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HIGH-LEVEL SEISMIC RESPONSE AND FAILURE PREDICTION METHODS FOR PIPING

L. K. SeverudM. J. Anderson M. R. Lindquist S. E. WagnerE. 0. Weiner

ABSTRACT

Seismic response and failure analyses were performed for 
four piping systems that were shake-tested to high level 
nonlinear and inelastic response levels. Both pre- and 
post-test analyses were accomplished. A number of simpli­
fied elastic, elasto-plastic, and inelastic transient 
dynamic analysis methods were utilized. Descriptions of 
these methods, with their special structural parameters 
and comparisons of predictions using each method to test 
data, are provided. Reasonably useful, but conservative, 
methods were found for predicting the high-level inelastic 
response and the failure modes.
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HIGH-LEVEL SEISMIC RESPONSE AND FAILURE PREDUCTION METHODS FOR PIPING

1.0 INTRODUCTION
Nuclear power plant piping systems are currently designed to resist the low cycle, high-level loading of dynamic events such as earthquakes by generally considering the structural materials to behave in a linear, elastic fashion. Current American Society of Mechanical Engineers (ASME) Level D service stress limits provide assurance of adequacy by limiting loads on individual components such that their collapse capability is not exceeded. This design approach fails to consider the redundancy potential in most piping systems which requires the collapse of several components before system integrity is compromised. Current design rules also do not account for the favorable effects of energy absorption caused by material ductility, load redistribu­tions, and frequency shifts that occur in piping systems loaded beyond the material elastic limits.
Dynamic restraint of nuclear power plant piping has often been provided by the use of mechanical snubbers. Laboratory tests of prototypic piping systems, such as reported herein and in References 1 through 5, have shown strong evidence that the number of restraints and snubbers used to support piping is excessive. With the establishment of an adequate data base that demonstrates that piping systems have capabilities beyond those of current design criteria, the number of restraints and snubbers used to support piping in nuclear power plants could be reduced resulting in significant cost reduction and increased reliability of the piping system when subjected to thermal cycling.
The U.S. Nuclear Regulatory Commission (NRC) has contracted with the Energy Technology Engineering Center (ETEC) to perform seismic fragility demonstra­tion tests on a prototypic nuclear power plant test loop under high-level seismic dynamic loading. NRC has also contracted with Westinghouse Hanford Company (WHC) for nonlinear piping response predictions.The objective of the WHC program is:

"To provide the bases for recommending pseudo-linear- elastic methods and procedures to be used in predicting the high-level seismic response and failure of piping systems."
The WHC analytic program specifically includes the following tasks:
1. Perform response/failure analyses on the following dynamic test articles:

. WHC 1-inch diameter piping test (Reference 6)

1
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. ETEC 6-inch diameter seismic fragility demonstration test (Reference 7). Kraftwerk Union (KWU) 2 and 4-inch diameter pipe system test (Reference 8). ETEC 3-inch piping test
Using the following various simplified elastic and elasto-plastic methods and a simplified nonlinear method:
. Standard ASME Code Class 1 and 2 design analyses Newmark modified spectra method (Reference 9). Campbell/Kennedy/Thrasher dynamic/static (D/S) margin ratio method (Reference 10). Progressive hinge simplified limit analysis method by Jaquay (Reference 11). Nonlinear transient dynamic inelastic analysis using the NONPIPE computer code (Reference 12). Seismic probabilistic risk assessment (PRA)-type piping fragility estimations using the procedures of References 13 and 14.

2. Compare the results of the above analyses with each other, and with the results of dynamic tests.
3. Perform analyses of damping energy distribution in four pipe systems excited to high-level response to determine how much of the total systems damping is due to:

. Plastic hinges . Snubbers and supports. Rest of pipe system exclusive of two above items.

2
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2.0 SUMMARY
A series of analyses were performed for predicting elastic and nonlinear inelastic dynamic response and collapse failure levels for a one-inch diameter pipe test article tested at the Westinghouse Hanford Company (WHC), for a six-inch diameter seismic fragility piping test article tested at the Energy Technology Engineering Center (ETEC), for a combination two-inch and four-inch diameter pipe test article tested by the German Kraftwerk Union AG (KWU), and for a three-inch diameter test article tested at ETEC. These analyses include (1) standard ASME Code Class 1 and 2 elastic methods, (2) the Newmark modified plastic spectra method, (3) the D/S margin ratio method, (4) a progressive hinge simplified limit analysis method, and (5) a nonlinear inelastic method.
Methods 2, 3, and 4 require special parameters that are not easy to quantify. They include the system ductility ratio, the D/S margin ratio, and the dynamic magnification factor. More comparisons of analytical and experimental data are needed to clarify appropriate values.
The predictions of piping collapse and test findings are shown in Table 2-1. The WHC one-inch diameter pipe system withstood 2.8 g zero period acceleration (ZPA) sinusoidal load input which did not fail the pressure boundary of the pipe although gross deformation did occur. The ETEC six-inch diameter system withstood 30 g ZPA testing without collapse but eventually failed because of incremental ratcheting. The failure mode was described as a local ratchet-fatigue rupture subsequent to local wall thinning and diametral bulging at one pipe leg anchor location. The KWU test article withstood 5.5 g ZPA acceleration during test without collapse. Testing was stopped at this level before any failure occurred. The ETEC three-inch diameter pipe system withstood 30 g ZPA acceleration during testing without collapse. Failure eventually occurred as a result of fatigue in a tee. As can be seen from Table 2-1, all analytical methods (except the probability risk assessment for the KWU test article) substantially underpredict the collapse capacity of the piping system. Moreover, ASME code allowable design levels, based upon linear elastic analyses, are a factor of approximately 2 to 10 times less than maximum test levels.
A ratchet-fatigue failure mode analysis was performed on the ETEC six-inch system and compared well with the test findings. However, further development of procedures and limits are recommended.
Analyses using a simplified approach of damping energy distributions have been made for four pipe systems that have been excited to high-level response. The purpose of the studies was to determine damping attributable to plastic hinges, snubbers and supports, and to the remainder of the pipe system. A number of correlations of the calculated damping values have been

3
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made to piping experimental findings. These comparisons of calculated and experimental data of numerous piping systems at multiple levels of response show good correlations. The simple methods provide a useful tool in assessing the extent plasticity and snubbers add to piping system damping during high-level inelastic response.
It appears that the simplified inelastic methods and acceptance criteria referred to above have very good potential for becoming reliable conservative design tools. Before simple design-oriented methods are endorsed by NRC, however, the authors think that additional test data and analytical correlations are needed to provide adequate confidence in the procedures and code limits.

