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1. Introduction 

In order to preclude piping from becoming a significant contributor to the 
seismic risk of core damage at a nuclear power plant, Refs. 1 and 2 recommend 
that the seismic capacity margin Rcp~ corresponding to a 1% probability of 

failure should be about 2.0. It is most convenient to consider the Seismic Capacity 
Margin Rcp to be composed of the product o f  three parts, i.e." 

R ce  - Vsr VR   (1) 

where Fs is a strength factor, Ft¢ is the additional factor due to nonlinear dynamic 
behavior, and FRed is aredundancy factor associated with the load redistribution 
that will occur when a region is overstressed in an actual piping system. 

The strength factor Fs is given by" 

Fs= MUD (2) 
M C O D E  

where M ~  is the ultimate moment achieved in any component under dynamic 
cyclic loading prior to failure and MCODE is the ASME code moment capacity for 
seismic loadings. This strength margin can be estimated with minimum 
controversy from the available component test data since MUD can be estimated 
with little uncertainty for each tested component. In all of the component tests 
described in Refs. 3 and 4, the nonlinear hysteretic behavior of the component 
prior to failure was similar to that shown in Figure 1. A moment capacity close to 
the ultimate moment capacity Mtn) was reached at a relatively small rotation 
(typically in the range of 0.02 or 0.04 radians). However, failure did not occur 
until a substantially greater rotation (typically 0.06 to 0.1 radians) was exceeded. 
This behavior occurred irrespective of whether the ultimate failure was a low cycle 
ratchet-fatigue failure or was excessive deformation (collapse or deflection based 
failure). The seismic margins shown by the analyses presented in Ref. 5 are 
highly variable and are sensitive to the ratio Rw between the input and component 
frequency, the breadth of the input motion frequency content, and the postulated 
failure mode (fatigue versus displacement). For example, see Figures 2 and 3. 
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However, in each analysis case the maximum moment reached prior to failure was 
approximately MUD. Therefore, MUD remains a stable description of the 
component strength irrespective of the input time history, the component 
frequency, and the failure mode (low cycle fatigue or deformation). As such, Fs is 
a stable strength factor for each tested component. 

The nonlinear factor FNL is highly sensitive to both the ratio Rw of the 
central frequency of the input motion to the component natural frequency, and the 
breadth of the frequency content of the input motion as well as the assumed failure 
mode (low cycle fatigue versus deformation): Therefore, it will be very difficult 
and probably impossible to reliably estimate FNL for an actual piping system 
without performing a nonlinear dynamic analyses coupled with a nonlinear 
acceptable strain or inelastic rotation criterion. However, the nonlinear component 
analyses presented in Ref. 5 do enable some reasonably conservative estimates of 
F ~  to be made as will be discussed in Section 4. 

The redundancy factor FRed is unity in the component tests because no 
redundancy benefit exists in these tests. For actual piping systems FRed will vary 
somewhat from system to system. However, some reasonably conservative 
generic estimates of FR~a can be made as will be discussed in Section 5. 

From Eqn. (1), the 1% probability of failure capacity margin RCPl~ 

estimated from: 

can be 

RCPI% : FSl% (FNL FRe d )CONS. (3) 

where FN1% is the 1% non-exceedance probability (NEP) strength factor which can 

be directly estimated from the component test data, and (F~FRea)CONS. represents a 
reasonably conservative generic estimate of the product of F ~  and FRed. Based on 
the considerations presented in Ref. 6, the product (F~FRea)coNs. should be 
established sufficiently conservatively that there is less than about a 16% 
probability that the actual product would be less for any specific piping system 
and seismic input. It is recommended that a conservative generic estimate be 
made by consensus of a committee using the Ref. 5 results as guidance. Some 
further guidance is given in Section 5. 

Once a consensus estimate of (F~FRea)coNs. is established, then the 
required strength factor FSl ~ needed to achieve the goal of RCVl. ~ = 2.0 is given 

by: 
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2.0 

FSI% "- (FNLFRed)CONS. 
(4) 

(F ' f lLFRed)CO;S" ' 
. . . .  

1.0 
1.33 
1.5 
1.8 
2.0 

FsI% 
. . . .  

2.0 
1.5 

1.33 
1.1 
1.0 

, ,  

In my opinion, a (F~,mFRed)CONS. of at least 1.33 can be easily justified. 
Therefore, in the next section, an equation for the code moment capacity MCODE 
which is aimed at achieving a 1% NEP strength factor FS1% of about 1.5 is 

presented. It is then demonstrated in Section 3 that this proposed equation for 
MCODE does achieve FS1% of about 1.5 for fittings (Elbows, Bends, and Tees) and 

the weld region attaching fittings to straight pipe based on the component test data 
presented in Refs. 3 and 4. 

