

The DIN 4150 code for structures is also clear. It uses PEAK vibration
velocity as the standardized reference quantity.

3.5 ute of v Velocit

Based upon these points of reference it is concluded that maximum PEAK
vibration velocity should provide a well y 4f not the best,
general indicator of vibration severity. It of interest to see how
the absolute acceptance levels vary from one type of equipment to
another. rlmlm.mofIMstwfmm.
standards: the ISO charts for rotating mechinery /6/, the ASME ‘standard
for piping, and the DIN code for structures. It is somewhat remarkable
to see how little variation there is. In fact Figure 1 ts that,
within a generous but practically-useful tolerance, vibrat severity
levels might be considered to be independant of the particular type of

.0 FIED EXPRIENE

The best evaluation of vibration velocity as a general severity criterion
is by correlation with actual fleld experience. To test the validity of
extrapolation Into areas where there is little background and experience,
the emphasis should be on non-machinery applications. The cases should
coser a variety of power plant and process plant systems and equipment,
and various types of vibration problems. Such a test has been compiled,
as per Appendix II and Figure 2.

Appendix 11 briefly describes the fleld cases consicered. Although
MMyvtmpm,mwumummlmmef
variety. Some are from inte Ontario Mydro experience, while others
are external having been drawn from the technical literature. Some cases
involved fallures, while others were rectified before any fallures. The
fallures incluced cases of wear, fatigue and fracture. The sources of
vibration excitation were varied, and the resulting vibration frequencies
ranged from less than 1 Mz to nearly 3 kMz. These cases are not the
result of any complete comprehensive search; rather, we have simply used
uumlchmmm“bmtounudy available., On the other
hand the cases have not been selected or screened in any way; we have
included all cases for which quantitative duta was available., Thus the
cases of Appendix 11 are considersd a fair preliminary test of the
proposed correlation.

™e accumulated fleld experience of Appenaix II is presentec grapnhically
on Figure 2. Each case is shown by a single cata point of peak velocity
versus frequency of the vibration. Some lines of constant velocity are
also shown for reference purposes (some of thesa lines represent
standards; other have been added arbitrarily by the authors).
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this paper. In particular:

- The use of peak velocity as the relevant parameter leads to a
reasonably compact, and practically useful, correlation. All of the
problems fall in the range of 6.4 to 254 mm/sec, a factor of 40. For
piping and valves the range is from 12.7 to 254 mm/sec, a factor of 20;
excluding the somewhat unusual case Pl, this range is reduced to 38 to
254 nm/sec, a factor of about 7.

Had we attempted the correlation in temms of displacement or
scceleration, the range of variation would have been several orders of
magnitude, due to the wide frequency range.

- It is feasible to at least estimate the range of vibration velocity at
which problems are likely to occur. For the general category of process
and power plant piping circuits, there should be few if any problems
below gm-/uc, while levels beyond 100 mm/sec are likely to require
correc "

p“i.tm for other types of equipment could be estimated from similar
ots.

It is also of interest to relate these actual fleld cases to the various
standards. The main points of comparison are as follows:

- Process piping and associated equipment can apparently operate at
vibration levels well above those recommenced for . There
appears to be a pivotal band at about 25 to 40 mm.sec™ below which
piping is acceptable, but above which even the largest machinery woulo be
considered very rough.

« For the data shown, the ASME's sc level for piping appears to
be overly conservgtive (i.e. 12.7 mm, sec*! allowed Dy the standard
versus 40 mm.sec™: cecuced from the data). On the positive side
application of the ASME criterion during commissioning would have
{dentified all of these cases for either rectification or more detailed
analysis to justify higher allowables. But on the other hand, it would
probably have identified many other cases which would also have required
follow-up effort.

« The one data point on structural vibration is compatible with the DIN
standaro.

5.0 AR YT | F
It has been shown that there is a fundamental direct relationsnip between
vibration velocity and the associated gynamic stress. Further, it has

been cemonstrated that vibration velocity is a relisble general inalcator
of vibration severity and potential equipment distress. Naturally then,
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one might expect that the realistic, practical, allowable levels could be
Gerived, or at least rationalized, in terms of allowable stresses and
fallure theories. This can be achieved to some extent, but there are
very cefinite limitations, as explained in the following.

The most airect and complete comparison can be made by considering a
Piping system. Let us further assume that the material is steel, for
which the allowable altermating stress is 68 MPa. From Figure 2 we
concluded that the acceptance level should lie between 40 and

100 mm/sec. Using the proportionality factor of 0.0772 MPa/mm sec~l

for steel, the corresponding mominal dynamic stresses are only about 3.1
to 7.7 MPa; these are obviously very low as compared to the allowable
68 MPa; using the ASE screening level of 12.7 mm/sec would limit the
nominal dynamic stresses to the still lower value of 0.97 MPa. Clearly
then, the practical vibration limits correspond to surprisingly low
dynamic stress levels as estimated by the approximate formula. This
apparent discrepancy can be accounted for by two main factors as follows:

- mwmwmumwxmummmmwr
than those estimated from the stress.versus-velocity approximation. The
higher stresses arise because of complex three-dimensional layouts,
acditonal distributed masses from pipe contents and insulation,
additional concentrated point masses such as large unsupported valves,
and finally localized stress concentration factors at fittings, welos
etc. The ASME standard, via these respective factors, allows for a total
range of a factor of (1.9) (1.5) (8.33) (4) » 95 from the most to the
least favourable extremes. The ASME screening level of 12.7 mm sec
allows for the worst case, and is thus seen to be quite conservative.

= WEAR AND GENERAL DETERIORATION are as important a class of failure as
actual fatigue failure of piping. Examples would include loosening wear,
and impaired function of valve operators and other control components ,
“lanmmtr-m Geterioration of equipment supports ang
structural connections. The relationship of such fallure processes to
nominal or even to local dynamic stresses is not well cdeveloped. Tws
there is little point i trying to derive or explain practical absolute
allowables in temms of the approximate stress.versus-velocity
relationship.

Thus, although the universal stress-versus-velocity relationship is a
valio and useful basis for correlation anc comparison, it cannot provice
the absolute allowables, except for simple configurations. In general,
either more-cetailed analysis or relevant prior experience is recuired to
Getermine the absolutes.

6.0  CONCLUSIONS MO RECOWENOATIONS

= For resonant vibrations there is a fundamental, airect relationship
between maximum vibration vel =ity ano maximum oynamic stress. It has
the form
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oax T clp:'v..,
and is thus independant of the details of the configuration.

It is recommended that this fact be exploited to reduce the need for
cetailed analysis to de‘emmine allowable levels.

- For a wide range of simple practical structural elements, the
proportionality factor C, fa'ls within the range of 1 to 3, independant
of the mode of vibration.

For actual process systems and structures, the additional complexity of
three-dimensional layouts, appencded masses, and local stress
concentration must be accounted for, as they yiela significantly greater
stress for a given vibration velocity.

- Maximum vibration velocity is the best ral indicator of vibration
severity and potential distress. Its use recommenced for any and all
mmuum except where another parameter (e.g. clearance) is clearly
superior.

The use of velocity should add to the value of all cata bases by recucing
scatter and pemmitting more confident extrapolation to new situations.

- The basic validity of this approach has been demonstrated Dy
spplication to a variety of actual fleld problems.

For typical power and process plant piping systems, including appended
m&?nm and supports, the allowable level is approximately 40 nm
sec~t,

- The allowables for process system piping and assoclated are
somewhat greater than for rotating Ty, L.e. 40 mm sec** for
piping versus a maximum of 25 mm sec** for large machinery.

- The relationship between dynamic stress and vibration velocity, and
the use of vibration velocity as a universal cescriptor of severity, are
both worth some further cnvnzoonnt.
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& , dynamic stress
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APPENOIX 1
STRESS-VERSUS-VIBRATION PROPORTIONALITY FACTORS

SUMMARY OF PROMISING RESULTS FROM CEA PROJECT G 137
CONFIGURATION AND GEOMETRY AND s, FOR ¢ v il
BOUNDARY CONDITIONS MODES CONSIDERED SECTION SHAPE ﬂ
UNIFORM BEAMS tubular gu + t/0)
rectangular
solig circular
various structural steel 1.08 to 3
Simply-supported all modes (R
Cantilevered all moces C=$S
Clamped-clamped all modes C=1.325
UNIFORM PLATES
Rectangular
Simply-supported aspect ratio 1 to 9
first 16 modes 1.18 to 1.82
Simple-clamped aspect ratio 0.5, 1, 2
first 36 modes 1.19 to 2.58
Clamped-clamped aspect ratio 1 to 2
first 36 modes 1.65 to 2.43
Simple-free aspect ratio 0.5, 1, 2
a few moces 0.62 to 1.53
Circular, clamped first 18 modes 0.7 to 1.2
Anrwlar, simple-
simple any radius ratio, up to
4 half waves radially 1.6 to 2.04
clamped any radius ratio, uwp to
4 half-waves racially 2.76 to 4D
UNIFORM ROOS
Axial vibration any mode 1
UNIFORM SWAFTS ~ any mooe ce2sth
Torsional
square 0.6% 1.%
rectangular, 2:1 section 0.6l 1.62

(1) Note: For torsional case stress 5" (s taken as twice the shear stress.
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P3

P4

APPENOIX 11
SUARY OF FIELO-EXPERIENCE CASES

Five problems with feed and circulating pumps in power
plant, e.g., loose thrust bearing ruts, loss of oil from
thrust bearing, motor core rub, worn journal bearing,
support structure resonance at running speed.

ooling water pumps uperated at low flow,
Feed pump at low flow.
Rotor dynamics torsional on pump start.

Process-plant gas circuit. Fatigue failure of bellows
liner located downstream of wtur flow-control valve.
(vibration measurements made uumhy on pipe wall.)

Concensate piping, between level.control valves and
deaerator. Broac bang vibration oue to cavitation.
Fallure of pipe at welded-on pipe support.

Cold reheat plping in 600 Mw cycling unit. High-cycle
fatigue faillures of thermowells, arain pots anc
instrumentation attachments. Excitation was traced to
blade passing frecuency of last three stages of WP turbine.

Main steam piping in power plant. Low-frequency
flow-incucea vibration. Unit load restrictec until
aoditional restraints acced to recuce vibration.

Refinery piping, low-frecuency flow-incuced vibration;
vibration recduced by improved flow distribution.

Refinery piping; low-frecuency flow-induced vibration;
fallure of supports and propagation of crack into vessel.

Thermal plant feecwater piping. Low-frequency vibration of
some concern to operators.

Steam reject piping in power plant. Low-frecuency flow-

inaucea vibration ouring high-flow steam-oump-to-
condenser. Concern to operators.
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P10

P11

P12

P13

PLA(T)

PL2(T)

YALVES
vl

va

va(T)

Process loop bypass line. Severe vibration and high noise
causad by flow through an orifice located just upstream of
. No failure, but rectification consicered

Intense vibration of pumps, piping and valves, in compact,
three-dimensional, nigh-flow circuit. Excitation cue to
flow noise and pump vane-passing.

Main steam piping in power plant. Low-frequency
flow-induced vibration. Unit load restricted until
additional restraints added to reduce vibration.

Process plant. Large, complex effluent line. Intense
flow-induced vibration caused fatigue fallures of
instrumentation i{tems.

Turtine inlet piping in power plant. Low-frequency flow-
incduced vibration. Oampers acded to control vibration.

Large circulating-pump test facility. Severe vibration of
M-ﬁ piping, during test of pump uncer partial volaing

l

Same system as Pl2. Occasional severe transients.

Fower plant governer valves of multi-plug bar lift type.
Acoustically incuced valve-pipe instapility in a limited
load range caused fallure of servo spindles and couplings.

Rough operation of deaerator level-control valves. (ow-
frequency vibration caused fracture of valve yoke.

Reheater safety valves on gas-fired steam generator.

Severe vibration cue to flow turbulence interacting with
scoustics of stub column, Pivot pins vibrated through drop
levers in a few months. Annual inspection revealed severe
wear on valve internals.

Severs high-frecuency vibration of turbine inlet piping,
downstream of governor valves, at low load. Caused fatigue
fallures of several large flange bolts, ana load
restriction until valve mogifieq.

Steam reject piping, same system as case P8. Appreciable

mm displacements upon opening reject-to-condenser



SI(T)

Turbine hall cancrete floor. Low-frequency vibration
tx-nnn.tt ru:“m from steam piping through supports and
res .

Same system as case S1. Transient increase in floor
vibration levels during valve testing.
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APPENDIX B

CONSULTANT POSITION PAPERS

(Included in this appendix are the six position papers developed

by consultants to the Task Group on Other Dynamic Loads and Load
Combinations.)
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Position Paper

Event Combinations for
Dynamic Load and Load Combinations in
Nuclear Power Plant Piping

by: J.0D. Stevenson(l]

1.0 STATEMENT OF THE ISSUES

Combined dynamic events considered as a design bases for nuclear power
plant safety related (Seismic Category I) piping should have combined event
probabilities consistent with single design basis event probabilities.
Single event probabilities which are considered as a design basis for
nuclear power plgnt safety related piping r??ge from 10-2 to 10-3/year

for the °f§ 10-3 to 10-4/year for the SSE(!), and an estimated

10-5/year ] for a DEGB loss of coolant accident(8) and about

10-7/year for the externally generated plant missiles.(2) Event
probabilities should not be confused with radiological release consequence
probabilities in excess of prescribed 1imits. Radiological release
consequences probabilitias of a postulated event in excess of the exposure
guidelines of 10CFR100 are required to be less than about

10-7/year.(3) In calculating radiological release probabilities in

excess of 10CRF100 the mitigating effect of plant design features should be
considered.

The dynamic events which currently normally must be considered in the
design of safety related piping systems are identified as follows:

(1) Earthquake (OBE)
(2) Earthquake (SSE)
(3) Pipe Break (DEGB)

1] senior Consultant, J.D. Stevenson and Associates, Cleveland, Ohlo.

[2]) Pipe break includes both a postulated slot or longitudinal type
rupture as well as the double ended guillotine break, DEGB. The
DEGB 1s normally 1imiting in the piping system from a
thermal-hydraulic energy release standpoint, but the slot break
often governs the maximum reaction load on the piping and supports,
and also governs jet impingement effects on adjacent components.
For reactor coolant loop piping, the slot type break has generally
been eliminated as a design basis. Rigorous stress analyses show
the potential for a slot type pipe rupture is much less than for a
DEGB. The DEGB is distinguished from other accident induced
internal dynamic events because it has traditionally been combined
with other dynamic events such as earthquake while other internal
accident load have not.
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(4) Water (Steam) Hammer
(5) External Missiles, Blast - Accident & Environmental
(6) Internal Missiles, Blast and Jet Impingement - Accident(3]

Vibratory loads typically associated with fluid flow or rotating
equipment operation will be considered in a separate position paper.

It has been common practice since the mid 1960's to consider fh first
three dynamic events 1isted, OBE, SSE (or their equivalents),(*] and

the DEGB as separate design basis events. From the beginning in the
design of containment systems the OBE and SSE loads have been combined
with the DEGB loads. Starting in 1967 the combination of OBE and SSE
with the DEGB loads has been considered for design of the reactor coolant
system. The manner in which these events were converted to loads used in
design of piping systems and their supports with particular application
to reactor coolant systems has historically undergone several major
changes as discussed in Reference 4. An edited version of Reference 4
which provides historical background and perspective has been included
with this position paper as Appendix A.

The purpose of this position paper s to discuss and recommend how the
six dynamic events identified herein which individually and in
combination are currently considered as design basis for nuclear power
plant piping design should rationally be combined with other dynamic
events to form design bases. Consideration of changes in individual
dynamic event characterizations as a design basis while obviously of
importance 1s beyond the scope of this position paper.

2.0  DISCUSSION OF ISSUES
2.1 Combined SSE and DEGB

Both individual earthquake and DEGB events as well as dynamic event
combinations are undery~ing intensive NRC study and reappraisal at this
time. For example, the DEGB may be eliminated as a design basis LOCA
given leak before break considerations and implementation of associated
augmented in-service inspection and monitoring programs, in particular,
for the reactor coolant system piping.(5

(3] Except for the earthquake, the containment and other Seismic
Category I (Safety Related) structures are generally designed to
preclude other environmental or external accident events from
affecting safety related piping located within such structures.

(4] Many operating nuclear power stations used earthquake design
nomenclature different from the OBE ANC SSE designation. In
general, all stations have used a two earthquake design criteria.
The smaller earthquake should be considered equivalent to ‘he OBE
and the larger equivalent to the SSE.
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The joint cr combined consideration of earthquake (SSE) and DEGB as a
design basis event for nuclear power plant reactor coolant and main steam

and feedwater piping began about 1967 and continues to this day as a
f requlatory requirement. This event combination was developed as a

regulatory requirement since at the time of i1ts inception there was 1ittle
technical data avallable to establish the degree of dependency between an
SSE event and a resultant DEGB. lLacking any quantifica*ion of the
dependency relationship the NRC postulated this event ~ombination for
design purposes.

The combined SSE and a single DEGB has long been assailed by the nui1ear
industry in the U.S. as being an irrational regulatory requirement. 6)
The argument presented 1s as follows:

It can easily be shown that 1f the SSE (upper bound probability
of event < 10-3/yr(1)) and the DEGB (probability of

event < 10-5/yr(8)) are independfns then given the relative

short duration of the two events(®] their joint probability of
occurrence is less than 10-8/yr regardless of their durations
which, in general, would place this event combination probability
below fhﬁ 10'7/yr threshold for consideration as a design
basis.[®

The probability of the simultaneous occurrence of two independent
events of finite duration t; and t; in a year can he formulated
as follows(7):

Pr (Two event Combination) = _Pr(1) pr(2) (4, + t2)
T

where:

Pr(1) - Probabi1ity of Event(1) per gear:
In the case of the SSE = 10~

Pr(2) = Probability of Event (2) per ;ear:
In the case of the DEGB = 10~

T = 0One year (minutes)

ty 2 Duration of Event (1)
For SSE Assume = 1.0 minute

t2 B Duration of Event (2)
For DEGB Assume = 1.0 minute

[5] For a detailed discussion of the probability of the Simultaneous
Occurrence of Rare Independent Events see Reference 7.

[6] A similar argument can be made for the containment design basis but
this 1s outside the scope of this paper.
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Therefore, the probability of the simultaneous occurrence of an
SSE and DEGB per year assuming independence and a finite duration
for each event on one minute each is:

Pr (SSE and DEGB) =_10-3 * 10-5 (1+1) = 4.0 X 10-"4/yr.
5.26 X 102

The probability of the simultaneous occurrence of two dependent
events of finite duration is a function of the degree of
dependence between the events. The probability for the
simultaneous occirrence of events 1 and 2 considering dependence
is defined:

Pr (Two Event Combination) = Pr (2/1) Pr (1)

where:

Pr (2/1) = is the conditional probability for the occurrence
of event 2, during the occurrence of event 1, given
the occurrence of event 1.

In Reference 9 a conditional probability of DEGB from a seismic
event causing a support system fallure was estimated at

10-7/yr. 1f the conditional probability of the DEGB from all
seismic causes is conservatively estimated at 10-6/yr., then the

Pr (SSE and DEGB) = 106 ¢ 16-3 . 10-9/yr.

which ggain is well below the thershold probability level
of 10~'/yr. for a design basis consideration.

It should be noted that once dependence has been established
between two events the duration of the two events in developing
Joint probabilities becomes less important in defining joint
probabiiity level. In the 1imit for completely dependent events

Pr (2/1) = 1

and the joint probability of Pr (1 and 2) reduces to Pr (1)
regardless of the duration of either event 1 or 2.

Therefore, if independence between the SSE and DEGB can be established
then their combination should not be a design basis. Alternatively, If
independence cannot be estalished between the SSE and DEGB then the
prcbability of simultaneous occurrance of event SSE and DEGB as a
function of the degree of dependence varies from about 10-'3/yr. to
10=°/yr. 1In general 1t would be irrational to assume as a design basis
that the actual degree of correlation wruld be such that only a single
pipe break (DEGB) would occur as a result of an SSE. Either there is
strong correlation where several DEGB's resulting from earthquake should
be postulated or there is weak or no correlation in which case no
combination s required.

B-7



This 1s not to say that some lesser level of LOCA should not rationally
be considered in conjunction with the SSE but, in general, resultant
loads on the reactor coolant system piping and supports for this combined
loading would be less with a DEGB acting alone.

NRC consideration is being given to decoupling the SSE from the DEGB for
PWR reactor coolant systems design.(5.9) Based on a rigorous technical
evaluation of a particular PWR reactor coolant system,(8) which
effectively has established independence between the SSE and DEGB. The
text of Reference 5 and 9 are included with this position paper as
Attachments 1 and 2.

The results of the Reference 8 study may be quite applicable to other PWR
and BWR reactor coolant systems and probably to other high energy safety
related systems in BWR and PWR plants as well. However, detailed
consideration should be given to the significant differences between the
various reactor coolant and auxiliary systems before a generic
recommendation 1s made.

These significant differences fall in the following categories:

(1) Materials

(2) Stress Levels

(3) Stress Corrosion Potential
(4) Support Capability

Materials in reactor coolant system piping include both austenitic and
ferritic steels. The sensitivity of results of the Reference 8 study
which considered an austenitic steel to different materials including
welds and heat effected zones should be performed to assure general
applicability to the different types of materials in uae. This issue has
been explored in considerable depth in NUREG/CR-2301(10),

Thermal stress levels in reactor coolant system piping are dependent on
the amount of restraint in the system. Westinghouse and Combustion
Engineering PWR and General Electric BWR reactor coolant systems employ
moving major reactor coolant system components which tends to minimize
piping restraint, thereby reducing thermal stresses in the piping. Major
reactor coolant components in some B&W PWR reactor coolant system are
fixed, hence, therma) stresses in the piping must be accomodated

by reactor coolant piping flexibility. In addition, as a result of the
major component support restraint of the piping some additional restraint
of free end displacement stress would be developed in the component
supports.