4



TABLE 2-1

c_n

i
SUMMARY OF ANALYTICAL PREDICTIONS* AND TEST FINDINGS

HEDL 1-IN KWU 2-IN/4-IN . ETEC 3-IN ETEC 6-IN
ANALYTIC method DIA. PIPING DIA. PIPING DIA. PIPING DIA PIPING

A. ASME CLASS 1, 3SM LEVEL D, G'S 0.36 SINE 1.9 ZPA 1.4 ZPA 2.0 ZPA
B. ASME CLASS 2. 3SH. G'S 0.34 1.7 1.0 1.4
C. NEWMARK METHOD. G'S 1.55 4.8 10.2 10.0
D. DYNAMIC/STATIC MARGIN RATIO, G' S 1.58 4.5 10.0 9.7
E. PROGRESSIVE HINGE. STATIC LOAD. G'S

() - DYN. MAGNIF. FACTOR 1.50 (1.8) 4.2 (5.0) 9.5 (2.0) 8.1 (2.0)
2.70 (1.0) 21.0 (1.0) 19.0 (1.0) 16.2 (1.0)

F. PRA-TYPE FRAGILITY
ZION METHOD, G'S — 7.8 4.4 4.4
SSMRP METHOD, G'S — 11.5 5.2 8.8

G. NONLINEAR INELASTIC DYNAMIC
LOAD LEVEL, G'S 2.5 4.0 SINE 30.0 30.0
STRAIN RANGE, PERCENT 2.5 1.6 14.0 4.1

TEST FINDINGS
A. MAX. BASE INPUT. G'S 2.8 SINE, 2 Hz 4.0 SINE. 8.9 Hz 30.0 ZPA 30.0 ZPA

0:5 ZPA 5.5 ZPA 25.0 SINE. 6 H, 18.7 SINE. 5HB. NO FAILURES FOR ALL ZPA'S
C. FAILURE MODE RATCHETING- NONE FATIGUE RATCHET/FATIGUE

GROSS OR DUCTILITY
DEFORMATION EXHAUSTION

* See Section 10.0 for discussion of conservatisms not included.

