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MEMORANDUM FOR: Harold R. Denton, Director 
Office of Nuclear Reactor Regulation 

FROM: Robert B. Minogue, Director 
Office of Nuclear Regulatory Research 

SUBJECT: RESEARCH INFORMATION LETTER, NO. 142 "RELIABILITY 
ANALYSIS OF STIFF VERSUS FLEXIBLE PIPING" 

Introduction 

Current design criteria for p1prng evolved under the presumption that 
higher seismic margins necessarily improve plant reliability. Conserva
tive design against earthquake loads has relied increasingly on rigid 
supports, snubbers, and other types of seism.ic restraints to stiffen 
piping systems. The resultant decrease in flexibility, however, is likely 
to cause higher normal operating stresses because of the restraint of 
thermal expansion. Furthermore, because of the large uncertainty inherent 
iri predicting seismic effects (compared to that in predicting thermal 
effects), seismic loads dominate the design even though seismic loads 
occur very infrequently. As a result, stiffening a piping system to 
improve its resistance to seismic loads may actually decrease its overall 
reliability during normal operation. 

In order to quantify piping reliability, pipe failure probabilities were 
computed by Lawrence Livermore National Laboratory. Pipe failure was 
assumed to be caused by fatigue crack growth at pipe weld joints. Two 
types of failure modes were considered initially, i.e., a through wall 
crack (leak) and a complete pipe severance (break). Pipe support and 
on- line component failure modes were subsequently introduced. Studies 
were undertaken to eva 1 uate changes in re 1 i ability of pipe supports and 
on-line components as a function of piping flexibility based on available 
fragility data. Pipe failure probability was estimated by applying a 
Monte Carlo method with a stratified-sampling scheme to simulate the life 
histories of the piping system. 

Selected piping systems with related design data were collected from real 
nuclear power plant designs. Flexible piping designs were created from 
the existing designs by removing rigid supports and/or snubbers. Piping 
stresses for various designs were calculated for the - reliability 
assessment. 

This assessment recognizes the characteristic difference between regular 
pipe supports and snubbers. While removal of regular pipe supports 
changes both seismic stress and thermal expan_sion stress in a piping 
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system, removal of snubbers affects only seismic stress. 
piping system including snubbers may not exhibit the desired 
because snubbers are known to have a high failure rate. The 
of snubber malfunction is incorporated in this assessment. 

However, a 
reliability 
possibility 

The malfunction of pipe whip restraints was also treated. The situation 
where the pipe comes in contact with a restraint device during normal 
operation due to an imperfect installation was investigated. Actual 
stresses caused by the ma 1 function were calculated and an assessment of 
the safety impact on the piping was undertaken by performing a reliability 
analysis with and without the malfunction. The intent was to confirm that 
the malfunction of pipe whip restraints introduces higher thermal stresses 
and reduces the overall piping reliability. 

Results 

Based on this research, the change in piping reliability was determined to 
be largely insensitive to the change in piping flexibility for the cases 
studied. The piping reliability is either improved or affected very 
little by the increased piping flexibility as a result of removing rigid 
pipe supports and/or snubbers. Pgipe failure probabilities are generally 
small; values of6the order of 10- per reactor year are reported for pipe 
rupture and 10- per reactor years are reported for pipe leak. It is 
concluded that flexible piping design is desirable based on reliability 
considerations, and that flexible piping design also offers many other 
benefits. 

Although it has been demonstrated that piping systems can be made more 
reliable by adopting flexible piping designs, increase in piping 
flexibility usually results in greater pipe displacements. Displacement 
criteria or requirements to confine piping displacements may be needed. 

Since pipe supports and on-line components {such as pumps _and valves) are 
important parts of a piping system, the effects of increased piping 
fl ex i bi 1i ty on the re 1 i ability of supports and components were 
investigated. Results indicated that the support reliability usually 
exhibits a moderate decrease as the piping flexibility increases. It is 
felt that the supports in a flexible piping design need to be either 
upgraded or subjected to further investigation. 

