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1.0 INTRODUCTION 

Southern California Edison (SCE) has been participating in the Systematic 
Evaluation Program (SEP) for San Onofre Nuclear Generating Station, Unit 1 
(SONGS-1) for several years. As part of this program, SCE is demonstrating 
that all safety-related piping systems at SONGS-1 can withstand a design basis 
earthquake (DBE) at the site. The Nuclear Regulatory Commission (NRC) and SCE 
have agreed upon criteria for piping which, when satisfied, will assure the 
integrity and functionality of the piping systems during and after a 0BE.  
These criteria are based on the ASME Boiler and Pressure Vessel Code, Section 
III (referred to as the Code) requirements, which are widely accepted as appro
priately conservative design bases. However, it has been recently proposed 
that the Code requirements are overly conservative when applied to cases 
involving short-term dynamic loads, such as the 0BE. Diverse nuclear industry 
groups, such as the ASME code committees, Electric Power Research Institute 
(EPRI), the NRC, and concerns in foreign countries (e.g. Japan and West 
Germany), have for the past few years been investigating this issue 
(References 1 through 8). The final resolution of the issue and changes to 
the Code are still several years away, however the trend in the results is 
clear - piping systems subjected to short-term dynamic loads can maintain 
integrity and functionality at stress levels well above Code allowables with
out a decrease in safety margins.  

At SONGS-1, SCE is presently upgrading all piping systems to meet the SEP 
criteria. Due to the large amount of construction work involved in completing 
the upgrade program, the schedule for return to power may be extended. To 
allow a more expeditious schedule, SCE may instead complete partial modifica
tions of the piping systems. The success of this approach depends upon 
revising the criteria for piping integrity and functionality to take credit 
for the observed higher margins against failure under short-term loads.  

The new criteria, which we have called the functionality criteria, is shown to 
be applicable for SONGS-1 piping, and includes sufficient conservatism to 
cover any uncertainty in the seismic analysis procedures. EDS has developed 
such a functionality criteria in response to SCE's intention to return to power 
prior to completion of the seismic upgrade program for piping. Section 2 of 
this report describes the functionality criteria and its basis. Justification 
of the criteria requires demonstration of applicability to SONGS-1 piping 
systems. The analysis program used for this justification is outlined in 
Section 3. The program involves selecting representative piping systems at 
SONGS-1 (Section 4) and demonstrating through nonlinear analysis that integrity 
and functionality are maintained at the criteria stress limits (Section 5).  
The conclusions of the study are summarized in Section 6. The functionality . criteria is justified for SONGS-1 without regard for its intended application.
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However, the arguments in support of the criteria may differ if they are 
applied in low probability situations (e.g. occurrence of a DBE over a short 
time period) or to systems with less safety significance (e.g. accident mitiga
tion systems as opposed to safe shutdown systems).  

2.0 DEVELOPMENT OF THE FUNCTIONALITY CRITERIA 

The objective of the seismic upgrade program being performed at SONGS-1 is to 
demonstrate the ability of the unit to successfully shutdown following a 2/3 g 
level earthquake. The design requirements to assure safe shutdown are those 
requirements imposed by the NRC under the SEP. This design basis originates 
from the ASME Code requirements for piping systems. However, operability and 
functionality (i.e. the capability of a system to function immediately after 
an earthquake until safe shutdown is achieved) can often be established using 
less restrictive criteria.  .The criteria requires that a system have the capacity to function during and 
immediately after an earthquake. This level of system performance is consis
tent with less restrictive load limits than those specified by the NRC for the 
faulted condition -- limits that allow permanent deformations of a finite 
nature. The bases of these limits are general functionality and plastic limit 
analysis considerations. For piping systems, the criteria allows an increase 
in the primary stress allowable to twice yield for carbon steel components and 
2.2 times yield for stainless steel components. These piping stress 
allowables, which are compared to stresses calculated from a linear elastic 
analysis, reflect the added capacity of a piping system beyond Code limits 
when subjected to short-term seismic loading. These allowables are justified 
through the discussion and analyses that follow.
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The SONGS-1 functionality criteria were developed to include significant iden
tifiable conservatisms inherent in ASME Code piping analysis procedures.  
These conservatisms include: 

Damping values range between 2 and 5 percent for DBE loading as specified 
by Reg. Guide 1.61 [9]. Observed damping values for piping systems at high 
stress levels are much higher due to effects such as gaps in supports and 
flexible boundary conditions. Current Pressure Vessel Research Council 
(PVRC) task group activities are investigating redefining damping to 
higher, more reasonable values [10].  

* Strain rate effects are neglected in the criteria. These effects can sig
nificantly increase the yield stress in dynamic loading cases.  

* Stress intensification and flexibility factors considered are extremely 
conservative as defined in the linear elastic analyses. These factors 
result in greater susceptibility to yielding under smaller loads in compo
nents such as elbows and tees; however, there is no consideration for load 
redistribution to other components following initial yield.  

* Pressure effects which increase the ultimate load capacity of components 
are not taken credit for in the criteria, although pressure stresses are 
included in the evaluations.  

* Component thicknesses are normally greater than the nominal dimensions 
specified. This increase in thickness can have a significant effect on 
component capacity.  

Actual material strengths are generally at least 10 percent greater than 
Code specified minimums.  

Current Code allowables for dynamic loading are also recognized as extremely 
conservative, especially for seismic motion. For the elastically-calculated 
stress levels of 2.0 Sy for carbon steel piping and 2.2 Sy for stainless 
steel piping, actual yielding of the piping systems are expected to be of a 
limited local nature. This prediction is based on the characteristics of 
seismic motion as well as the nonlinear behavior of piping systems: 

The energy in any seismic motion is finite. As a piping system yields 
locally, much of the input energy is absorbed as strain energy, and the 
kinetic energy of the system is reduced.  

Nonlinear damping effects significantly decrease the response of a system 
after some amount of yielding.
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* The inertial effects of a typical piping system limit the deformations 
and hence the extent of local yielding.  

* The system redundancy allows yielding at multiple locations. In this 
manner, system collapse due to formation of a mechanism is highly 
unlikely, and loading will be redistributed to different components such 
that excessive yielding will not occur in any one component.  

Additional qualitative insight into the dynamic behavior of piping can be 
obtained from operating plants which have experienced strong ground motions.  
The El Centro Steam Plant [11], Lawrence Livermore Laboratory, and the Hamaoka 
Units in Japan have all been subjected to earthquake motion without disruption 
of operation. SRV discharge piping systems in BWR plants have also been sub
jected to dynamic loads without damage, where conventional analysis indicates 
dynamic stresses well above current Code allowables.  

Recently, the PVRC Task Group on Dynamic Loading has undertaken a program to .develop more rational criteria for the evaluation of piping systems under 
transient loading [12]. This group recognizes the conservatism in current 
ASME Code practice, and is sponsoring research into the behavior of typical 
piping systems under dynamic loads to direct Code considerations towards the 
actual response and failure modes of those systems.  

Several experimental programs to investigate the yielding of piping systems 
have recently been completed or are currently underway. ANCO Laboratories 
has performed two sets of dynamic tests on Kraftwerk Union piping systems in 
West Germany [1,2,3]. One set utilized nine typical small-bore piping 
configurations of up to 300 feet in length with a variety of components and 
standard piping support systems. These systems were subjected to both low 
and high frequency loads of various amplitudes corresponding to seismic and 
aircraft impact loads, respectively. The maximum low frequency excitations 
with a maximum peak acceleration of 12 g were applied for durations of ten 
seconds. The maximum high frequency excitations with a maximum peak accelera
tion of 24 g over the 20 to 40 Hz frequency range were applied for durations 
of approximately one second. Peak acceleration response of 50 g, peak dis
placements of 50 cm, and plastic strains in excess of 0.6 percent were 
reported. Linear elastic analysis predicted dynamic stresses over four times 
ASME Code allowables. Even for these extreme loads, there was no observed 
failure due to plastic collapse, leakage, or loss of pressure-retention 
capability. This program was presented to West German licensing agencies to 
justify existing installations without backfitting for dynamic loads, and to 
provide licensing support for the elimination of primary stress requirements 
for these loads on small bore (less than 2-inch diameter) piping.
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High-excitation testing to benchmark dynamic nonlinear analysis methods for 
piping [4] is currently being conducted for EPRI. One test has been completed 
on a 4-inch Schedule 40 ferritic steel piping system. This system has a 
length of 20 feet and consists of two elbows and three runs of piping. The 
system was designed to ASME Class 2 rules. The system was pressurized to 
design allowables and subjected to various dynamic excitation levels corres
ponding to seismic events. The primary purpose of this initial test was to 
demonstrate the feasibility of dynamically exciting piping systems to levels 
far in excess of current Code allowables. The maximum dynamic excitation 
level corresponded to seven to eleven times a typical SSE spectra for a plant 
in a low to moderate seismic region. This excitation level results in 
stresses which exceed Level 0 Code allowable stress limits by a factor 
greater than three. Permanent and visible deformations were observed, but 
there was no plastic collapse or loss of structural integrity in the pressur
ized piping. Input accelerations were greater than 14 g, and response accel
erations were greater than 21 g in one elbow. Plastic strains greater than 
1.5 times the yield strains were recorded.  