A major advantage of this approach is that seismic margin against failure 
occurs irrespective of whether the ultimate failure is a low cycle ratchet-fatigue 
failure or is excessive deformation (collapse or deflection based failure). Another 
major advantage is that seismic response is limited to basically the linear range of 
response. Thus, linear piping analysis is applicable. A major disadvantage is that 
the actual (F~FRea) corresponding to failure for a piping system subjected to a 
specified seismic input is most likely to significantly exceed the generic 
conservative (F~FRea) value at 1.33. However, this additional seismic capacity 
margin cannot be assessed without performing nonlinear seismic analysis. 

2. Proposed Equation for Code Seismic Moment CapaciW MCODF~ 

For reversing dynamic loads similar to seismic it is proposed that the code 
moment capacity MCODE resulting from weight stress, dynamic inertia effects, and 
other mechanical loads be limited to" 

[ s  1 Bil'O0 Z N 
MCODE = A -  2t B~ 

S A - 3.0S M 

(5) 

where" S A -- reversing dynamic load allowable stress 
SM -- ASME Code material allowable stress 

P = Pressure coincident with dynamic loading 
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Do 
t 

ZN 
B~BI 

- Outside pipe diameter 
= Pipe wall thickness 
= Nominal Section Modulus 
- Dynamic Stress Indices 

Equation (5) is identical to the pre-1994 edition of the ASME Boiler and Pressure 
Vessel Code, Section III (ASME Code) except for the substitution of B] and B~ 

for the code B1 and B2 values. It is proposed that B] and B~ be defined as follows" 

Elbows, Bends and Tees 

B2 - 2 _>1.0 

{00 Elbows and Bends 
B] - .5 Tees 

(Sa) 

Weld Region Connecting Fittings to Pipe or Other Location of 
Abrupt Stiffness Change 

Bi -N) 
B] -0 .5  

(5b) 

Other Fittings Where Data To Justi@ A Reduction Is Unavailable 

Straight Pipe 

- B 2  

B ] - B  1 

P 

B 2 - 1.0 

- o . s  

(5c) 

(5d) 

where B~ and B2 are the stress indices based on the 1994 ASME Code. 

Equation (5a)reduces the current code B2 values by an amount equivalent 
to raising the reversing dynamic load allowable stress to 4.5 SM with current code 
B2 values for Elbows, Bends, and Tees. It is shown in the next section that the 
component test data reported in Refs 3 and 4 justifies this relaxation of the pre- 
1994 code moment capacity for these components in order to achieve a FS1% of 

about 1.5. Conversely, it could also have been shown that the 1994 Addendum 
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change to the ASME Code to a dynamic stress allowable of 4.5SM achieves a 
FS1% of about 1.5 for these components. 

A number of the component failures reported in Refs. 3 and 4 occurred near 
the weld joining the firing to the straight pipe as opposed to the body of the 
firing. B] and B~ values are defined by Eqn. (5b)for this location which is 

subject to some strain concentration as a result of the abrupt stiffness change 
between the straight pipe and the firing. With these B] and B~ values, it is shown 

in the next section that the resultant strength factor Fs for failures near this weld 
location are consistent with the Fs failures in the body of Elbows, Bends, and Tees 
using Eqn. (5a) and that a Fsl % of about 1 5 is also achieved for these near weld 

location failures. 

Eqns. (5c) and (5d) are identical with the pre-1994 ASME Code values for 
defining MCODE because no data was reviewed for these cases. Therefore, no 
change was justified at this time for these cases. 

3. Component Test Data Strength Factor Fs 
3.1 Presentation of Test Data Considered 

As noted previously, for any tested component, the strength factor Fs is 
given by Eqn. (2). With an assumed lognormal distribution, the seismic strength 
factor Fs~,~ corresponding to a 1% probability of failure can be estimated by" 

Us1% - Fs50% e -2"32613s (6) 

where Fss0o ~ is the median seismic strength factor from all of the test data, and 13s 

is the logarithmic standard deviation of the test data. 