As in the case of thermal stresses, seismic stresses in the various
reactor coolant systems as a function of systom geometry and olrvation
above the containment base also tend to differ. GE and B&W reactor
coolant systems extend more than 100 feet abo e the containment base.
westinghouse and Combustion Engineering reactor coolant piping typically
are within 20 feet of the containment base mat. This difference in
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elevation may result in significantly different stress levels in the
piping for the same seismic design ground response spectra, with higher
seismic stresses expected for GE and B&W systems.

Conclusions reached as to the potential for pipe rupture based on stress
levels in one reactor coolant system piping may not be directly
applicable to other systems.

Corrosive stress induced cracking in reactor coolant systems is highly
dependent on system chemistry. The higher level of dissolved oxygen in
BWR systems as compared to PWR's tends to increase relative stress
corrosion cracking potential in BWR's and has resulted in cracking in BWR
recirculation loop piping.

Finally, reactor coolant system support capacity has been identified(9)
as the dominate consideration in the potential of a DEGB in RCL piping.
Support fallure analysis of 46 Westinghouse major reactor system
components, pumps and steam generators(!!) described in Reference 9,
developed a median estimate of 10~//yr for a seismic induced
probability of fallure of the support which would result in a DEGB.
Direct fracture mechanics crack growth induced DEGB from all postulated
transients effects including seismic have been estimated in the 10-!

to 10-17 per year range. Simillar analyses have been performed for the
Combustion Engineering reactor coolant system and supports with
preliminary results indicating similar or lower probabilities of failure.

In this regard it should be understood that the support designs evaluated
in Reference 11 were controlled by DEGB LOCA loads. These loads are
typically four to ten times larger then SSE loads.(4) Therefore, use

of DEGB based loads in design leads to the very low probabilities of
fallure which permits elimination of the combined SSE and DEGB LOCA as a
design basis event. It should also be understood that elemination of
DEGB events for PWR major reactor coolant system component does not
necessarily extend to BWR components. While the BWR reactor vessel and
supports are designed for the DEGB event, the recirculation pump has not
always been so designed(%). For this reason, under SSE loadings, the
probability of a recirculation pump support failure in a particular
application may be significantly higher than the values presented in
Reference 11 for Westinghouse PWR reactor coolant systems. Another
reason for the low failure probabilities associated with earthquake
Induced loads 1s the relatively low stress levels permitted in piping and
supports for seismic loads as compared to stress levels necessary to
cause fallure. Seismic stresses for all levels of design basis
earthquakes are considered as primary stresses which restricts response
to the essentially elastic range. Maximum calculated stresses as a
result of the 1imiting SSE load in both the piping and supports are
usually well below the maximum permitted by the ASME Code. This is
because the 0BE load tends to control seismic design of the system (1)
and DEGB loads tend to control the overall design of the system.
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In summary, there are many differences between reactor coolant and
auxiliary systems among PWR's as well as between PWR's and BWR's. In
spite of these differences and the difficulties in assessing the impact
of the combined SSE and DEGB, it 1s my opinion that the conclusions
reached regarding the technical acceptability of eliminating the combined
SSE and DEGB for the Westinghouse PWR reactor coolant system main piping
and the similar analysis performed on the Combustion Engineering RCS
system, should also be applicable to other reactor coolant systems and
high energy piping. However, specific evaluation of these other systems
should st11] be conducted to affirm such a judgement.

2.2 £ in r H r an r ven

In discussing water hammer events i1t 1s necessary to distinguish between
anticipated and unanticipated water hammer events. Anticipated water
hammer events should be considered as design basis events to the same
extent than any other anticipated operating transient is considered.
Unanticipated water hammer dynamic events by definition are not
considered as a design basis since they are not identified a priori, and
safety related piping response to them must be accommodated by design
margins built into normal operation or by the design basis accident,
DBA. Water hammer has been identified by the NRC as Safety Issue 1-A.
Reference 12 presents a recent summary and evaluation of water hammer
events in nuclear power plants as well as an identification of a variety
of conditions which can iead to the phenomenon.

Unanticipated water hammer events can in general be catagorized as
accidents even though in most cases they do not lead to rupture or
leakage of the effected system. They do, however, typically result in
piping and piping supports responding well into the inelastic region
which may damage and tend to reduce the usage factor or future load
carrying capacity of the piping and its supports.

Anticipated water hammer as a design basis for safety related piping has
not seen wide application in plant design in the past. Water hammer
loads as individual design bases dynamic events are currently being .
highlighted by the NRC and addre in proposed revisions to severa
Standard Review Phns.(13-""5}%??7-‘3-‘9?

Water hammer combined with other dynamic events should be based on a
causative relationship between such events and water hammer. For
example, a major earthquake in the absence of a low frequency filter,
would be expected to cause a turbine trip. This trip would result 1In
steam 1ine relief valve operation. In BWR's, this results in a safety
relief valve discharge into the containment suppression system. In
general, any relatively rapid actuation of a valve (typically less than a
few seconds) either opening or closing can cause water (steam) hammer .
when such valve operation or other transient operation which can cause
water hammer results from an earthquake, the two events should be
combined as a design basis. Such an event combination should be based on
anticipated system behavior and be included in the ASME Boller and
Pressure Vessel Code mandated Design Specification (20) ysed to define
design loading requirements to the designer.
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e.3 in rH r_and Engineere fet ration
(Accident)

Other potential combined dynamic events involving water hammer are found
in the engineered safety systems. As a result of a LOCA or other DBA,
the engineered safety systems may be required to perform their design
function, which usually requires rapid actuation and transient operation
of the system. Given the dynamic consequences of a LOCA or DBA which
triggered the actuation of the safety system, it may be necessary to
consider a combination of the two dynamic events, LOCA or DBA plus water
hammer in the safety system as a design basis. However, such
interactions are highly system design dependent. Hence, 1t s difficult
to generalize whether such combined dynamic events should be considered
as a design basis for a particular system.

2.4 Other DBA Combined With Earthquake

The dynamic events identified in Section 1.0 which are applicable to
other safety related piping systems are based on a postulated DBA event
(other then DEGB, LOCA) and potentially includes internal missiles, blast
(rapid differential pressurize rise) and jet impingement. While in
theory the DBA is considered in combination with the SSE as a NRC
regulatory requirement, designers have generally layed out their safety
related systems such that the effects in the broken system do not
interact with other safety related systems or otherwise reduce redundancy
below acceptable 1imits as permitted in the Standard Review Plan 3.5.2.
This s done by installing pipe whip restraints, barriers and restricting
Jet impingements. Design of such restraints and barriers, consistent
with the current requiremtns for LOCA, should consider the SSE event in
combination with the pipe break event. Based on the decoupling of
earthquake and pipe break research associated with leak before break
cons\dergﬁions. it may be possible to eliminate this combination in the
future.

The evaluation of pipe break in a given system includes consideration of
OBE seismic stresses. Based on a causative relationship between
earthquake and pipe break research discussed in Section 2.) and its
continuance, 1t may be possible in the future to eliminate earthquake as
having a causitive effect in pipe break for all high energy systems.

3.0 PROPOSED RECOMMENDATIONS

In this section general recommendations are made. These recommendations
are based on the review performed of existing information and current
research. They are also based on a judgement as to what continuing and
needed future research on the relationship between earthquake and pipe
rupture for all types of reactor coolant systems and other safety related
piping systems will conclude. Specific recommendations to changes to NRC
regulatory requirements are also included in this section.

(7] It 1s also anticipated that the pipe break dynamic event as a
design basis for all safety related piping will be greatly reduced
or eliminated by "leak before break® considerations in the future.
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3.1 ral ndation

General recommendations relative to combined dynamic events are made as
follows:

(1) Combined earthquakes and DBA in piping need not be postulated
in design when evidence s presented to exclude such a
combination from occurring using either deterministic or
probabilistic arguments. Such evidence now exists on
Westinghouse and Combustion Engineering reactor coolant
systems and s being developed for B & W and General Electric
reactor coolant systems. Further evaluation 1s needed to
extend this decoupling criteria to auxiliary piping systems.

(2) The SSE earthquake combined with a 1imiting LOCA which
rat\onally has a Joint probability of occurrence in the
10-5 /y[ Sange should be considered as a design basis
event combined event should be specifically
identified (e. g ., SSE combined with pressurized surge line
break). This combination will serve as a replacement
criteria for item 1 above for a LOCA DEGB combined with tie
SSE.

(3) Emphasis should be focused on having the licensee identify
plant conditions where an earthquake (OBE or SSE) would
result in an anticipated water hammer event (safety relief
valve opeation) and the resultant earthquake and water hammer
event combination be considered as a design basis event.

(4) Emphasis should be focused on having the licensee identify
where actuation of an engineered safety system resulting from
a plant dynamic event would result in an anticipated water
hammer. In such cases, the plant dynami. event and the
resultant anticipated water hammer event combination should
be considered as a design basis event.

3.2 Specific Recommendation
Current NRC regulatory documents applicable to dynamic event combinations

have been reviewed with recommended changes indicated herein. Recommended
specific changes to General Criteria 2 and 4 are as shown in Figure 1.

3.2.1 USNRC Regulatory Guides 1.48 and 1.67

These documents should be cancelled since they have been superceded by
Appendix A of SRP 3.9.3.

(8] It 1s also anticipated that the pipe break dynamic event as a
design basis for all safety related piping will be significantly
reduced or eliminated by "leak before break" considerations in the
future.
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3.2.2 USNRC Standard Review Plan 3.9.2
Ref. Section II. Acceptance Criteria 5.

The reference to the "most severe®” LOCA should be deleted. It 1is
suggested that the term “design basis“ LOCA be substituted. Elsewhere in
the SRP the term design basis LOCA should be defined as follows:

The Design Basis LOCA 1s defined as that LOCA event either alone
or in combination with other events where the LOGCA event or event
combination has a probability of occurrence greater than about
10-5/year.

Ref. Section IV. Evaluation of Findings 4.

The reference to "postulated® loss of coolant accident should be changed
to "design basis". The "postulated” main steam line rupture (for a BWR)
should also be changed to “design basis®. The term Design Basis Mai:
Steam Line Break should also be defined in a manner similar to that given
above for the Design Basis LOCA.

3.2.3 USNRC Standard Review Plan 3.9.3
Ref. Appendix A, Section A. Introduction

In paragraph 2, 3 and 4 specific reference should be made to the approved
ANSI standards ANSI/ANS-51.1-1983 and ANSI/ANS 52.1-1983 which contain
the ANS compiled safety criteria for 11ght water reactors. These are
intended to provide the guidance applicants require with regard to the
selection of acceptable design and service stress 1imits. Obviously,
there may not be comlplete NRC agreement with the 51.1 and 52.1 positions
and exceptions would be taken as appropilate.

Ref. Appendix A.

The use of the term LOCA in Table 1 needs clarification because LOCA
should not necessarily mean or include a double ended pipe break.

The specific recommendations needed to modify current regulatory
requirements to decoupled DEGB LOCA and SSE as recommended herein are
Few. However, this change would have a significant effect on piping
support design, particularly 1f the LOCA DEGB event alone is
significantly modified as the result of leak before break

considerations. Obviously, an extension of the leak before break concept

to all high energy piping would have a major impact on nuclear plant
design and costs.



4.0 REGULATORY VALUE/IMPACT
4.1 Combined LOCA DEGB and SSE

Value/Impact with regard to decoupling the SSE and LOCA DEGB while
significant are not as great as might be assumed without detailed study.
This 1s because the LOCA DEGB loads dominate the SSE load by a factor
which typically ranges from 4.0 to 10.0. Therefore the addition of the
SSE loading to the LOCA DEGB 1s a relatively small incremental change .
In reference 4 the hardware cost of the LOCA DEGB plus SSE combination
were estimated in January 1980. Assuming a 25 percent increase between
1980 and 1984 dollars the load combination 1s estimated as follows:

A. PWR - 1300Mwe

1. Reactor Building Internal Structure $112,500
2. RCS Supports $750,000
Total $862,500

B. BWR - 1300Mwe

1. Reactor Building Internal Structure $ 32,000
2. RCS Piping Supports $375.000
Total $407,500

Not included in the above totals for PWR's and BWR's 1s any consideration
of containment structure costs, the effect on reactor vessel internals or
engineering costs associated with consideration of the combined load
case. Evaluation of containment structure and reactor internal costs
tend to be plant specific. As to engineering assume 10,000 additional
engineering manhours allocated to this load case for a PWR 15,000
engineering manhours for a BWR reactor coolant system design. Resultant
engineering cost differentials at $50.00/hour would be $500,000 and
$750,000 respectively in 1984 dollars for PWR's and BWR's. Please note
these are direct cost estimates (1984 dollars) in the total amount of
$1,362,500 for a 1300 MWe PWR and $1,157,500 for a 1300 MWe BWR for
combined SSE and LOCA DEGB loads. Total costs which include all indirect
plus direct costs would be approximately three times the values shown.
These estimates do not iInclude cost effects on the containment structure
or the reactor internals due to the load combination. Such information
would require additional study beyond the scope of this paper.

4.2 Other Combined Load Events

It 1s not possible, based on the data currently avatlable, to estimate
with any accuracy the cost of the other combined load events discussed in
Sections 2.2, 2.3 and 2.4 of this paper. However, 1t 1s my opinion that
hardware costs associated with such combinations are relatively smal)
(less than $2,000,000 in direct cost per plant) but the engineering
effort necessary to establish such requirements s significant. [ would
estimate at least 200,000 manhours of additional engineering time is
spent on this combined load engineering effort at a direct cost in excess
of $10,000,000.
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SECTION 1
INTRODUCTION

This report assesses the effect on safety and cost of the requirement to
combine loss-of-coolant-accident (LOCA) anéd safety-shutdown earthquake (SSE)
loads in the design of nuclear power plants. Analysis is limited mainly to
plants recently completed or near completion, where current definitions of
LOCA and SSE loading phenomena require or may require substantial modification
to as-built or in-place structures and equipment. This effort is being
per formed to provide information regarding LOCA-SSE decoupling efforts for the
Load Combination Program conducted at Lawrence Livermore National Laboratory.

Since 1967, (1) light water reactors in the U.S, have been designed to
withstand combined SSE and maximum LOCA loadings. However, the actual SSE and
LOCA loads considered in design have undergone significant change since that
date. This report deals mainly with the evolution of SSE and LOCA loadings
and their effect on the safety and cost of plants now in the active
construction phase.
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SECTION 2
HISTORICAL DEVELOPMENT OF THE SSE AND LOCA LOADS

2.1 SAFE SHUTDOWN EARTHQUAKE LOAD (SSE)

Design of nuclear power plants with respect to seismic requirements
generally paralleled that of conventional structures until 1964, Before that
time, in regions of low seismic activity in the East, South, and Midwest, no
seismic design requirement usually existed. If one was imposed, it was
typically in the range of 0.02 to 0.05 g taken as a static g-force on both
equipment and building. Such small seismic forces were of little or no
consequence in design. In regions of high seismic activity, the Uniform
Building Code or equivalent local building codes were applied and equipment
was typically designed for a static accleleration of 0.20 g.

Development of today's seismic design criteria parallels the growth of the
commercial nuclear power industry. The current ~-iteria came into being in
1963 with the publication of TID 7024. (2) Before that date, seismic design
simply considered a static horizontal load at the center of gravity of the
equipment or the plant building and equipment. Dynamic analysis, including
response spectrum, damping, and resonance effects, had been available since
the late 1950's in connection with development programs for strategic missiles
and Navy weapons; however, these methods normally were not used except by a
few cefense contractors and specialized consultants. Starting about 1964, the
Atomic Energy Commission required utilities and the architect/engineers who
design nuclear power facilities to adopt the methods of dynamic analysis to
seismic design of equipment and structures,

Dynamic response spectrum analysis was limited at first to building
structure design. Calculation of seismic loads on equipment assumed that
either the building or the equipment was rigid. In the first assumption, the
ground motion passed directly through the building to the equipment. In the
second one, the equipment simply received the inertia loading felt by the
building at the point of attachment. In some instances, particularly for
boiling water reactor (BWR) plants, equipment was evaluated by use of a floor
response spectrum. This was derived from the ground response spectrum by
increasing the zero-period acceleration to equal the floor acceleration
determined from the building dynamic analysis. This philosophy characterized
the period from 1964 to 1967,

Beginning in 1967, the potential for resonance between the building and
the equipment was considered in equipment design. This approach generated
“amplified™ floor response spectra to be used in design of equipment located
at a specific point in the building. Subsequent work has centered mainly on
the development of more conservative response spectra. Steady movement
occurred away from the Housner type (3) response spectra (1964-1971), which
were based on a weighted averaging of individual response spectra, toward
those of the more conservative modified-Newmark type (4) (1971-1973), based on
an approximate enveloping of individual response spectra, and finally to the
Requlatory Guide 1.60 spectra, (5) or Newmark, Blume, Kapur (NBK) spectra
(6). Based on one standard deviation from the mean value, these have formed
the NRC basis for licensing since 1973.
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Data from the 1971 San Fernando earth.*ake also significantly affected
seismic design. They resulted in a general requirement, starting in 1973 East
of the Rocky Mountains, to consider vertical zero-period ground acceleration
equal to the horizontal acceleration in the frequency range between 3.5 and 13
Hz. A vertical acceleration equal to two-thirds of the horizontal spectra was
used previously. Also in 1973, a spectrum specifically applicable to vertical
response appeared for the first time in R.G. 1.60. In addition, it became a
general requirement, in 1973, to combine two orthogonal, independent
horizontal components with one component of vertical earthquake motion on an
SRSS basis where only one horizontal resultant combined with vertical was
corsidered previously. The values of structural damping used in nuclear plant
design underwent a similar evolution, as did response spectra. The damping
criteria ranged from Housner (3) to Newmark (4) to Regulatory Guide 1.61 (7).
Little change has occurred since 1973 in the seismic design procedures
typically used in the design of nuclear power plants,

Definitions of earthquake input and acceptable behavior criteria have
changed also. Starting in 1964, the dominant or independent earthquake
considered in design was usually termed the Design Basis Earthquake (DBE). It
was considered to be the largest earthquake ever recorded at the site. For
the DBE, structures and equipment were required to meet existing design code
requirements.

The significance for both concrete and steel structures was that a
one-third increase in normal code allowable stresses was permitted. For
piping, the then-applicable USAS B3ll.l Code permitted a 20 percent increase
over normal allowables by classifying earthquakes as occasional loads
occurring less than 10 percent of the time. In general, no increase was
allowed for other mechanical and electrical components. No generally
acceptable structural design codes existed at that time for mechanical
components other than vessels and piping; hence, in most instances it was left
to the manufacturer to define in the preliminary safety analysis report (PSAR)
the stress limits that would be permitted in meeting DBE induced loads. In
1967, the Nuclear Regulatory Commission (NRC) disallowed the one-third
increase in stresses permitted for structures under the DBE loading. The PSAR
made statements about the continued operability of active components (pumps,
valves, electrical instrumentation, controls, and power supplies) in the event
of a DBE, Similar statements were incorporated into procurement
specifications, but mears for demonstrating such operability were not usually
defined.

In addition to the DBE, a maximum hypothetical earthquake (MHE) was
defined as having twice the zero-period ground acceleration of the DBE. A
generally acceptable earthquake nomencla ure had not been developed at the
time. Thus, the term described above 25 the DBE was often defined as the
operational basis earthquake (OBE) and the teim DBE was often applied to what
is defined above as the MHE. Appendix A to 10 CFR 100, (8) published in 1971,
finally established the current definitions of the smaller OBE and larger safe
shutdown earthquake (SSE). It established the manner in which the SSE would
be determined, and made the smaller OBE dependent on the size of the SSE,

The behavior criterion originally established for use with the MHE or SSE

was "no loss of function," an expression with no well-defined meaning. An
alternative criterion was "within yield stress after load redistribution®;

B-20



that 1s, plastic hinge formation was permitted, but a fallure mechanism was
not. Currently, SSE loads combined with other applicable loads are carried by
structures with a 1.6 increase in normal allowable stresses (9). For ASME
equipment, Service Level D stress 1imits specified by the code (10) are used
for passive components and Service Level B* stress 1imits for active components
not otherwise qualified by test. Combined stresses for passive components of
non-ASME equipment have typically been limited to yleld stress.

Table 1 compares the amplifications associated with the various design
ground response spectra that have been used in the past.

The evolution of the seismic design requirements from the late-1960's to
the mid-1970's has introduced the changes in response spectra and damping
values, the development of floor response spectra for three independent
components of earthquakes, and the manner in which modes of response are
combined. The impact on plant design has been to increase the seismic stress
resultants in plant equipment by a factor of 2 to 3 for the same zero-period
ground acceleration. Note, however, that equipment seismic stress resultants
for some plants designed in the 1970's have decreased, in comparison to the
earlier plants, because of better plant layout, more sophisticated analysis,
and improved modeling techniques.

In addition to the increase in seismic stress resultants, a large increase
in LOCA loads has taken place since the 1960's (see Section 2.2 of this
report). These developments have greatly affected later plants, which have to
be designed for the combined new SSE and LOCA loads.