A limited amount of dynamic component testing has also been conducted [5,6,7, 
8]. Straight pipe test data on fixed and pin-ended spans were developed in a 
joint Lawrence Livermore National Laboratories/Sargent and Lundy study.  
Strain levels with corresponding stresses up to 130% of yield were observed.  
A Japanese experimental study tested carbon and stainless steel elbows and 
tees well into the plastic range with harmonic excitation. No failure or 
structural instability was observed in any of these tests.  

These dynamic tests on piping systems indicate that typical piping systems 
can withstand extreme seismic loading conditions without plastic collapse.  
Therefore, it is justifiable to develop functionality criteria which allows 
reasonable deformation of a piping system but still ensures that a safe shut
down can be achieved following a 0BE.  

Justification of the functionality criteria for piping subjected to a DBE is 
therefore provided by: 

Inherent conservatisms in standard piping system properties and design 
techniques.  

Demonstrated functionality of typical nuclear plant piping systems sub
jected to seismic events and high-excitation dynamic testing.  

Extremely low probability of occurrence of a DBE with the plant in the 
present design condition.
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Final justification of the functionality criteria limits for SONGS-1 is 
achieved through a nonlinear analysis program on representative systems from 
the plant. This provides program measurable evidence of the adequacy of the 
criteria. The analysis program approach is outlined in the following 
section. It is noted that a similar approach was used to successfully 
license the 2.0 Sy stress limit for seismic response of piping at 
Commonwealth Edison's Dresden and Quad Cities plants as part of their IE 
Bulletin 79-14 program [13].  

3.0 ANALYSIS PROGRAM APPROACH 

The purpose of the nonlinear analysis program is to show that typical piping 
systems at SONGS-1 remain functional at elastically-calculated functionality 
criteria stress limits. The load combination considered in the criteria is 
Gravity + Pressure + 0BE. Thermal expansion was not considered as part of 
the criteria.  

Two representative piping systems were selected for the functionality study.  
Numerous piping systems were reviewed to choose these two systems. It was 
desirable to choose systems typical of most of the piping at SONGS-1, and to 
provide a variety of material and component parameters.  

Elastic analyses were then performed on the two systems. Gravity, pressure, 
eigenvalue, and seismic analyses (both response spectrum and time history 
methods) were performed. These elastic analyses provided the following 
information: 

* Gravity, eigenvalue, and time history analysis results were used to 
provide correlation of results with the nonlinear analyses. This insured 
proper development and accuracy of the nonlinear analysis models.  

* Gravity and pressure analyses were performed to assess the magnitude of 
those stresses compared to the total elastic stress levels required for 
the functionality study. The gravity and pressure stresses were 
negligible and were excluded in the nonlinear functionality analyses.  
This assumption is discussed in detail in the analysis section.  

Response spectrum analyses were performed to identify the critical 
direction of seismic input motion for the nonlinear analyses. The 
results of the reponse spectrum analyses were also used to determine the 
scale factor on the input motion needed to produce maximum stresses at 
the required functionality limits.  

Seismic time histories were developed for each piping system which enveloped 
the required SONGS-1 design response spectra. The base motion used was 10
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seconds of an El Centro 1940 acceleration time history record. An iterative 
process was used to adjust the response across the frequency range of 
interest, such that the final response spectra generated from the time 
histories closely matched the SONGS-1 design spectra.  

Nonlinear analysis models were developed such that the components which 
comprise the model were correlated to experimental behavior. Static loading 
analyses were performed on those components, and their material properties 
were adjusted such that their global response closely matched that of a 
similar experimental component. This modeling technique provided increased 
accuracy in the piping responses predicted by the nonlinear analysis.  

After extensive modeling checks were performed to verify the accuracy of the 
nonlinear analysis models, direct time integration analyses were performed 
with the scaled design time histories. Response time histories of the 
critical components were obtained, and maximum moments and strains were 
reviewed to assure the functionality of the systems. Finally, the results 
were used to make conclusions regarding the adequacy of the SONGS-1 
functionality criteria for DBE loading.  

4.0 CHOICE OF REPRESENTATIVE PIPING SYSTEMS 

Approximately twenty piping systems at SONGS-1 were selected for initial 
review. These twenty systems were those having stresses reported in excess 
of the SEP allowable stress level in the as-built configuration. The April 
1982 submittal by SCE to the NRC [14] was used to obtain the stress levels to 
select these twenty systems. Available support installation status informa
tion was then reviewed to determine the number of supports requiring 
installation or modification for the final design and the number of those 
supports that had been installed at the time. The selection of systems was 
based on the following considerations: 

* Location and magnitude of overstress 
Support requirements for final design condition 

* System function 
* Material properties 

System geometry, variety of components 

Based upon the review, two piping systems were chosen for the functionality 
study. These systems are designated problem numbers AC-19 and MW-01. AC-19 
consists of 2-1/2-inch and 1-inch lines which carry water to cool the primary 
shield wall. All AC-19 piping is carbon steel A-53 Type B. MW-01 consists



SOUTHERN CALIFORNIA EDISON Report No. 04-0310-0063 w Revision 2 
Page 8 

of 8-inch and 6-inch lines anchored at recirculation heat exchangers. All 
MW-01 piping is A312 Type 304 stainless steel. Figures 4.1 and 4.2 show the 
portions of AC-19 and MW-01 piping included in the analyses.  

Problem AC-19 was selected because it requires the completion of much of the 
support work to meet SEP criteria. The final design condition requires the 
addition of three lateral supports and one vertical support. The piping is 
small diameter carbon steel piping with relatively low diameter-to-thickness 
ratios. Therefore, the components are fairly stiff, with low stress 
intensification factors. The geometry of the system is complex, with a great 
variety of different components such as 2-1/2-inch long-radius elbows, 5-D 
bends, and 2-1/2x1 tees. A relatively even distribution of high stresses was 
anticipated for these lines.  

Problem MW-01 was chosen to complement the system parameters investigated in 
the AC-19 analysis. MW-01 piping is made of stainless steel with a high 
diameter-to-thickness ratio. The 8-inch piping is Schedule 10S; therefore, 
the components are flexible and have high stress intensification factors.  
The system also has a variety of different component types. High stresses 
were expected at a few local areas.  

The two problems selected from the variety of systems at SONGS-1 provide a 
good representation of the various piping component, material, and system 
types present in the plant. Both carbon and stainless steel materials are 
represented, as well as piping components of different size and flexibility.  
The systems both have typical run configurations with a mix of various 
component types. Although the seismic stress levels in the systems were not 
at the functionality stress limits, the input motions were increased to 
obtain the desired maximum elastic stress.  

5.0 PIPING SYSTEM FUNCTIONALITY ANALYSIS 

This section describes the analysis methods used to demonstrate component and 
system functionality at the maximum elastic stress limits specified by the 
functionality criteria. Preliminary elastic analyses are first discussed.  
Input time history generation is described. Nonlinear analysis methods, 
assumptions, and results are then presented. Overall conclusions are 
discussed in Section 6.0.  

5.1 Elastic Analysis 

Mathematical models of each piping system were first developed. These 
models include standard ASME flexibility factors and stress intensifi
cation factors for the components. Material properties were obtained from 
the ASME Code Appendix I [15] for the design temperature of each system.
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All elastic analyses were performed with the EDS computer program 
SUPERPIPE [16]. Gravity analyses for each system were first performed.  
Low stresses were observed, as these systems are well supported in the 
vertical direction. The functionality study considers seismic loading in 
one horizontal direction, and although the load combination Gravity + 
Pressure + Seismic is addressed by the study, gravity stresses were 
omitted for the following reasons: 

* Gravity stresses represented only 5% of the total stress in critical 
components when the maximum system stresses were increased to 
2.0 Sy for carbon steel or 2.2 Sy for stainless steel.  

* Since the earthquake load is scaled such that the maximum stresses 
equal the functionality stress limit, omitting gravity stress causes 
this scale factor to be greater.  

* During horizontally-applied seismic motion, piping components are 
stressed in different locations around the pipe circumference than 
when gravity loading is applied. By omitting the gravity loading, 
the effects of the seismic loading are maximized, producing 
conservative strain data in the nonlinear analysis.  