Ref. 3 presents and discusses EPRI (ANCO) dynamic component test data. 
Table 1 summarizes these component tests. The component test number is shown 
in the first column. The component type is also defined in this column using the 
following abbreviations: EL = Elbow, T e e -  Tee, Red = Reducer, Pipe = Pipe, 
LR = long radius, SR = short radius, 10 = Scd. 10, and 40 = Scd. 40. The material 
is defined by CS = carbon steel, SS = stainless steel. The parameter values (ZN, 

PD° B1, and B2) shown are those recommended in Table 2 of Ref. 3 The 
2t ' 

ultimate moment capacity MUD shown is also that defined in Table 2 of Ref. 3. 
When failure occurred in the body of the fitting, the B1 and B2 values shown are 
those computed using ASME Code equations. When the failure was near a weld 
region connecting a fitting to a pipe, B~ = 0.5, and B2 = 1.0 are shown. Even 
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though Component #34 is defined as a Scd. 40 straight pipe, the failure was near a 
weld to a Scd. 160 pipe segment so that it also was near a weld at an abrupt 
stiffness change. Table 1 also presents the MCODE computed from the proposed 
code capacity Eqn. (5) combined with Eqn. (5a) for the 13 tested Elbows and the 2 
tested Tees where failure occurred in the body of the Tee, and combined with Eqn. 
(5b) for the other 10 Non-Elbow tests where the failure occurred near a weld at a 
stiffness discontinuity. Lastly, Table 1 presents the strength factor Fs computed 
from Eqn. (2) 

Ref. 4 presents Japanese component test data. The Japanese performed both 
dynamic shake table tests and deformation controlled cyclic static tests. Table 2 
presents the Japanese dynamic component test data. The Japanese cyclic static 
component test data is shown in Table 3. Except for B~ for Bends, the parameter 
values and ultimate moment capacities MUD shown in Tables 2 and 3 are those 
recommended in Ref. 4. For Bends B1 = 0 was used even though Ref. 4 showed 
B1 = 0.5 because the resulting Fs~ s are much more consistent across all of the 

Bends when B~ = 0 is used. In other words, the data shows that ultimate moment 
capacities are not reduced by internal pressure for Bends. Again, when failure 
occurred in the body of the fitting, the B1 and B2 values shown are those computed 
using ASME Code equations. When the failure was near a weld connecting a 
fitting to a pipe, B~ - 0.5 and B2 =1,0 are shown. The three pipe components 
shown in Tables 2 and 3 all failed near a weld at an abrupt stiffness discontinuity 
and are not representative of pure straight pipe or welds between similar stiffness 
pipe segments. Tables 2 and 3 also present the MCODE computed from Eqn. (5) 
combined with either Eqn. (5a) or Eqn. (5b), whichever was appropriate, as well 
as the resulting strength factor Fs, 

3.2 Computation of Statistical Parameters For StrengthFactor F s 

EPRI Elbow Component #37 has been left out of all computations of the 
statistical parameters for the strength factor Fs discussed in this section because its 
Fs is clearly not of the same distribution as the other 12 EPRI Elbow Components 
shown in Table 1. The median Fs for the other 12 Elbow components is 2.02 with 
~s = 0.13. Thus the Fs of Elbow Component #37 lies 5.5 standard deviations 
below the median of the other 12 Elbow components. If all of the Elbow 
component Fs were part of the same distribution, the likelihood that one out of 13 
tests would lie at least 5.5 standard deviations below the median is infinitesimally 
small. Elbow Component #37 is clearly an outlier from the other tested Elbow 
components and must be separately considered. 

An open question is whether the EPRI dynamic tests (Table 1), Japanese 
Dynamic tests (Table 2), and Japanese Cyclic Static tests (Table 3) can all be 
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combined into a single data base. Statistical distribution information on the 
strength factor F s obtained for these three sets of tests are shown in Table 4. This 
statistical data (median Fss0%, logarithmic standard deviation ~s, and 1% NEP 

strength factor Fsl % ) iS computed on the assumption that all the data is 

lognormally distributed. This assumption will subsequently be verified. 

A statistical test of the hypothesis that the strength factors Fs for the 
Japanese dynamic and cyclic static tests are both part of the same distribution is 
easily accepted at the 5% level of significance, Therefore, the Japanese dynamic 
and cyclic static test data can be combined to produce a total Japanese data set of 
26 tests. 

The observation that dynamic and cyclic static ultimate moment capacities 
are nearly equal is very interesting for future test consideration. It indicates that 
MuD can be reasonably estimated from deformation controlled cyclic static tests. 
Deformation controlled cyclic static tests are much easier to perform, instrument, 
and interpret the data than are dynamic shake table tests. 

It is not clear whether the EPRI and Japanese test data Fs values are part of 
the same distribution. At the 5% level of significance, the hypothesis that they are 
part of the same distribution is rejected. However, this hypothesis is accepted at 
the 1% level of significance. Whether the hypothesis is accepted or not accepted" 

F s ~ 1.5 
1% 

(7) 

for both EPRI and Japanese component test data. Therefore, from a practical 
standpoint, it is preferable to accept the hypothesis because this acceptance 
produces a combined data base of 50 data points while having very little impact on 
the computed 1% NEP strength factor Fsl ~ . 