2.2 L0SS_OF COOLANT OR DESIGN BASIS ACCIDENT LOAD

As with earthquake load development for nuclear power plants, design for
effects of loss of coolant accident (LOCA) has also changed. Before 1965,
designing for resistance to LOCA effects were generally 1imited to containment
and core support. A convenient design basis for containment pressurization,
selected for both boiling water reactor (BWR) and pressurized water reactor
(PWR) nuclear plants, consisted of the release of the reactor coolant
inventory to the containment volume. For BWRs this was accomplished through a
pressure suppression system, later designated the Mark [ containment. The
mechanism by which this release would take place was selected as the
double-ended rupture of the largest reactor coolant 1ine. This permitted a
thermal-hydraulic analysis of reactor system blowdown through the break
opening for calculating containment pressure and temperature transients and
loading on core support structures. From these, containment design pressure
and temperature as well as resultant loads on steam and feedwater containment
penetrations could be selected. The postulated pipe break also causes other
effects generally not considered in design, except for some earlier plants
such as Dresden-2 that did consider pipe rupture restraint. These effects are

*  Recent changes in the ASME Section III Code have increased Service Level 8
allowable stresses for Class | components. Compared to the 1980 Edition of
the ASME Code, Service Level A would be more applicable.
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as follows:

a. Break reaction loads on structure, components, or supports
restraining the broken pipe

b. Formation of fluld jets at the point of break and the effects of
their potential impingement on other components or structures

€. Transient pressurization of local compartments within the containment

d. Differential transient pressurization of local compartments within
the containment

€. Transient LOCA lcads on other componments in unbroken systems

Starting in 1965 for PWRs, the designers have considered the break
reaction loads of supports fur reactor coolant components (pumps, steam
generators, reactor vessels). Their purpcse s to ensure that the steam
generator can sustain LOCA reaction load of the attached pipe without gross
deformation that could rupture the attached feedwater or steam 1ines. Such a
secondary rupture would, in turn, release inventory from the secondary side of
the nuclear steam supply system to the containment. The PWR containment
structure 1s not designed to accomodate blowdown of both a primary and a
secondary nuclear steam supply system. LOCA reaction load effects on the
broken system are not considered in BWRs except in regard to core support
structures and containment penetrations, since primary and secondary systems
are not separated, hence, a LOCA in a BWR will result in blowdown of both the
reactor coolant (recirculation system) and the steam system.

From 1965 unti] 1968, LOCA reaction loads were usually treated as
staticallyapplied loads
where:
F = the static applied load at the postulated point of break
perpendicular to the break area
Po = system operating or design pressure, typically 2500 psi in a
PWR and 1100 psY in a BWR
A « area of the postulated break; varies from 4.5 to 9.5 ft2,

Since about 1968, the dynamic characteristics of these loads have been
considered in the form
F =Ky Ky pg A (2)
where
Ky = dynamic load factor due to sudden application of the load;
typically taken as a value between 1.0 and 2.0, depending on
the amount of ductility assumed in the system
K2 = thrust coefficient; K, = 2.0 for subcooled water and 1.26
for steam for two phase, mixed or transient flow cases;
thermo-hydraulic computer codes typically are used.

By 1972, time-history forcing functions for multidegree-of -freedom dynamic
models of the reactor coolant system began to be avallable (11). Design of
local compartments within containment for transient pressurization also began
about 1965. However, differential transient pressurization of local
compartments was not considered in both PWRs and BWRs unti] 1975. Fluid jet
impingement loads have had 1ittle practical effect to-date on design of the
reactor coolant systems, because pipe whip restraints severely restrict the
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amount of displacement for postulated guillotine ruptures, thus impeding the
formation of jets. Nonetheless, jet formation from postulated slot or
longitudina) rupture due to crack formation and stability s sti11] the subject
of considerable research. (12,13) It has long been the contention of the
nuclear power industry, both in the U.S. and elsewhere, that substantial crack
lengths must develop, particularly in the longitudinal direction, before
instabi1ity occurs and the crack can open enough to form a significant jJet.
Such cracks, it is though, would cause leak before break as they grow by
fatigue, and the leaks would give enough warning to permit depressurization
and repair. This is commonly referred to as the leak before break criterion.
(14) 1In addition, it can generally be shown that the stress field in the
longitudinal direction of reactor coolant piping is significantly greater than
that in the hoop direction. Consequently, guillotine ruptures are far more
1ikely and reactor manufacturers have not seriously considered the possiblity
of slot-type ruptures. (15) Jet impingement effects are not considered in
this assessmnt of LOCA plus SSE.

The effect of transient LOCA loads on other components in unbroken systems
is generally not considered, except where such loads produce response input
applicable to the component. Such response input to other systems as a
consequence of LOCA is essentially 1imited to BWR containments, which employ a
pressure-suppression water pool system. The discharge of pressure rellef
valves (PRVs) in BWRs can occur independently of a LOCA but not an SSE and
produce responses similar to those of a LOCA in systems located outside the
primary shield wall. Although it s reasonable to postulate a LOCA
\ndependent of an SSE, a PRV discharge occurs as a consequence of a strong
motion earthquake. This effect began to be considered in design about 1975.
Because of changes in LOCA load determination from 1965 to the present, the
calculated break reaction loads have increased by a factor of 1.5 to 2.5.

The historical development of behavior criteria used to evaluate LOCA
effects are similar to those established for SSE loads. In general, no
behavior criterion is specified for the pipe segment containing the postulated
LOCA break. In PWRs, the ro behavior criterion segment s defined as the
broken leg of the broken loop. In the unbroken leg of the broken loop and in
other affected components (reactor vessel, steam generator and attached steam
and feedwater piping, reactor coolant pumps and their supports), the same
behavior criteria as used for the SSE are required (ASME Section III Service
Level D for passive components and Service Level B for active components).

The behavior criterion used in the reactor core for PWRs s normally associated
with deformation and is not 1imited by stress such that control rod engagement
and cooling paths remain open, as determined by test. For BWRs the
requirements of ASME I[II Service Level D also apply to the core.

For BWRs no behavior criterion applies to the broken system or loop. The
behavior criteria for unbroken loops and the reactor core internals as a
result of LOCA 1n a BWR are the same as in PWR. Note that the postulated
broken segments or systems for both PWRs and BWRs are pipe whip restrained
which cannot interact and cause the loss of function of other safety related
systems.
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SECTION 3

DEVELOPMENT OF STRUCTURAL BEHAVIOR CRITERIA TO ACCOMMODATE
SSE AND LOCA LOADING

The structural behavior criteria used for combined SSE and LOCA effects
are essentially the same as for either SSE or LOCA acting alone.
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SECTION 4

IMPACT OF CURRENT COMBINED SSE AND LOCA REQUIREMENTS ON
EXISTING PRESSURIZED WATER REACTOR NUCLEAR PLANTS

The effect of combined SSE and LOCA for PWR stations is essentially
limited to the following structures, systems, and components:

a. Reactor coolant compactment surrounding the broken loop

b. Primary shield wall surrourding the reactor vessel

c. Broken reactor coolant-loop components (reactor coolant pumps, steam
generator) and supports and piping in the unbroken leg of the broken
loop

d. The emergency core cooling (ECC), residual heat removal (RHR), and
chemical volume control (CVC) systems attacned to the unbroken leg of
the broken loop

e. Reactor vessel and its support; reactor core and its supports

f. Containment structure

The 1973 introduction of the Reference R.G. 1.60 ground response spectra,
the damping values of R.G. 1.61, and the redefinition of the reference
earthquake motion as one of two simultaneously acting horizontal components
rather than a single horizontal resultant has had the most effect in
increasing the seismic loads.

Introduction in 1975 of the effect of asymmetrical-transient compartment
pressurization due to LOCA has had the most effect in increasing LOCA load.
By far the most significant result cf asymmetric transient pressurization is
associated with postulated breaks within the primary shield wall surrounding
the reactor vessel. This factor is most predominant in Westinghouse plants,
where in-service inspection of the reactor vessel from the inside permits a
gap of 6 inches between the vessel and the shield wall. However, in plants
whece external reactor vessel inspection is intended it is common to have a
2-foot gap that greatly increases the vent area and reduces the asymmetr ic
transient loading effect. The effect of asymmetry is most pronounced on the
reactor vessel, its supports, and the reactor internals. Table 2 summarizes
the typical LOCA and SSE design loads and their relative effects on design.

4.1 EFFECT OF INED AND ON CTO!

To the extent that the operating decks above the reactor coolant
compar tment obstruct flow from the compartment if a LOCA occurs within that
space, a net uplift on the compartment walls will result. The overturning
effect of the SSE adds directly to the uplift, Thus, the combined LOCA and
SSE add to the requirements of vertical reinforcement and anchorage for the
walls of the reactor coolant compartment., Without the combined LOCA and SSE,
it may be possible to anchor the reactor coolant compacrtment walls in the fill
slab above the containment liner., With the combined LOCA and SSE, vertical
anchorage, which connects through the leak-tight containment liner into the
containment base mat, usually must be provided. The SSE and LOCA combination
adds some 90 mechanical anchors. It increases, by an average of 15 percent,
about 30 tons of the vertical reinforcement steel., This effect normally is
considered in both current and anticipated future designs,

B-25



4.2 EFFECT OF COMBINED SSE ANU LOCA ON PRIMARY SHIELD WALL

Since the primary shield wall surrounding, and in most cases* supporting,
the reactor vessels is typically S to 6 feet thick, the effect of asymmetric
LOCA and loading of the reactor pressure vessel support on the shield wall is
minimal, because they tend to produce high bending stresses that the thick
concrete wall can readily accommodate. The combination of SSE and LOCA has
little or no effect on the design of the primary shield wall beyond what would
be considered for either acting alone.

4.1 OoF INED SSE AND LOCA ON B LOOP S

Table 2 shows typical calculated reaction loads from LOCAS and SSE on the
Steam generator and reactor coolant pump and on their support structures as a
function of the period during which the design was performed. The combination
of LOCA and SSE has had little or no effect on the design of the components
themselves or the attached piping, but the combination has increased component
support costs 10 to 25 percent. The total direct in-place support cost per
300 MWe in PWR plants i{s $650,000 for a steam generator and $200,200 for a
reactor coolant pump. Hence, approximately $150,000 per 300 MWe is currently
chargeable to the SSE plus LOCA combination.

4.4 oF INED AND ON ATTA AND
FEEDWATER SYSTEMS

Because the steam generator is effectively restrained by snubbers designed
to accommodate the combined LOCA and SSE, the LOCA and SSE loads induced in
the primary system are essentially isolated from the steam and feedwater line
and thus do not affect their design. The cost of the isolating snubber is
included in the support costs for the steam generator,

4.5 EFFECTS OF INED AN A
OoF UNB ROKEN OF Loop

The emergency core cooling (ECC), residual heat removal (RHR), and
chemical volume control (CVC) systems attached to the unbroken leg of the
broken loop are assumed to function in the event of a LOCA. Therefore, they
must accommodate the thermal hydraulic transients and displacements associated
with LOCA in the broken loop, plus the SSE loading, without loss of function.
It is difficult to assess the influence of the combination without evaluating,
in detail, layout geometries that tend to be plant specific. Seismic
requirements have generally dictated the support design of these systems,
independently of any pipe whip restraints. Combining LOCA and SSE does not
appear to be important in design of these systems, since the broken leg of a
broken loop is isolated from the unbroken leg by a major component whose
deformation in response to LOCA reaction loads is limited. For the purposes
of this study, these attached lines do not have any significant effect on
overall design or cost relative to combined SSE and LOCA effects.

* Most of the PWRs designed by Stone and Webster Engineering Corporation had
the reactor vessel supported by a steel neutron shield tank, not by the
primary shield wall,
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4.6 EFFECTS OF COMBINED SSE AND LOCA ON REACTOR VESSEL, SUPPORTS,
AND REACTOR CORE AND SUPPORTS

a) SSE load effects have had a greater impact than LOCA on the reactor
core and core supports, as shown in Table 2. The explanation is that
some of the blowdown load bypasses the reactor core and the core tends
to have an amplified response %o seismic excitation of the vessel.

b) An asymmetric LOCA load within the primary shield wall has significant
lateral impact on the vessel, its supports, and its internals, and it
tends to add directly to earthquake effects,

¢) Nuclear steam supply system (NSSS) suppliers prefer to substitute
zircoloy, with its superior nuclear properties, for inconel core
structures, thus reducing the core structural load carrying capacity
Jup to 20 percent,

Studies to evaluate the effect of current LOCA (post-1975) combined with
old (pre-1973) SSE loads on PWR reactor internals are still underway. Results
are expected in June 1980. (16) Since blowdown areas affect the lateral loads
on the reactor vessel, caused by asymmetric loading of postulated LOCA inside
the primary shield, pipe displacement restraints of the type shown in Fig. 1
may need to be installed on existing plants to minimize asymmetric loading.

In fact, the existing analysis for postulated breaks outside the primary
shield wall sugrests that such restraints should be installed. It is
estimated that their in-place cost would be $50,000 per 300 MWe and they would
be required in Westinghouse plants only,

Primary shield wall restraints may not be strong enough to accommodate
current LOCA plus SSE loads on the reactor core and core supports. A modified
core with sufficient strength would cost about $8 million and the core support
structures another $4 million. This modified design would also tend to reduce
plant performance. Consequential costs of such reductions have not been
consideced in this study. It is highly unlikely that a substantial
modification of the reactor vessel support would be required, but the backfit
cost for an existing plant would be $30 million to $50 million, assuming the
modification was feasible,

4.7 EFFECTS OF COMBINED SSE AND LOCA ON THE CONTAINMENT STRUCTURE

Containment structures have always been designed for combined LOCA and
SSE, and neithecr the localized dynamic amplification factor nor the asymmetric
loads have had an appreciable effect on containment design pressures.
Modification resulting from SSE seismic load phenomena has been minimized by
the use of more rigorous analytical techniques. Historical changes in LOCA
and SSE effects have not influenced design, but their combination as a design
requi rement adds to the vertical and diagonal shear* reinforcement in concrete
containment structures., The current effect of SSE and LOCA combination on
concrete containment design is to increase vertical reinforcement 1S percent
to 300 tons and require diagonal reinforcement in a deformed bar concrete
containment to 600 tons.

* D.agonal shear reinforcement is not required in prestressed concrete
containments.
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SECTION S

IMPACT OF CURRENT COMB INED SSE AND LOCA REQUIREMENTS ON
EXISTING BOILING WATER REACTOR NUCLEAR PLANTS

The current effect of combined SSE and LOCA is more complicated for BWR
than for PWR plants., The complication arises from the effect of the LOCA
blowdown on the suppression pool and from the development of secondary loads,
such as chugging and condensation-oscillation, which tend to be dynamic and
periodic. Since the loads act directly on the containment and containment
internal structure, they tend to excite the reactor building with a resultant
response spectrum. This spectrum, when combined with the seismic spectra, may
control design of supports for mechanical and electrical equipment and
distribution system throughout the containment structure and reactor building*.

Determining the effect of the combined LOCA and SSE is further complicated
by the fact that the main steam safety relief valves (SRVs) discharge into the
containment and suppression pool. The dischacrge generates loads similar to
LOCA resulting directly from a turbine trip that occurs during any significant
seismic disturbance. Because an SSE (or a lesser earthquake) causes an SRV
discharge, their resultant effects cannot clearly be separated. As far as
possible, this study disassociates the effects of (SSE + LOCA) + SRV from
those of EQ + SRV. Figures 2 through 6 compare the response spectral curves
developed for LOCA with the SRV Ccurves, showing that LOCA may control design
inside the shield wall. This factor cannot be determined by simple compar ison
of spectral curves, since the behavior limits associated with SRV discharge
are more restrictive than those of LOCA.

The effects of combined SSE and LOCA for BWR stations are, for practical
purposes, limited to the following structures, systems, and components:

- Shield wall surrounding the reactor vessel

» Reactor vessel support pedestal and skirt

. Reactor core and core supports

+ Steam, feedwater, and recirculation lines in the unbroken loop
Containment internal structure

Mechanical and electrical equipment and distribution systems in the
containment

g. Containment structure

™o AN o

The effects of a LOCA on equipment in a PWR tend to concentrate on the
components and on the unbroken leg of the broken loop. In a BWR, they tend to
concentrace on the other unbroken loop and on other seismic Category 1 systems
located within the shield wall surrounding the vessel. Outside the shield
wall, OBE combined with SRV discharge tends to govern design. These
distinctions between BWRS and PWRS arise because the effects of the postulated
LOCA need not be isolated from the steam and feedwater system in a BWR, since

* Mark I and Mark II containments are located within the reactor building and

supported by a common foundation. For a typical Mark III containment, a
reactor auxiliary building houses those systems not located within the
containment. The auxiliary building and containment may have separate

foundations.
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the ene jy from all three systems in a BWR is assumed released to containment
in the event of a LOCA. Also, as mentioned earlier, some of the current BWR
LOCA loads are periodic or oscillatory. They excite the entire
containment-reactor building structure, imparting shock spectra loading to
components not otherwise involved in the LOCA. Similar excitations of building
equipment do not occur in PWR dry containments.

5.1 EFFECTS OF COMBINED SSE AND LOCA ON SHIELD WALL SURROUNDING
THE REACTOR VESSEL

Because the shield wall surrounding the reactor vessel is 3 to 5 feet
thick, the design of the vessel in a BWR is not particularly affected by the
LOCA-SSE combination. Reinforcement of the wall is controlled predominantly
by LOCA-induced pressurization. The current consideration of asymmetrical
LOCA pressurization produces on the wall a lateral local force that augments
the SSE overturning effect, thereby adding to the needed amount of steel
acting in the vertical direction. The combination adds about 5 percent to the
vertical steel, an increase of 5 tons of reinforcement.

5.2 EFFECTS OF COMBINED SSE AND LOCA ON THE VESSEL SUPPORT
PEDESTAL AND SKIRT

As in the shield wall, the dominant lateral load is developed by the
asymmetric LOCA pressurization of the annulus between the shield wall and the
reactor vessel. This effect is more pronounced in Mark III containments
because there is no upper lateral restraint stabilizing the reactor vessel.
The effect of LOCA and SSE combination on the concrete support pedestal and
anchorage system of the reactor vessel would be to increase vertical steel
requirements slightly in the pedestal and require anchor bolts of higher
strength. One can assume a S-ton increase in pedestal vertical reinforcement
or cylinder wall thickness and a $5,000 additional cost due to the change in
bolt material. The pedestal design may be either of reinforced concrete or of
concentric steel cylinders with the annulus filled with concrete.

5.3 EPFFECT OF SSE AND LOCA COMBINATION ON REACTOR CORE AND
CORE_SUPPORTS

LOCA-induced asymmetric annulus pressurization imparts a large, impulsive
excitation to the reactor vessel, inducing a response in the core and core
supports that adds directly to the SSE-induced response. For a BWR plant
designed to sustain an SSE having 0.2-g zero-period ground acceleration
(ZPGA), the LOCA induced loads, including asymmetr ic annulus pressurization,
produces horizontal load effects on the core and core supports roughly equal
ro two-thirds of the SSE effect. For vertical loading, the LOCA effects are
several times those of the SSE; hence the LOCA-SSE vertical load combination
has little effect on the design load of the core and core support compared to
LOCA and SSE treated separately.

Based on the analyses performed to date, the General Electric Company (11)
does not expect a need to modify core or core sSupports for the combination of
currently defined SSE and OBE loading. If core and core support modifications
were required, we estimate that their costs would be somewhat more than those
estimated for PWRs. They would be roughly $12 million for the core and $6
million for the core supports on existing plants because BWR internals weigh
more than those of PWRs.
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5.4 EFFECT OF SSE AND LOCA COMBINATION ON UNBROKEN STEAM
FEEDWATER AND RECIRCULATION LINES

The effect of SSE plus LOCA on the unbroken steam, feedwater, and
recirculation lines is quite promounced within the primary shield wall.
Figures 4, 7, and 8 show typical input load effects resulting from SSE and
LOCA on the recirculation line. Figure 2 is a LOCA-induced response spectrum
for the recirculation line as a result of a postulated feedwater line
tupture. Figure 7 is an SSE response spectrum for 2 percent equipment damping
for a BWR-6, Mark III system. Figure 8 is an OBE respcnse spectrum, also
applicable to the recirculation line. Figure 3 is a response spectrum
applicable to the main steam line as a result of postulated feedwater line
tupture, Figures 4 and 5 show the input spectra for the shield wall resulting
from a postulated LOCA in the feedwater line and SRV discharge.

A comparison of SSE, LOCA, and SRV discharge spectra in the graphs shows
that the spectrum for LOCA-induced feedwater line break is one to three times
the SRV spectrum, depending on location within the primary shield wall. The
average LOCA effect in unbroken lines within the shield wall is roughly 6%
percent of the effect of the SSE load, which is 30 percent greater than the
effect of SRV d.scharge. Consequently, the extreme load combination for LOCA
plus SSE tends to govern design within the shield wall. This effect should be
more pronounced for postulated steam and recirculation line LOCA, since these
lines are larger than the feedwater line and because blowdown would be more
rapid. Outside the shield wall, however, the effect of SRV discharge tends to
be similar to LOCA loading; hence, given the more conservative SRV behavior
criteria typically associated with ASME Section III Service Level B stress
limits, the LOCA-SSE load combination is less likely to control design.

5.5 EFFECT OF COMB”NED SSE AND LOCA ON THE CONTAINMENT INTERNAL
———— Do e T IR LU ITALNTENL ANTERNAL
STRUCTURE

As can be seen by comparing Fig. 6 with Fig. 7, design of the reactor
shield wall and pedestal support is controlled primarily by a postulated
LOCA-induced asymmetric pipe break within the shield wall. The containment
internal structures, other than the reactor shield wall and reactor pedestal,
tend to be controlled by earthquake plus the pool dynamics response associated
with SRV discharge. The pool dynamic spectra resulting from SRV discharge are
similar to those developed from LOCA outside the shield wall. Since SRV
discharge loading has a dependency relationship with earthquakes, the
decoupling of SSE and LOCA would not affect the relationship. Design and cost
differentials for containment internal structures other than the shield wall
and pedestal are not significantly affected by the SSE and LOCA combination.