For large components, such as steam generators, pressurizers, and large 
pumps, the global effect concerning the component support failure due to 
increased nozzle loads was evaluated. It was found that in general the 
global effect is rather insignificant. However, the local effect at the 
vicinity of the nozzle may need to be further investigated. Without such 
an investigation, it is suggested that removing pipe supports which are 
close to nozzles should be done with extreme care. 
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For se l f..:.supporti ng on-1 i ne va 1 ves, it WCiS discovered that the vu. ·1 ve 
acceleration may or may not increase \'lith .piping flex.ibility. Neverthe
less, valves usually have sufficient design margins to accommodate the 
higher acceleration and are able to maintain functionality. The problem 
in this case is the increased valve displacement usually associated with a 
flexible piping design. Specific design consideration may be needed in 
order to limit the valve displacement. 

Malfunctioning pipe whip restraints were found to increase thermal 
stresses by a factor of 15 in the worst case; this malfunction increases 
pipe rupture probabilities by one order of magnitude and pipe leak 
probabilities by two orders of magnitude approximately. 

Evaluation 

This research provides strong technical support for the NRC Piping Review 
Committee's non-mandatory recommendations aimed at reducing the number of 
snubbers at nuclear power plants. Flexi~le piping provides easier access 
for plant maintenance, reduces radiation exposures during maintenance, 
reduces thermal stresses during plant operation and positively affects 
construction and maintenance economics. Moreover, in general, piping 
reliability is improved. 

Additional information on this work may be obtained from John O'Brien 
(x37854) of the Mechanical/Structural Engineering Branch, DET. 

A44 15 <>11-~~0 
Robert B. Minogue, Di /ector 
Office of Nuclear Regulatory Research 
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Reference: NUREG/CR-4263, 1'Reliability Analysis of Stiff Versus Flexible 
Piping; Final Project Report 11 May 1985, Prepared by S. C. Lu 
and C. K. Chou, Lawrence Livermore National Laboratory. 
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ANALYSIS OF STIFF VERSUS FLEXIBLE PIPING" 

Introduction 

Current design criteria for piping evolved under the presumption that. 
higher seismic margins necessarily improve plant reliability. Conserva
tive design agafost earthquake loads has relied 1r1creasingly on rigid 
supports, snubbers, and other types of seismic restraints to stiffen 
piping systems. The resultant decrease in flexibility, however, is likely 
to cause higher normal operating stresses because of the restraint of 
thermal expansion. Furthermore, because of the large uncertainty inherent 
in predicting seismic effects (comparE:d to that in predicting thennal 
effects), seismic loads dominate the design even though seismic loads 
occur very infrequently. As a result, stiffening a piping system to 
improve its resistance to seismic loads may actually decrease its overall 
reliability during normal cperation. 

In order to quantify piping reliability, pipe failure probabilities were 
computed by Lawrence Livermore National Laboratory. Pipe failure was 
assumed to be caused by fatigue crack growth at pipe weld joints. Two 
types of failure modes were considered initially, i.e •• a through wall 
crack (leak) and a complete pipe severance (break). Pipe support and 
on-line component failure modes were subsequently introduced. Studies 
were undertaken to evaluate changes in reliability of pipe supports and 
on-line components as a function of piping flexibility based on available 
fragility data. Pipe failure probability was estimated by applying a 
Monte Carlo method with a stratified-sampling scheme to simulate the life 
histories of the piping system. 

Selected piping systems with related design data were collected from real 
nuclear power plant designs. Flexible piping designs were created from 
the existing designs by removing rigid supports and/or snubbers. Piping 
stresses for various designs were calculated for the · reliability 
assessment. 