NUREG/CR-5023
WHC-EP-0081



NUREG/CR-5023
WHC-EP-0081

3.0 ANALYSIS METHODS FOR RESPONSE/COLLAPSE FAILURE PREDICTION
A number of piping analysis methods are available to calculate response and failure levels and to establish margins to failure of a piping system under dynamic loading. These methods include the simplified techniques of (1) linear elastic analyses, (2) the Newmark plastic spectra method, (3) the D/S margin ratio method, and (4) the static progressive hinge formation method. Additionally direct, detailed nonlinear methods are also available. Failure predictions addressed in this report were primarily associated with excessive plastic deformation and collapse of the piping system. Post-test analyses also include local fatigue and ratchet-fatigue failure modes.
3.1 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC METHODS
Several simplified methods available for piping failure predictions are discussed below.
3.1.1 Linear Elastic Dynamic Analysis Method
Conventional linear elastic analysis methods are available for response assessment of piping systems under dynamic loading. Standard procedures use finite element computer programs, with a number of suitable programs available. The PIPESD program (Reference 15) was used to assess piping systems subjected to high-level dynamic testing at WHC and ETEC. PIPESD is a verified code and it uses the ASME Code, Section III, NB-3600, and Reference NC-3600 equations and stress indices.
Linear Elastic dynamic analyses are performed using the response spectrum method with the modal responses combined using the methods of Regulatory Guide 1.92 (Reference 16). The piping stresses of a response spectrum analysis are normally compared with allowable limits such as the ASME allowable for an operational basis earthquake (OBE) or a safe shutdown earthquake (SSE). ASME allowable limits are set much lower than failure conditions to ensure safety during operating conditions. Current elastic seismic allowables are judged by many investigators to be very conservative.
Linear elastic results are useful for assessment not only by themselves but they also form the basis on which many other simplified analysis methods are implemented.
3.1.2 Newmark Plastic Spectra Method
The Newmark plastic spectra method, Reference 9, uses a procedure that involves the construction of an elasto-plastic response spectra. This spectra is developed by reducing the elastic spectra by an energy absorption factor that is related to the system ductility. The system ductility is that
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ratio determined from the resistance-displacement relationship for the structure as a whole. This system ductility ratio, u', is further discussed in Section 4.0. The spectral reduction varies within the spectrum. In the amplified spectral acceleration region of the response spectrum (approximately 2 to 8 hertz for a Newmark-type spectrum), the spectrum is reduced by a factor /fcu'-l. For higher frequencies, above 20 hertz, no reduction is used while, between the two above regions, a transition from the amplified spectral acceleration factor is used.
Campbell et al., Reference 10, demonstrated that, for a number of simple piping configurations, the system ductility ratio is substantially lower than that for the material itself. A similar conclusion has been expressed for piping systems by Stevenson (Reference 17), Newmark (Reference 9), and others. The analyses presented herein also demonstrated system ductility to be much less than material ductility.
The major feature of the Newmark method, therefore, is that of reducing the elastic response spectra by a factor relating to ductility. Conventional linear, elastic analyses are, in turn, performed using the reduced response spectrum. The resulting piping stresses are assessed against an allowable related to material yield strength such as Fy' (discussed in Section 4.0).The estimated collapse failure loading is determined by reduced-spectra pipe primary stresses (at any location in the piping system) having magnitudes sufficient to develop a fully plastic pipe section (plastic hinge).
3.1.3 Dynamic/Static fD/Sl Margin Ratio Method
The D/S margin ratio method, Reference 10, is a method that modifies linear elastic dynamic analysis results by a D/S factor. The D/S factor is a ratio of the dynamic margin divided by the static margin and is a direct measure of the factor of conservatism inherent in designing equipment subjected to dynamic load to static load criteria. The dynamic margin is defined as the dynamic load to cause failure divided by the dynamic load that results in a predicted elastic response equal to a specified stress acceptance criteria. The static margin is the static failure load divided by the static load that results in a predicted elastic response equal to the stress acceptance criteria.
The D/S factor is a function of the frequency content and duration of the dynamic load and the frequency of the structure. A relationship also exists between the D/S factor and the system ductility of an elasto-plastic or bilinear resistance structure. Reference 10 established a method to evaluate the D/S factor for single-degree-of-freedom models and approximate methods for multi-degree-of-freedom systems.
The D/S method, like the Newmark method, recognizes the system ductility ratio as a major parameter for structural response to dynamic loading. The
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D/S method, however, uses the system ductility ratio to develop the D/S factor rather than to reduce the spectra. The D/S method is implemented by performing a conventional linear elastic analysis using the full elastic response spectrum. The results of the analysis are then divided by the appropriate D/S factor to obtain the final system piping stresses. The resulting stresses are compared with an equivalent yield strength, such as shown in Figure 3-1 and discussed in Section 4.0, or with an ASME Code allowable stress. As is the case using the Newmark plastic spectra method, the equivalent yield strength is factored also to account for the development of a fully plastic pipe section (plastic hinge).
3.1.4 Static Progressive Hinge Formation Method
The static progressive hinge formation method, Reference 11, is an assessment based on equivalent static loading combined with material yielding and plastic hinges forming at specific locations. The method recognizes that load redistributions and redundancy in piping systems prevent system collapse until enough individual components are loaded past their collapse loads to form a mechanism and an unstable structural system results.
The analysis procedure consists of a series of static analyses. The first analysis is performed to determine the equivalent static-g loading to cause the first plastic hinge to develop. Then, the piping model is modified by inserting a "pin-type" joint at the plastic hinge location. This allows freedom of rotation and does not transmit any moment across the joint. A second equivalent static-g load analysis of the modified model is then performed to determine the increment of load needed to develop a second plastic hinge in the system. This procedure is repeated until the number of plastic hinges in the model lead to a static instability (collapse mechanism) of the system. By summing the initial and incremented loads, the static limit load carrying capacity of the piping system is determined.
As in the Newmark and the D/S methods, the assessment of the collapse loading capability (plastic hinge strength) of the various system components is important. Jaquay, Reference 8, suggested that test data justify using collapse loading capacities 50% and 70% higher than predicted by normal elasto-plastic limit load capacities of elbows and straight pipe, respectively. This was done in the progressive hinge analyses reported herein. However, the Newmark and D/S analyses did not include the 50% and 70% increases.
An advantage of the progressive hinge method is that it allows visualization of the probable failure sequence of the structure thus giving an indication of the final failed shape. However, this method of Reference 8 predicts failure based on pipe accelerations. To fully develop the method, procedures need to be developed to determine the factor that relates pipe dynamic accelerations to base static acceleration (magnification factor). One
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3.2 SYSTEM DUCTILITY RATIO AND EQUIVALENT YIELD POINT STRENGTH
The Newmark and D/S simplified methods, discussed previously in Section 3.1, utilize the concept of reduced system response as a result of inelastic action. This is based upon the premise that even a slight amount of inelastic action reduces the response of the structure significantly because of nonlinear behavior. The inelastic action is accounted for in these methods by the introduction of parameters called the system ductility ratio and the equivalent yield point strength.
3.2.1 System Ductility Ratio
For impulse and impact loads in nuclear plant facilities, the AISC guidelines of Reference 25 suggest allowable ductility ratios. For structural steel structures, beams with local and lateral buckling prevented, allowable ductility ratio of 20 is recommended. For axial tensile members, the ratio is half the material total elongation divided by the material yield strain. However, it is noted in Reference 25 that the NRC requires specific justification for allowable ratios in excess of 10 in most cases.
The system ductility ratio is a measure of the elastic plus inelastic capability of the structure, see Figure 3-1. It is important to recognize that the system ductility ratio is based upon the ductility that is determined from the resistance-displacement relationship of the structural system as a whole rather than from, for example, the moment-rotation capacity of a particular joint or the ductility of a particular element or component of the structure. Since the system ductility ratio represents the energy absorption capacity of the structure as a whole, it is generally substantially lower than the material ductility by itself because of strain concentrations.
For the seismic collapse failure levels being predicted in this report, appropriate maximum ductility ratios are needed for each piping multi-degree- of-freedom system.
If an elasto-plastic response is assumed, Reference 7 states that, for any structural system, the system ductility developed in response to loading can be approximated by the weighted mass displacement of the elastic-plastic system divided by the weighted mass displacement at first yield of the elastic system, i.e.,
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zM. «1