Pressure stresses were also calculated and found to be insignificant.  
Pressure loading was not included in the functionality analysis because 
low to moderate levels of pressurization have a beneficial effect on 
piping response, in that it stiffens the piping system and increases the 
bending resistance of the components. By neglecting pressure effects, 
strains are slightly overpredicted. Unpressurized piping is also more 
susceptible to ovalization of its cross-section and reduction of flow 
area.  

Eigenvalue analyses were performed to determine the fundamental 
frequencies of system response. Tables 5.1 and 5.2 list the modes and 
frequencies below 33 Hz for AC-19 and MW-01. Seismic response spectrum 
analyses were then performed using the SONGS-1 design spectra for each 
global axis direction to determine the critical direction of seismic 
input for the nonlinear analyses.  

For problem AC-19, the global X-direction response spectrum analysis 
produced an even distribution of high stresses in many components.  
Thus, when the seismic motion in the X-direction is scaled such that the 
maximum stress level is 2 0 S extensive yielding of the system 
should result. For problem MW-0T results for the X-direction response 
spectrum analysis also predicted overstress in more than one location.
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Therefore, the seismic load was applied in the global X-direction for 
the nonlinear analysis of both lines.  

Tables 5.3 and 5.4 summarize the stresses in critical components from 
the X-direction response spectrum analyses for problems AC-19 and MW-01, 
respectively. These tables also show the final factored stress levels 
for the systems. These factored stresses and their related bending 
moments, system support loads, and accelerations are used to compare 
results with the nonlinear analyses later in this section. The 
X-direction seismic time history and response spectrum scale factors are 
2.68 for AC-19 and 7.85 for MW-01. These scale factors were determined 
such that stresses in the critical elbow elements were at the 
functionality limits. Thus, stresses in a few other components exceeded 
the functionality limits.  

From the results of the elastic analyses, it was observed that there are 
areas of low stress in the piping systems. To minimize the cost of the 
nonlinear analyses, it was desirable to eliminate as many piping degrees 
of freedom as possible. Runs of pipe were removed from both systems in 
areas remote from the critically stressed piping. The removed piping 
was modeled in the reduced system by specifying lumped masses and 
stiffnesses at the cutoff points. The reduced models are shown in 
Figures 5.1 and 5.2 with the node numbering scheme used in the nonlinear 
analysis. All elastic analyses previously discussed were performed on 
the reduced models with excellent correlation. Critical frequencies 
were maintained in the reduced models, which assured an accurate and 
cost-efficient model for use in the nonlinear analyses.  

5.2 Time History Generation 

To perform nonlinear seismic analyses of the two piping systems, it was 
necessary to obtain input time histories to meet the SONGS-1 seismic 
design requirements. An iterative process was used to adjust the 
response at different structural frequencies such that the SONGS-1 
design response spectra were properly enveloped by the response spectrum 
generated from the time histories.  

A ten-second record from the El Centro 1940 earthquake motion was used 
as the base motion. One time history was generated for each analysis 
problem. The SONGS-1 design response spectra used to match the time 
history response were envelopes of the two horizontal design spectra 
(N-S and E-W) which were used for the SEP analyses of AC-19 and MW-01.  

The Fourier components of the El Centro motion were scaled such that the 
final time history produced an acceleration response spectrum close to 
that used in the SONGS-1 design. The EDS computer programs FREAK [17]
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and RESPEC [18] were used in the iterative process to obtain the design 
time history. When the time history-generated response spectra and the 
design response spectra were matched, the resulting displacement time 
histories were baseline-corrected to remove the drift in the motion.  
The final acceleration time histories are plotted in Figures 5.3 and 
5.4. The resulting response spectra are compared to the original design 
spectra in Figures 5.5 and 5.6.  

To verify the adequacy of the generated time histories, a linear time 
history analysis was performed on problem AC-19 and compared with the 
results of the response spectrum analysis.. The time history analysis 
produced stresses slightly higher than those calculated in the response 
spectrum analyses. This step showed that the time history generated 
conservatively predicted the system response.  

5.3 Nonlinear Piping Component Correlation 

The computer program ANSYS [19] was used to perform the nonlinear 
analyses. The models were composed of elastic and plastic straight pipe 
elements and plastic elbow elements. To maintain functionality, the 
elbow, tee, and straight pipe elements must not distort excessively 
during the DBE event. To assure that the system models accurately 
predict the piping behavior in the field, the ANSYS elbow elements were 
correlated with measured response in experimental studies. Also, since 
ANSYS does not have a specific tee or branch connection element, an 
equivalent component was developed by adjusting properties of the four 
straight pipe elements used to model the branch connection. These tees 
were also correlated with experimental data.  

In finite element analysis, certain geometric and material property rela
tionships are idealized. In the ANSYS analyses, only a bilinear 
stress-strain relationship can be used for the non-proportional loading 
encountered in seismic analysis. This bilinear relationship is adjusted 
so the behavior of the elbow and tee elements closely matches the exper
imental results. In the element correlation task, it was found that it 
was not possible to obtain a good match for both the momentdeflection 
data and the moment-strain data for a particular element. In an elbow, 
this is attributed to additional ovalization modes not included in the 
ANSYS model. However, by matching the moment-deflection curves closely, 
the proper global response is assured. Additionally, by matching the 
moment-deflection curves, a conservative moment-strain relationship is 
produced. Thus the ANSYS-calculated strains can be considered an upper 
bound response of the component under the seismic load. Figures 5.7 and 
5.8 show the moment-deflection and moment-strain curves for a carbon 
steel elbow.
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To develop the ANSYS elbow models, the ORNL/NUREG-24 elbow study [20] 
was used. This study loaded 6-inch (nominal) commercial carbon and 
stainless steel elbows to produce predominately plastic response. One 
stress-strain curve for elbows was developed for each problem, since 
AC-19 is a carbon steel system and MW-01 is a stainless steel system.  
After these stress-strain relationships were determined, they were used 
directly to establish the elbow materials in each problem. The Karman 
flexibility factor was used to allow for changes in elbow size and 
cross-section.  

To develop the ANSYS tee models, results of the study by Ellyin [21] 
were used. This study loaded tees of various run and branch sizes with 
in-plane and out-of-plane couples. Loading was applied to produce 
plastic distortion of the tees. To model the tee with ANSYS elements, 
standard pipe components were used for the run pipe. For AC-19 tees, 
the run pipe was predicted to remain elastic, and elastic pipe elements 
were used in the model. For MW-01, plastic pipe elements were used for 
the run pipe. Two plastic pipe elements were used for the branch pipe 
in each problem. The first was a relatively stiff element extending 
from the run pipe axis to the surface of the run pipe. The other 
element was relatively flexible. Deflections at the notch of the tee 
and at a point farther up the branch pipe were matched with experimental 
curves. Again, this produces an extremely conservative moment-strain 
relationship. Figures 5.9 and 5.10 show the moment-deflection and 
moment-strain relationships for the correlated carbon steel tee.  

5.4 Nonlinear Analysis 

The mathematical model for the nonlinear analysis was developed with 
elbow and tee components which closely match experimental behavior.  
Other straight-pipe components were modeled using the standard ANSYS 
pipe elements with ASME Code material properties at the design 
temperature. Damping for the OBE seismic event was taken to be 2 
percent from the fundamental frequency of the system to 50 Hz.  
Alpha-beta damping using the current stiffness matrix was used.  

Although the nonlinear analysis model was developed to closely predict 
actual behavior of the piping systems, they still contained inherent 
conservatisms.  

* Actual material strengths are greater than Code-specified minimums.  
Code-specified minimums were used in the analysis.  

Component thicknesses are normally greater than nominal values.  
This increases the strength and moment-carrying capacity of the 
components.
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* The boundary conditions specified for each problem are conservative.  

* Actual system damping is higher than code-specified values. Two 
percent damping is used.  

* Strain rate effects which enhance yield strength are conservatively 
neglected.  

Pressure effects increase collapse moments of components. These 
effects were conservatively neglected in the analysis.  

The nonlinear analysis models created with ANSYS were verified by 
comparison with SUPERPIPE linear analyses. The previously created 
elastic SUPERPIPE models were modified to have the same material 
properties, and flexibilities as the nonlinear model. Gravity, 
eigenvalue, and seismic time history analyses were performed. Both non
linear ANSYS models showed excellent correlation with the linear SUPER
PIPE models. The linear time history analyses were used to predict the 
time that each system-would begin to yield and the time when system 
response would be maximized.  