5.6 EFFECT OF COMBINED SSE AND LOCA OW MECHANICAL AND ELECTRICAL EQUIPMENT
AND DISTRIBUTION SYSTEMS IN THE CONTAINMENT AND REACTOR BUILDING

The combination of SRV-induced pool dynamics and OBE earthquake spectra
normally governs design of mechanical and electrical equipment and
distribution system within the containment and reactor building. Since the
pool dynamic spectra resulting from SRV and LOCA are similar, the decoupling
Of SSE and LOCA loads would not appreciably affect design or the cost of
equipment and distribution systems. This is not to say that the design and
cost of such equipment and systems has not been significantly affected, since
pool dynamic loads have been explicitly considered in design.
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5.7 EFFECT OF COMBINED SSE AND LOCA ON CONTAINMENT STRUCTURE

Most Mark III containments in the U.S. are structural steel, with
tor ispherical dome and right circular cylinders anchored to a flat slab of
reinforced concrete. To counter the effect of localized pool dynamic loads on
the steel containment, vertical and horizontal stiffners are added to the
containment shell. These stiffners also increase the buckling resistance of
the containment shell to accommodate earthquake-induced overturning
compressive stresses. The net effect of SSE plus LOCA on containment shell
design is negligible, since SRV discharge in the worst case has effects
similar to those of LOCA. The same conclusion can be reuched relative to MARK
II and Mark I containment systems.
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SECTION 6

ASSESSMENT OF THE EFFECT OF SSE AND LOCA COMBINATION ON EXTREME LOAD AND
NORMAL OPERATING SAFETY MARGIN

The possibility has long been recognized that, in designing nuclear plant
facilities, normal p..int operation may be affected by extreme loads such as
LOCA and/or SSE. LOCA plus SSE effects o) PWR plants require heavier supports
or restraints on components of reactor coolant loops. These supports should
have little or no effect on normal operation of the components. For both PWRs
and BWRs, reactor system components, including reactor core and core supports,
until now have been designed to optimize operating performance. None of the
LOCA, SSE, or combined LOCA and SSE loadings have been limiting load case.
Re-analysis associated with the currently redefined larger SSE and LOCA load
effects may require modification of reactor component internals, particularly
for the reactor core and core supports. This concern appears more applicable
to PWRs than to BWRs. If hardware modifications are reguired, they will
certainly impact cost and may also impact operating performance.

In Section 5.4 of this report, it was concluded that the LOCA and SSE load
combination may control the design of BWR piping systems within the shield
wall. Additional supports usually are required to provide more restraints for
the piping system in accommodation of the combined LOCA and SSE loads. These
restraints normally are snubbers, which are assumed, in design, not to affect
normal thermal loads. However, the existence of such restraints inevitably
reduces the overall system reliability in normal operation because an ideal
snubber has never been designed.

To quantify the effect that SSE + LOCA has on design of piping systems, a
typical BWR recirculation line originally designed without consideration of
‘the currently defined SRV or LOCA was reevaluated, using the spectra presented

in the graphs, for the following load cases:
ASME Section III Service

1. DL + press + thermal (Condition A)
2. DL + press + OBE + SRV (Condition B)
3. DL + press + thermal + OBE + SRV (Condition B)
4. DL + press + LOCA (Condition D)
S. DL + press + SSE + SRV (Condition D)

+ +

6. DL + press (SSE + LOCA) (Condition D)
where:

DL = dead load

Press = design pressure

Thermal = design temperature

OBE = operating basis earthquake

LOCA = loss of coolant accident (feedwater line)

SRV = safety relief valve discharge

SSE = safe shutdown earthquake

The results are shown in Table 3. This analysis indicates that the SSE +
LOCA is a limiting load case resulting in a 153 percent overstress compared
with 135 percent for the OBE + SRV. Two additional snubbers are required in
the recirculation line to bring (esultant stresses within code limits. The
LOCA + SSE effect would tend to be even more pronounced for postulated main

2 g \-
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since the LOCA blowdown rate would be somewhat greater for these systems than
for the feedwater line. It is estimated that the combination of SSE + LOCA
requires 20 to 40 additional snubbers for the piping located within the shield
wall. Outside the shield wall, the OBE + SRV load case would govern design;
hence, the combination of SSE + LOCA would not affect normal operation of the
plant.

It can be concluded, therefore, that the only significant impact of the
SSE + LOCA load combination, outside the reactor vessel, on normal operation
is the addition of pipe supports to piping located within the shield wall on
BWRs. The supports reduce the reliability of such systems. The effect of the
combination on PWR reactor internals is still being evaluated. The General
Electric Company concluded that the combination should not affect core
internals in BWRs. (17)
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Table 1. Seismic response, with one degree of freedom maximum amplification
factor, compared to peak ground motion.

Percent Now-nrk‘ Housner
Critical b "
Damping Acc. Vel. Disp. Ace. Vel. Disp.
0 6.4 4.0 23 6.2 : S b B
0.5 5.8 3.6 - 4.6 -—— -
1.5 3.2 3.2 2.9 Jsd -—— ——
2.0 4.3 2.8 1.8 - .6 3.4
5.0 2.6 1.9 1.4 R 1.3 1.0
7.0 1.9 1.3 1.2 -— —— -
10 1.3 & 1:3 —— ——— e
20 1.2 % 1.0 -— -—— -——
Modified Newmark NBKd
0 6.4 -— -— -—— - -—
0.5 5.8 -—- —— 3.95 37 3:%
1.0 - — —-— —— —_— —_—
2.0 3.3 -— — 4.25 . B .
5.0 2.6 -——— --- 3:13 2.4 2.05
7.0 1.9 --- -—— &l 2.1 1.88
10 2.3 -—— — 2.28 1.8 1.70
20 e — — - - -

33ased on a standard earthquake; maximum values of ground motion:
Acceleration = 0.10 g
Velocity = 4,8 inches/second
Displacement = 3.6 inches
bRclative to base at a period of 2.0 seconds (Fig. 1.19 in TID 7024)
“Relative to bas: at a period of 3.0 seconds (Fig. 1.23 in TID 7024)
dAccelcracLOn amplification maximum ac 2.5 Hz, decreasing approx. 20
percent at 9 Hz and back to no amplification for all values of damping

at 33 Hz and above. Displacement and velocity amplification based on a
maximum of 0.25 Hz
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Table 2.

coolant system components

Historical summary ot typical LOCA and SSE (0.2-g ZPGA) equivalent static loads on reactor

Load/period (Kips)

Nominal
Item Component LOCA SSE LOCA SSE LOCA SSE
Weight 1965-1968 | 1965-1968 | 1968-1975 1968-1973 | 1975~-pres. | 1973-pres.
I PWR
Reactor vessel 1500-2500 | 1600-3200K 750 3200-6400 1000 5000-8000 2000
Reactor internals 800-]200 800-1600 500 1000-3200 800 3500-6000 1600
Steam generator 1000-1400 1600-3200 500 to 700 | 3200-6400 1000-1400 3500-7000 | 2000-3000
Reactor coolant 200 1600 100 3200 200 3200 300
pump
I1 BWR
Reactor vessel 4000 800 1600 1600 3200 7000 6000
Reactor intemmals 2700 400 1600 800 3200 3500 4000
Recirculat ‘on 180 -— 100 -—= 300 540 540
pump

al.()(:A pipe reaction

loads on pump in broken loop not considered




ATTACHMENT 1 Reference 5
ocry, 1533

Mr. Warren H. Owen

Executive Vice President

Engineering and Construction Department
Duke Pover Company

422 South Church Street

Charlotte, NC 28242

Dear Hr. Owen:

Your letter of Septemder 19, 1v¥83 concerning pipe break design cone
siderations has been referred to me for reply. In that letter you cite
the work done by the industry in developing the leak-before-break concept
for PWR main coolant piping. You also expressed the interest of Duke
Power Company in reflecting the results of this work in your stations.

It appears that sufficient technical justification exists to consider
decoupling of safe shutdown earthquake and LOCA loads. For PWR main
cooiant Toops probabilistic analyses have indicated that the probability
of a safe shutdown earthquake (SSE) causing a double-ended pipe break

is extremely low. (Reference attached G/CR-21E9: Probability of
Pipe Fracture in the Primary Coolant Loop of a PWR Plant.) On a generic
basis we are considering changes to current regulatory requirements in
this area. Specifically, Standard Review Plan Sections 3.6.2 and 3.9.3
would have to be revised to accommodate such changes ard possibly a
revision to General Design Criteria (GOC) 2 and 4 in Title 10, Code of
Feceral Regulations, Part 50, Appendix A would be needed. Processing
and approval of such changes may take one or two years to complete.

In a closely related area, we also believe that the technology now
supports consideration of the leak-before-break performance of PWR main
coolant loops. This performance is based on fracture mechanics analysis
to demonstrate crack stabi’ity under the applied loadings and sufficient
leakage detection. We wili be considering additional n?uluary changes
to permit application of this concept, where appropriately justified,
for both new and existing fgns. These dunrs would effectively
decouple LOCA and SSE sinca the LOCA loads would be negligible. The
timing anticipatad for processing snd approval of these changes in
regulatory requirements is expected to be about the same as those
mentioned above.
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“ir. Varren H. Owen et 1 7 88

As you know, we have cet with representatives of Cuke Power and other
ouners in a generic meeting on this subject. In this ceeting it was
ezreed tc serirate the industry proposals into three phases of resolution.
These ;hases will cover reactor coclant loop piping, reactor coolant
Teep brench piping anc piping {n other plant systess, ind the treatsent
of arditrary {ntermediate broaks 1a all clasyes of plant systess. e
are in the srocess of daveloping a detailed regulatesy approach to be
izplecentad for each of these three phases. Uith respect to the first
phase, we can now approve application of the concapt to elicinate the
whip restraints associated with the asyemetric LOCA loads. The three
phased approach should permit some additional selected application of
the leak-before-break concept prior to cocpleting all of the changes in
regulatory reguirements discussed above.

In following the approach we are developing, 1t is our intenticn %o work
closely with you ta bring about expeditious resolution of these fssues.

Sincerely,
Origiasl Soved 1y
bR Dt

Harold R. Denten, Director
Office of "uclear Reactor Regulation

Enclosure: HUREG/CR-2109
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ATTACHMENT 2 Reference 9

oo Mo,
é K UNITED STATES
s i NUCLEAR REGULATORY COMMISSION
; . ) WASHINGTON, D. C. 20555
%
v, . \J
e Toant

NOV 18 1983

Or. Otfried Voigt
Kraftwerk Union
Aktiengesellschaft
Berliner Strasse 295-303
P.0. Box 962

D-6050 Offenback Am Main
Federal Republic of Germany

Dear Dr. Voigt:

Regarding your desire to learn more about U.S. NRC thinking on (1) double-ended
pipe breaks and (2) the relative advantages of stiff versus flexible piping,
the following information is provided.

Research Information Letter No. 117 dated April 10, 1981, (Enclosure 1) con-
cluded that, based on probabilistic fracture mechanics assessments of PWR

primary piping, “Through-wall cracks are about a million times more likely

to occur than double-ended guillotine breaks. This appears to offer sub-
stantial quantitative support in a probabilistic format for the leak-before-break
hypothesis." In another place, it is stated that "Fatigue crack growth due to
all transients, including earthquakes, is an extremely unlikely mechanism for
inducing large LOCA [double-ended pipe rupture]."

Subsequently, in a June 14, 1983 letter from the ACRS to the NRC Executive
Director for Operations (Enclosure 2) discussing the work reported in Enclo-
sure 1, it was stated that "The principal risk comes not from the direct
growth of cracks to a size that would be ruptured by an earthquake, but from
failure due to indirect causes such as the earthquake-induced failure of the
supports of heavy components, for example, the steam generators and pumps.

We find this procedure to be an acceptable and proper approach to the problem,
and the decoupling of the loss of coolant accident and seismic loads to be
appropriate.”

In response to this letter, on July 29, 1983, the Executive Director for Opera-
tions in a letter to the Chairman of the ACRS (Enclosure 3) stated that "Con-
tractors have investigated the seismic relfability of 46 heavy component sup-
port systems on Westinghouse PWRs. .......... It was determined that the
probability of a double-ended guillotine break rosulting from the_seismic
failure of heavy component support systems ranged from 10 5 to 10 10 per
reactor year with a median estimate of 10 7 per year."

Finally, in an October 17, 1983 letter from Harold Denton, Director, Office of

Nuclear Reactor Regulation, to the Executive Vice President of the Duke Power
Company (Enclosure 4) it is stated that "It appears that sufficient technical
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0. Voigt

justification exists to consider decoupling of safe shutdown earthquake and
LOCA loads. For PWR main coolant loops probabilistic analyses have indicated
that the probability of a safe shutdown earthquake (SSE) causing a double-ended
pipe break is extremely low." Elsewhere in the same correspondence, Mr. Denton
concludes that “We also believe that the technology now supports consideration
of the leak-before-break performance of PWR main coolant loops."

Future activities relate to extending these investigations to BWR piping and

to piping other than primary circuit piping at PWRs. Several reports are pres-
ently in preparation concerning this research. In the meantime, under separate
cover, I am sending you the nine volumes of NUREG/CR-2189 entitlec, "Probability
of Pipe Fracture in the Primary Loop of a PWR Plant."

Turning to flexible piping design versus stiff piping design, certain ad-
vantages are immediately apparent for flexible piping systems (those with
fewer pipe supports such as rigid restraints or snubbers) as indicated below:

0 Flexible piping provides easier access for plant maintenance.

0 Flexible piping reduces radiation exposure during maintenance.

0 Flexible piping reduces thermal stresses during plant operation.
0 Flexible piping ~osts less.

The central issue in our fnvestigations over the last year or so has been how
piping reliability is affected by stiffness and flexibility. We have concen-
trated on snubber-supported piping, and we have assumed in our investigations
that snubbers have a non-zero failure rate and may fail in the "free" or
“locked" mode. Our studies to date have included high, moderate, and low energy
piping. The only failure modes we have investi ated so far are pipe rupture

and lolkin?, although we plan to extend these efforts to include the effect

of flexibility and stiffness on the reliability of components on piping such as
pumps and valves. The principal conclusions to date are:

0 For high energy piping, assuming realistic snubber failure rates, too many
snubbers placed to reduce seismic loads actually reduce overall reliability.

Failure in the locked mode (typical of mechanica: snubbers) contributes
significantly to this reduction in relfability while failure in the

free mode (typical of hydra.'ic snubbers) essentfally leads to a less
flexible piping whose relfability would be only slightly different than if
the hydraulic snubber had functioned properly.

0 For low energy piping, assuming realistic snubber failure rates, snubbers

placed to reduce seismic loads increase relfability slightly. Nonetheless,
snubbers are infrequently placed on low energy piping.
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0. Voigt

These investigations, which are motivated by our desire to learn under what
conditions we may safely remove snubbers from nuclear reactor piping, will con-
tinue for the next year or so.

Enclosures 5 and 6 describe our fiscal year 1984 work activities at Lawrence
Livermore Nationa) Laboratories related to these matters. A special Piping
Review Committee has been established to help 1nt rate these research results

into the licensing process. 1 hope you find this nfor-ction useful to your needs.
I Yook forward to receiving similar 1nfor-at1on from you on this subject.

" 4

A. Arlotto, Director
ision of Enginoori Technology
Of fce of Nuclear Regulatory Research

Enclosures: As stated
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1.0 TATEMENT

Oynamic analyses of piping systems are generally performed by
either the time history analysis method or the response spectrum analysis
method with the response spectrum method being most commonly used.
Several response combination issues arise when the response spectrum
method is used. The important issues are:

1. How should independent support motion response spectra be
used for multiple supported subsystems such as piping?

2. How should modal responses be combined for well-spaced
modes, closely-spaced modes, and high-frequency modes to
determine the total fnertial responses. High-frequency
modes are those modes with frequencies above the frequency
at which spectral accelerations begin to reduce to about
the zero period acceleration (ZPA).

3. How should responses due to different spatial components of
the input motion be combined?

4, Should spatial component responses be combined before or
after modal responses?

5. How should multiple support displacement responses be
combined to determine the total support displacement
(secondary) responses?

6. How should the total support displacement (secondary)

responses be combined with the total inertial (primary)
responses?

These six (6) fssues are currently addressed for piping systems
by Standard Review Plan (SRP) Sections 3.7.2, 3.7.3 and 3.9.2 and
Regulatory Guide 1.92 (Reference 1). Current practice with respect to
the six issues above as addressed by the SRP and R.G. 1.92 is:

1. Use a single uniform support motion response spectrum which

envelopes all of the independent support motion response
spectra appropriate for the multiple piping supports.

2. Combine well-spaced and closely-spaced modes in accordance
with any one of the acceptable methods of R.G. 1.92. Neo
guidance 1s given for the combination of high-frequency
modes and practices differ.
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3. Responses due to different spatfal components are combined
by the square-root-sum-of-the-squares (SRSS) method.

4. No guidance is given as to whether spatial component
responses should be combined before or after modal
component responses. When closely-spaced modes or high-
frequency modes exist, the order of the response combina-
tion (spatial versus modal) influences the end results. In
my experience, it has been general practice to combine
modal responses prior to combining spatial component
responses.

5. Multiple support displacement responses are combined in the
most unfavorable way, f.e., absolutely, to determine the
total support displacement (secondary) responses.

6. Total support displacement (secondary) responses are

combined absolutely with the total fnertial (primary)
responses.

Some of these response combination practices as defined by the
SRP and Reg. Guide 1.92 are controversial, potentially excessively conser-
vative, and not well-founded theoretically, Therefore, several efforts
have been initiated by the NRC to develop recommended changes to the SRP
and Reg. Guide 1.92. Ore such effort was performed as part of the Task
Action Plan A-40 effort to identify and quantify the conservatism {nherent
in the seismic design sequence of current NRC criteria. Reference 2,
which was developed as part of this program, recommended in 1979 changes
to SRP 3.7.2 and Reg. Guide 1.92 to incorporate more realistic,
technically sound, and less conservative modal combination rules for
closely-spaced modes, and to provide explicit guidance for modal combina-
tion of high-frequency modes. Although these recommendations were speci-
fically made for civi] structures, they are equally applicable for piping
systems,

A second effort specifically directed toward response combination
rules for multiply-supported piping systems s currently ongoing at Brook-
haven National Laboratory (BNL). Table 1 presents interim NRC staff-
recommended rules for combining responses using the Independent Support
Motion Response Spectrum Analysis Method (ISMA) based upon this ongoing
BML research (Reference 28).
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In general, I consider the response combination rules laid out
fn Table 1 to be well thought out and reasonable. Certainly those rules
represent an improvement (less conservative and more realistic) over the
earlier SRP requirements, My consulting comments will be based upon the
assumption that Table 1 represents the current NRC staff position and
will be directed toward some further improvements in the response combi-
nation rules summarized in Table 1.

2.0 DISCUSSION OF THE ISSUES

2.1 T R NAT THM

Dynamic responses of multiply-supported piping systems can be
subdivided into inertial (primary) responses and relative support
displacement-induced (secondary) responses. Table 1 treats these two
response components separately calling the inertial responses dynamic
components and the relative support displacement-induced responses
pseudo-static components. For simplicity, [ will call these two
components primary and secondary.

2.1.1 Multipl rt R n tr

To obtain the primary response component by the response
spectrum method for multiply-supported piping systems with differing
input at each support, one must first decide whether to use the Uniform
Support Motion Response Spectrum Analysis (USMA) technique or the
Independent Support Motion Response Spectrum Analysis (ISMA) technique.
With the USMA technique, a single response spectrum which envelopes each
of the multiple support input response spectra is developed and input at
all of the supports for a particular input directional component. In
many cases, this approach leads to excessive conservatism. As a result,
the ISMA technique has recently come into vogue. By this technique, a
single response spectrum {s applied to a group of supports, but different
input response spectra are applied to different groups of supports. In
the extreme, each support might have a different input response spectrum.
With the ISMA technique, one group of supports s moved at a time using
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the input response spectrum specified for these supports, with all other
groups being stationary. The primary concern s how to combine the
responses from each of the individual grouped analyses.

Brookhaven National Laboratory (BNL) s currently conducting
extensive studies (Reference 29) on the ISMA technique. One of the
primary questions being studied is how to combine grouped responses*.

BNL has studied the absolute sum (ABS), algebraic sum (Algebraic) and the

square-root-of -the-sum-of -the-squares (SRSS) methods of combining grouped
responses.

The BNL preliminary results clearly indicate that the ISMA
technique with ABS combination of grouped responses is consistently
conservative when compared to time-history results. Sometimer the method
s excessively conservative. The ISMA technique with ABS combination of
grouped responses is sometimes more conservative than the USMA technique.
Therefore, {f ABS combination of grouped responses is required as indi-
cated by Table 1, the ISMA technique will often not offer any significant
advantage over the current USMA technique.

The Algebraic combination of grouped responses assumes that
responses of all supports are essent’‘ally in-phase. For the case of
different floor responses in the same structures, this assumption 1s
often reasonable. However, in some cases, this assumption may be sub-
stantially incorrect and unconservative. The BNL studies indicate that

the ISMA technique with Algebraic combination is generally conservative
but can sometimes be unconservative.