where: u' = System ductility Mj = Ith mass6ie = Displacement of the ith mass in the elastic material model solution at first yield 6 in = Displacement of the ith mass in the elastic- plastic material model solution at a given system inelastic response (strain) level.
It is important to note that the system ductility, u', is a variable dependent on the level of inelastic response and the deformation shape. For a single degree-of-freedom system, the 6ip would correspond to the material strain and the u' would simply equal the ratio of the material response total strain to the yield strain.
For a multi-degree-of-freedom system, the change in deformed shape of the system (because of strain localization) after first yield can limit the u' significantly.
The equation described above was used to estimate the system ductility for the WHC one-inch diameter pipe loop and the configuration proposed for the ETEC seismic fragility demonstration test.
3.2.2 Equivalent Yield Point Strength
A simple elasto-plastic model of the system inelastic response is employed.To adjust for strain hardening and for section limit-load capacities relative to first local yielding, an equivalent yield point strength concept was adapted. Figure 3-1 depicts these relationships.
3.3 NONLINEAR INELASTIC TRANSIENT DYNAMIC ANALYSES
Nonlinear, inelastic analysis provides more accurate predictions of the structural response of a system under time-varying dynamic loads. These analyses typically require specialized computer programs to implement the analyses. The NONPIPE program, Reference 9, was used for inelastic analyses of the piping systems involved in high-level dynamic testing at WHC and that planned for ETEC.
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The NONPIPE computer code provides a relatively inexpensive means of inelastic dynamic analysis of piping systems by the uncoupling of bending, torsion and axial responses. Nonlinearities include those caused by material inelastic response. By uncoupling the moment and axial responses, bending definition in the plastic range may be specified by trilinear load-deflection curves of bending and torsion components. NONPIPE analysis utilizes the direct stiffness method, with viscous damping proportional to the mass and tangential stiffness matrices.
3.4 STRESS INDICES
The piping stress analyses have been based on Equation 9 of the ASME Code (Reference 18). Equation 9 calculates primary stresses as follows:

where:

B, P D B, D M p _ 1 o.ZoiS -- jg— +-- n

Bj, 82 = Primary stress indices for the specific component under investigation P = PressureD0 = Outside pipe diameter t = Nominal wall thickness I = Moment of inertiaM^ = Resultant moment because of mechanical loads.
The Bi stress index addresses pressure stresses; the B2 stress index calculates stresses caused by moments from dead weight and dynamic loading effects. More recent editions of the ASME Code were used for the stress indices since the later editions remove some of the conservatisms in earlier versions of the Code (see Reference 20).
3.4.1 Straight Pipe
The following terms were used for straight pipe stress indices:

Bj = 0.50
b2 = 1.00
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3.4.2 Elbows
The pressure term, Bj, for elbows was taken as:

Bi = -0.1 + 0.4h, but not < 0 nor >0.5

where: h =

and
t - Nominal wall thickness R = Nominal bend radius rm = Mean pipe radius.

The moment term, B2, for elbows was taken as:

I x 0;95)IF?

3.4.3 Tees
The pressure term, Bj, for tees was taken as:

B! - 0.5
The tee moment terms, 62b and 62**, for the branch and the run were taken as:

B?b “0.4 (Rm/Tr)2/3 
BZr - 0.5 (Rm/Tr)2/3

where:
Rm = Mean radius of run pipeTr = Nominal wall thickness of run pipe.
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4.0 COMPARISON OF RESPONSE/FAILURE PREDICTION METHODS
A number of simplified elastic and elasto-plastic methods and a nonlinear method for piping system collapse failure under dynamic loading have been described. Each of the methods require estimation or calculation of structural parameters unique to the particular method. Table 4-1 shows the features of each method, the significant parameters considered in the analysis, the analysis approach, and the limit criteria.
Table 4-1 lists the methods in ascending order of detail, complexity, cost, and degree of accuracy and information. All methods are practical and not unduly costly. Except for the ASME Code-type linear elastic method, the key input parameters include choice of: (1) damping or dynamic amplification factors, (2) effective yield strength of material, (3) component limit load factors, (4) system ductility (maximum strain) and effective yield point, and (5) a criteria of failure such as collapse and/or fatigue, etc.
The methods described above were used for pretest predictions of seismic load levels needed to initiate collapse of the piping systems. Other failure modes such as fatigue and ratchet-fatigue were not assessed initially; however, post-test analyses discussed in Section 6.8 do address these failure modes.
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TABLE 4-1
COMPARISON OF PIPING RESPONSE/FAILURE PREDICTION METHODS

Method Sianificant Parameters Analysis Aooroach Limitina Criteria
Linear Elastic . Response Spectra Dynamic Analysis with 3Sm> 3Sh of ASME Code,

. Damping Ratio Elastic Spectra Class 1 or 2 for Level D
Newmark . Response Spectra 1) Reduce Spectra 1) Effective Yield
(Reference 9) . Damping Ratio 2) Dynamic Analysis with Point

. Effective Yield Point . System Ductility
Plastic Spectra 2) System Ductility Ratio (Max Strain)

Dynamic/Static Margin . Response Spectra 1) Dynamic Analysis with 1) Effective Yield
Ratio (Reference 10) . Damping Ratio Elastic Spectra Point

. D/S Factor (Sys Ductility). Effective Yield Point
2) Reduce Results by D/S Factor 2) System Ductility Ratio (Max Strain)

Static Progressive . Component Hinge 1) Static Analyses for g 1) Enough Plastic
Hinge (Reference 11) Strengths . System Collapse (Limit Load)

Loads and PlasticHinges2) Reduce Results by Effective Dynamic Amplification Factor 2)

Hinges to Cause System Instability 
and CollapseDynamicAmplification Factor

Nonlinear, Inelastic (Reference 12)
. Time History Input Time-History Dynamic 1) System Instability
. Damping . Elbow Inelastic Stiffness