The predicted time of maximum response using the linear analyses gives 
an upper bound limit to time of significant response in the nonlinear 
model. Because of yielding and increased datnping and energy absorption 
in the nonlinear systems, actual maximum response occurs earlier than in 
the elastic system. This was observed in the analyses of both AC-19 and 
MW-01. Thus the nonlinear analyses were not carried out to the end of 
the seismic time history. Instead, analyses were performed to a time 
just beyond the time of maximum reponse predicted by the elastic 
analyses.  

5.4.1 AC-19 Nonlinear Analysis 

The linear time history analysis of AC-19 predicted that first 
yielding would occur at 2.0 seconds at Elbow 3 and that maximum 
response would occur at 5.5 seconds. In the nonlinear analysis, 
first yield occurred in Elbow 3 (Refer to Figure 5.1 for 
designation of components) at about 2.24 seconds, slightly later 
than predicted. Soon after the elbow experiences yielding, the 
piping near the support at Node 16 yields, followed by Elbow 1.  
These components accumulate strain until strong motion starts at 
about 5 seconds into the earthquake. At this time, additional 
straight pipe segments yield (at Nodes 13, 14, etc.), and the 
maximum response is reached at 5.0 seconds. The analysis was run 
to 6.0 seconds, and it was seen that response was significantly 
decreased in that final second.
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In the nonlinear analysis, moments in the critically stressed 
components were significantly reduced. Table 5.5 compares 
bending moments from the linear and nonlinear analyses for the 
more highly stressed components. Significant moments were 
reduced a minimum of 16%. The reduction in moment was mainly due 
to the "detuning" of the system as it yielded. The frequency of 
the system decreased as yielding occurred. For the AC-19 system, 
this caused the response to move away from the spectral peak, 
thus a decrease in response for the entire system was expected.  
The variation of moment reduction throughout the system is due to 
the redistribution of total load to the yielding components.  

Strain data from the nonlinear analysis of AC-19 is reported in 
Table 5.6. Very low strains were calculated for the AC-19 piping 
system, with a maximum strain of 0.74 percent reported in Elbow 3.  
Maximum strain for a straight pipe section was 0.41 percent at 
Node 16.  

The response of the piping in the area of the tees produced 
displacement-induced loads on the tees. The nonlinear analysis 
predicted artificially high moments in Tee 1 because of the stiff 
model used, which did not allow the required deflection of the 
piping. Strain energy methods were used to predict a maximum 
moment of 1.13 k-in, which is in the elastic range of behavior.  
Thus, the tees in AC-19 were not expected to yield under the 
applied loading conditions.  

Functionality of the AC-19 piping system was assessed by 
comparing the maximum moments in each type of component (elbow, 
tee, and straight pipe) to ASME collapse moments and by comparing 
the calculated strains to measured strains in experimental 
studies. Table 5.7 compares theoretical collapse moments with 
calculated moments. All moments in the AC-19 system were below 
the collapse moments except the moments in Elbow 3 and the 
straight pipe adjacent to the support at Node 16. Moments at 
these two locations exceeded the collapse moment by 6 to 7 
percent; however, due to the conservatism of the collapse moment 
determination and the low strain levels in the piping system, 
these moments were considered acceptable.  

Strains for AC-19 were compared to the strains reported in the 
ORNL/NUREG-24 study. used for the elbow correlations. For all 
carbon steel elbows tested in the study, the elbow strains 
calculated in the AC-19 analysis were in the range of 
measurement. Maximum ovality in the experiments was 6.5 percent.  
This ovality corresponds to a flow area reduction of about 0.3 
percent, which is insignificant.
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The piping of AC-19 was considered functional for the following 
reasons: 

* The system and component models were conservatively developed 
as previously discussed, therefore response was overpredicted.  

* The ASME collapse moments are extemely conservative. They 
correspond to a ductility of 2. Component test data show 
that piping is functional at moments in excess of the ASME 
collapse moment.  

* The strains reported in the nonlinear analysis were 
conservative because of the material law used to match the 
global response. These conservatively calculated strains 
were well within the allowable strains reported in 
experimental studies and resulted in an insignificant flow 
area reduction.  

The impact on support loads was also investigated. Table 5.8 
compares support loads for the elastic and nonlinear analyses.  
Because of the frequency shift previously discussed, the loads on 
all supports were reduced in the nonlinear analysis.  

5.4.2 MW-01 Nonlinear Analysis 

The linear time history analysis of MW-01 predicted that first 
yielding would occur at 0.6 seconds at Elbow 4 and in the straight 
pipe at Node 19 (Refer to Figure 5.2 for designation of 
components). Maximum response was predicted to occur at 1.9 
seconds. In the nonlinear analysis, very slight yielding of 
Elbow 4 occurred at 0.075 seconds; however, significant yielding 
of the system did not begin until 0.55 seconds into the seismic 
motion. At this time, Elbow 6 also yielded, followed by Elbows 2 
and 5 in the next 0.2 seconds. The maximum moments were observed 
at 0.9 seconds, however maximum strains occurred at about 1.5 
seconds. At this time, yielding was observed in Elbow 3 and the 
straight pipe at Node 19. The analysis was run to 4.0 seconds.  
Results showed no significant response after the maximum response 
at 1.5 seconds. Tee 1, which was very highly stressed in the 
linear response spectrum analysis due a high stress intensifi
cation factor, did not yield. This was due to the inherent flexi
bility of the branch connection which is not included in the ASME 
Code provisions for component modeling.  

In the nonlinear analysis, critical moments in the highly stressed 
components were significantly reduced. Other moments of smaller 
magnitude increased due to load redistribution following yielding.  
Unlike AC-19, which has a very low fundamental frequency, MW-01
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became "tuned" as the system yielded. The response moved closer 
to the spectral peak as yielding occurred. Table 5.9 compares the 
bending moments from the linear and non-linear analyses for the 
critical components. Figure 5.11 compares the linear and 
nonlinear moment response at Elbow 4 for the 4 seconds of applied 
seismic motion. This figure shows the reduction in moment and a 
slight frequency shift between analyses after the significant 
yielding occurs at 1.5 seconds.  

Strain data from the nonlinear analysis is reported in Table 5.10.  
The highest strain in an elbow was 2.0 percent at Elbow 4.  
Maximum strain in a straight pipe was .07 percent at Node 19.  

Functionality of the MW-01 piping system was assessed by comparing 
the maximum moments in each type of component experiencing plastic 
deformation (elbow and straight pipe) with ASME-defined and 
theoretical collapse moments and by comparing the calculated 
strains to strains reported in experimental studies. Figure 5.12 
calculates the ASME collapse moment at twice the deflection at 
yield for the 8-inch elbow in the MW-01 system. The maximum 
resultant bending moment in Elbow 4 was 87 percent of the ASME 
collapse moment. The maximum resultant moment in the straight 
pipe at Node 19 was 75 percent of the theoretical collapse moment.  

Strains for the elbows in the MW-01 system were compared with 
strains reported in the study of thin-walled elbows by Imazu, et 
al. [22]. In this study, for elbow strains of 2.0 percent, flow 
area reduction of 5 percent was reported, which is not 
significant.  

The piping of MW-01 was considered functional for the following 
reasons: 

The system and component models were conservative as 
previously discussed, therefore response was overpredicted.  

All calculated moments were well below the theoretical 
collapse moments, which allow a ductility limit of 2.  

Strains in the critical elbow were conservatively calculated, 
yet resulted in a predicted flow are reduction of only 5 
percent. This flow area reduction was considered to be 
insignificant.
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The impact of nonlinear piping on support loads and accelerations 
was also investigated. Table 5.11 compares the support loads 
calculated for the linear and nonlinear analyses. Table 5.12 
compares accelerations for selected nodes for the two analyses.  
Because of the frequency shift of the system and nonlinear load 
redistibution previously discussed, some suport loads and 
accelerations increased while others decreased.  

6.0 CONCLUSIONS 

The nonlinear analysis program supports the functionality criteria and shows 
that typical SONGS-1 piping systems remain functional at elastic stress 
levels of 2.0 Sy for carbon steel and 2.2 Sy for stainless steel.  
Although the nonlinear analyses made conservative assumptions in modeling and 
load definition, moment and strain levels in both systems were within 
experimentally verified functionality limits.  

Critical moments in both systems were significantly reduced in the nonlinear 
analyses. AC-19 was a "detuned" system, such that the response was reduced 
after yielding occurred. For AC-19, all moments and support loads were 
reduced. This suggests that for lightly supported, flexible systems, 
functionality criteria which allow component yielding provide a rational 
method of evaluation. MW-01 was a "tuned" system, such that the reponse was 
increased after yielding occurred. Despite the increase in response, the 
yielding allowed a redistibution of load in the system such that functionality 
was maintained. This shows that for both "detuned" and "tuned" systems, 
redistibution of load following yielding provides the required load reduction 
to insure system functionality.  