Secondly, it is necessary to demonstrate that using Eqn. (5a) to define 
B], and B~ for failures in the body of Elbows, Bends and Tees while using Eqn. 

" ? 

(5b) to define B] and B 2 for failures near weld regions with abrupt stiffness 

changes enables these two data sets to be combined. Table 5 compares the 
statistical distribution information on Fs obtained from these two data sets. Again, 
whether the two sets of data are combined or not combined, has very little impact 
on the computed 1% NEP strength factor Fs~ ~ . 
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A third check is made to determine whether the strength factor statistical 
distribution properties are significantly different for stainless steel and carbon steel 
components when SM is used to define MCODE in Eqn. (5). Table 6 compares the 
statistical distribution information on Fs obtained for carbon steel versus stainless 
steel components. Again, whether the two sets of data are combined or not has 
very little impact on the computed 1% NEP strength factor FSlo. 

Lastly, it remains to be shown whether the data is reasonably approximated 
as being lognormally distributed. This is best shown by ordering the data from 
low to high and plotting the natural logarithm of the seismic strength factor Fs 
versus the non-exceedance probability PNE on cumulative normal probability 
paper, where PNE is defined by: 

n 
PNE - (8) 

N + I  

in which n is the ordered data number, and N is the total number of data. Since 
N = 50, the first ordered data is plotted at the 1.96% probability point, the second 
at 3.92%, etc., with the last at 98.04%. If the data is lognormally distributed, it 
will appear as a straight line on this plot. Figure 4 shows such a plot using the 
combined seismic strength factor data from Tables 1 through 3. This figure shows 
that the data can be reasonably approximated by a lognormal distribution at least 
between the 2% and 98% probability of failure range. The open question remains 
as to whether this lognormal distribution can be extrapolated down to the 1% 
probability of failure. 

The problem is that the lognormal distribution extends down to a zero 
probability of failure at zero capacity; However, real capacity data achieves 
essentially a zero probability of failure at some lower bound capacity level 
significantly greater than zero. Therefore, most real data can generally be better 
represented by a truncated lognormal distribution in which the parameter 
(F s -Fsm ~ ) is assumed to be lognormally distributed. The problem being how to 

establish the truncation level FSmin when only a limited amount of data is available. 

The shape of the lower tail of the data plotted on Figure 4 does not indicate that 
any truncation level exists. In order to realistically estimate FSmi, would require 

about 100 to 200 pieces of test data which is impractical. It is recommended that 
no truncation be assumed. 

-8- 



3.3 Conclusions Concerning I%NEP Strength Factor Fsl % 

It is concluded that the strength factor Fs is lognormally distributed and that 
the 1% NRP Strength factor Fsl % is reasonably defined by Eqn. (7) for all of the 

data presented in Tables 1 through 3 except for EPRI Elbow Component #37. 
This component is further discussed in the next subsection. 

3.4 E PR! Elbow Component # 37 

For EPRI Elbow Component #37, the Code Moment Capacity Eqns. (5) 
and (5a)provides a strength factor Fs of only 1.0. For the 50 other tested 
components, this same Code Moment Capacity Eqn. (5) coupled with either Eqn. 
(5a) or Eqn. (5b), as appropriate, provides a median strength factor Fss0~ of about 

2.2 and a 1% NEP strength factor of about 1.5. As a result, it is necessary to 
understand the cause of Elbow Component #37 having an abnormally low ultimate 
dynamic moment capacity MuD. 

For all 33 other fitting tests where failure was in the fitting body, the " 
ultimate dynamic moment capacity MuD significantly exceeded the expected 
ultimate static moment capacity Mus. This increase is most likely due to cyclic 
strengthening as a result of prior nonlinear cycles. However, Elbow Component 
#37 does not show a similar increase. For Elbow Component #37, MUD ~ Mus. 

In many respects the dynamic testing of Elbow Component #37 was near 
the extreme range of tests conducted. Thus, there are a number of postulated 
reasons for the apparent lack of dynamic moment capacity increase for this 
component. The most likely causes are: 

Q Elbow Component #37 had a low natural frequency fN of 1.44 Hz and 
a low central frequency f~ for the input motion of 1.40 Hz. The only 
other component with similarly low frequencies was Elbow 
Component #30. For all other tested components the natural and 
input central frequencies were at least 2.5 times greater. 