The SRSS combination of grouped responses assumes that each of
the independent response spectra are uncorrelated (random relative phasing
of each frequency). Within my experience, the primary system (civi)

Grouped responses refers to responses computed from a common input
applied to & specific group of supports in the ISMA technique. To
obtain the responses due to input applied at all supports, the
fndividual grouped responses must be combined.
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structure) leads to considerable phase correlation between these indepen-
dent response spectra. Therefore, the SRSS combination of grouped re-
sponses cannot be supported on any theoretical grounds for the case of
different floor responses in the same structure. However, for reponses
between different structures, this assumption {s probably reasonable.

The BM. studfes indicate that the ISMA technique with SRSS combination fs
generally conservative but can sometimes be unconservative. The tentative
BM. recommendation (Reference 29) is to use the SRSS combination of
grouped responses. Because the SRSS combination method has no theoretical
basis for the combination of responses from individual input groups
within the same structure, and because of the limited data available, !
cannot support the recommendation. At this time, | would recommend that
if one has not retained relative phasing information, then 1t would be
prudent to combine group responses by ABS as suggested in the NRC staff
recommendations in Table 1 even though such a combination may often be
excessively conservative, Only if one can demonstrate that the responses
are reasonably phase uncorrelated should group responses be combined SRSS.
Reasonable phase uncorrelation is likely between different structures.

The most appropriate way to combine independent group responses
is to retain the relative phasing provided by the primary system. Tech-
niques have been proposed for retaining and using this information., How-
ever, such techniques are still in their infancy and need further work
before being accepted in the regulatory process. The NRC should encourage
the development and use of such techniques in order to alleviate the
excess conservatism of the ABS combination.

2.1.2  Moda) Response Combination
Current accepted practice for modal response combination is based
upon Reg. Guide 1.92 which suffers from two deficiencies:

1. Excessive conservatism in some cases for the combination of
closely-spaced modes,

2. Mo guidance 1s given for the combination of high-frequency
modes .
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These topics will be discussed in detail in Sections 2.2 and 2.3,
respectively,

2.1.3 1a) R ombination

Support input motions are defined in terms of x, y, and 2z ortho-
gonal component directions, The total resultant peak x-directional
support motfon (XR) s made up of a combination of x, y, and z earthquake
input components to the primary structure. [f one sssumes that these
earthquake fnput components are uncorrelated (random relative phasing at
each frequency) then the resultant peak support motions can be realisti-
cally obtained by the SRSS combination of the peak support motion due to
each of the earthquake input components. Thus, {f XX represents the peak
x-direction support motion due to the x-direction earthquake input
component , XY represents the peak x-direction support motion due to the
y-~direction earthquake input component, and YX represents the peak
y-direction support motfon due to the x-direction earthquake input
component, etc., then the resultant peak support motions are given by:

R -\/xx’ AR v

YR -\/vx2 TS

R -\[zxz 2 o220

So far as piping response s concerned, the question is how
should piping responses due to XR, YR, and IR be combined. There 1s no
assurance that XR, YR, and IR are uncorrelated :ven though the
x=direction, y-direction, and z-direction earthquake input motions are
uncorrelated. The peak support motion components XX, YY, and IZ will be
uncorre lated. Mowever, the peak support motion components XX, YX, and IX
are likely to have substantial phase correlation due to the primary
system (civil structure).




In most practical structures, XX predominates over XY and XI
while YY predominates over YX and YZ and II predominates over IX and lv.
In these cases, XR, YR, and IR will be uncorrelated and the SRSS combina-
tion of directional piping responses, as defined in Table 1, is appro-
priate. MHowever, 1t is possible for XX, YY, and I to not predominate
and in these rarer cases, the SRSS combination of directional piping
responses might not be appropriate. This fssue deserves further study.

2.1.4  Order of Modal and Spatial Combination

The NRC staff recommended combination algorithm (Table 1)
suggests that the directional responses be combined by SRSS prior to
combining modes by Reg. Guide 1.92. The more common practice has been to
combine modes prior to combining directional responses. When closely-
spaced or high-frequency modes which are not combined by SRSS are impor-
tant, then the order of the combination can make a difference on the end
results. In my experience, this difference is seldom greater than 20%
for significant response quantities. The BNL studies (Reference 29) also
indicate that the sequence of combinatfon is not significant. Philosoph-
fcally, 1t appears to me to be more appropriate to combine modes first and
to combine directional components last rather than as shown in Table 1.
However , either order of combination should be allowed.

So long as closely-spaced modes must be combined absolutely as
current ly required by Reg. Guide 1.92, then combining directions first
and modes second will lead to higher combined responses than when modes
are combined first and directions second. Thus, one might argue that the
combination order in Table 1 is conservative, However, 1f closely-spaced
modes are combined algebrafcally as s correct (see Section 2.2), then
one cannot say which order of combination is conservative relative to the
opposite order,

2.1.5

m mul cf ce-wmu ueondary responses due to independent
groupings of multiple support displacements is the same as that discussed
for primary stresses by the ISMA technique in Subsection 2.1.1. An SRSS
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combination of grouped secondary responses would be questionable although
often conservative., The most appropriate way to combine {ndependent group
responses is to retain the relative phasing of support motions provided
by the primary system, If this relative phasing Information has not been
retained, then it is prudent to combine grouped secondary responses by
ABS as recommended in Table 1 from the NRC staff. Such a combination s
generally very conservative,

2.1.6 {nat{ f D1 { 1sp) R

The spatial combination for secondary responses should be
performed in the same manner as for primary responses. [f the SRSS
spatial combination method is judged acceptable for primary responses
(see Subsection 2.1.3), 1t should also be adequate for secondary
responses. Thus, | do not agree with the NRC staff interim recommenda-
tions (Table 1) that the spatial combination be by ABS for secondary
responses while by SRSS for primary responses.

2.1.7 {nati f Prim

For piping systems, it is generally unrecessary to combine
secondary (support displacement-induced) and primary (inertial-induced)
responses. The ASM™ Gode contains separate stross allowables for primary
and secondary stresses. MHowever, in some cases such as fatigue evalua-

tion, one might need a total combined response. Then the question arises
as to how to do the combination,

Displacement - induced (secondary) responses and inertial-induced
(primary) responses are not phase uncorrelated. In fact, they often have
a negative phase correlation, Therefore, the SRSS combination of primary
and secondary responses cannot be justified on theoretical grounds.
However , peak primary responses and peak secondary responses would be
highly unlikely to occur concurrently, Therefore, an ABS combination
would generally be excessively conservative, An SRSS combination is
preferable even though unjustified on theoretical grounds. [brahim
(Reference 21) has demonstrated that the SRSS combined primary and
secondary responses have a 96.4% non-excesdance probability., The BNL
study (Reference 29) also recommends an SRSS combination,
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2.2 CLOSELY-SPACED MOOES
Many methods have been proposed and used for the combination of peak
modal responses (References 1, 3 through 10). The common methods are:

1. ABS (absolute sum)
2. Algebraic Sum

3. ?SS (square-root-of -the-sum-of -the-squares)
Equation (3), Reference (1))

4, Grouping Method
[Equation (4), Reference (1)]

5. Ten percent method
[Equation (5), Reference (1))

6. 0SC (Rosenblueth Double Sum Method)
[Reference (3)]

7.  NRC-DSC (NRC Double Sum Method)
[Equation 8, Reference (1)

8. %? (Complete Quadratic Combination)
quation (12) of Reference (9)

9. ARC (Advanced Response Combination)
(Reference (10)]

A1l of these methods can be expressed in either one or the other of the
following two general equations which include certain modal coupling
factors C gy, (Reference 10):

R \/}%‘Jt';'u (1)

R = \/32 Ec"lnjnhl (2)

where | and k are mode numbers u\d!’ and R, are peak responses in modes J and
k, respectively, In every case, woen J equals k, CJ. * 1.0, Otherwise,

the coupling factors and appropriate equation number (Equation 1 or 2)
given in Table 2 apply.
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Obviously, the ABS and Algebraic Sum Methods can be cast in a
more simple format then Equatfons (1) or (2). However, they have been
cast in this format for comparison purposes.

The ABS method is always conservative because it assumes worst-

case phasing of all modes. It is generally excessively conservative and
unrealistic,

The Algebraic Sum method is the appropriate modal combination
method for high-frequency modes as will be discussed in Section 2.3,
This combination method applies whenever modes are reasonably in-phase
(phase differences less than about 35 degrees) at the time of peak
response. Such conditions exist for high-frequency modes. However, this
method has sometimes been misapplied to lower frequency modes where the
assumption of random phasing is more realistic. The only difference
betwean the Algebraic Sum Method and the ABS Method is the retention of
the relative response signs (Equatfon 1 versus Equation 2).

The SRSS method {s based upon the assumption of random phasing
of peak modal responses at the time of peak combined response. This
assumption works well for widely-spaced modes except at high frequencies
where modes are reasonably in-phase. The SRSS method is deficient for
closely-spaced modes and high-frequency modes which are essentially in-
phase. All of the remaining methods in Table 2 are attempts to correct
these deficiencies in the SRSS method. Methods based upon Equation (1)
approach Algebraic Summation when Cyk * 1.0 and SRSS when C, = 0.0 and
are in-between for values of t‘.."l between 0.0 and 1.0. Similarly, methods

based upon Equation (2) approach ABS when c“ * 1.0 and SRSS when

cjk = 0.0,
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Both the DSC (Rosenblueth Double-Sum-Combination) and the CQC
(Complete Quadratic Combination) methods are theoretically based in random
vibration theories. Both methods use Equation (1) so both are consistent

with Algebraic Summation when cjk = 1.0. The Cjk coefficients are given
by:

DSC Method (Reference 3

(_u:fu&) 291
‘i * {1’( e ) (3)
(GJ “j§‘k Nk)

in which

vy ® uj\/(l'(ﬁj)z) (4)

1] - 2
aj °J’§u—j (5)

wj * natural frequency of the jth mode.
sj - critical damping ratio for the jth mode.

S = time duration of "white noise* segment of earthquake
excitation., For actual earthquake records, this may be
represented by the strong motion segment characterized by
extremely irregular accelerations of roughly equal
intensity.

CQC Method (Reference 8 or

8v mlkuﬁk)(ﬂiwr ’k“k)“j:k_
(03'0:)2*‘31ﬂkujuu(uj*wi)*‘(Gj’ﬂi)ujut
Equation (6) is only strictly appropriate when the duration of strong
input motion is long compared with the modal natural periods and when the

input response spectrum is smooth over a wide range of frequencies. More

complex expressions for c‘"l accounting for duration and frequency content
details are given in Reference 8.
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The ARC Method is also similar to the DSC and CQC Methods except
the Cjk coefficients are empirically based (Reference 10) rather than
based upon random vibration theory,

The NRC-DSC Method (Equation 8 of Reference 1) represents a
modification of the original 0SC Method (Rosenblueth Double Sum Method).
The NRC-OSC Method differs from the DSC Method in that Equation 2
(Absolute Signs) is used in lieu of Equation 1 (Algbebraic Signs). 1 can
find no theoretical or empirical justification for the NRC-DSC Method.

The only basis appears to be that it always is more conservative than the
DSC Method.

The Grouping Method and Ten-Percent Method as described in Table
2 are both approximations to the NRC-DSC Method. For 5% damped
structures, when w, /u; = 1.1 (10% frequency difference), the value of Cik
from either Equation 3 or Equation 6 will be about 0.50. Furthermore, at
5% damping, with frequency differences less than 10%, Cjk will be closer
to 1.0 than to 0.0. With frequency differences greater than 10%, CJk
will be closer to 0.0 than 1.0. These approximate methods, using the
above characteristics, save a considerable amount of computational time
for structures with more than about 10 modes with only a minor change of
results from those obtained by the NRC-DSC Method. However, both of
these methods suffer from the same lack of either a theoretical or
empirical basis and from the possibility of excessive conservatism as
does the NRC-DSC Method.

Studies (References 4, 5, 9 and 11) have {llustrated that for
dynamic models with significant closely-spaced modes (frequency differ-
ences less than about 10%), both the DSC and the CQC Methods more closely
approximate time history computed responses than does the SRSS Method.
Both methods give very similar results with good accuracy for all
problems studied (Reference 11). The NMRC-DSC Method of ten introduces
excessive conservatism when compared with the DSC or CQC Method or time
history computed results (Reference 9).
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The only apparent problem with either the DSC or CQC Methods is
the ircreased computational time associated with including all the cross
product terms for dynamic models with more than about 10 modes. Tnis
problem is easily eliminated by a minor approximation. Only the cross
product terms where Cjk > 0.5 need to be included in Equation 1. When
Cjk < 0.5, it {s reasonable to assume Cjk = 0.0 which means SRSS modal
combination. In the case of low damping values (8 < 5%), Cjk will

exceed 0.5 only when modal frequencies are within 10% of each other.
Thus, a practical rule becomes:

Frequencies Within 10% of Each Other

Compute Cjk by 0OSC (Equation 3) or CQC (Equation 6) Methods

Frequencies More than 10% Apart

ik = 0.0

Within my experience, this simplification never introduces more than a
+15% error fram results obtained including all cress coupling terms.

2.3 HIGH-FREQUENCY MODES

2.3.1 Background

In a 1979 submittal for the Lawrence _ivermore Laboratory A-40
Program effort (Reference 2), I demonstrated the inaccuracies associated
with the use of the SRSS combination method* for high-frequency modes
(modes in excess of the frequency at which the spectral acceleration
returns to approximately the zero period acceleration, ZPA, which is about
33 Hz in the case of the R.G. 1.60 spectrum). Tn‘s problem had also been
i1lustrated by Biswas and Duff (Reference 12) and Gwinn and Waal (Refer-
ence 13). The basic problem is that the SRSS method assumes random

* The SRSS combination method as referred to herein means the

conventional square-root-sum-of-squares method as modified for
c'osely-spaced modes per the comments in Section 2.2.
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phasing of modal responses at the time of peak response. However, higher
frequency modes are all nearly in-phase with the input motion and thus
are all nearly in-phase with each other. As noted in Section 2.2, when
modal responses are all nearly in-phase, the modes should be combined by
Algebraic Summation rather than by SRSS.

It is now apparent that there are three modal combination zones
of interest.

First, there is a lower frequency zone correspcnding approxi -
mately to the frequency range where the r~esponse spectrum is in the
amplified spectral velocity domain. This zone corresponds to frequencies
less than fl which will be defined later. However, for the Req. Guide 1.60
response spectrum, fl may be as low as 1.5 Hz to 3.0 Hz. Below fl. the
total modal response can be combined by the SRSS method modified for
closely-spaced modes.*

A second zone corresponds to the frequency range above the
frequency f" where f" is defined as the rigid frequency at which the
spectral acceleration, S‘. roughly returns to the peak zero period
acceleration, ZPA. At these high frequencies, the seismic input motion
does not contain significant energy content and the structure simply
responds to the inertial forces from the peak ZPA in a pseudo-static
fashion. The phasing of the maximum response from modes at these high
frequencies (roughly 33 Hz and greater for the Reg. Guide 1.60 response
spectrum) will be essentially deterministic and in accordance with this
pseudo-static response to the peak ZPA. The combined response from modes
with frequencies above f' can either be determined by a pseudo-static
response analyses as defined in Appendix A (taken from Reference 2) or by
Algebraic Sum of all of these higher frequency modal responses. Both
approaches lead to identical results and are theoretically correct.

* It should also be noted that the SRSS method is also incaccurate at
very low frequencies but th'¢ - r~oblem is of little importance to
stiff nuclear power facilit.~~ and is not addressed herein.
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However, the pseudo-static technique of Appendix A is generally more
simple to use and is less susceptible to numerical errors which sometimes
occurs with the algebraic summation of high frequency modes.

The third zone between the freguencies fl and " represents a
transition region within which a portion of the modal responses should be
combined by SRSS as modified for closely-spaced modes, and a portion of
the response should be combined by Algebraic Sum. Close to fl essen-
tially all of the modal response should be combined SRSS while close to
f™ essentially all of the modal response should be combined by Algebraic
Sum. The exact distribution between the portion to be combined by SRSS
and the portion to be combined by Algebraic Sum is uncertain and is the
subject of considerable recent study (References 14 through 20).
Unfortunately, this transition region is the region within which most of
the important piping system response modes lie. Therefore, modal combin-
ation in this transition region needs to be further discussed.

2.3.2 Recent Research

The publication and dissemination of NUREG/CR-1161 (Reference 2)
has resulted in new research on the combination of higher fregquency
modes, including Lindley and Yow (Reference 14), Hadjian (Reference 15),
Gupta (References 16 through 19) and Singh (Reference 20). This new
research has indicated that my 1979 recommendation did not go far enough.
Basically, the problem with the SRSS response combination method and the
transition to algebraic summation occurs at frequencies well below that
at which the spectral acceleration, S‘. returns roughly to the ZPA,
Whereas, I {llustrated that the SRSS method should not be used at
frequencies above 33 Hz for the USNRC R.G. 1.60 spectra, this newer

research illustrates that the same problems extend down to lower
frequencies as well.

All of these approaches incorporate the idea that the total peak
response is made up of two parts consisting of a damped periodic relative
peak response, RP, and a rigid peak response, R". The total damped periodic
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relative response , R”, 1is obtained by the SRSS method of combining modal
“relative” responses based upon the assumption that the phasing of these
“relative" responses are uncorrelated with each other. The total rigid
response, R", is obtained by algebraic summation of modal *rigid*
responses because this rigid portion of total response is all in-phase

with the ground motfon. In understanding these methods, three frequencies
need to be defined:

f1 = lower frequency below which rigid and damped periodic
relative responses are not additive. Beiow this
frequency, the separation into rigid modal responses
and damped periodic modz] responses is unnecessary and

the total modal responses can be combined by the SRSS
method.

2 = upper frequency above which the separation into damped
periodic relative modal response and rigid modal
response s unnecessary and the total response should
be treated as being in-phase (rigid) and should be
combined algebraically.

 a frequency at which spectral acceleration, Sa. roughly
returns to the ZPA.

Gupta (References 16 through 18 as modified by Reference 19)
defines fl and £ by:

1 - amax
e ”
2 =« (¢l y2¢")3 (8)

where S max and Symax are the maximum spectral acceleration and
velocity, respectively. The frequency £l may be thought of as a corner

frequency between the velocity and acceleration response domains. For a
given response spectrum, fl is uniquely defined. Based on the R.G. 1.60
response spectrum, f1 is 2.0 Hz at 0.5% damping, 1.7 Hz at 5% damping,
and 1.5 Hz at 10% damping. The frequency f2 is between 22 Hz and 23 Hz
for the R.G. 1.60 spectrum.
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Hadjian (Reference 15) indicates that fl 1ies between 2 and 3 Mz
for the 1% damped R.G. 1.60 spectrum and arbitrarily assigns an fl value
of 2.5 Hz. Hadjian does not need to explicitly define an f2. However,
this approach implicitly defines f2 by:

L L (9)
Thus, for R. G. 1.60, £ equals 33 Hz.

Even more important, Hadjian demonstrates that the separation
into a relative response component (combined SRSS) and a rigid response
component (combined algebraically) is only important for structures which
contain multiple (more than one) significant modes with frequencies
greater than 10 Hz for the R.G. 1.60 spectrum. [n other words, with the
R.G. 1.60 spectrum, for frequencies below 10 Hz the SRSS modal response
combination method is perfectly adequate and modifications for higher
frequency modes are unnecessary. Above 33 Hz, SRSS is not acceptable and
algebraic summation should be used. Between 10 Hz and 33 Hz, a trans-
ition zone exists in which a portion of the modal responses should be
combined SRSS and a portion should be combined algebraically for the R.G.
1.60 spectrum. For other spectra, these transition frequencies would
differ somewhat.

Lindley and Yow (Reference 14) do not explicitly define f! or £,
However, their approach is nearly identical to the Hadjian approach so

that the iransition zone defined for the Hadjian approach would also be
applicable to their approach.

Singh (Reference 20) also does not explicitly define f! or f2,
However, a review of his approach would indicate that fl 1ies at about 6
Hz and f2 at about 28 Hz. Significant rigid response effects do not
occur at frequencies below about 10 Hz.
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The Gupta, Lindley and Yow, and Hadjian approaches can all be
cast into a common format for ease of comparison. Therefore, each of
these approaches for this transition zone will be discussed further.

2.3.2.1 GUPTA APPROACH

1. Separate the total individual modal peak responses, Ri'
into a rigid peak response, Rg. and a damped periodic
relative R?. by:

R; " ay Ri (10)
P 2
Ry = l1-aj Ry (11)
1
" log fi/f i : (12)
where a, = . excep <q, <
T Jog £2/4] i

Thus, at f; <fl,a,= 0, and at £, > £2, o= 1.0.

2. The damped periodic relative modal responses, R‘:. are
computed for modes with frequencies below f2, and are
combined SRSS to obtain the damped periodic relative
response, RP. The rigid modal responses, R, are
computed for modes with frequencies above fi, and are
combined algebraically to obtain the rigid response, R".
Note that modes with frequencies above f" do not have to
be computed. Rather, my 1979 recommendations (repeated in
Appendix A) can be used to accurately incorporate the
effects of all such modes.
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3. The total response, R is obtained by the SRSS combination
of RP and R".

2.3.2.2 HADJIAN APPROACH

1. For modes with frequencies below fl. the total modal
responses are computed using the conventional pseudo

spectral acceleration, S‘ . These modal responses are
combined by the SRSS method to obtain the total response,

R_, for all modes with frequencies less than rl.