Therefore, the elastic piping stress limits of 2.0 Sy for carbon steel and 
2.2 S for stainless steel specified in the SONGS-1 functionality criteria 
proviae assurance that the piping systems are capable of withstanding DBE 
loads without loss of function. These criteria allow local yielding in 
components such that load redistribution reduces maximum moments and stresses, 
yet provides limits on the extent of yielding such that functionality of the 
system is maintained.
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TABLE 5.1 

AC-19 SYSTEM FREQUENCIES 

Mode No. Predominant Direction Frequency, Hz Period, Sec 

1 X 2.0 0.513 

2 X 3.7 0.267 

3 Y 6.8 0.148 

4 X 7.2 0.139 

5 Y 9.0 0.111 

6 Z 11.1 0.090 

7 X 13.9 0.072 

8 X 18.7 0.053 

9 X 21.6 0.046 

10 Y 22.9 0.044 

11 X 25.8 0.039 

12 Z 29.2 0.034 

13 Y 30.5 0.033 

14 Y 31.9 0.031
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TABLE 5.2 

MW-01 SYSTEM FREQUENCIES 

Mode No. Predominant Direction Frequency, Hz Period, Sec 

1 X 7.7 .129 

2 Z 9.4 .106 

3 Y 12.9 .078 

4 X 14.7 .068 

5 Z 16.5 ..061 

6 Y 23.8 .042 

7 Z 25.5 .039 

8 X 27.0 .037 

9 Z 27.5 .036
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TABLE 5.3 

AC-19 ELASTIC STRESS RESULTS 

Elastic Stress(2),ksi 

Location(l) Design Spectrum 2.68 x Design Spectrum 

Elbow 1 18.6 49.7 

Elbow 2 14.8 39.5 

Elbow 3 25.9 69.4 (2.OSy (3)) 

Pipe @ Node 11 15.2 40.7 

Pipe @ Node 12 12.8 34.1 

Pipe @ Node 13 20.0 53.5 

Pipe @ Node 14 20.1 53.7 

Pipe @ Node 16 28.9 77.4 (2.2 Sy (3)) 

Tee 1 32.3 86.6 (2.5 S y (3)) 

Tee 2 16.3 43.5 

NOTES: (1) From model in Figure 5.1 

(2) Elastic Stress = O.75iM/Z, 0.75i > 1.0 
where i = ASME Class 2/3 Stress Intensification Factor 
M = Resultant of two bending and torsional moments 
Z = pipe section modulus 

(3) For A-53 B Carbon Steel, Sy = 34.7 ksi at 110 0F
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TABLE 5.4 

MW-01 ELASTIC STRESS RESULTS 

Elastic Stress(2),ksi 

Location(l) Design Spectrum 7.85 x Design Spectrum 

Elbow 2 2.75 21.6 

Elbow 3 2.94 23.1 

Tee 1 11.57 90.8 (3.6 Sy (3)) 

* Elbow 4 7.01 55.0 (2.2 Sy (3)) 

Elbow 5 4.05 31.8 

Elbow 6 3.71 29.1 

NOTES: (1) From model in Figure 5.2 

(2) Elastic Stress = 0.75i M/Z, 0.75i > 1.0 
where i = ASME Class 2/3 Stress Intensification Factor 

M = Resultant of two bending and torsional moments 
Z = Pipe Section Modulus 

(3) For A312 TP304 stainless steel, Sy = 25.0 ksi at 200OF
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Table 5-5 

AC-19 LINEAR VS. NONLINEAR ANALYSIS RESULTS - MOMENTS 

Bending Moment, k-in 

Location (See Figure 5.1) Linear Nonlinear Percent Change 

Elbow 1 In-Plane 37.9 18.5 -51 

Elbow 2 In-Plane 33.8 25.8 -24 

Elbow 3 In-Plane 69.4 53.2 -23 

Pipe @ Node 14 About Vertical Axis 54.7 45.7 -16 

Pipe @ Node 16 About Vertical Axis 82.4 53.9 -35 

Tee 1 (1) Out-of-Plane 12.0 7.0 (2)- -42 

NOTES: (1) These moments are reported at the centroid of the tee element. Actual 
moments in the tee are somewhat lower.  

(2) This moment is an upper-bound moment based on a stiff tee model. Actual 
moment is lower.
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Table 5.6 

AC-19 NONLINEAR ANALYSIS RESULTS - STRAINS 

Linear Analysis Nonlinear Analysis 
Location (See Figure 5.1) Stress, ksi Maximum-Strain,-Percent 

Elbow 1 @ Node 2 49.7 0.49 

Elbow 2 @ Node 7 39.6 Remained Elastic 

Elbow 3 @ Node 8 69.4 (2.0 Sy (1)). 0.74 

Pipe @ Node 14 53.8 0.21 

Pipe @ Node 16 77.5 (2.2 Sy (1)) 0.41 

Tee 1 86.6 (2.5 S (1)) Remained Elastic(2) 

* Notes: (1) S = 34.7 ksi 
(2) See text for discussion
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Table 5.7 

AC-19 NONLINEAR ANALYSIS RESULTS - COLLAPSE MOMENT COMPARISON 

Nonlinear Analysis Collapse Percent of 
Location (See Figure 5.1) Resultant Moment (1), k-in Moment, k-in Collapse Moment 

Elbow 1 (Std. long radius) 25.5 26.4(2) 97 

Elbow 3 (5-D bend) 53.6 50.4(2) 106 

Pipe @ Node 16 53.9 50.4(2) 107 

Tee 1 1.1(3) 2.8(4) 41 

NOTES: (1) Resultant moment is taken as the SRSS of the two maximum bending 
moments.  

(2) Theoretical collapse moment =t (D D ) 
2 

(3) Based on strain energy considerations for actual tee behavior. See 
text for discussion.  

(4) ASME collapse moment at twice deflection at yield.
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Table 5.8 

AC-19 LINEAR VS. NONLINEAR ANALYSIS RESULTS - SUPPORT LOADS 

Support Load, k 

Node(l) Direction(1 ) Linear Nonlinear Percent-Change 

11 Y 5.98 4.82 -19 

14 Y 0.50 0.46 -10 

15 Y 0.28 0.25 -11 

16 X 1.88 1.31 -30 
Y 0.13 0.11 -15 

20 Lateral 2.83 2.19 -23 
Y 0.23 0.20 -13 

28 Y 0.84 0.61 -27 
Z 2.04 1.69 -17 

Notes: (1) See Figure 5.1
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Table 5-9 

MW-01 LINEAR VS. NONLINEAR ANALYSIS RESULTS - MOMENTS 

Bending Moment, k-in 

Location (See Figure 5.2) Linear Nonlinear Percent Change 

Elbow 3 In-Plane 57.7 69.1 +20 
Out-of-Plane 4.6 7.0 +52 

Elbow 4 In-Plane 118.3 96.2 -19 
@ Node 14 Out-of-Plane 80.2 65.6 -18 

Elbow 4 In-Plane 30.3 28.1 -10 
@ Node 16 Out-of-Plane 6.3 5.7 -7 

Pipe About Vertical Axis 306.9 198.1 -35 
@ Node 19 About Horizontal 53.1 39.0 -27 

WAx is 

Tee 1 In-Plane 24.8 21.8 -12 
Out-of-Plane 5.5 6.6 +20
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Table 5.10 

MW-01 NONLINEAR ANALYSIS RESULTS - STRAINS 

Linear Analysis Nonlinear Analysis 
Location (See Figure 5.2) Stress, ksi Maximum Strain, Percent 

Elbow 3 @ Node 8 23.1 0.10 

Elbow 4 @ Node 14 55.0 (2.2 Sy (1)) 2.0 

Elbow 4 @ Node 16 31.8 0.42 

Pipe @ Node 19 38.9 0.07 

Tee 1 90.8 (3.6 Sy (1)) Remained Elastic 

. Notes: (1) Sy = 25.0 ksi
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Table 5.11 

MW-01 LINEAR VS. NONLINEAR ANALYSIS RESULTS - SUPPORT LOADS 

Support Load, k 

Node(l) Direction(l) Linear Nonlinear Percent Change 

11 Y 2.00 3.37 +69 

Z 0.89 .0.99 +11 

19 X 11.30 8.31 -26 

Y 1.64 1.25 -24 

20 X 4.64 2.59 -44 

Z 1.50 1.16 -23 

24 Y 0.41 0.91 +125 

Z 2.09 2.47 +18 

28 X 3.82 4.60 +20 

Z 1.38 1.40 +1 

Notes: (1) See Figure 5.2
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Table 5.12 

MW-01 LINEAR VS. NONLINEAR ANALYSIS RESULTS - ACCELERATIONS 

Acceleration, q 

Node(l) Direction(1) Linear Nonlinear Percent Change 

10 X 8.12 6.52 -20 
Y 0.05 0.09 +67 
Z 0.18 .0.17 -1 

12 X 8.12 6.51 -20 
Y 0.31 0.21 -31 
Z 0.96 0.53 -45 

14 X 8.08 6.47 -20 
Y 1.62 1.73 +7 
Z 2.68 2.80 +5 

21 X 5.21 5.71 +10 
Y 0.55 0.79 +42 
Z 1.74 1.72 -1 

Notes: (1) See Figure 5.2
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METHODOLOGY AND CRITERIA 
FOR THE 

QUALIFICATION OF SMALL BORE PIPING AND TUBING 

1.0 Introduction 

This document describes the methodology and criteria to be applied for 
the qualification of small bore piping as part of the program to return 
San Onofre Unit 1 to service. Tne intent of the approach outlined in 
the following sections is to take cognizance of the observed behavior of 
small piping systems in actual earthquakes and dynamic testing in 
developing a specific set of acceptance criteria applicable to SONGS i.  