This assessment recognizes the characteristic difference between regular 
pipe supports and snubbers. While removal of regular pipe supports 
changes both seismic stress and thennal expansion stress in a piping 
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system, removal of snubbers affects only seismic stress. 
piping system including snubbers may not exhibit the desired 
because snubbers are known to have a high failure rate. The 
of snubber malfunction is incorporated in this assessment. 

However, a 
reliability 
possibility 

Th~ malfunction of pipe whip restraints was also treated. The situation 
where the pipe comes in contact with a restraint device during nonnal 
operation due to an imperfect installation was investigated. Actual 
stresses caused by the ma 1 function were calculated and an assessment of 
the safety impact on the piping was undertaken by perfonning a reliability 
analysis with and without the malfunction. The intent was to confinn that 
the malfunction of pipe whip restraints introduces higher thennal stresses 
and reduces the overall piping reliability. 

Results 

Based on this research, the change in piping reliability was determined to 
be largely insensitive to the change in piping flexibility for the cases 
studied. The piping reliability is either improved or affected very 
little by the increased piping flexibility as a result of removing rigid 
pipe supports and/or snubbers. fbipe failure probabilities are generally 
small; values of6the order of 10-J per reactor year are reported for pipe 
rupture and 10- per reactor years are reported for pipe leak. It is 
concluded that flexible piping design is desirable based on reliability 
considerations, and that flexible piping design also offers many other 
benefits. 

Although it has been demonstrated that. piping systems can- be made more 
reliable by adopting flexible piping designs, increase in piping 
flexibility usually results in greater pipe displacements. Displacement 
criteria or requirements to confine piping displacements may be needed. 

Since pipe supports and on-line components {such as pumps and valves) are 
important parts of a piping system, the effects of increased piping 
fl exi bil ity on the re 1i abi 1 i ty of supports and components were 
investigated. Results indicated that the support reliability usually 
exhibits a moderate decrease as the piping flexibility increases. It is 
felt that the supports in a flexible piping design need to be either 
upgraded or subjected to further investigation. 

For large components, such as steam generators, pressurizers, and large 
pumps, the global effect concerning the component support failure due to 
increased nozzle loads was evaluated. It was found that in genera 1 the 
global effect is rather insignificant. However, the local effect at the 
vicinity of the nozzle may need to be further investigated. Without such 
an investigation, it is suggested that removing pipe supports which are 
close to nozzles should be done with extreme care. 
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For self-supporting on-line valves, it 1-;as cli~cv.t:tui tr1at ·i::i.1.:. Vi.dve 
acceleration may or may not increase with piping flE!xibility. Neverthe
less, valves usually have sufficient design margins to accommodate the 
higher acceleration and are able to maintain functionality. The problem 
in this case is the increased valve displacement usually associated with a 
flexible piping design. Specific design consideration may be needed in 
order to limit the valve displacement. 

Malfunctioning pipe whip restraints were found to increase thennal 
stresses by a factor of 15 in the worst case; this malfunction increases 
pipe rupture probabilities by one order of magnitude and pipe leak 
probabilities by two orders of magnitude approximately. 

Evaluation 

This research provides strong technical support for the NRC Piping Review 
Committee's non-mandatory recommendations aimed at reducing the number of 
snubbers at nuclear power plants. Flexibile piping provides easier access 
for plant maintenance, reduces radiation exposures during maintenance, 
reduces thermal stresses during plant operation and positively affects 
construction and maintenance economics. Moreover, in general, piping 
reliability is improved. 

Additional information on this work may be obtained from John O'Brien 
(x37854) of the Mechanical/Structural Engineering Branch, DET. 

A44 6 JJ1J~~0 
Robert B. Minogue, Director 
Office of Nuclear Regulatory Research 
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Reference: NUREG/CR-4263, 1'Reliability Analysis of Stiff Versus Flexible 

Piping; Final Project Report 11 May 1985, Prepared by s. C. Lu 
and C. K. Chou, Lawrence Livermore National Laboratory. 