2. For frequencies above fl. an "effective relative®
spectral acceleration, S;ri- is obtained by:

Sar, " Say (ZPA) (13)

which assumes that the relative response is in-phase
(additive) with the rigid response. Next, an veffective

relative® response is computed for each mode using S;ri
in Meu of §, .,
i

Note that S",.1 becomes zero at frequency f'. Thus,

only modes up to frequency f' need be considered. All
modal responses computed in this step are combined by the
SRSS method to obtain the damped periodic relative response
RP which 1s based on the assumption that phasing of these
relative response modes is uncorrelated.
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3. The rigid response, R', is computed by my 1979 recommenda-
tions (repeated in Appendix A) except only modes with
frequencies below f! are used to compute F, (see
Equation Al of Appendix A). The combined rigid response,
R, for all modes with frequencies above fl is obtained
from a static analysis using the pseudo-static inertial
forces given by Equation A3 of Appendix A

The total response, R, for all modes with fraquencies
higher than 1 is obtained by the absolute sum

combination of RP and R", One must use an absolute sum
combination of RP and R™ to be consistent with the

in-phase (additive) assumption upon which Equation (13) is
based.

5. The higher frequency total response, Ry, and the lower

frequency total response, R,  are combined SRSS under the
assumption that responses in these two frequency ranges are
uncorrelated.

2.3.2.3 Lindley and Yow Approach

The Lindley and Yow Approach is identical to the Hadjian approach
with the following exceptions:

1. The "effective relative® spectral acceleration, S;r , is

obtained by: L
' o (e? 2.k
S"1 (s.1 - IPA ) (14)

which assumes that the relative respomse is randomly phased
with the rigid response.



2. The total response is obtained by the SRSS combination of
R? and R". This combination is consistent with the use of
Equation 14 in lieu of Equation 13 to find the relative
response, RP.

2.3.2.4 Comparison of Lindley and Yow, Hadjian, and Gupta Approaches
The Lindley and Yow, Hadjian, and Gupta approaches can be

directly compared by casting the Lindley and Yow, and the Hadjian

approaches into the same format as the Gupta approach. There are

basically two differences. First, the Lindley and Yow and the Hadjian
approach are consistent with o, being defined as:

ay = 0 for fy < el

(15)
ay = g—w- for £, » f
a
i

whereas Equation (12) is used to define u; for the Gupta approach. This
is the only difference from the Gupta approach for the Lindley and Yow
approach. However, the Hadjian approach assumes in-phase (additive)
phasing between the rigid response and the "effective relative® response

whereas Gupta assumes uncorrelated phasing. Therefore, in the Hadjian
approach:

RP = (1 )Ry (16)

whereas Equation (11) based on SRSS combination is used by Lindley and
Yow, and Gupta to obtain R?. Because of the use of Equation (12) to
obtain R? in the Hadjian approach, one must combine the tu..l relative
response, RP, and total rigid response, R", by absolute summation.

In the Lindley and Yow, and the Gupta approaches, these two response

components are combined SRSS to be consistent with Equition (11). These
are the only differaences.
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The Hadjian approach contains a fundamental inconsistency in its
logic. First, it assumes that all "effective relative" modal responses,
RP are in-phase (additive) with the corresponding rigid modal
mporses R . This assumption is the basis for Equation (16). Next,
it assumes that all rigid modal responses, R , are in-phase with each
other which is the basis for algebraic sumation of the rigid modal
responses, R:. to obta‘n the total rigid response RT. However, it
also assumes all “effective relative” modal responses, RQ, are uncor-
related with each other so that they may be combined SRSS to obtain the
tota]l "effective relative” response, RP, It is inconsistent to assume
the relative modal responses are uncorrelated with each other (SRSS
combination) and yet are in-phase with the rigid modal responses
(Equation 16) which are all in-phase with each other (algebraic
sumation). This fundamental inconsistency does not exist with efther
the Lindley and Yow approach or the Gupta approach. For this reason, I

prefer either the Lindley and Yow or the Gupta approach to the Hadjian
approach.

2.3.2.5 Concluding Remarks on Recent Research

Recent research has indicated that the SRSS method of modal
response combination when modified for closely-spaced modes is adequate
so long as the dynamic model does not contain more than one significant
mode at a frequency higher than that associated with the highly amplified
spectral acceleration response domain (approximately 10 Hz for the R.G.
1.60 spectrum). In these cases, no special provisions are necessary for
the modal response combination of higher frequency modes. However, if
the dynamic model does contain more than one significant mode at a
frequency higher than that associated with the highly amplified spectral
acceleration response domain then provisions for Algebraic Summation of
at least a portion of the higher frequency responses are necessary.
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For the R.G. 1.60 spectra, it appears that any approach which
uses Equations (10) and (11) and defines a; S0 as to be less than about
0.6 at frequencies below about 10 Hz, and greater than about 0.8 at
frequencies above about 25 Hz should lead to reasonable results, In
other words, below 10 Hz responses should be predominantly SRSS combined
and above 25 Hz reponses should be predominantly algebraic sum combined.
Between 10 and 25 Hz, a transition zone should exist. These frequency

ranges are for the R.G. 1.60 spectrum. For other spectra, these frequency
ranges would shift somewhat.

2.3.3 Impact of Improperly Combining Higher Frequency Modes by SRSS

The SRSS response combination method even when modified for
closely-spaced modes can lead to significantly unconservative computed
responses near the base of stiff cantilever structures and near supports
for stiff components such as a stiff piping system. This uncunservatism
only occurs near supports. Away from supports, the SRSS response
combination method can lead to significant conservatism. For the R.G.
1.60 spectrum, the SRSS response combination method will tend to under-
estimate responses near supports for structures which contain more than
one significant mode at frequencies exceeding 10 Hz. If only one signi-
ficant mode exceeds 10 Hz, no problem exists. The problem of underesti-
mation becames most severe when the dynamic model contains more than one
significant mode at frequencies exceeding 25 Hz for the R.G. 1.60
spectrun. The degree of unconservatism depends upon the importance of
these high frequency modes an total response. Generally, the level of
unconservatism is negligible and of academic interest only, However, for
very stiff structures such as are sometimes encountered in nuclear plant
designs, the level of unconservatism can be severe.

Based upon my own experience and a review of References 14
through 20, I would judge that under fairly extreme but realistic

situations the ratio of SRSS computed to actual responses might be as low
as:
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Ratio: GSRSS Computed
Response Quantity to Actual Response *
Acceleration 0.60
Inertial Forces 0.60
Shears 0.75
Moments 0.90

These levels of unconservatism would only occur near the supports of
structure models which contain more than one significant mode at
frequencies above 25 Hz. Note that the unconservatism is most severe for
accelerations and inertial forces. The underprediction of shesrs and
moments is much less, because in these cases the SRSS method - ads to
overprediction of responses away from the supports and this reduces the
unconservatism of shears and moments at supports.

Actually, an experienced or cautious analyst would catch these
levels of unconservatism in their results, The only places I have seen
this level of unconservatism in results occurs when the SRSS computed
accelerations near supports are less than the ZPA of the support. Any
analyst who makes this check would realize an analytical problem existed
and would correct for it by adding in static inertial accelerations or
would perform a time-history anmalysis. Thus, I would doubt if such large
unconservatisms would exist in any analysis or design performed by an
experienced or cautious analyst using the SRSS method. However, such
unconservatism might exist in “cookbook" analyses performed by an analyst
who was overly trusting in the accuracy of their computer program,
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The impact of incorporating any of the proposed methods would be
to eliminate this possible but generally unlikely source of severe
unconservatism in design. The change would make clear the cause of this
unconservatism and would eliminate the need for the use of approximate
methods which have been used to correct this deficiency in the SRSS
combined response. Once computer programs were modified, the added

analytical costs and engineering efforts to incorporate any of these
methods would be negligible.

2.4 COMBINATION OF SPATIAL COMPONENTS AND MULTIPLE RESPONSES
Regulatory Guide 1.92 states that when the response spectra
method is used, spatial components should be combined SRSS. This
requirement is Dased upon the reasonable assumption that the responses
(frequency-by-frequency) of the three components of the ground motion are
uncorrelated. For piping, it is further assumed that the three
components of support motion are also uncorrelated (see Section 2.1.3 for
discussion on this point). So long as one assumes a lack of phase cor-

relation between the three spgtial components of support motion, the SRSS
combination of spatial components is fully justified.

The SRSS combination of spatial components works well when
applied to a single final response quantity of interest such as a stress,
displacement, or force. However, often one is interested in some combi-
nation of multiple response quantities. For instance, for pipe the
Tresca or maximum shear stress given by:

T ® ("i + N; + H:)" /21 (17)

is generally the stress quantity of interest. In Equation 17, Moo Hy and
M, are the moments in the local x, y, and z piping cross-section axes
while Z is the section modulus. In applying Equation 17 for seismic
response, one should use values of n‘. ny. and M, which occur
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concurrently. However, the SRSS combination of responses due to the
three independent spatiai components of support motions leads to maximum
probable resultant responses, Myp, Myp, and Mpp, in each of the three
response directions (se¢ Section 2.1.3). These maximum probable resultant
responses are not likely to occur concurrently. Yet, the standard
procedure is to substitute all three of these maximum probable resultant
responses, "XR' "YR' and "ZR' for the concurrent responses, M,, My, and
M, in Equation 17. This substitution conservatively assumes that Myp,
Mygs and Mzp all occur at the same time., Within my experience, such an
assumption leads to a 0% to 40% margin of conservatism in the combined
response t,,, over that appropriate for the assumption of uncorrelated
support motions. Unfortunately, this substitution of Myp, Myr, and MzR
for M., Hy. and M, in Equation 17 is the only practical approach with the
SRSS method for the combination of spatial components so that this
conservatism for multiple responses is unavoidable with this method.

However, a more sophisticated response combination method which
avoids most of this unnecessary conservatism does exist (References 22
through 24). I will call this method the Gupta method. The Gupta method
described in Reference 22 provides a rigorous solution for the maximum
probable combination of multiple responses under the assumption of uncor-
related three-component input motions. As such, this method represents
the "exact" method whereas the above-described SRSS method is a conserva-
tive approximation, Application of this “exact® Gupta method for piping
systems is illustrated in Reference 23. Unfortunately, the “exact" Gupta
method is very difficult to apply and so has not come into wide use.
However, it does represent the "standard® against which other approximate

methods should be measured. As such, Reg. Guide 1.92 should allow this
method.

Reference 24 recommends an "approximate® Gupta method which is
only slightly conservative (0% to 13% conservative in the case of piping
stress analyses governed by Equation 17) as compared to the “"exact® Gupta
method and much easier to apply. Even this method is more difficult to
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apply than the SRSS method. A further simplification will be described
herein which only slightly increases the uncertainty (-1% to +17%
conservative). Each of these "approximate® Gupta methods are more
accurate than the SRSS method and should be allowed by Reg. Guide 1.92.

Rosenblueth (Reference 25) has also proposed a method similar to
the “approximate® Gupta method. However, I have not studied the
Rosenblueth method in detail.

Also, Newmark (References 26 and 27) has proposed an approximate
method for combining multiple responses from these spatial components of
input motion. This method is called the 100-40-40 method. Within my
experience, the Newmark 100-40-40 method introduces about the same level
of conservatism as the SRSS method and is less accurate than either of
the approximate Gupta methods. The Newmark 100-40-40 method should also
be allowed by Reg. Guide 1.92.

A1l of these methods are founded on the same assumption of uncor-
related spatial components of input motion. Each of these methods is at
least as valid as the SRSS method. Because the starting assumptiont are
the same, all of these methods could be called SRSS-equivalent methods.

A1l of these methods should be allowed for spatial component combination.
These methods are described and compared in Appendix B.

3.0 RECOMMENDATIONS

3.1 REVISIONS TO REG. GUIDE 1.92 AND STANDARD REVIEW PLAN

1. The algorithm given in Table 3 for combining responses
using the independent support motion response spectrum
analysis method (ISMA) should be added to Standard Review
Plan 3.9.2. This algorithm represents a modification of
the MRC staff-recoomended algorithm contained in Table 1.

;h.l bases for this revised algorithm are given in Section
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2.

3.

The absolute signs should be removed from the Double Sum
Combination (DSC) Method in Reg. Guide 1.92. Also, the
Complete Quadratic Combination (CQC) Method should be added
to Reg. Guide 1.92 without inserting an arbitrary set of
absolute signs. A deiailed discussion of the issues
concerning closely-spaced modes is presented in Section 2.2.

Regulatory Guide 1.92 and/or the appropriate Standard
Review Plan Sections should require the algebraic summation
of all modes with frequencies exceeding f" where f' is
defined as the frequency at which the spectral acceleration,
Sas rougzly returns to the peak zero period acceleration,
l’l. The two methods of algebraic summation given in
Appendix A should be allowed. Secondly, the SRP should
allow the SRSS method cf modal response combination as
corrected for closely-spaced modes to be used {f the

dynamic model does not contain more than one significant
mode at a frequency higher than that associated with the

Fighly amplified spectral response domain (approximately 10
Hz for the Reg. Guide 1.60 spectrum). In other words, no
special consideration of how to combine high-frequency
nodes is necessary in this case. Third, for dynamic models
which contain more than one significant mode at frequencies
above about 10 Hz, the SRP should require a gradual trans-
ftion from the SRSS response combination which is appropri-
ate for lower frequency modes and the algebraic summation
appropriate at freocuencies above f'. Both the Gupta method
and the Lindley and Yow method should be explicitly L
permitted. Any other rational method of treating this
transition should also be allowed., Fine tunin? of this
transition is unwarranted. However, some consideration is
necessary. A further discussion of higher frequency modal
combination is contained in Section 2.3.

Regulatory Guide 1.92 should permit the use of any of the
SRSS equivalent methods for the combination of effects from
the three spatial components of input. The “"exact" Gupta
method, "approximate® Gupta method, and the Newmark
100-40-40 method are at least as valid as the SRSS method
and are founded on the same theory. These methods are
discussed in Section 2.4,

IMPACT OF RECOMMENDATIONS

A1l of these recommendations will lead to more accurately and

rationally computed piping responses by the response spectra method. For
most piping systems, these recommendations will result in a reduction in
computed response. In some cases, this reduction will be substantial.
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However, for very stiff piping systems, the high-frequency mode combina-
tion recommendation will result in an increase in support forces and
responses near supports. Thus, these recommendations will properly

penalize very stiff piping system designs and will benefit more flexible
designs.

3.3 RECOMMENDATIONS FOR FURTHER RESEARCH

In my opinion, only a limited amount of further research in
response combination methods {s necessary in order to safely and
rationally design piping systems and structures. If further research is
performed it should concentrate on the following topics:

1. Research to develop practical ways to retain the relative
phasing relationships caused by the primary system (civi)l
structure) in the ISMA method for multiply-supported sub-
systems. This research would enable the actual relative
phasing to be used in lieu of the conservative absolute

summation of support group responses recommended in Table 3.
This research should be directed toward both primary and

secondary reponses with the primary benefit probably being
with the secondary responses (see Sections 2.1.1 and 2.1.5).

2. Research on the correlation or lack of correlation of the

three-ciractional components of input support motions for
piping iystems (see Section 2.1.3 and 2.1.6).

3. Research on the higher frequency transition zone from SRSS

modal combination to algebraic sum modal combination (see
Section 2.3).

[ would rank these research topics in the order listed with 1
being highest and 3 being lowest.

3.4 ALTERNATE SIMPLIFIED RECOMMENDATIONS FOR MODAL COMBINATION
Accounting for closely-spaced modes and high-frequency modes as
per the recommendations of Section 3.1 improves the accuracy of computed
piping responses. However, the penalty for this improved accuracy is
more complex modal combination techniques. A school of thought exists
that says we don't need this improved accuracy to safety design piping
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systems, but we do need more simplified analysis techniques. I am in
sympathy with this school of thought. In my judgment, adequate accuracy

for safe design can be achieved by the following simpler modal combina-
tion rules:

1. Combine all modes with frequencies below fr by
SRSS where f© is defined as the frequency at
which the spectral acceleration, Sz, roughly
returns to the zero period acceleration. No
consideration of closely-spaced modes or a
gradual transition to algebraic summation at
higher frequencies need be included.

2. Combine all modes with frequencies greater than f'

by algebraic summation using either method given
in Appendix A.

3. Combine the low (Rule 1) and high (Rule 2)
frequency modal responses by SRSS.

In my judgment, there is sufficient conservatism in other aspects
of dynamic analysis and design of piping systems to adequately cover any
unconservatism introduced by the use of these simplified modal combination
rules. I leave it to the NRC staff to decide whether improved accuracy
or greater simplicity is the preferred goal.
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NRC STAFF -RECOMMENDED ALGORITHM FOR
COMBINING RESPONSES USING THE INDEPENDENT SUPPORT MOTION
RESPONSE SPECTRUM ANALYSIS METHOD !INTERIM)
(Reference 28)

A. Oynamic Components (primary)

1. For each mode and for each direction:
Combine group responses by absolute sum (ABS).

2. For each mode:
Combine direction responses by SRSS.

3. For each nodal point and degree of freedom:
Combine modal responses by R.G. 1.92

This can be summarized as:

Displacements: GROUP (ABS) - DIRECTION (SRSS) - MODES (R.G. 1.92)

8. Pseudo-Static Components (secondary)

1. For each group, calculate maximum absolute response
for each direction,

2. Combine for all groups and directions by absolute sum,

c. Total Dynamic Responses
Add dynamic and pseudo-static components by SRSS.
Note: For the design of piping, only the dynamic components are
considered as primary. For piping or equipment support, both

dynamic and pseudo-static components should be considered as
primary.
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TABLE 2

COUPLING FACTORS FOR MODAL COUPLING METHODS

Method

[quation

Tk

ABS

(2)

A1l 1.0

Algebraic Sum

(1)

A1l 1.0

SRSS

(1) or (2)

A1l 0.0

Grouping Method

(2)

Modes arranged in ascending
frequency order. Groups
formed beginning with the
Towest frequency such that all
higher modes with frequencies
within 10% of lowost mode in
group are lumped into same
group. No mode in morg than
one group.

Within Same Group: C;, = 1.0
Outside Same Group: cjk = 0.0

Ten Percent Method

(2)

Modes arranged in ascending
frequency order, If modal
frequencies within 10% of each
other, then Cjk = 1.0.

Otherwise, cjk = 0.0

0scC

(1)

Cjk from Equation (3)

NRC-DSC

(2)

cjk from Equation (3)

cQc

(1)

cjk from Equation (6)

ARC

(1)

t:.“l from Reference (10)
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TABLE 3
SUGGESTED REVISION TO RECOMMENDED ALGORITHM FOR COMBINING

T SPECTRUM ANALYSTS WETHOD

Inertial or Oynamic Components (primary)

1. For each mode and for each input motion direction:
Combine group responses by absolute sum (ABS) or
preferably, by actual relative phasing if structural
phasing information is retained. If it can be shown
that group responses are reasonably phase uncorrelated
(such as responses between different structures), then
an SRSS combination may be used.

2. For each response quantity and each input motion
direction:

Combine modal responses by the Double Sum (DSC) or COC
method with provisions for high-frequency modes.

3. For each response quantity:

Combine input motion direction responses by SRSS or
equivalent method.

This can be summarized as:

c.

Note:

GROUP (ABS or Actual) - MODES (DSC or CQC) - DIRECTION (SRSS
equivalent)

Support Displacement or Pseudo-Static Components gsecondarzl:

1. Group by common attachment point. For each group,

calculate maximum absolute response for each input
direction.

2. Combine for all groups by absolute sum or preferably,
by actual relative phasing if structural phasing
information is retained. If reasonable phase

uncorrelation can be demonstrated, SRSS combination
may be used.

3. Combine for fnput directions by SRSS or equivalent
method.

Total Dynamic Responses
Add dynamic and pseudo-static components by SRSS
For the design of piping, only the dynamic components are

considered as primary. For equipment support, both dynamic and
pseudo-static components are considered as primary.
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APPENDIX A

INCLUSION OF PSEUDO-STATIC RESPONSE FOR ALL MODES
ABOVE THE RIGID FREQUENCY, £

Determine the modal responses only for those moces with
natural frequencies less than that at which the spectral
acceleration approximately returns to the ZPA (33 Hz in
the case of the Regulatory Guide 1.60 response spectra).
Combine such modes in accordance with rules for the SRSS
combination of modes as modified for closaly-spaced and
higher frequency modes.

For each degree-of-freedom included in the dynamic
analysis, determine the fraction of degree-of-freedom
(DOF) mass included in the summation of all of the modes
included in Step 1. This fraction F1 for each degree-of-
freedom i1 is given by:

M
Fir L PP, 4 (A1)
m=1
where
m is each mode number
M is the number of modes included in Step 1.

PF. is the participation factor for mode m
0.'1 is the eigenvector value for mode m and DOF 1
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Next, determine the fraction of DOF mass not included in
the summation of these modes:

K, = F, = F (A2)
where

§ is the Kronecker delta which is one if DOF 1 is in the
direction of the earthquake input motion and zero {f DOF f
is a rotation or not in the direction of the earthquake
{nput motion.

If, for any DOF 1 this fraction |K,| exceeds 0.1, one
should include the response from higher modes than those
included in Step 1.

Higher modes can be assumed to respond in phase with the
peak ZPA and thus with each other so that these modes are
combined algebraically which s equivalent to pseudo-static
response to the inertial forces from these higher modes
excited at the IPA. The pseudo-static inertial forces
associated with the summation of all higher modes for each
DOF { are given by:

Py = IPA * M * K, (A3)
where
P fs the force or moment to be applied at
degree-of -freedom (DOF), 1§
M, is the mass or mass moment of inertia

associated with DOF
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The structure is then statically analyzed for this set of
pseudo-static inertial forces applied at all of the
degrees-of-freedom to determine the maximum responses
associated with the high-frequency modes not included in
Step 1.

4. The total combined response to high-frequency modes (Step 3)
are combined SRSS with the total combined response from
lower frequency modes (Step 1) to determine the overall
structural peak response.