The original design of piping systems at San Onofre Unit I was based on 
the 1955 version of the ANSI (formerly USAS) B31.1 Code for Power Piping.  
The fundamental basis of the 1955 version of the B31.1 Code is to 
develop a piping system that has a balance of flexibility and control.  
It is this concept of controlled flexibility that is in use today in the 
design of power plant piping. An inherent property of piping systems 
designed with controlled flexibility is the ability to absorb large 
amounts of energy such as is created by seismic ground motion.  

Historically, piping systems designed similar to San Onofre Unit I nave 
performed well when subjected to severe shaking from earthquakes of 
significant magnitudes. Several surveys have been made which document 
the satisfactory performance of welded carbon steel pipe. Two of the 
more authoritative works on this subject were published by Cloud 
(reference 1) and by Murray Nelson, et. al., (reference 2). Botn of 
these studies concluded that for the particular earthquakes studied tne 
performance of piping systems considerably exceeded the design basis.  

In addition to the observed performance of piping systems in actual 
earthquakes, the performance of piping systems during dynamic tests 
has provided strong evidence of the substantial margins in the current 
design practice. It should be noted that these tests have not been 
limited to piping systems supported to the stringent requirements of 
current regulatory practice. In the case of the recent tests by ANCO 
engineers for KWU (reference 4) very flexible piping systems similar to 
San Onofre Unit 1 piping systems were subjected to seismic inputs that 
exceed the spectra for San Onofre Unit 1. Tnese tests were generic and 
formed the basis for the acceptance without backfit to tne "as-ouilt" 
configuration of KWU small bore piping by the German regulatory 
authority of nuclear safety. In addition to the KWU tests, a number of 
other tests have been performed on small bore piping. These have 
generally supported the conclusion of excess capacity substantially 
beyond the design limits and even substantially beyond yield. The 
results of these tests are described in Section 3.0.  
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The proposed program for qualification of SONGS piping includes, in 
addition .ty the demonstration of design similarity to the KWU testing, the specific review of all SONGS 1 safe shutdown small bore piping.  
This review will apply criteria based upon good industry practice to 
ensure adequate lateral restraint, sufficient flexibility to provide for 
thermal growth, support for in-line concentrated masses, and adequate 
spacing of vertical supports to minimize dead weight and operating 
stresses. An approach to small bore piping that is similar to this is 
currently under consideration by a PVRC subcommittee. The criteria and 
walkdown procedure to satisfy the above conditions are descrioed in 
Section 2.0.  
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2.0 Return-to-Service Criteria and Walkdown Program 

To assure that the "as-is" supported configuration of the existing 
small bore piping and tubing at SONGS 1 (i.e., partially upgraded and 
partially original supports) meets the requirements implied in 
references 4 and 5, a field walkdown will be conducted to document the 
following: 

1. Dead weight spans meet industry practice.  

2. Valves with eccentric masses (and other in-line large concentrated 
masses) have supports adjacent to them.  

3. Horizontal supports are placed at intervals approximately 3 times 
the dead weight spans.  

4. U-bolt nuts and pipe clamp nuts are properly tightened and nave 
lock nuts where appropriate.  
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3.0 Dynamic Testing of Small Bore Piping 

Dynamic testing of nuclear related piping and equipment was first 
undertaken in the late 1960's at San Onofre by UCLA. These tests were 
performed with small shakers on the operating deck of the reactor 
building and were very low amplitude. The nature of the tests and the 
state of the art at the time were a limitation on the usefulness of the 
results. One of the early dynamic tests that generated significant data 
regarding the performance of major equipment and piping was performed oy 
Westinghouse at Indian Point and reported by Bohm (reference 3).  

Recently, a number of test programs intended to investigate the 
performance of typical nuclear piping systems have been undertaken.  
These include testing performed by EPRI, Hanford Engineering Development 
Laboratory, the Earthquake Engineering Research Center at UC Berkeley, 
and ANCO Engineers. There are similarities in all of the results 
reported. These may be described as follows: 

(1) piping systems have withstand capabilities well beyond the limits 
of the piping system designs 

(2) damping in piping systems tends to be higher than used in current 
design practice 

(3) flexible piping systems have substantial withstand capability that 
is not predicted by linear analysis and even exceeds that 
predicted by nonlinear analysis.  

A summary of some recent piping tests is described in the following 
paragraphs.  

3.1 ANCO Engineers for KWU 

ANCO Engineers has performed a number of small bore piping tests for 
KWU in the Federal Republic of Germany, EPRI, and the Becntel Power 
Corporation. Of particular interest are the tests performed by ANCO to 
qualify small bore piping for KWU. These tests were used to generically 
qualify flexible small bore piping without the need to perform sophis
ticated computer analyses of this piping. The qualification of existing 
small bore piping in KWU nuclear power plants to withstand low frequency 
loading (SSE) and high frequency loading (aircraft impact) was success
fully demonstrated by ANCO Engineers for Kraftwerk Union. A series of 
full-scale tests, using small bore piping systems typical of those 
installed in KWU nuclear power plants, were conducted on a shake table.  
These tests clearly showed that small bore piping is capable of 
surviving low and high frequency loads where large displacements, 
accelerations, and even plastic strains occurred.  

3.1.1 Description of Inputs and Configurations for KWU Tests 

A film of the testing described in the report was shown to the NRC 
staff December 14, 1983. In addition, data regarding the input 
spectra and test configurations are provided in this report and 

* are extracted from references 4 and 5.  
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The test shake table consists of an open steel frame supported on 
four pivot areas. The linkages have spherical bearings on both 
ends- and are set at 45 degrees from the horizontal. This 
constrains the motion of any point on the table to a plane 
perpendicular to the linkages. The pivot arms are oriented 
transversely, thus coupling transverse and vertical motion. With 
the pivot arms in this orientation, longitudinal, horizontal 
motion.is independent of transverse and vertical motions. The 
pivot arms can also be oriented longitudinally so that transverse 
horizontal motion is independent of longitudinal and vertical 
motions. Both pivot arm orientations were used during the course 
of testing each configuration.  

All test configurations were instrumented with accelerometers, 
strain gages, and displacement transducers. Some were coated witn 
Tens-Lac brittle lacquer. In addition, test configurations were 
monitored using an 8mm movie camera, a video cassette recorder, 
photographs, and a contact indicating compound. All conditioned 
signals were filtered (eight-pole, low-pass, Butterwortn) by 
STI-AA32 filter amplifiers to prevent aliasing during digitization.  
The cutoff frequencies were at 100 Hz and 42.6 Hz for aircraft 
impact and earthquake, respectively.  

Shake table response spectra and peak acceleration, displacement, 
and stress tabulations were obtained with a minicomputer-based 
vibration analysis system. This ANCO developed system is named 
CVTAS (Computerized Vibration Test and Analysis System).  

In order to obtain preliminary information on the dynamic 
characteristics of each different piping configuration, low-level 
tap tests were performed. These tests simply involved the use of 
a low-mass accelerometer and a spectrum analyzer. Excitation was 
applied either by tapping the pipe with a rubber mallet or pulling 
the pipe back by hand and releasing it (snapback). Since tap 
testing imparts an impulse to the system, all modes are excited 
uniformly, whereas snapback techniques emphasize excitation of the 
lower-order modes. The accelerometer was used to measure 
accelerations at various points for each configuration. Tne 
spectrum analyzer performs a Fast Fourier Transform (FFT) on the 
accelerometer time history signal and produces a plot of frequency 
versus amplitude. This plot can be used to determine fundamental 
and higher-order eigenvalues, mode shapes, and damping values.  