Analysis 2) Max Strain andStrain Range
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5.0 WHC ONE-INCH DIAMETER PIPE SYSTEM TESTS
A series of high-level dynamic tests were performed on a one-inch diameter piping system at WHC. The piping was tested until gross deformation occurred and a number of analytical prediction methods (both pre-test and post-test) were used to assess the results.
5.1 TEST ARTICLE/STRUCTURAL MODEL
The WHC one-inch piping system consisted of a one-inch diameter, 304 stainless steel, Schedule 40 pipe approximately 35 feet long. The piping system contained nine elbows and/or bends along with risers and one liquid metal valve. The pipe was insulated with Fast Flux Test Facility (FFTF) stand-off insulation with an inner heater annulus and outer metal cover similar to that planned for liquid metal reactor (LMR) pipe systems. Typical insulation details are shown in Figure 5-1. The pipe was supported from a strongback by insulated pipe clamps connected with prototypic rigid struts or mechanical snubbers with the pipe ends being fixed. A sketch of the piping configuration tested is shown in Figure 5-2, with the structural model shown in Figure 5-3.
The pipe loop was mounted to a "rigid" strongback support structure that was, in turn, installed on a base mass. Loading was applied horizontally to the system through the strongback by a hydraulic load thruster actuator (see Figure 5-4). The line was not pressurized (0 psig).
5.2 TEST LOADING/FAILURE HOPE
High-level testing of the various pipe loop configurations was accomplished by introducing acceleration loads into the support strongback by means of the hydraulic actuator system. Loading was in the horizontal (Z) direction and consisted of response spectrum and sinusoidal loading. The multi-frequency response spectrum loading was applied by means of a time-history that was synthesized to match the specified shape. Since the response spectrum loading did not fail the test system, the loading was changed to sinusoidal with a frequency that matched the first mode natural frequency of the system. The sinusoidal loading was applied at a frequency of 2 hertz in steps of increasing acceleration levels until failure occurred, as described below. A typical sinusoidal loading is shown in Figure 5-5.
During the progressively increasing sinusoidal load steps, gross deformation of the test piping system occurred. This deformation resulted from the formation of plastic hinges at specific locations. The sequence of system deformation is described below. For node identification, see Figure 5-3.
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Permanent local deformation of the pipe wall (see Figures 5-6 and 5-7) was first noted near the vertical support at Node 99 and a plastic hinge subsequently developed at this location. Pipe plastic bending started at a base input load level between 0.2 g and 0.5 g. As the load steps increased, permanent deformation also increased with the vertical portion of the pipe system (Nodes 22-24) gradually rotating (with the top moving in a positive Z direction). A second increase in the deformation rate of this vertical portion initiated at about 1.5 g base load input implying that a second plastic hinge was operative. Testing continued up to 2.8 g where it was terminated. Progressive gross deformation (ratcheting) led to very near collapse of the piping system. After the test was completed and the insulation was removed, a second region of plastic deformation was found on the pipe section between Nodes 35 and 36. Despite the gross deformations that occurred as a result of the testing, the pressure boundary of the piping system remained intact.
The photographs in Figures 5-6 through 5-8 were taken after testing was completed and show the permanent deformation that occurred during testing. Figure 5-6 shows the overall condition of the pipe system at the end of testing. Figure 5-7 shows the local region near Node 99 where the first plastic hinge developed while Figure 5-8 shows the local region between Nodes 35 and 36 where the second plastic hinge developed.
5.3 LOCAL STRA1N/E0U1VALENT DAMPING
Post-test calculations were made to determine the amount of local strain that had developed in the region of the first hinge (Node 99) during the test.The calculations were based on pipe accelerations measured during testing combined with elastic static bending analysis under lateral loading. The maximum local strain at Node 99 was estimated to be about 0.5% amplitude (1.0% range).
Accelerations at various locations were measured during the WHC high-level dynamic tests of the one-inch pipe loop. The relationship between the measured strongback base acceleration and pipe acceleration is shown in Figure 5-9 for positive and negative response. The acceleration on the pipe represents the location (Figure 5-3, near Node 27) with maximum displacement during the test. The magnification factor (pipe acceleration divided by base input acceleration) is also shown on Figure 5-9.
As the test load level increased, the increase in piping response was not proportional because of plasticity and other mitigating effects. This is seen as a decrease in the magnification factor and may be expressed as an increase in equivalent system damping. For a steady-state sinusoidal excitation resonance, equivalent damping may be expressed as:
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Equivalent Damping * 2 x MagnifTcation Factor1

Figures 5-9 and 5-10 present the equivalent damping as a function of base load input using the above equation and the test-determined magnification factors shown in Figure 5-9. The equivalent damping is near 10% initially (when the structure is elastic) and increases to approach 50% as large deformations occur (pipe hinge strain range of about 1% or more).

5.4 WHC TEST ARTICLE PARAMETERS
As discussed in Section 3, implementation of the Newmark and D/S methods requires that the parameters of system ductility and effective yield point be defined. These parameters are unique to a given piping configuration support system, response level, deformation shapes, and material. Calculations to estimate these for the specific piping configuration of the WHC one-inch diameter pipe loop are discussed below.
5.4.1 System Ductility Calculations
A series of calculations were performed to estimate the system ductility for the WHC one-inch diameter pipe system tested during the high-level dynamic tests. The calculations (as discussed below) used the formula discussed in Section 3.2.1 to obtain the system ductility results. Local strains were also calculated.
The system ductility, u', was calculated using the previously discussed formula:

(Refer to Section 3.2.1)

combined with PIPESD analyses and the following steps:

* For seismic random excitation, equivalent damping = 
approximately, Reference 19.
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1. A lateral load (static) of 1 g was applied to the system with stresses and deflections obtained assuming linear, elastic response of the structure.
2. A value of material yield stress was selected and the lateral load factor to cause yield was calculated from stresses obtained in Step 1.
3. The quantity EM6 for the system was calculated for the g level corresponding to the selected yield stress.
4. The moment required to develop a plastic hinge for the selected yield stress was calculated, including a plastic shape factor.
5. A constant moment hinge, as calculated in Step 1, was applied to the system at the most highly stressed location and PIPESD analyses were made for several levels of lateral g loading.
6. The quantity M for the lateral load levels of Step 5 was calculated.
7. The system ductility was obtained by dividing the values obtained in Step 6 by that obtained in Step 3.
8. The above steps were repeated for other values of yield stress.
The local effect strain at the hinge location (Node 99) was calculated for the various above-loading conditions based upon analytical results. The calculations are a summation of elastic-plus-plastic strain. The plastic strain is based upon elastic results increased by a strain concentration factor. Reference 12 indicates that a strain concentration factor of approximately 2 is appropriate for the stainless steel piping considered herein.
The results of the system ductility calculations, along with corresponding material yield strength and local strain, are plotted in Figure 5-11. For the 53 ksi yield strength of the pipe material, system ductility ranges from about 3 to 10 for local strains of 0.5 to 1.0% amplitude.
5.4.2 Equivalent Yield Point Calculations
The equivalent yield point, Re, was estimated using the pipe material tensile test data (see Table 5-1) and factors to account for (a) bending limit load capacity, (b) material strain hardening, and (c) multiple plastic hinges before system collapse.