1 Both Elbow Components #30 and 37 had ratios of Weight Moment 
Mw to Code Moment MCODE of 0.12. The only other Elbow with a 
significant ratio of Weight Moment to Code Moment was Component 
#35 for which this ratio was 0.086. However, Component #35 was a 
Sch. 40 Elbow, whereas Components #30 and 37 were Sch. 10 
Elbows. Furthermore, these Weight Moments were in the Elbow 
closing direction. 
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0 Elbow Components #37 and 8 were the only Elbows for which PD. 2t 
was less than about 10.0 ksi. These Elbows had zero pressure. In 
fact this zero pressure was the only difference between Elbow 
Component #37 and Elbow Component #30. Elbow Component #8 
differed from Elbow Component #37 in that Elbow Component #8 
was a Sch. 40 Elbow, had negligible weight moment, and 
approximately 5 times higher natural and input central frequencies. 

0 Elbow Components #3, 30, 31, and 37 were the only Sch. 10 Elbow 
for which D0/t ~ 50. All of the other Elbows were Sch. 40 for which 
D0/t ~ 24. Elbow Component #30 had a slightly below average 
strength factor of 1.83. However, Elbow Components #3 and #31 
had above average strength factors so that D0/t does not seem to be 
the primary cause of the low MUD for Elbow Component #37. 

5. Because of a longer lever arm above Elbows #30 and #37 to the 
added weight, these Elbows had a larger P-A negative stiffness ke_a of 
-97 kips-inch per radian than any other elbows. Also the Schedule 10 
Elbows have a lower initial restoring moment stiffness estimated to 
be about 2100 kips-inch per radian. The ratio of P-A stiffness to 
initial stiffness was about -0.05. Studies presented in Ref. 5 show 
that negative ratios greater than about-0.02 greatly increase the 
tendency for one-way ratcheting to continue to collapse once one- 
way ratcheting begins. 

Elbow Components #30 and 37 were essentially identical and were 
subjected to essentially the same input. However, VD _ 0 for Component #37 and 

2 t  

VD _ 9 9 ksi for Component #30. It isinformativeto compare the nonlinear 
2 t  " 

moment-rotation hysteretic loops for Component #37 (see Figure 5) versus 
Component #30 (see Figure 6). For both components the weight moment stress: 

B2Mw 

ZN 
0.5S M (9) 

This weight moment stress has the tendency to ratchet the elbow closed when 
subjected to a cyclic moment of approximately Mus ~ 4.5SM(ZN/B2) as shown in 
Figure 5. Because of this one-way ratcheting, full reverse nonlinear opening 
cycles never developed. Therefore, cyclic strengthening did not occur and: 
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Component #37 
_ 

(lOa) 

PD However, the pressure stress -N- ~ 0.5SM on Component #30 has the 

tendency to provide an opening effect on the Elbow which resists the tendency of 
the weight moment stress to ratchet the elbow closed. Thus, the full opening and 
closing hysteretic loop, shown in Figure 6 develop in Component #30 resulting in 
cyclic strengthening. Thus, for Component #30 MUD is significantly greater than 
Mus and: 

Component #30 
_ 

MUD ~ 8.2SM (10b) 

It is likely that the unfavorable combination of no internal pressure, high 
weight moment stress in the closing direction, and a high negative ratio of P-A 
stiffness to initial stiffness was the cause of the low MUD and lesser performance 
for Elbow Component #37. This unfavorable combination is considered to be 
highly unlikely in an actual piping system. Even so, the low capacity of Elbow 
Component #37 remains the topic of further study and discussion. 

4, Nonlinear DynamicBehavior Fa.ctor For Component Tests 

Ref. 5 presents a number of parametric study results which demonstrate 
how a Margin Factor (Mr/B2) vary as a function of (1)the frequency ratio Rw of 
the input motion central frequency fI to the component natural frequency f~, (2) the 
breadth of the frequency content of the input motion, (3) model parameters, and 
(4) the assumed failure mode (for example, low cycle fatigue versus excessive 
nonlinear deformation failures). Figures 2 and 3 are examples of the Margin 
Factor information presented in Ref. 5. The PFDR input motion used in Ref. 5 is 
an example of narrow frequency input motion representative of floor motion at a 
high elevation of moderately low damped stiff structure. The  Reg. 1.60 input 
motion used in Ref. 5 is an example of a very broad frequency ground motion 
Therefore, these two motions tend to represent examples of the extremes on the 
breadth of frequency content in the input motion to which a piping component 
might be subjected. 