The piping configurations were subjected to low-frequency and 
high-frequency excitations (corresponding to seismic and aircraft 
impact loads, respectively) by three different excitation levels 
which are shown in Figures 1 and 2 as horizontal acceleration 
spectra. Most of the energy generated during the low-frequency 
excitation was concentrated between 2 and 15 Hz and rises up to 
12g (see Figure 1). In the high-frequency excitation, most of the 
energy was concentrated between 8 and 80 Hz with a maximum peak 
value for acceleration of 24g for the most severe excitation level 
(test spectra 3). The low-frequency excitation lasted more than 
ten seconds each, and the high-frequency excitation lasted about 
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one second each. These excitations are much higher than the worst 
theoretical case predicted for a variety of structures and load 
cases, including the effect of spectral amplification by secondary 
structures.  

Typical earthquake table motion was provided to the shake table by 
selective filtering of random noise or synthesized earthquake time 
histories. Each earthquake signal, once modified, was recorded on 
analog tape for playback. In order to achieve the specific level 
of excitation required, additional signal conditioning and 
filtering were done by using various instrumentation. In general, 
the excitation level was controlled by the actuator amplitude 
settings and the drive signal control box settings. The bandpass 
filtering was changed from one run to another in order to provide 
energy needed at lower frequencies for earthquakes and to provide 
energy needed at higher frequencies for aircraft impacts.  

For each configuration, the pipes involved were subjected to, on 
the average, three earthquakes (low-level, medium-level, and 
high-level) in each of the two shake table independent horizontal 
excitation directions.  

All table motion involving aircraft impact tests was provided by 
selective filtering of one-second bursts of random noise generated 
by a Hewlett-Packard dual-channel analyzer and later recorded on 
analog tape. In order to achieve the specific level of aircraft 
impact required, additional signal conditioning and filtering were 
performed on the recorded signal.  

For each configuration, the pipes involved were subjected to, on 
the average, three aircraft impact events (low-level, medium-level, 
and high-level) in each of the two shake table independent 
horizontal excitation directions.  

The nine small piping configurations, which were selected for 
testing, are representative models of the large majority of piping 
systems in nuclear power plants and are the most critical sections 
for each type. Trapeze-supported, hung, and horizontally 
restrained systems were included in the test program. A variety 
of boundary conditions, such as one-dimensional restraints, 
hangers, stops, pressure ranges, and added masses, were also 
investigated to simulate values.  

The configurations tested were water-filled and pressurized between 
5 bars and 120 bars (70-1700 psi). A total of three different pipe 
sizes (DN 15, DN 25 and DN 50; that is, 0.6 inch, 1.0 inch, and 
2.0 inch) and two different steel compositions (ferretic and 
austenitic) were tested. Concentrated eccentric masses were 
included, as indicated, to represent valves located alongthe pipe 
lines in actual installations. Simulated valve eccentricities of 
0.4, 0.8 and 2.4 kg-m (35, 70, 211 lb-in.) and masses of 8, 12, 
and 24 kg were used on the DN 15, DN 25 and DN 50 pipe.  
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Table 1 presents the matrix of support arrangements, pipe size and 
rout ing, and internal pressure used in each test. Figures 3 
through 11 are the configurations tested and while these 
configurations were specifically chosen from KWU plants they are 
also representative of SONGS 1 small bore piping. Figure 12 is 
applicable to SONGS 1 small bore piping which is supported by pipe 
racks. However, for SONGS 1, in most cases, U-bolts were utilized 
in lieu of welding or clamping shoes (T sections) to the piping.  
Figures 10 and 11 while more representative of fuel bundles, 
nevertheless, are representative of any 1/2-inch pipe which has 
long vertical runs between supports.  

Table 2 compares German designations for the piping tested to U.S.  
designations.  
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TABLE 1: TEST CONFIGURATION MATRIX 
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FIGURE 3: CONFIGURATION ABC 
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FIGURE 5: ANCO CONFIGURATION D*2 
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PIPE US DESIGNATION GERMAN DESIGNATION OUlTSIDE PIA., INSIDE DIA.. CONFIG. REF. FIG. SUPPLIER 
M__ _ N 

DMIS -- Ferrit St 35.4 21.30 17.30 F, F 4.7 -4.10 KWU 

1/2 IPS Sched. 10 
wIS Grade 304L Austenit 1.4541 21.30 17.30 D 4.2 -4.6 US 

DN25 -- Ferrit St 35.4 33.70 28.50 A, R, C 4.1 KWU 

I IPS Sched. 10 
VN25 Grade 304L Austenit 1.4541 33.70 28.50 D, F 4.2 - 4.8 US 

2 IPS Sched. 10 
DNSO Grade 304L Austenit 1.4541 60.3 54.5 nD F 4.2 -4.8 US 

TABLE 2: PIPE SPECIMENS USED FOR SEISMIC 

AND AIRCRAFT IMPACT TESTING



3.1.2 Applicability of KWU Tests to SONGS 1 

The small bore piping at SONGS 1 is laid out and supported in a 
manner commonly found in power plant facilities. it has 
functioned as intended, to-date, as would be expected of piping 
systems designed and fabricated to high quality standards.  

This section is intended to present piping configurations in a 
format that facilitates basic comparisons. Five small bore piping 
configurations have been included (i.e. drawn as isometric views 
of the respective geometries). Accompanying each configuration is 
a description of the operating conditions and other pertinent 
data. The applicable spectra curve is also provided for each 
example.  

The first piping configuration presented herein is ANCO test 
configuration ABC which underwent extensive testing to justify the 
existing KWU installations, without backfitting. In addition, 
four examples are included which are typical of SONGS 1 small bore 
piping. They are presented in their "as-is" supported configura
tion.  

The spans of the SONGS I small bore piping are typically less than 
those of the KWU piping tested. Also, the wall thickness of the 
majority of the SONGS 1 small bore piping is schedule 40 or greater 
which is stronger than tne KWU piping tested. Lastly, the 
in-structure response spectra for SONGS 1 in those areas wnere 
small bore piping is supported, have peaks in the same frequency 
range as the KWU tests and the corresponding accelerations for 2% 
damping, in general,, are enveloped by those used for the KWU tests.  

Piping supported in the manner shown in tnese examples has 
considerable seismic withstand capability. The ANCO test 
configuration (designated ABC) was subjected to severe dynamic 
loadings comparable to but more severe than SONGS 1 seismic 
spectra. The test configuration included large spans, 
un-supported lumped masses, free ends with concentrated masses,and 
supports that provided restraint to the piping which in no way was 
more conservative than that typically found on SONGS 1 piping. It 
follows that small bore piping supported in a like manner to the 
SONGS 1 examples has inherent seismic margins of safety in excess 
of the ANCO test configuration ABC.  

Table 3 presents a matrix which describes the size, schedules, and 
materials used for small bore piping at SONGS 1.  

3.1.2.1 Examples of Similarities Between SONGS 1 Small 
Bore Piping and KWU Tests 

The following four examples are representative of the 
small bore piping at SONGS 1 and are compared against the 
ANCO test configuration ABC.  
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TABLE 3 

SONGS 1 Small Bore Pipe Material Specifications 

Material Pressure 
Class Size Schedule Rating Material Fittings 

151 1/2 loS 150 A-312, Type 304 Socket Weld 

3/4 105 150 A-312, Type 304 Socket Weld 

I los 150 A-312, Type 3U4 Socket Weld 

1-1/2 los 150 A-312, Type 304 Socket Weld 

2 10S 150 A-312, Type 304 Socket Weld 

EG 1/2 40 600 A-106, GR.B Socket Wela 

2 40 600 A-106, GR.B Socket Weld 

EGI 1/2 40 600 A-312, Type 304 Socket Weld 

3/4 40 600 A-312, Type 304 Socket Weld 

HH 3/4 40 150 A-53, GR.B Socket Weld 

HM2 3/4 40 150 SA-312, GR-304L Socket Weld 

HP 2 10S 150 A-312, Type 304 Butt Weld 

HP2 1 10S 150 A-312, Type 304 Butt Weld 

2 10S 150 A-312, Type 304 Butt Weld 

GG 1 405 300 A-106, GR.B Socket Weld 

JN 1-1/2 40S 150 SA-312, TP 304L Socket Weld 

601R 2 40S 600 A-312, Type 304 Socket Weld 

2501R 3/4 160 2500 A-312, Type 316 Socket Weld 

2501R 1 160 2500 A-312, Type 316 Socket Weld 

2 160 2500 A-312, Type 316 Socket Weld 

2502R 2 160 2500 A-312, Type 304 Socket Weld 
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ANCO Test Configuration ABC 

. Configuration ABC represents the configuration of a system tested by ANCO 
Engineers for Kraftwerk Union using a shake table to simulate a seismic event 
and an aircraft impact event. The piping in this example is 1" O.D., schedule 
10S. It is fixed at one end and restrained by one 1-directional rod hanger 
and five 2-directional guides. The maximum span in the example is 20'-6" with 
an average span of approximately 8'-6". One end of the pipe is free with a 
concentrated mass of 8.8 lbs at the extreme end of the pipe. The closest 
guide to this end is 6'-4" from the end.  