19



NUREG/CR-5023
WHC-EP-0081

The bending limit load capacity factors were for plastic hinges located in straight pipe sections. To account for the limit capacity, the elastically calculated stress level at each hinge was divided by a 1.4 factor (analogous to a bending modulus).
To estimate the increase in strength caused by (b) and (c), an equivalent yield point strength equal to Sy + 1/4 (Su - $») = 54 ksi was adapted. This approach was judged reasonable for stainless steel applications. However, it may not serve well for carbon steels with pronounced yielding and little effective strain hardening. Moreover, pipe systems that require many plastic hinges to approach static collapse conditions may have much higher effective yield strengths than the above formula would indicate. Progressive hinge elasto-plastic analyses of the WHC pipe system indicated only two hinges would be needed for static collapse. The second hinge was calculated to develop at piping response loads about 10% higher than required for the first hinge.
5.4.3 Estimate of System Ductility
The results of the one-inch WHC pipe loop general system ductility studies of the previous sections have been assessed to determine a more specific ductility value for the tested system. As stated previously, the value of system ductility is needed to properly utilize and implement the Newmark and the D/S simplified methods.
The data of Figure 5-11 are repeated in Figure 5-12. Identified in Figure 5- 12 is the total local strain (0.5%) that was calculated from the elastic calculations based upon measured test accelerations (see Section 5.1.4).Also shown in Figure 5-12 is the strain amplitude calculated by the NONPIPE code over a range of base input accelerations which are typical of those used in the test. Using the range of calculated strain and a material effective yield strength of 40 ksi (per tensile tests) results in a system ductility in the range of 5 to 10. These values are higher than that of Reference 7 in which a system ductility of 3.8 was found for a simple two-elbow stainless steel pipe configuration at load levels permitted by current code rules for Level D Service.
Because the values of system ductility experienced by the WHC pipe system during high-level shaking are not precise, parametric analyses of their effect on collapse load capacity were conducted. The results are provided in the next section.
5.5 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC ANALYSES
The simplified elastic and elasto-plastic methods described in Section 3.1 have been applied to the configuration and loading environment used for the high-level dynamic testing of the one-inch diameter WHC pipe system.
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5.5.1 Linear Elastic Analyses
Linear elastic analyses were performed on the pipe system for sinusoidal loadings which were developed into a response spectra for 10% damping as shown in Figure 5-14, with the value of 10% damping obtained from average measured snapback test data. The analyses were accomplished by scaling the spectra to obtain results for various base load levels. The allowable base
input loading was found to be 0.36 g for an ASME Class 1, Level D limit (3 Sm = 60 ksi) and 0.34 g for an ASME Class 2, Level D limit (3 S^ = 57 ksi). This limit is shown in Figure 5-13 as "ASME". Margins to failure (second hinge formation) are approximately 4. The dynamic magnification for 10% damping and sinusoidal excitation is 5. This has been verified by the measured test results as shown in Figure 5-9. During initial loading, when the response was in the linear range, the magnification factor is near 5.
5.5.2 Newmark Plastic Spectra Method
As discussed in Section 3.1.2, the Newmark plastic spectra method uses a procedure that involves the construction of an elasto-plastic response spectra. The input spectra are reduced by the factor v'2u,-l, where u' is the system ductility ratio.
The allowable limits based upon the Newmark plastic spectra method were calculated for several system ductility values. The elastic spectrum peak and loads were reduced by large factors, 3.3 to 5.0 (See Figure 5-15), and elastic analysis performed. The results are presented in Figure 5-13 for system ductilities ratios of 5, 10, and infinity. A system ductility of 5 was chosen as a conservative value for the one-inch diameter piping loop, as discussed in Section 5.2.3.
As can be seen from Figure 5-13, an effective yield point of 54 ksi (based on material measured properties) and a system ductility ratio of 5 gives a predicted base acceleration limit of approximately 1.5 g for the Newmark plastic spectra method. The corresponding magnification factor was 1.5 based on the peak of the response spectrum.
5.5.3 Dvnamic/Static Margin Ratio Method
As discussed in Section 3.1.3, the D/S margin ratio method uses an elastic response spectrum analysis, followed by a reduction of the stress results by means of a D/S factor. This method was used to assess the components of the pipe system under the proposed test loadings.
The allowable limits based on the D/S margin ratio method were calculated for D/S ratios of 1.5 and 3.0 (see Figure 5-13). The D/S value of 3 corresponds to a system ductility of approximately 5. Figure 5-12 shows that an
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effective yield point of 54 ksi and a D/S value of 3 gives a predicted based acceleration limit of approximately 1.5 g. The corresponding magnification factor was 1.5.
