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1.0 I N T R O D U C T I O N  

The purpose of this paper is to describe the procedures used and the results obtained in the analysis of the probability of 
failure of a cold t21 piping crossection loaded to code limits in piping designed to various editions of the ASME Code for 
nuclear power plant safety-related piping. 

The failure mode considered is plastic instability (sometimes known otherwise as ductile rupture) due to overload 
involving the largest design basis load combination to which the piping is subjected. The failure probability is equal to the 
probability that the applied loads exceed the Code defined load carrying capacity of the piping. 

The statistical variables considered are the tensile properties (capacity) of the pipe material, the conditional seismic 
inertia stress for a given zero-period acceleration, ZPA, with the ZPA defined for a median occurrence probability of 10-4/yr 
and 105/yr (corresponding to the median seismic risk level). It is assumed that load carrying capacity of the pipe crossection 
is defined by the ultimate stress in the outermost fiber being reached computed by elastic analysis. It should be noted that 
statistical variation could be applied to many of the other variables used in this evaluation, but the other potential statistical 
variables are not considered to have a significant effect on failure probability. 

2.0 CODE PIPING SUBJECT TO PLASTIC INSTABILITY FAILURE M O D E  

The probabilistic analysis is applied to ASME B31.1 and ASME BPVC Section III Class 2 and 3 cold piping in 
accordance with current Code equations which assume plastic instability (ductile rupture) as the mode of failure. Three 
random variables are considered in this study: i) a seismic inertia loading has occurred as defined by a seismic risk curve, ii) 
the conditional probability of failure given a specific level earthquake has occurred, and iii) the piping material strength. The 
uncertainty in the resultant seismic demand stresses is one of the primary factors in the analysis. The following discussion 
covers conservatisms in procedures used for estimation of Code defined seismic stresses. 

As confirmed by experimental tests, actual pipe failure, in terms of leakage or through wall crack when subjected to 
strong motion type earthquake cyclic motions, occurs by ratcheting with average strains through the pipe wall in the + 2-3% 
strain range with 50 to 100 cycles in response to a earthquake time history input motion and earthquake duration of strong 
motion in the 30 to 50 second range.(1) 

The Code defined plastic instability failure occurs when pipe wall outermost fiber strains computed on an elastic 
basis are + 0.1 to + 0.25 percent strain. It should be noted the Code defined failure is considerably more conservative than 
that observed in experimental failure tests. While the actual failure is by cyclic ratcheting the direct consideration of this 
failure mode in piping design would greatly complicate the design of the 100,000 feet of cold Class 2, 3 and B31.1 piping in 
a typical nuclear power plant. It should be noted that the Code defined allowable load equations for Class 2 and 3 piping 
which assume a plastic instability type of failure do not permit actual stress or strains to approach the ratcheting load limits. 

There are five failure, malfimction or damage states that might be considered in the Code design of cold pipe for 
Design Basis Earthquake as a function of the era of piping design. 

1. Elastic seismic input and near yield Elastic Response, (prior to 1971) S a l  I " -  1.8 Sc 
2. Elastic seismic input and cycling elastically (prior to 1995), Sail = 3.0 S¢ 
3. Elastic seismic input and limited inelastic response(1995 -2000), Satt = 4.5Se. 
4. Reduction of the stress indices B2 as defined in the Code for tees and elbows by dividing each B2 by 1.5 
5. Inelastic seismic input (2.5 leakage and 4.0 rupture Spectral Reduction Factor) 
Where notations used are as defined in the ASME B&PVC Section III. Div. 1. 

2.1 Conservatisms in Estimation of Seismic Stresses 
There are seven major areas that can be identified with the introduction of conservatism in piping design to resist 

seismic loading. These seven areas are summarized in Table 1. 

[tl Senior Consultant, J.D. Stevenson, Consulting Engineer, Cleveland, Ohio, sa.europe@oh.verio.com 
[21 Cold piping is piping where the differential temperature range in the piping system is less than 150F ° and had an initial 
installation temperature of 50 to 170°F. 



This report identifies two potential damage states, one associated with leakage using an inelastic demand ration, R7 
equal to 2.5 and one of pipe rupture using an R7 equal to 4.0 in cold pipe. 

3.0 COMPUTATION OF FAILURE PROBABILITIES 

Once a fragility curve f(a) for a piping crossection, as shown in Figure 1, is convolved with the hazard curve H(a) 
shown in Figure 2, a total probability of failure can be determined: (2,3) 

oO 

Pf  = ~ H(a ) f (a )da  

a 

(1) 

where f(a) is the probability distribution function corresponding to the pipe fragility curve. Using the assumption that the 
fragility results from a lognormal probability density function leads to the following: 

( l n a / 2  
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PF --  H(a) e 
a a(42rc 

.... d a  (2) 

where aso is the ground acceleration that would cause failure with a probability of 50% (given that it occurred). The aso can 
be determined knowing ~ and the conditional failure probability at the DBE. Equation 2 can be evaluated by numerical 
integration for an arbitrary H(a), such as those shown in Figure 2. Resultant ASME piping crossection Code failure 
probabilities are found in Tables 2 and 3. It should be noted there are failure probabilities based on Code defined failure 
modes. Actual failure of piping associated with leakage or rupture including the limiting seismic load case have been 
determined by tests well into the inelastic response region and are typically 2 or 3 orders of magnitude less than the values 
given in Tables 2 and 3. 

4.0 CONCLUSIONS 

A procedure has been developed which defines relative failure probabilities based on current and past ASME Code defined 
design requirements and failure modes which can be used to evaluate target failure probabilities for any proposed 
modification of code piping design equations. 
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Figure 1" Typical Fragility Curve 
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Figure 2: Seismic Hazard Curves, A is for Low Hazard and B is for Moderate Hazard 
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