This procedure is easy because it requires the computation of
individual modal responses only for the lower frequency modes (below 33 Hz
for the Regulatory Guide 1.60 response spectrum). Thus, the more difficult
higher frequency mcdes do not have to be determined. The procedure is
accurate because it assures inclusion of all modes of the structural model
and proper representation of DOF masses. It is not susceptible to inaccura-
cies due to an improperly low cutoff in the number of modes included.

Alternately, one can compute modal responses for a sufficient
number of modes to ensure that an inclusion of additional modes does not
result in more than a 10% increase in responses. Modes with natural fre-
quencies less than at which the spectral acceleration approximately returns
to the ZPA (33 Hz in the case of the Regulatory Guide 1.60 response spectrum)
are combined in accordance with rules for the SRSS combination of modes as
modified for closely-spaced and higher frequency modes. Higher mode responses
are combined algebraically (i.e., retain sign) with each other. The total
response from the combined higher modes are then combined with the total
response from the combined lower modes.
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APPENDIX B

DESCRIPTION AND COMPARISON OF SRSS - EQUIVALENT METHODS FOR SPATIAL
AND MULTIPLE RESPONSE COMBINATIONS

In this appendix, I will describe the Gupta and Newmark methods

and will compare Tmax Tesults for an example typical piping response
problem. The example piping response problem has the following
individual component responses:

My = 10.0 My = 3.0 Myz = 2.0
M = 4.0 Myy = 15.0 Myz = 3.0
My = 2.0 Mzy = 3.0 Mzz = 6.0

where, for example, M, represents the x-component maximum probable com-
ponent response due to the y-direction input motion. For simplicity, it

will be assumed that no closely-spaced modes exist. The presence of closely-
spaced modes slightly modifies the combined response, (22 Tmax)s Obtained
by the Gupta methods and has no influence on the other methods. The compar-
fsons presented are equally valid with or without closely-spaced modes.

For this example problem, when spatial component responses are

combined SRSS, the maximum probable resultant combined component responses
are:

Myp = 10.6
Myp = 15.8

Mg = 7.0
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If these responses are assumed to occur concurrently, then (27 «

« max)
from Equation 17 is:

SRSS Approach
(22 7,.,) =20.3

It will be shown that tiie "exact" maximum probable combined response

consistent with the assumption of uncorrelated input motions as obtained
by the “"exact®" Gupta method is:

"Exact"

(22 7p,,) =17.8

Thus, for this example problem the SRSS method introduces 14% conserva-
tism. For some other problems, the conservatism can be much greater.

However, this example is representative of the majority of cases in which
the conservatism is not excessive.

B.1 Gupta "Exact® Method (References 22 and 23)**

The Gupta "Exact® Method requires the development of combined
modal responses:

tquation numbers in this Appendix which do not have a ¥- prefix
refer to equations from the main bodv of this report.

References for tris Appendix are listed in Section 4 of the main body
of this report.




and cross coupling terms:

" 121 E % Con Mcim Myin
’ (8-2)
$ e igl % % cmn "xim Hzin 2
3
5 121 % % Cm "yim "zin

where C_ 1is the mode coupling term (Cyn = 1 when m = n; otherwise Cp,
is Trom Equation 3 for ['SC Method or Equation 6 for CQC Method), and M,im

is the x-direction moment in the m-mode due to the i-direction {nput
component,

In the absence of closely-spaced modes, Equatior B-1 becomes the
SRSS combination of spatial component responses. Thus:

Ne Close-Spaced Modes

Mee = MXR
"_YC = HYR (8-3)
Mze = M

and Equation B-2 becomes:

3

3
¢ = 121 H“ "zi (8-4)

3

t = igl "yi "21
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Thus, for our example problem which does not have closely-spaced modes:

Mo = 10.6 r=91.0
My = 15.8 s = 41.0
M = 7.0 t = 71.0

The Gupta “"exact®" method then requires the development of a set
of equivalent modal responses, M, T&,G. and M,_, which also satisfy
Equations B-1 and B-2. The number a must equal the number of response
quantities being combined (a= 3 in the case of Equation 17), For the

case of Equation 17, these equivalent modal responses can be obtained
from the following table:

Equivalent Modal Moments

Equivalent Mode, - va Rz,_._
1 M e L My
— 2 \k
2 0 \Hye - ﬁyl) (t-ﬁylﬂzl)/ﬁyz
s 2 =2 K
3 0 0 (MpeMy1Hz2)
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Maximum probable concurrent responses are then given by:

Moo 2 kR
e 2ok, e (8-5)
. b g . i‘.zc:
where
2k o (8-6)

A1l possible combinations of K, which satisfy EquationB-6 must be

considered. These maximum probable concurrent responses are then used in
Equation 17 to evaluate (2Z 7. )

The obvious problem with the Gupta "exact® method is that an in-
finite number of K, values satisfy Equation B-6. One must find the set
which leads to the maximum value of (22 'mx) in order to find the "exact"”
maximum probable (2Z 'max)‘ If one stops his search too early and does
not find the "worst® combination leading to the maximum value, then one

will unconservatively underestimate the maximum probable value of
(zz me).

For our example problem, a set of equivalent modal moments are:

Example Problem Equivalent Modal Moments

Equivalent Mode, a L iyc w,
1 10.6 8.6 3.9
2 0 13.2 2.8
3 0 5.1

and some of the possible solutions of Equations B-5 and B-6 are:
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Trial Solutions for (22 *m")

Trial No. Kl Kz K3 M "y "z 22 -
1 .59 .8 .24 5.8 15.3 5.6 17.3
2 .45 .86 29 4.8 15.2 5.4 16.8
3 .50 .86 .10 5.3 15.6 4.9 17.2
4 .60 .70 .39 6.4 14.4 6.3 17.0
5 .67 .70 .25 7.1 15.0 5.8 17.6
6 .76 .60 .25 8.1 14.5 5.9 17.6
7 72 .65 .24 7.6 14.8 5.8 i .6
8 .75 .65 .12 8.0 15.0 5.4 17.8
9 .70 .70 .14 7.4 15.3 5.4 17.8

10 .79 .60 .13 8.4 14.7 5.4 17.8
11 .74 .65 17 7.8 14.9 5.6 17.8
12 .76 .65 0 8.1 15.1 4.8 17.8

After a wide search of possible concurrent solutions, one finds that the

maximum probable value {s:

*Exact" Maximum Probable

(22 vy, ) = 17.8

which is somewhat Tess than the simple SRSS combination of spatial
components but more than the largest single component of response.
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B.2 Gupta "Approximate® Method (Reference 24)

Because of the effort involved in evaluating all possible combin-
ations which satisfy Equations B-5 and B-6, Cupta developed a conservative
dpproximate solution. In this solution for the combination of three
response components, 100X of one equivalent modal response {s taken con-
current with 41.4% of a second equivalent moda) response and with 31,.8%
of the third equivalent modal respons2. Gupta shows that this combination
s always conservative compared with the exact solution and also provides
the minimum conservativeness consistent with always being conservative.
The level of conservatism ranges from 0 to 13%.

By this approach, there are six (6) possible combinations* for
(22 'mx)' These are:

Approximate Solutions For (22 tan)

Com'i‘gftion K1 KZ K3 "x "y "z (22 'mx)
1 1.0 0.414 | 0.318 | 10.6 14,1 | 6.7 18.9
2 1.0 0.318 | 0.414 | 10.6 12.8 | 6.9 18.0
3 0.414 | 1.0 0.318 4.4 16.8 | 6.0 18.4
4 0.414 | 0.318 | 1.0 4.4 7.8 | 7.6 11.8
5 0.318 | 1.0 0.414 3.4 15.9 | 6.2 17.4
6 0.318 | 0.414 | 1.0 3.4 8.2 |7.5 11.6

* If one must be concerned with + and - sians, then there are 8
times 6 or 48 combinations. However, for Equation 17 the
response signs are unimportant,
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Thus, the approximate maximum probable response is:

*Approximate” Maximum Probable

(22 1"") = 18.9

which {s only 6% more conservative than the *exac.® solution for this
example problem.

8.3 Alternate Gupta "Approximate® Method

The approximate Gupta method can be further simplified by taking
100% of one equivalent modal response concurrent with 40% of all other
equivalent modal responses. For the combination of three response
components, this simplification reduces the problem to only 3 possible

combinations with the possible level of conservatism ranging from -1% to
+17%.

By this approach:

*Approximate® Maximum Probable

(22 'mx) = 18.8

B.4 Newnark 100-40-40 Method (References 26 and 27)

The Newmark 100-40-40 Method requires that 100% of the responses
due to one spatial component be assumed to act concurrently with 40% of
the responses from each of the other two input spatial components.

When determining (2Z t,,,), there are three possible combinations
of the 100-40-40 rule. These are:
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Combination 1 (100% x-input direction)

M= My, ¢ 0.4(M,, ¢ M,;) = 12.0
n, L 0.4(H” + "ﬂ) = 11.2
My =My ¢ o.A(Hz’ +M,) = 5.6

(22 1) = 17.3

Combination 2 (100% y-input direction)

Mo = Myy *+ 0.4(M, + M) = 7.8
ny . My ¢ o.q(ny,l + M) =17.8
M, = Mzy + 0.4(My, + My,) = 6.2

(22 T"x) = 20.4

Combination 3 (100% 2-input direction)

"’ = "’z + o.‘("u + "”) - 10-6
My o Mgz + 0.4(Mp + My} = 8.0

(22 1.“) = 15.1
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Combination 2 controls and thus:

Newnark 100-40-40

(22 Tmax) * 20.4

which in this case 1s identical to the SRSS spatial combination.
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Position Paper
on

Stress Limits/Dynamic Stress Allovables for Piping

1.0 STATEMENT OF ISSUES

The NRC, through SRP 3.9.3, accepts the stress limits for piping pressure
boundaries given in the ASME Boiler and Pressure Vessel Code, Section 111,

Div, 1“); hereinafter called the Code, The Code establishes stress limits
for tvo types of loads:

Type-1: Loads vhick could cause gross plastic deformation. These loads in-
clude internal pressure, weight and inertia effects of earthquakes
and other dynamic loadings. They are comtrolled by Code Eg. (9)
vhich is based on limit load tests and theory.

Type 2: Loads vhich are deformation limited, These loads include thermal
expansion, thermal gradients and relative anchor movement {rom any
cause, including earthquakes or other dynamic loadings., They, in

combination with Type-1 loads that may be repeated in service, are
controlled by a fatigue evaluation method detailed in the Code.

Code stress limits for piping are different from those used by structural de-
signers in that the Code stress limits, for Levels A, B, C and D, permit loads

that cause plasticity in the piping., This piping concept dates back to the
early 1950's and is embodied in ASA 831.1-1955(2) in the form of the stress
range concept., Hovever, Code stress limits do not explicitly consider the fi-

nite-time-duration (or energy content) of dynamic loads or strain rate effects.

The issues of this paper are:

(1) Are Code stress limits appropriste for control of dynanic loads vhen in-
elastic analysis methods are used?

(2) ﬁ'u strain rate effects sufficlent to varrant inclusion in a dynamic an-
ysis?
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2,0 DISCUSSION OF ISSUES

2.1 Cod Jastic

The question of adequacy of stress limits camnot be separated from the

question of how accurately the loads are calculated, This aspect can be dis~
cussed in terms of Code Eg. (9):

B,PD /2t + BM,/2 £ 8 (c9)
vhoro. M

1 is a Type-! moment resultant and sL is the Code stress limit:

Table 1: Code Eq. (9) Stress Limits

Condition Stress Limit, S

Class 1 Piping ' Class 2/3 Pipm“
Design .55, 158,
Level A _— Lesser, 1.ash, 1.53,
Level B Lesser, 1083‘ or 1.53, Lesser, 10‘%0 1053’
Level C Lesser, 2.258- or 1.83’ Lesser, 2.253“. 1.38,
Level D Lesser, 3-05' or 2003’ Lesser, 3.0%. 2008,

5™ allowable stress intensity, S, = allowvable stress, s’ = material yield
strength., The Code gives tables of s., sh and s,; they are functions of the
saterial and temperature, Accordingly, the right-hand-side of Eq. (C9) is
quantitatively defined, The left-hand-side of Eq. (C9) is defined to the ex~

tent that the Code gives the stress indices, l‘ and '2' for commonly used

* The reader should see the Code for definition of other terms.

#* At present (Jan, 1984), the Code does not contain the approved changes
to make Class 3 Eq. (9) the same as Class 2,
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piping components and defines no. t and Z. Howvever, the Code does not tell
hov to calculate P and n, for dynazic loadings; e.g., relief valve operationm,

The Code does contain a portion on "Expansion and Flexibility", NB/NC/ND-
3672. A sub-portion is headed "Method of Analysis" reads:

"All systems shall be analyzed for adequate flexibility by a rigorous
structural analysis unless they can be judged technically adequate by
an engineering comparison vith previously analyzed systems.”

It may be noted that the Code does pot prohibit an inelastic analysis, even
for the static loadings iavolved in restraint of thermal expansion.

while the Code does not address calculation of dynamic loads (P and H,)
for use in Eq. (9), and even for static loads does not prohibit inelastic
analysis, Code users have almost alvays calculated these loads using an elastic am~
alysis, The important point we vish to make is that no changes are needed in the
Code to permit calculation of locads (P, M,) by an inelastic analysis method vhich

could include consideration of the enmergy content of the event; e.g., an earthquake,

SRP 3.7.2 and 3,7.3 infer, in many places, that linear elastic earthquake
analysis methods are expected to be used; however, there is no ban on the use

of inelastic methods. SRP 3.9.3, under "Design and Installation of Pressure
Relief Valves" states:

"The structural response of the piping and support system is revieved with
particular attention to the dyuamic or time-history analysis employed in
evaluating the appropriate support and restraint stiffness effects under
dynamic loadings vhen valves are discharging.”

Again, the implication is that linear elastic analysis methods are expected to
be used but there is no ban on inelastic methods, Hovever, because the SRP's
address sethods of calculation of dynamic loads (P and M, for use in Code Eq.
(9), the SRP's should be ruvised to say that inelastic analysis methods are
acceptable,
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Having accepted inelastic analysis methods, the question arises: Are the
Code limits shown in Table 1 acceptable in conjunction vith inelastic analy-
sis methods that consider the limited energy content of the event, the plas-
tic energy absorption by the piping and strain rate effects? Note, in partie-
ular, that for Level D the stress limit is 2.0 &’; vhere s’ is the material

yield strength. A discussion of the basis of Cods Eq. (9) is relevant tu this
question,

The background of the Code Eq. (9) is discussed in Reference (3). Briefly,
the equation and the B-indices used therein are based on limit-moment tests
and limitesoment theory, Static tests vere used, vith no limit on the energy
input during the tests. The test limit moment vas defined as that moment at
vhich the displacement vas tvo times the extrapolated elastic displacement.
This is the same criterion used in the Code, II-1430, "Criteriom of Collapee
Load®, The motivation for this criterion wvas to assure that displacepents are
kept close enough to elastically calculated displacements so that the results
of the elastic piping system analysis would remain reasonmably valid for sup-
port and equipment loads.

The bending limit moment of thin-vall pipe is (/./n)zs,, vhere Z is the
section modulus of the pipe, s, is the yield strength of the pipe material,
For this simple case, all of the stress limits in Table 1 permit moments to
be greater than the limit moment, The judgmental aspects that led to those

seeningly high stress limits are discussed in Reference (3). They are (see
Pe 55 of Ref. (3) )t

"(1) The presence of limit moment conditions at some location in a piping
system doee not mean that gross plastic deformation vill necessarily
oceur, A collapse mechanism must be formed,
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(2) vith the exception of Ref. (24) tests, all test data and theory ignore
time dependent effects; e.g., increases in yield strength for very short-
tize loading.

(3) Wwith the exception of Ref, (23) and (24) tests, all test data and theory
ignore cyclic strain hardening,

(4) The selection of an experimental limit load criteris, such as §= 28,
is essentially arbitrary, Ic many tests, maximum loads vere substan-

tially higher than limit loads and, in many piping systems, limit mo-
ments may be unduly conservative,"”

On page 59 of Ref, (3), additional aspects are cited:

"(e) incresse in yield strength and/or decrsase in structural response under
short~time loadings

(d) the probability that actual yield strengths vill be higher than Code-
tabulated values,”

The second part of (¢) alludes to the limited emergy content of some dynamic

loads.

These considerations led to establishing stress limits such as 2.03’ for
Level D, Now, if an analysis is to be permitted that takes into account many
or most of the cited aspects, is 2.03’ still an appropriate and defensible
Level D stress limit? The only ansver ve can give is: Not pecessarily., We
recomsend that it be made clear that Code NB/NC/ND stress limits are pot nec-

essarily appropriate for use in conjunction vith a rigorous inelastic analysis,

This rather non-committal answer can perhaps best be explained in an at-
tempt to ansver the question: what stress (or strain) limits should be plac-
ed on a rigorous plastic analysis of a pining system?

Appendix F of the Code, in particular F-1341,2, gives stress limits vhich,
for A106 Grade B material, translate approximately into about 1% wembrane strain
and 4% membrane-plus-bending strain. For SA312 TP304 material, the stress limits
translate into about 20% membrane strain and about 35% menbrane-plus-bending strain,
Code Case N-196, concerning use of a plastic analysis in liev of s shakedown analy-
sis, states that the saximum accumulated local strain, as a result of cyclic oper-
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ations to vhich plastic analysis is applied, must not exceed 5%. Code Case
N47, T=1300, "Deformation and Strain Limits for Structural Integrity",
T=1310, "Strain Limits for Inelastic Analysis" prescribes strain limits of:

1% averaged through the thickness

2% at surface due to a linearized distribution of strain through the
thickness

5% local at any point

Each of the cited sources refers to deformation limits and two of the cited
sources call attention to the problems of compressive stresses/buckling,
None of the sources appear to distinguish betveen strain limits for base
saterials and those for veldments.

Appropriate strain limits are deemed to be a function of the particular
base material; e.g., appropriate strain limits for an annealed austenitic
steel might be higher than for a bolting material like SA193 Grade B7. Howe
ever, perhaps more important, veldments may be less able to vithstand plastic
strains than the base materiale. In piping, there are a large number of girth
butt velds and, in addition, velds between run pipe and branch connections.
The branch velds may be subjected to bi-axial or tri-axial etraines; under vhich
conditions the appropriate strain limit may be quite lov. In piping, velds
may be made to cast steel compomeuts, (e.g., valve bodies) and velds may be
sade betwveen ferritic steel and austenitic steel; these kinds of veldments
sust be considered in establishing appropriate strain limits., Strain limits
for compressive loads (e.g., compressive side of a pipe subjected to moment
loading) must include potential buckling considerations.

In viev of the complexities of appropriate strain limits discussed above,
ve recommend that NRC initiate a research program vith the objective of devel-
oping acceptable strain limits for use wvith inelastic analyses,
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2,2 Strain Rate Effects
2.2.) Tensile Test Data

It has been known for many years that the strain response of ductile sa-
terials depends upon the loading rate., In 1938, nnvio(‘) revieved the litera-

ture on the effect of speed of testing on the yield point of mild steel. In

1944, Manjoine (5) presented extensive data on the influence of rate of strain

on the tensile properties of mild steel; Fig. ! herein is from Manjoine's paper.

To bring the strain rates into perspective vith standard methods of tensile

testing of steel products, AS™M A 370, "Specification for Mechanical Testing of
Steel Products", states that:

"Any convenient speed of testing may be used up to one-half the specified
yield point or yield strength., Vhen this point is reached, the rate of
separation of the crossheads under load shall be adjusted so as not to ex-
ceed 1/16 in. per minute per inch of gage length... . This speed shall be
maintained through the yield point or yield strength. In determining the
tensile strength, the rate of separation of the heads under load shall not
exceed 1/2 in, per minute per inch of hnv.h. In any event the mini-
oum speed of testing shall not be less 1/10 of the specified maximum
rates for determining the yield point or yield strength and tensile strength,"

The maxizum and minisum strain rates vith units of in/in/second are:

Property Maximum Minimum
Yield 1,04x10™> 1.04x10™4
Tensile (Ultimate) 8.33x10™> 8.33x10™%

Figures 2, 3 and 4 shov correlations of yield strength wvith strain rate,
Figure 2 is from a paper by Bodner (6) in vhich he used the data from nuuom(”
and, in the range of e from 107 to 102, represented the data for analytical

purposes by the equation:
& = 40u4 (0 /a, -1)° (1)
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Fig. 1: Effect of Strain Rate on Tensile Properties of Mild Steel
at Rcom Temperature, From Reference (5)
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Fig. 2: Correlation Equations for Effect of Strain Rate on Yield Strength
at Room Temperature, From Reference ( 6)
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vhere ¢ = strain rate, in/in/sec
cr’ = yield strength, function of strain rate

0, = static yield strength, taken as 30 ksi

For the present purpose of seeing how the dynamic yield strengtl, U’, varies
vith strain rate, Eq. (1) can be written as:

T, = 0, [(8/40:)%2 4 1] (2)

It i3 apparent in this form mtd'ytd'o only for ¢ = O, At a standard test
ing strain rate of 1:10’3/ncond, Eq. (2) gives tf/fo- 1.12, Accordingly,

care must be taken in using Eqs. (1) and (2) 4if the static yield stremgth is
determined by a "standard" tensile test. For exaample, Bonlog‘;\)and the equa-

tion:

® 7ennrDel
7, = 0 [(8/100)% " + 1] (3)

to represent 0,2% yield strength of TP304 stainless steel at room temperature
data given by Steichen''®), From Eq. (3), Beasley states that a strain rate
of 20 in/in/sec "increases the yield strength by as much as 85%". The coeffi-
cient of ¢ in Eq. (3), for e = 20, is indeed 1,85, Hovever, inspection of
Steichen's data indicates a yield strength of about 32 ksi at the "standard"
strain rate of 0,001 in/in/sec and a yield strength of about 47 ksi at » etrain
rate of 20 in/in/sec; giving a ratio of 1,47 rather than 1,85,

A strain rate of 100 in/in/see corresponds to loading an elastic (E=3x10’ped)
structure from szero to 60,000 pei in 0,00002 seconds, During this time, a stress
vave in steel wvill travel only about 0,35 ft, For many dynamic events such as
an impact on & pipe, a strain rate of 100 in/in/sec may be about an upper bound
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rate, From this viewpoint, the ratios of yield strengths at e = 100 to those
vith & = 0,001 (standard rate) are of interest. Some test-derived ratios are
shown below,

Material Ref, Fig. 1,(8 = 100)/01(6 = 0,001)
Mild Steel 5 1 2,2
A106 Grade B 7 3 1.9
A106 Grade C 7 3 1.7
TP321 s 4 4 144
TP304 10) - 145

As indicated in Figures ! and 4, strain rates also influence the flov stress
(stress to produce a given amount of strain), the ultizate tensile strength and
the instability or saximum-load strain, Pigure 5 slovs complete stress strain
curves for TP 321 material, tested at 20C, Out to about 30% strain, the flow

stresses and ultinate tensile strengths increase vith increasing strain rate
but the instability strain decreases,

2.2.2 Use of Strain Rate Effects in Analyses

In an elastic analysis, strain rate effects could be used to defend some-
vhat higher allovable stresses than those established for static loading, For
example, the minimum yield strength of SA312 TP304 saterial at 100F is 30 ksi.
Assuning a dynamic event that involved strain rates in the elastic region of

20 in/in/sec, the Code 2 a, limit might be taken as 2x30x1,3 ksi rather than
2x30 ksi.