Location of high calculated stress and hinge formation during testing coincided except for the elbows. At elbows, higher yield strength existed because of cold-forming the elbow bends during pipe system fabrication.
5.5.4 Progressive Hinge Formation Method
As discussed in Section 3.1.4, the static progressive hinge formation method is based on an assessment of system stresses resulting from a static loading analysis which leads to a resulting collapse mechanism.
The static progressive hinge method was used to calculate failure levels for several material yield levels for the WHC one-inch pipe loop. The locations where hinges were predicted to occur agreed with the location and sequence of hinge formation observed during the testing (See Figure 5-16). The static progressive hinge method gives analytical failure predictions on the basis of load levels on the pipe, this being shown in Figure 5-13 as the case with magnification factor = 1.0. To express the results in consistent terms as the other data shown in Figure 5-13, the relationship between pipe acceleration and base acceleration must be known or estimated. Figure 5-9 indicates a measured magnification factor of approximately 1.8 at an acceleration level at which the second hinge formed (1.5 g's). The predicted failure levels are therefore shown in Figure 5-13 for a second case in which the magnification factor = 1.8.
The base input acceleration limit of 1.5 g is not the maximum acceleration withstood by the pipe system. Even though maximum accelerations of about 2.8 g were withstood, it was judged that the degree of progressive deformation after 1.5 g represented unacceptable response. Thus, the conservative 1.5 g limit was selected.
5.6 NONLINEAR TRANSIENT DYNAMIC INELASTIC ANALYSIS
Nonlinear dynamic analyses of the WHC one-inch pipe loop were performed to investigate the capacity of the system on an inelastic basis. The NONPIPE computer code (Reference 12) offered a relatively inexpensive means of analysis by characterizing elbow and pipe behavior through trilinear moment- curvature relations. The code has the capability of including proportional damping in addition to plasticity hysteric damping.
The NONPIPE analysis was performed for a sinusoidal load input at 2 hertz, with load magnitude increased in steps. A base input as high as 2.5 g's did not produce system instability. The analysis did show development of a hinge
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at the same location as that developed during test. The local material strain range was calculated as 2.5% for the 2.5 g base input acceleration. Calculated pipe magnification factors agreed well with test data.
5.7 SUMMARY OF TEST RESULTS/COLLAPSE PREDICTIONS. WHC ONE-INCH DIAMETER PIPE SYSTEM
Seismic random input motions to 1.3 times a 0.4 g ZPA typical SSE did not challenge the integrity of the pipe system. As the facility could not impose higher random input, sinusoidal resonant dwell dynamic tests were subsequently performed. A series of tests, each at higher input accelerations, led to a progressive gross deformation (ratcheting) and very near collapse of the pipe system.
Visual observation and recorded data revealed increased deformation with developing of a plastic hinge near the middle of the pipe system during testing in the 0.2 to 0.5 g's base input level. A second hinge and increased deformations resulted at about 1.5 g's load level. Testing was terminated at2.8 g's input levels. The gross distortion was as depicted in Figures 5-6, 5-7, and 5-8.
Results of the WHC high-level dynamic test and analytical studies are summarized in Figure 5-13. Where a range of failure levels are predicted, the best estimates are shown in Figure 5-13 with a diamond (A) 
identification. The effective yield point of 54 ksi for theTailure prediction is based on the measured properties of the pipe material (see Table 5-1). The results of Figure 5-13 are also summarized in Table 2-1.
Collapse of the piping system was not fully achieved at levels up to the2.8 g base input. The ASME Level D allowable (for 10% damping) load level = 0.36 g (Class 1) and 0.34 g (Class 2). Gross deformation occurred at approximately 1.5 g, which is in excess of 4 times the Class 1 and Class 2 allowables.
Piping response inertia test loads were less than calculated. Dynamic magnification drops off (from about 5 to 1) with increased load input.Plastic response causes natural frequencies to shift off of resonance.
The system ductility of a piping system is significantly lower than that of the material itself. Values of 5 to 10 are reasonable.
The Newmark and the D/S methods predicted failure approximately equal to the second plastic hinge load level. Test failure level, however, was somewhat difficult to define and the occurrence of the second hinge probably occurred over a range of test load values.
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The static progressive hinge method correctly predicted the sequence of plastic hinge formation. It also closely predicted the load carrying capacity of 2.8 g's, provided a magnification factor of 1.0 consistent with test data, was used.
The NONPIPE analysis correctly predicted the location of initial hinge formation. No collapse was predicted at 2.5 g base input acceleration, with maximum strain calculated as 2.5%. Analytical pipe magnification factors reduced with increasing load level and agreed well with test data.