High and low frequency tests were run on the pipe in configuration ABC. The 
maximum horizontal acceleration for the low frequency case is 12G's at 2% 
damping. This acceleration occurs at 4-7 cycles/sec. The maximum horizontal 
acceleration for the high frequency case is 24G's at 2% damping which occurs 
at 25-30 cycles/sec.  
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TEST CONFIGURATION ABC 

1" pipe sch. 10 
valve wt: 26.45 lbs.  

Support 
Type Description 

A Rod Hanger 
B Guide 
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SONGS 1 Small Bore Pipe Example 1 

Line 6111 is a 1" O.D., schedule 40 stainless steel drain line for a 6" O.D.  
miscellaneous water line off the Containment Sphere Sump Recirculation Pump.  
This drain line has a design temperature of 250 0F and a design pressure of 
155 PSIG.  

Line 6111 is supported at one end by the 6" O.D. line and at the otner end, by 
a U-bolt 9 1/2" from the 5 lb. valve which terminates the line. The span 
between supports is 18'-3". Line 6111 is included in its entirety.  

The maximum horizontal acceleration in the area of line 6111 is 4.4G's at 2-5 
cycles/sec at 2% damping.  
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EXAMPLE I 

Line No: 6111-1"-HM2 
Sch: 40S 
Mat'l: A-312-TP3041 
Welds: Socket 
Insulation: None Ref. BPC Calc.  
Temp: 2500 F MW-300 
Press: 155 psig.  
Valve wt: 5 lbs.  

Support 
Type Description 

A U-Bolt 
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SONGS 1 Small Bore Pipe Example 2 

Line 1409 is a 3/4" O.D., schedule 10 stainless steel line carrying nitrogen 
to the Pressurizer Relief Tank Piping. The design temperature of this 
nitrogen line is ambient. The design pressure is 50 psig.  

The portion of line 1409 which is included in his example is supported at one 
end by containment penetration A-5 and at the other by an anchor which 
isolates this portion of line 1409. Three 2-directional intermediate supports 
are installed on the line.  

Spans range from 2'-3 15/16" in the vicinity of a 50# check valve to 11'-4" on 
a section of uniform pipe.  

The maximum horizontal acceleration in the area of line 1409 is 4.35G's at 2-5 
cycles/sec at 2% damping.  
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EXAMPLE 2 

Ref. BPC Calc.  
RC-51 

Line No: 1409-3/4"-151R 
Sch: lOS 
Mat'1: SA-312-TP3041 
Valve wt: 50 lbs. (1"-600-239) 

10 lbs. (3/4"-600-153) 
. I' 

Press: 50 psig.  

2955 

Support 
Type Description 

Al & A2 Modified Support 
(.67g) BOPMEP Criteria 

Al Two Directional Strap 
A2 Anchor 
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SONGS 1 Small Bore Pipe Example 3 

Lines 3120 and 3121 are 3/4" O.D., schedule 40 carbon steel lines carrying 
cooling water from auxiliary building header lines 3U91-2" and 3105-2" to CVI 
skid. Both lines have design temperatures of 15U F and design pressures of 
80 psig.  

The portions of lines 3120 and 3121 included in this example are considered 
supported at their respective 2" 0.D. headers and are restrained throughout 
their runs by four 2-directional straps which have been modified to meet 
BOPMEP criteria. The maximum span between restraints is 9'-1". No valves or 
other concentrated masses are included in the portion of pipe in this example.  

The maximum horizontal acceleration in the area of lines 3120 and 3121 is 
1.663 G's at 4 cycles/sec at 2% damping.  
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FREQUENCY (CYCLES PER SECOND) 
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EXAMPLE 3 

Ref. BPC Calc.  
AC-301 

Line No: 3120-3/4"-HH, 3121-3/4"-HH 
Sch: 40 
Mat'l: A-53B 
Press: 80 psig 

Support 
Type Description 

A Strap, Modified Support 
(0.67g) BOPMEP Criteria 

0 
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SONGS 1 Small Bore Pipe Example 4 

. Line 1208 is 3/4" O.D., schedule 40 stainless steel pipe carrying steam 
blowdown sampling. Line 1208 has a design temperature of 5450 F and a 
design pressure of .1000 psig.  

The portion of line 1208 considered in Example 4 is supported at one end by 
sphere penetration B-12 and along its length by two 2-directional guides, 
alternating with two U-bolts.  

This section of line 1208 terminates witn a 3-directional support which serves 
to isolate it from the remainder of the line. The average span between 
supports is approximately 12'-2".  

The response spectra enclosed for line 1208 envelopes the Refueling Canal 4all 
and Sphere Penetration. The maximum horizontal acceleration is 4.4 G's at 
3-4 cps.  
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FREQUENCY (CYCLES PER SECOND) 

100 50 25 10 5 2 1 .5 .2 
I I I I I 

HORIZONTAL RESPONSE SPECTRA 
AT REFUELING CANAL EL. 3040 

OF REACTOR BLDG.  
(2% DAMPING) 
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EXAMPLE 4 

Reference: BPC Calc.  
MS-358 

* ine No.: 1208-3/ "EG1 
chedule: 40 

Pressure: 1000 psig 
Temp: 545 0F 
Mat'l: 312-TP304 

'Support 

Type Description 

A Modified Support (0.67G) 
BOPMEP Criteria, Guiie 

B U-Bolt 
C Modified Support (0.67G) 

L__BOPMEP Criteria, 3-.ay 
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3.2 EERC (UC Berkeley) 

A series of tests were funded by EPRI to experimentally evaluate 
the effects of multiple support excitation. These tests were 
conducted on piping of 3" and 2" diameter excited by a support 
framing system to develop multi level inputs. A significant 
conclusion of this study was that "the results seem to argue for 
more flexible systems that connect piping systems to the 
structures housing them" (reference 6).  

3.3 Hanford Engineering Development Laboratory 

A series of tests were conducted on a 1" diameter piping system 
for the FFTF located in Richland, Washington. Various support 
configurations were tested to aAsess the response sensitivity to 
insulation and other nonlinear support characteristics. A 
significant conclusion of this test program was that tne damping 
in piping systems is greatly increased if they are insulated 
(reference 7).  
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4.0 Performance of Small Bore Piping Systems in Actual Earthquakes 

A formidable quantity of contemporary evidence is available, some of 
which has been collected in reference 1, showing tnat piping systems 
designed with controlled flexibility have the capacity to withstand 
forces far in excess of the forces for which they were designed.  
Reference 1 includes data collected from more than twenty power plants 
and industrial facilities which were subject to severe seismic motion.  
A typical example is the ESSO refinery in Managua, Nicaragua which was 
designed to meet provisions of the Uniform Building Code for a .2g 
seismic acceleration. During the 1972 Managua, Nicaragua earthquake, 
the peak acceleration measured at the refinery was .39g E-W and .34g 
N-S. Despite the fact the ground acceleration exceeded by nearly 100% 
the acceleration for which the systems were designed, virtually no 
damage was sustained by the piping systems. The plant was shut down for 
inspection but was operating at full capacity within 24 hours. Even 
more impressive evidence can be found at the ENALUF Power Plant which 
was subject to an estimated .6g ground motion during the same e'arth
quake. This plant sustained no damage to its piping, despite a probably 
non-existant seismic design.  

In addition to the survey presented in reference 1, a significant study 
was made of the response of the El Centro steam plant to the 1979 
Imperial Valley earthquake by Murray, et. al. The results of this study 
were published in NUREG CR-1665. Significant conclusions of this study 
that relate to the piping are excerpted as follows: 

(1) "No high-temperature or high-pressure piping failed during the 
earthquake." 

(2) "General observations indicate that the piping systems are hung in 
a more flexible manner than that which would be required by 
current NRC criteria." 

(3) "In most cases, the piping is supported in a similar manner to 
older operating nuclear power plants, and it may be inferred that 
the seismic response would be similar. Tnese observations are, on 
the surface, encouraging since in all cases the circumstances 
leading to failure are dissimilar to nuclear applications in that 
damage occurred at weld repaired areas of past corrosive attack or 
at nonwelded pipe joints." 

The evidence of earthquake experience clearly indicates that piping 
systems that are well laid out according to industry practice have an 
inherent resilience that permits them to withstand substantially greater 
seismic inputs than would be indicated by current design practice.  
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