The Margin Factor Mr used in Ref. 5 and the Seismic Capacity Margin Rcp 
used herein and in Ref. 1 and 2 are synonymous for component tests where the 
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redundancy factor FRed is 1.0. However, the MCODE used in Ref. 5 differs from that 
defined by Eqn. (5). As a result, the component nonlinear dynamic factor FNLC for 
any situation studied in Ref. 5 is: 

F c B 2 ( M r )  (11) 

where B2 and Fs are from Table 1, and Fc is a conversion factor 

Elbows, Bends, and Tees" 
Weld Region Connecting Fittings: 

F c -  1.0 to 1.07 
Fc - 2.0 to 2.14 

The parametric studies presented in Ref. 5 are primarily for Components 
# 14 and 40 for which: 

., Component FcB2/Fs. 
14 1.10 
40 0.92 

, , , 

Thus, for these two components: 

(12) 

so that all of the figures in Ref. 5 of (Mr/B2) versus Rw for these components are 
approximately plots of FNLC. Therefore, Ref. 5 provides an excellent basis for 
understanding FNLC. 

A study of the plots of (Mr/~2) in Ref. 5 shows that FNLC is highly variable 
and sensitive to the ratio Rw, the breadth of the input motion frequency content, 
and the postulated failure mode. Therefore, because of the possiblevariety of 
input motions to which the piping component might be subjected, it is impossible 
to establish any generic relationship between FNLC and Rw. However, some 
reasonable but very broad bounds can be established. 

The lowest FNLC occur as Rw goes to zero for which: 

As Rw .---~ 0 " F N L C  ~ 1.0 (13) 

However, if low Rw values are excluded" 

Rw>0.7 " FNLC~2.0to8.0 (14) 
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5 .  Estimating Generic (FNLF__Red)CONS. for Piping Systems 

Even at the component test level, the component nonlinear dynamic 
behavior factor F ~ c  cannot be established even as a function of Rw. Only some 
reasonable but very broad bounds can be established. However, even if F~c  
could be estimated, this estimate would only establish an unconservative upper 
bound on F ~  for a piping system. Many nonlinear dynamic analyses of multi- 
degree-of-freedom systems have demonstrated that the system nonlinear factor F ~  
is generally less than the component factor F~c,  i.e." 

F ~  _< F ~ c  

Therefore, in reality one can only realistically estimate FNL for a piping system by 
a nonlinear analysis or a pseudo-linear analysis which approximates the increased 
effective flexibility of nonlinear components and uses increased effective 
damping. 

However, again some reasonable bounds can be placed on F~.  So long as 
the nonlinear behavior is reasonably spread throughout the system" 

FNL - F K (FNL c -1 .0)+ 1.0 

F N ~ 0.5to0.75 
(15) 

In addition, an actual piping system also has a redundancy factor FRed 
due to redistribution. Again it would be necessary to perform either a nonlinear 
or pseudo-linear analysis of the actual piping system to accurately estimate this 
factor. For a uniform fixed-fixed beam subjected to uniform load, 
FRed = (16/12) = 1.33. In general, fora piping system: 

FRed ~ 1.0 to 1.4 (16) 

Considering the range of parameters defined by Eqns. (14) through (16), for 
typical piping systems" 

Rw > 0.7 
(F~FRed) ~ 1.8 to 8.3 (17) 

and even for lower Rw piping systems, one can generally expect that: 

(F~FReo) > 1.33 (18) 
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Therefore, a reasonably conservative generic estimate of the product (FNLFRed) to 
cover a wide variety of piping systems and seismic inputs should lie in the range: 

(FNLFRed)CONS. "~ 1.33 to 1.8 (19) 

and the resulting required 1% NEP strength factor VSl % from Eqn. (4)would be" 

' (FNLFR~d)CONS. 
1.33 
1.5 
1.8 

i 

| i i 

FSl~ 

1.5 
1.33 
1.1 

In summary, the ultimate selection of (FNLFRed)CONS. and thus the required 
FS~ % must be by consensus judgment of a committee. 

6. Conclusions 

The ultimate moment MUD achieved under dynamic cyclic loading ~/ppears 
to be a stable and predictable parameter which is reliably reached prior to failure 
irrespective of whether the ultimate failure mode is low cycle fatigue or excessive 
deformation. Therefore, it is recommended that the Code Moment Capacity 
MCODE be established based upon: 

MCODE - MUDl% (20) 
Vs 

where MUD~, ~ is the 1% non exceedance probability (NEP) ultimate dynamic 

moment capacity and Fs is an appropriate strength factor of safety. 

Based on Eqn. (4) and the information presented in Sections 4 and 5, it is 
recommended that the strength factor of safety Fs lie in the range of 1.1 to 1.5 in 
order to achieve an overall 1% NEP seismic capacity (code) margin RCPlo ~ of 

about 2.0. The remainder of this capacity margin is accommodated by nonlinear 
dynamic behavior and redundancy benefits. 

Section 3 shows that Eqn. (5) coupled with either Eqn. (5a) or Eqn. (5b), 
whichever is appropriate, reliably achieves a strength factor of safety Fs of at least 
1.5. 