Inelastic analysis methods have been used by several authors in making com=
parisons vith test data, Bodner'®) states:

*Very lx:od agreement is obtained by the inclusion of a struin rate-
dependent yield stress into the governing equations,"
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Fig. 5¢ Stress-Strain Curves at Various Strain Rates, TP321 Stainless

Steel at Room Temperature, From Reference (B8)

B-108



hllu'm(") states:

"The effect of strain rate on the initial yield level of a material
cannot be neglected in systems subjected to impulsive or impactive
loading,."

lusloy‘” states:

"Material strain rate effects vere found to be very important in the
dynamic response and cannot be neglected without causing unnecessarily
high degrees of conservatissm,"

The Code, in Appendix F, F=1322,3, "Material Behavior", states that:

"when performing a plastic analysis ... « It is permissible to adjust
the stress-strain curve to include strain rate effects resulting from
dynasic behavior.,"
These statements indicate that, in the opinion of several vorkers in the fleld
of inelastic dynamic analysis, strain rate effects are significant and should

be utilized in analyses of impulsive or impactive loads, Our recommendation

is:

In performing an inelastic analysis, it is permissible to include strain
rate effects, provided a comprehensive report is prepared for reviev and
acceptance by NRC. That report must include a detailed description of

the basis for the strain rate offects and hov strain rate effects are in-
corporated in the analysis,.

The folloving comments are pertinent to the portion of our recommendation fole
loving the wvord "provided",

lohnrcé) investigates the relatively simple problem of a solid, rectang-
ular-cross-section cantilever beam, He uses limit lead (rigid-perfectly plae-
tic) theory to estimate the beanm resistance, In changing from strain-rate-
independent to strain-rate-dependent analysis, his limit moment is increased
as indicated by Eq. (2). Use of strailn-rate-dependence, according to Bodner,
completely changes the kinematics of the system for impulse loading., Bodner,
in his Tables 3 and 4, shovs test data and both strain-rate-independent and
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strain-rate-dependent analysis results. Cross comparisons shov that, indeed,
the strain-rate-dependent analysis checks better vith the test data,

Mﬂoa(") investigates the relatively simple problem of a 20lid, rec-
tangular-cross-section beam vhich say b~ cantilevered or fixed at both ends.
while Anderscn uses Eq. (2 ) to describe strain effects, it is not clear how
these are incorporated in his analysis. He does not show any comparisons be-
tveen rate-independent and rate-dependent results; hence, the basis for his rath-
er strong conclusion that "The effect of strain... cannot be neglected..." is not
apparent from the paper, Anderson shovs a large amount of calculated responses
and a {ev measured responses but comparisons betveen them by the reader is diffi=-
cult, One exception is in his Pig. 9(g) vhere he shovs measured residual plastic
deformations that are less than given by his analysis by a factor of about 5.

louloy(” investigates the considerably more complex problem of an impact
(dropped veight) on a straight pipe. This is more complex because strains vill
vary in a complex manner in the pipe, both around the circumf{erence and along the
pipe axis, Beazley shovs comparison of analyses results vith test data; apparent-
ly the analyses include rate-dependent effects, There are then no analytical re-
sults for rate-independent so the basis for his conclusion that "Material strain

rate effects vere found to be very important..." is not spparent in the report.

louloy( 9) states:

"For high rates of strain this relationship (Eq. 3 herein) predicts an in-
ereased yield stress, vith the slope and shape of the hardening curve re-
maining the sanme,"”

This statement is analogous to the statement in Code Appendix F:

"It is permissible to adjust the strese-strain curve to include strain
rate effects resulting from dynamic behavior."
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Now, questions arise as to just vhat is seant by these statements. We note

that strain rates vill vary videly depending on the circumferential/axial lo-
cation on the pipe and location vith respect to through-the-vall thickness.
Further, Beazley's results shov strain retes varying significantly during the
time of the dynamic loading (high during the first millesecond, then much lowver).
Accordingly, it appears that "adjusting the stress strain curve" is (or should be)
a rather complex process in vhich ¢ is & function of location and time during the
dynamic event, huhy(” states that the computer program ABACUS vas used in
his analysis and gives a brief but impressive description of its capabilities,
Hovever, vhile he devotes about tvo pages to vhat he calls "Analysis Parameters”,
there is no hint as to hov strain rate effects vere ezbodied in the analysis,

The preceding ruises some questions concerning the adequacy of available ma=-
terial test data to confidently estimate strain rate effects in structures. In
structures, bending often dominates; hence, the strain rates vill be high and ten-
sile on one surface, close to zero at the midsurface, high and compressive on the

opposite surface, The available data is almost entirely restricted to tests in
vhich a uniform tensile strain is applied.

(a) What are the strain rate effects in compression?
(b) What are the strain rate effects in bending?

(e) The available data is for a constant strain rate, In dynamic events, the
strain rate may change, What wvould happen if, ‘or example, & tensile test
vas run at a strain rate of 100 in/in/sec up to a strain of 0,01; then the

strain rate vas reduced to 1 in/in/eec?
Other questions could be added to this list, However, hopefully, the preceding
explains the last portion of our recommendation, We think it inappropriate to
prohibit use of strain rate effects but ve vould regard any such analysis vith
reservations unless convinced othervise by a comorehensive description and de-
fense of the analysis method,
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3.0

3

RECOMMENDATIONS

Code Stress Limits and Inelastic Analysis
(a) Change NB-3672,6 and NC/ND=3673.1 to:

(v)

"Method of Analysis. All piping systems shall be analyzed by a struo-
tural analysis unless they can be judged adequate by an engineering
comparison with previously analyzed piping systems., The stress limits
provided in NB(NC, ND)=3650 vere developed for use in conjunctiom with
elastic analysis methods, Those stress limits are not necessarily ap-
propriate vhen inelastic analysis methods are used, Inelastic analy-
sis methods may be used provided the method and stress or strain limits
used therevith are justified in the Design Report.

Research Program on Strain Limits for Inelastic Analysis

A program should be initiated with the objective of developing accep-
table strain limits for use vith an inelastic piping system analysis.
Strain limits should be established for all commonly used ferritic and
austenitic piping materials and, in particular, veldments therein
(eegey girth butt velds and branch connection velds), Uniaxial, bi-
axial and triaxial strain fields should be addressed,

3.2 Strain Rate Effects

NRC should permit use of strain rate effects in an inelastic analysis;
provided a comprehensive report is prepared for reviev and acceptance by
NRC.
the strain rate effects and hov strain rate effects are incorporated in
the analysis.

That report should include a detailed description of the basis for
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POSITION PAPER

WATER HAMMER LOADS

Statement of [ssues

Water hammer can occur as a result of pump start-up in voided lines,
steam-driven slugs of water due to steam-pocket collapse, operating
ystem(s) misalignments and design deficiencies Since 1968, about 15C
water hammers have been reported in U.S. nuclear power plants; damage has
been confined principally to pipe hangers and snubbers In two
instances, the Indian Point-2 Plant in 1972 and the Maine Yankee Plant
1983 experienced water hammers in the feedwater systems which
resuited 1n breach of the secondary side pressure boundary None of the
water hammer occurrences have resulited in any release of radiocactivity.

T’

he USNRC staff has studied the water hammer issue generically and has
concluded that the frequency and severity of water hammer occurrences
has been significantly reduced through a) Sncorporation of preventive
design features such as keep full systems, vacuum breakers, J-tubes,

, and b) increased operator awareness and training The staff's
technical findings are reported in NUREG-0927'; these findings were

revise portions of the SRP to ensure maintaining proven

design concepts for minimizing or avoiding water hammery
wWater hammer piping loads are dealt with in SRP section 3.9.3, Appendix
A. Rey 1 yInce wat >*r hammer occurrence cannol be prevented the

potential for such loads should be considered for normal operation,

upset, and faulted conditions as defined in specified service-loading




combinations identified for ASME Class 1 components and Class CS Support
Structures per the ASME Boiler and Pressure Vessel code, Section III,
Div. 1 Tabie I, Appendix A, of SRP Section 3.9.3 was modified as

fol lows:

"These events must be considered in the pipe-stress analysis and pipe-
support design process when specified in the ASME code-required Designed
Specificat The Design Specification shall define the load and
specify the applicable Code Service Stress Limit. For clarification, it
should be noted that the potential for water hammer and water (steam)
hammer occurrence should also be given proper consideration in the

development of Design Specifications.”

Thus, the NRC design requirements are based on endorsement of ASME code
requirements and the development of adequate design specifications 1s

incumbent on the applicant and his designer. The adequacy of these

design specifications is therefore the key issue when addressing dynamic

loads (such &s water hammer) and combined dynamic loads This subject

is further discussed below

Discussien of Issues

Total elimination of water hammer occurrence is not feasible, because
inherent in the design of nuclear power plants is the possible
coexistence of steam, water and voids in the various plant systems
Experience shows that design inadequacies and operator-or maintenance-
related actions have contributed about equally to initiating water
hammer occurrences. Therefore, the systems' design specifications

become a focal point for preventive design measures

Current Design Practice

Current design practices are based on ASME code requirements and,
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2.2

therefore, system design specifications are developed. These
specifications are normally developed by a systems designer (ie, NSSS
and AE designer) and cover such items as plant operating conditions
(e.g., pressure, temperature, flows, etc.) and transients, expected
loads, load combinations to be considered, etc. The system design
specifications are then given to the piping and structural analysts for
developing detailed analysis specifications.

Generally speal 'ng, this current practice appears to be working since
preventative design features have been incorporated into operational
plants (based on operational experience) and are being proposed for
plants in the OL cycle. A more specific identification of where water
hammer can occur, and underlying reasons which could be assistance to

the system designer can be extracted from NUREG-0927, NUREG/CR-2781%, and
NUREG/CR-20593.

Anticipated Water (Steam) Hammer .oads

An anticipated water or steam hammer is one which could result in a
component performing in the manner for which it has been designed, and
thus loading the system in its expected manner. Typical examples of
anticipated water (steam) hammers are those caused by valve closures,
pump trips, and pump start-up into voided lines. Anticipated water
hammers that are generally included in piping-support system design
considerations are: (a) steam hammers induced by turbine stop valve
(TSV) closure, (b) possible control rod drive (CRD) insertion water
hammers, and (c) water hammers caused by the trip and restart of open
loop, safety-related service water pumps. These types of water (steam)
hammers should be considered in developing design specifications, because
they can occur when components such as TSVs and CRDs perform their
intended function. TSV and CRD actuation occurs frequently enough to
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warrant their inclusion. Pump trips and start-ups are also frequent
occurrences which should receive similar consideration.

In general, the closure, or opening of valves in most systems does not
result in significant water hammers because typical valve closure times
(5 to 120 seconds) are several orders of magnitude longer than the
pressure wave sonic transit times (=.1 seconds) within the system

lines. An exception to this is turbine stop valves that close in 0.1
seconds. However, because of the lower density and sonic velocity of
steam, TSV loads are smaller than those occurring in water-filled lines.
Reviews of typical analyses indicate that loads caused by TSV closure
are large when compared to seismic and other piping loads and are
generally included in design specifications. Except for TSV closure and
CRD insertion loads, measurable loads from normal valve opening or
closing have never been significant enough to be considered in nuclear
power plant design. On the other hand, check-valve closures can result
in high loads, particularly if inadvertent system misalignment occurs.
Another load source is pump start-up into voided lines.

Although pump trip is a common occurrence in power plants, pump trip-
induced water hammer, have not generaliy been reported in nuclear power
plants. This is the case because pump coastdown times (2 to 5 seconds)
are long relative to pressure wave transit times. A potential exception
is open-loop service water systems since water lines which run from the
uvitimate heat sink to the plant may be several thousand feet long.
Additiona!ly, the service waler lines discharge at a low elevation and
at ambient pressure. The high points on loop service water systems can
have column separation and drainage leading to line voiding. Although
such water hammers have not occurred during plant operation, analysis
and preoperational testing has shown that water hammer caused by pump
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trip in an open-loop service water system is possible. Therefore, such
water hammer loads warrant corsideration in developing the design basis
for service water systems if damage from these occurrences are to be
minimized or avoided.

The start-up of pumps inlo voided 1ines has been a significant cause of
previous water hammers (particularly in BWRs). Incorporation of keep
full (or jockey) pumps appears to have minimized such water hammers.
However, pump start-up into voided lines should be considered in
developing system design specifications since it could lead to
incorporation of design features for avoidance (i.e., use of void
detection systems).

Anticipated water (steam) hammer loads should be combined with seismic

loads because the events causing these loads can be initiated by a

seismic event. Seismic and water hammer loads should be combined using

SRSS methods rather than absolute summing for the reasons discussed

below. Seismic loads have a short (milliseconds) distinct peak load

that is significantly higher than other portions of the load. Individual
piping segments exhibit peak response to water hammer loads for intermittent
short (millisecond) periods. Therefore, although the probability of

seismic and water hammer peak loads occurring simultaneously is low, it
would be appropriate to sum these loads using SRSS methodology.

Unanticipated Water Hammers

An unanticipated water or steam hammer is one that wouid not be expected
from a component or system operating in the manner for which it was
designed. Examples of unanticipated water hammer include those caused
by steam bubble collapse (i.e., SGWH), void filling (i.e., pump
starting) and water entrainment in steam lines. The most recent
occurrence of water hammers in the feedwater systems at the Salem plant
on mpril 6, 1984, and at Calvert Cliffs 2 on April 22, 1984, are
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examples of failure to observe precautions in system operating or
maintenance instructions. Thus, unanticipated water hammers cannot be
specifically included in the design basis of piping.

Unanticipated water hammers are difficult to include in the design basis
of piping for several reasons including:

" frequency of occuirence is low and unpredictable;

¢ such water hammers are often caused by plant operational upsets
and maintenance causes and are generally introduced by operator or
maintenance actions;

. postulating water hammer scenarios, yet more severe
than experienced, is an open-ended endeavor which
can lead to misleading conclusions.

As noted previously, unanticipated water hammers have not resulted in
catastrophic failures. Generally speaking, such occurrences have been
the result of plant operational transients (i.e., loss of feedwater, SG
water level loss trip) and/or maintenance related. In other instances,
audible water hammer has been noted; however, followup inspections have
not revealed any damage. In some cases, piping supports have been
severely damaged indicating that the water hammer loads far exceeded
piping support systems' design margin. The Indian Point-2 plant (in
1972) experienced a water hammer in the feedwater (FW) system which
ruptured a pipe. Maine Yankee experienced a water hammer in 1983 which
cracked a FW pipe in the SG nozzle region (the nozzle already having
incurred IGSC cracking). Water hammer in the feedwater system(s) of PWR
steam generators employing a top feed-ring design is an exampie of
large, unanticipated SGWH loads which should be anticipated. Therefore,
the system designer in his preparation of those design and operational
specifications should consider such unanticipated water hammers as
probable and design for avoidance thereof.
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2.4

Water hammer forces in liquid-filled lines can be propagated through
piping with little attenuation except at branches. Therefore, a support
system that could accommodate large water hammer loads would require
installing very large supports at almost every piping segment. Such
supports would make the piping system unnecessarily stiff and would
create considerable access and inspection problems. The installation of
such devices to partially mitigate events of low frequency of occurrence
that have not had a significant effect on plant safety would reduce
rather than increase plant safety. Therefore, it is recommended that,
while efforts to reduce the incidence of unanticipated water hammers
should continue, loads from hypothetical unanticipated water hammer
should not be included in the design basis of piping systems.

NUREG-0927 can be used to derive expected "unanticipated” water hammers.

Classification of Water Hammer Behavior and Analysis

From the perspective of the piping design analyst, or systems analyst,
there are two fundamental classes of water hammer which should be
considered. These are:

1. simple pressure waves; and
2. two-phase water hammer.

For the first type of water hammer, there are well developed methods
of analysis. The term "pressure waves" refers to classical water
hammer encountered in hydraulic analysis and deals with the
transmission, reflection and attenuation of abrupt changes in
pressure throughout piping networks. Analysis of these
one-dimensional pressure waves has resulted in wel) developed
analysis techniques and many computerized methods are available for
engineering design analyses.
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2.4.1

“"Two-phase water hammer" relates to situations involving both gas
and 1iquid. These situations may range from the traditional column
separation to condensation-induced slug acceleration and impact, or
flow oscillations. They include such phenomena as pump discharge
into voided lines, and transmission of pressure waves in liquid
systems which can ingest air or other non-condensables.
Computerized analyses of these two-phase water hammer situations is
often limited due to physical computer modeling limitations of the
physical phenomena and requires considerable judgment in the
development and application of analytical methods.

Water Hammer Wave Analysis

There are five major elements in the analysis of water hammer
events involving pressure waves:

L. identification and definition of load sources;

2. wave-guide analysis;

3. development of forcing functions;

4. structura’ analysis; and

5. comparison with acceptance criteria.

A1l of each of the above elements have been computerized to varying
degrees.

Typical water hammer load sources include flow ramps due to control
valves, abrupt flow stoppage (e.g., due to check valve slam), pump
on/off transients, flow instability (e.g., due to limiting by
automatic control systems). Quantitative definition of these
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sources depends on component specifications, ad-hoc analysis, and
engineering judgment. Some computer codes for wave guide analysis
incorporate selected versions of idealized load sources.

"Wave-guide analysis" is the subject of most so-called water hammer
codes. Most of the computer codes used employ the method of
characteristics (MOC) to track "shock waves" as they travel through
and refiect throughout piping networks. These waves emanate from
the source point and result in a distribution of pressure and
velocity fields. Various analytical methods resolve these fields
in either the space-time or frequency domains.

The water hammer analyst (or computer code specialist) supplies the
piping analyst with a so-called "forcing function." The calculated
pressure and velocity fields are converted to forces imposed on the
piping system. Sometimes the pressure field itself is important to
evaluate deformation of the piping due to hoop stresses. Although
these forcing function calculations are sometimes computerized,
they are more often done manually.

Thus, the piping analyses are dependent on the forcing function
provided, and the structural codes then calculate the stress and
defection of the piping, accounting alsc for piping restraints and
external supports (e.g.. hangers and snubbers).

Ultimately, the structural analyst compares the calculated piping
and support stresses with allowable-limit criteria based on
requirements for the class of piping or system being analyzed and
the type of load (see also Table 1, SRP 3.9.3, Rev. 1). By these
conformance methods, the analyst ensures that the piping is
adequately supported and appropriately configured.

Well over a hundred computer codes amenable to analyzing classica)
water hammer loads are available in the United States. Some are
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available through public domain sources (i.e., National
Laboratories), others can be obtained through commercial leasing,
purchase or arrangements to use through various computer service
companies. Some of the more commonly used codes are: WAVENET,
PTA, RELAP, WHAM, WHAM 6, etc. Alsn, the major A-E's have
developed highly specialized piping and support analysis codes

which are proprietary to their respective companies.

Two-phase Water Hammer

Two-phase water hammer loads can occur in single-phase systems as
well as two-phase systems (i.e., such as certain BWR systems or PWR
steam generators that are designed to operate under two-phase fluid
conditions). Also, in some liquid systems the second phase can be
the result of either a gas source, or gas produced as the result of

transmission of a flow change or pressure wave. Examples of situa-

tions with a gas source include: (a) SRV discharge of aiternating
gas and liquid (slug flow) into SRV piping, (b) top feedring wate:

hammer initiated by ingestion of steam into the feedring from the

steam generator vesse'!. or (c) vapor presence in BWR core-spray
piping. Examples of two-phase situations caused by a fluid
transient include the typical water column separation conditicns,
pump surge, or situations in high energy systems where pressure
transients lead to flashing and void generation during a depres-
surization followed by cavity collapse and water hammer due TO

the subseguent compression wave.

The usual approach to two-phase water hammer relies on a sequence
of identification, evaluation, understandi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>