For most actual piping systems the Code Moment Capacity Eqn. (5) 
combined with either Eqn. (5a) or Eqn. (5b), whichever is appropriate, is expected 
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to lead to a Seismic Capacity Margin RCp much greater than 2.0. This Seismic 
Capacity Margin Rcp can be estimated from Eqn. (1). As shown in Section 3, the 
strength factor Fs is lognormally distributed with a median value Fss0. ~ = 2.2 and a 

log. std. sev. 13s of 0.16. The product (F~FRed)is highly variable and cannot 
reliably be estimated on a generic basis. However as noted in Eqn. (17), my 
judgment is that for typical piping systems (F~FReo) lies in the range of 1.8 to 8.3. 
For illustrative purposes, let us assume for a typical piping system and seismic 
input that the median (F~mFRed) is 3.5 with a log. std. def. 13~k Of 0.40. This 
assumption is equivalent to assuming the 90% confidence bounds on (F~FRed) are 
1.8 to 6.8.-The resulting Seismic Capacity Margin RCp has the properties" 

Median RcPs0o~ 

13cp 
1% NEP RcP~o ~ 

90% Cone Band RCp5%_95% 

= 7.7 

= 0.43 
= 2.8 

= 3.8 to 15.6 

In this example, the resulting Seismic Capacity Margin RCP is likely to be 
exceedingly and unnecessarily high. However, this margin is generically 
unreliable because (F~FRea) is generically unreliable. 

The only way to avoid this problem that the average Seismic Capacity 
Margins are likely to be exceedingly and unnecessarily high would be to perform 
either nonlinear or pseudo-linear piping evaluations against a strain or inelastic 
rotation failure criteria in order to reasonably account for the nonlinear dynamic 
and redundancy benefits that exist for the specific situation being analyzed. Short 
of performing such analyses, it is likely to remain necessary to live with the 
excessive conservatism which will be typically introduced by establishing the 
Code Moment capacity MCODE by Eqn. (5) so as to avoid unconservatism for the 
odd case where (F~FRed) is low. 
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Table 1: EPRI Dynamic Component Test Data* 

Component 

Elbow 
_ 

3 EL,10,LR 
4 EL,40,LR 
5 EL,40,LR 
6 EL,40,LR 
7 EL,40,LR 
8 EL,40,LR 

13 EL,40,SR 
19 EL,40,SR 
30 EL,10,LR 
31 EL,10,LR 
35 EL,40,LR 
37 EL,10,LR 
41 EL,40,L R 
Non Elbow 

9 Tee, 40 
10 Tee, 40 
11 Tee, 10 
12 Tee, 40 
14 Tee, 40 
15 Red, 40 
16 Red, 40 
34 Pipe, 40 
36 Tee, 40 
38 Tee, 40 
39 Tee, 40 
40 Red, 40 

Mtl. 

SS 
CS 
CS 
SS 
SS 
SS 
CS 
SS 
SS 
SS 
CS 
SS 
CS 

SS 
SS 
SS 
SS 
CS 
SS 
CS 
CS 
CS 
SS 
SS 
SS 

ZN 
in 3 

4.35 
8.50 
8.50 
8.50 
8.50 
8.50 
8.50 
8.50 
4.35 
4.35 

PDo 
2t 

ksi 

9.89 
11.83 
20.11 
20.11 
11.83 

0 
11.83 
29.58 
9.89 
9.89 

20.11 
0 

B1 B2 MUD 
kip-inch 

0 5.51 142 
0 3.27 381 
0 3.27 478 
0 3.27 469 
0 3.27 454 
0 3.27 456 
0 4.29 322 
0 3.27 579 
0 5.51 130 
0 5.51 188 
0 3.27 465 
0 5.51 70 

499 

3.21 
8.50 
8.50 
8.50 
8.50 
3.21 

20.11 0 3.27 

20.11 0.5 1.0 
11.83 0.5 1.0 
9.89 0.5 1.0 

20.11 0.5 1.0 
20.11 0.5 1.0 
16.14 0.5 1.0 
16.14 0.5 1.0 
11.83 0.5 1.0 
20.11 0.5 1.0 
20.11 0.5 2.02 

0 0.5 2.02 
0 0.5 1.0 

MCOOE Fs 
kip-inch 

71 2.00 
234 1.63 
234 2.05 
234 2.01 
234 1.94 
234 1.95 
178 1.81 
234 2.47 
71 1.83 
71 2.65 

234 1.99 
71 0.99** 

234 2.13 

629 318 1.98 
635 345 1.84 
369 180 2.-05 
719 318 2.26 
617 318 1.94 
333 125 2.66 
385 125 3.08 
759 345 2.20 
700 318 2.20 
643 315 2.04 
623 379 1.64 
314 144 2.17 

*SM = 20 ksi all cases 

**Component 37 is an outlier not included in statistical comparison 
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C o m p o n e n t  

Bends 

Table 2: Japanese Dynamic Component Test Data 

Mtl. " S M '  ' Z N ' PDo ~ B1 B2 MUD 
N/mm 2 mm 3 at kNm 

M P  a 

MCODE 
kNm 

Fs 

1 CS 110.3 52530 126.7 0 2.16 31.80 12.07 2.63 
2 SS 137.9 52530 142.9 0 2.16 45.20 15.09 3.00 
3 CS 110.3 96712 69.0 0 1.14 58.28 24.00 2.43 
4 CS 110.3 52530 70.5 0 2.16 29.50 12.07 2.44 
5 CS 110.3 52530 17.1 0 2 16 25.00 12.07 2.07 
7 CS 110.3 52530 125.7 0 2.16 21.31 12.07 1.77 
8 CS 110.3 52530 127.6 0 2.16 26.35 12.07 2.18 
10 CS 110.3 52530 129.5 0 2.16 34.40 12.07 2.85 

Tees 
11 CS 110.3 55243 125.7 0.5 2.17 24.17 10.24 2.36 
12 CS 110.3 20635 95.4 0.5 1.0 10.00 4.38 2.28 
13 CS 110.3 55243 130.5 0.5 1.0 21.79 11.01 1.98 

Pipe 
14 CS 110.3 52530 122.9 0.5 1.0 23.65 10.62 2.23 
15 CS 110.3 52530 135.3 0.5 1.0 21.21 10.37 2.04 

, ~ %' , 



C o m p o n e n t  

Bends 
, ,  , ,  

1 
2 
3 
4 
5 
7 
8 
9 
11 

Tees 
12 
13 
14 

Pipe 
15 

Table 3" Japanese Cyclic Static Component Test Data 

Mtl. SM ....... ZN PDo .... B1 B2 MUD 
N/m.m 2 rain 3 2t kNm 

MP a 

CS 
SS 
CS 
CS 
CS 
CS 
CS 
CS 
CS 

110.3 
137.9 
110.3 
110.3 
110.3 
110.3 
110.3 
110.3 
110.3 

52530 126.7 0 2.16 32.86 
52530 136.2 0 2.16 34.28 
96712 66.5 0 1.14 69.36 
52530 61.0 0 2.16 27.84 
52530 3.8 0 2.16 24.99 
52530 124.8 0 2.16 18.64 
52530 127.6 0 2.16 28.95 
52530 127.6 0 2.16 32.82 
52530 125.7 0 2.16 30.61 

CS 110.3 55243 125,7 0.5 2.17 25.95 
CS 110.3 20635 95.4 0.5 1.0 11.43 
CS 110.3 55243 123.8 0.5 1.0 27.38 

CS 110.3 52530 123.8 0.5 1.0 23.90 

MCODE 
kNm 

12.07 
15.09 
24.00 
12.07 
12.07 
12.07 
12.07 
12.07 
12.07 

10.24 
4.38 
11.15 

10.60 

Fs 

2.72 
2.27 
2.89 
2.31 
2.07 
1.54 
2.40 
2.73 
2.54 

2.54 
2.61 
2.46 

2.26 



Table 4: Comparison of, Statistical Distribution 
for EPRI and Japanese Test Data, 

Number of Tests 

55o% 

USa% 

E P R I  
Dynamic 

24 
2.08 

0.15 
1.47 

Japanese 
Dynamic 

13 
2.30 

0.15 
1.63 

Cyclic Static 
13 

2.38 

0.16 
1.64 

Combined 

50 
2.21 

0.16 
1.53 

Table 5: Comparison of Statistical Distribution s 
for Fitti, n~ Body Failures Versus Near Weld Failures 

• Number of Tests 

FS5o% 
~S 

' Fitting Body 
(Eqn. 5a) 

33 
2.2i 

Near Weld 
(Eqn. 5b) 

17 
: / . 2 3  . . . .  

Combined 

50 
2.21 

0.18 
1.47 

0.13 
1.65 

0.16 
1.53 

Table6: Comparison of Statistical Distribution 
for Carbon Steel Versus Stainless Steel Components 

Carbon Steel 
CS 

Stainless Steel 
SS 

Combined 

Number ofTests . . . . . . . .  5 0  
. . . . . . .  

33 
2.26 

0.16 
1.55 

. .  

17 
2.14 

0.16 
1.49 

~S 
FSlvo 

2.21 

0.16 
1.53 
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