TABLE 5-1

PIPE MATERIAL PROPERTIES, 304 STAINLESS STEEL

Yield Ultimate Elongation (ey)Strength (ksil Strenoth (ksil at Failure (%i

Code Minimum 30 75 30
Measured 40 93 78
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FIGURE 5-2. WHC One-Inch Diameter Pipe Loop, Support Configuration.
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FIGURE 5-3. WHC One-Inch Diameter Pipe Loop, Analysis Model.

N
U

R
E

G
/C

R
-5023

W
H

C
-EP-0081



FIGURE 5-4. WHC One-Inch Diameter Pipe Loop, Overall View. Neg 8502181-lcn
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FIGURE 5-5. WHC One-Inch Diameter Pipe Loop, Typical Sinusoidal Test
Loading.
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FIGURE 5-6. WHC One-Inch Diameter Pipe Loop, Permanent Displacement of Vertical Leg After High- 
Level Sinusoidal Testing. Neg 8502357-lcn
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FIGURE 5-7. WHC One-Inch Diameter Pipe Loop After High-Level Sinusoidal Testing, Region of First 
Plastic Hinge. Neg 8502357-5cn
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FIGURE 5-8. WHC One-Inch Diameter Pipe Loop After High-Level Sinusoidal
Testing, Region of Second Plastic Hinge. Neg 8503019-4cn
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FIGURE 5-10. WHC One-Inch Diameter Pipe Loop High-Level Sinusoidal Test
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6.0 NRC/ETEC SIX-INCH DIAMETER PIPE SYSTEM FRAGILITY TESTS
Pretest analyses were performed on the pipe loop test article configuration tested in the NRC/ETEC high-level pipe seismic test program, Reference 21. Loading for the pipe analyses included time history and response spectrum dynamic loading. Various simplified elastic methods were used to calculate load levels for collapse of the piping system.
6.1 TEST ARTICLE/STRUCTURAL MODEL
A structural model was developed for the analyses of the six-inch diameter pipe system test article used in the NRC/ETEC high-level tests. The pipe system, shown in Figure 6-1, is fabricated of 3-inch and 6-inch diameter Schedule 40 pipe. Long radius elbows are used and a dummy valve is incorporated into the system. The piping material is ASTM A-106, Grade B, with a minimum ASME Code allowable yield strength of 35 ksi and a minimum allowable ultimate strength of 60 ksi. The system was tested at room temperature under 1000 psi internal pressure, with the piping filled with oil (specific gravity = 0.9).
Figure 6-2 presents the model that was developed, based on the above information, for PIPESD computer code finite element analyses. Pressure stiffening (at 1000 psi) of the elbows was assumed to occur.
6.2 TEST LOADING
Baseline test loading for the pretest analyses consisted of the time history dynamic seismic loading base input specified in Reference 13 and shown in Figure 6-3. Response spectra corresponding to the time history are shown in Figure 6-4 for 5% and 15% damping. The ZPA of the spectra is 0.39 g's. The 5% damping value was chosen as a representative average value for low-level loading in consideration of the PVRC test data supporting ASME Code Case N- 411. For sensitivity assessments, note that 15% damping significantly reduces spectra peaks in Figure 6-4.
Loading for various tests was to consist of scaled dynamic input based on the time history shape of Figure 6-3.
All elastic analyses use the 5% response spectrum of Figure 6-4, or a scaled condition thereof.
6.3 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC ANALYSES
The simplified elastic methods described in Section 3.1 have been applied to the configuration and loading environment used for the NRC/ETEC six-inch
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diameter pipe system high-level seismic tests. These are discussed below.The results in this section will be presented on the basis of several variables, with no failure predictions made. Levels at which failure is predicted to occur will be discussed in Section 6.7.
6.3.1 Linear Elastic Analyses
Linear elastic analyses have been performed using the PIPESD code for the structural model of Figure 6-2 under the response spectrum of Figure 6-4 with 5% damping. Stresses were calculated for the baseline spectrum and multiples thereof. The maximum stresses at several system locations, incorporating the stress indices of Section 3.4, have been plotted in Figure 6-5 with the stresses being the summation of pressure, dead weight, and seismic test loading. On the abscissa, the factor or multiplier on the baseline response spectra loading is shown. Also on the abscissa is the equivalent ZPA.
Figure 6-5 shows that the tee at Node 65 and the elbows at Nodes 71 and 59 have the maximum total stress. These locations are different than the plastic hinge locations identified later in this report. The ASME Code,Class 1, Level D allowable, 3 S™ (60 ksi), and the comparable ASME Code,Class 2 allowable, 3 S^ (45 ksi) are also shown in Figure 6-5. The allowable ZPA loading for the system is 2.0 g for Class 1 allowables and 1.4 g for Class 2 allowables.
6.3.2 Newmark Plastic Spectra Method
As discussed in Section 3.1.2, the Newmark plastic spectra method (Reference 9) uses a procedure that involves the construction of an elasto-plastic response spectra. The spectra are reduced by the factor /2u;-i, where u' is the system ductility ratio. This reduction is applied in the region of approximately 2 hertz to 8 hertz (for a Newmark-type spectrum). Figure 6-6 presents the test baseline spectrum and reduced spectra for several values of u'. Figure 6-6 shows that, as the ductility ratio increases, the incremental change to the response spectrum becomes increasingly small. Analyses were performed using the spectra of Figure 6-6 for various values of u'.
Figure 6-7 presents the summation of NRC/ETEC six-inch diameter pipe test article pressure plus dead weight plus seismic test loading stresses as a function of factored baseline response spectra loading for a system ductility ratio of 10. Also shown is the equivalent ZPA. The tee at Node 65 is critical, with the elbows at Nodes 71 and 59 also relatively highly stressed. Figure 6-8 presents the total stress at the Node 65 tee for several system ductility ratios with similar data for the elbow at Node 71 shown in Figure 6-9. As might be expected from inspection of the spectra in Figure 6-6, the reduction in stress becomes less as higher system ductility ratios are approached.
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6.3.3 Dvnamic/Static Margin Ratio Method
As discussed in Section 3.1.3, the D/S margin ratio method (Reference 10) used an elastic response spectrum analysis followed by a reduction of the stress results by means of a D/S factor. This method was used to assess the components of the pipe system under the proposed test loadings.
Figure 6-10 presents the summation of NRC/ETEC six-inch diameter test article pressure plus dead weight plus seismic test loading stresses as a function of factored baseline response spectra loading for a typical D/S ratio of 4.Also shown is the equivalent ZPA. The results are similar to the Newmark method in that the tee at Node 65 and the elbows at Nodes 71 and 59 are nearly equally stressed. Figure 6-11 presents the total stress at the Node 65 tee for several D/S ratios, with similar data for the elbow at Node 71 shown in Figure 6-12.
6.3.4 Static Progressive Hinge Formation Method
As discussed in Section 3.1.4, the Reference 11 static progressive hinge formation method is based on an assessment of system stresses resulting from a static loading analysis which leads to a resulting collapse mechanism. An equivalent static loading was applied in the Z direction to the NRC/ETEC six- inch diameter pipe test article with resulting pipe stresses assessed against component capabilities.
The analysis did not consider maximum stresses at the tee (Node 65) since these represent crotch stresses in the branch pipe and not part of the main run. As such the tee does not represent an area of plastic hinge formation that would contribute directly to a collapse mechanism of the main 6-inch pipe. High stresses in the tee crotch area would be expected to cause collapse of the branch piping. The moment capability of the elbows included a factor of 1.5, which resulted from the Reference 22 comparison of limit moments on carbon steel elbows. Additionally, an examination of elbow moment-rotation plots for typical 4.5-inch elbow tests indicated moments at loss of load-carrying capacity are approximately 15% higher than moments at twice the angle at loss of linearity. The elbow moment collapse factor was therefore taken to be: 1.5 x 1.15 = 1.7. The 1.5 factor alone was used for straight pipe.
The analysis considered pressure plus dead weight plus seismic test loading and indicated first hinge formation at straight pipe Node 10, with a second hinge forming at elbow 59-61 (see Figure 6-13). Any additional hinge formation beyond these two locations resulted in an unstable system. A
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summary of the various g levels at which the hinges formed is shown in Table 6-1 for several assumed yield stress values. The accelerations of Table 6-1 represent loads on the pipe itself and not base input values. To obtain the latter value, the magnification factor for the system must be determined.
6.4 NONLINEAR TRANSIENT DYNAMIC INELASTIC ANALYSES
Detailed nonlinear transient analysis was carried out with the NONPIPE computer program (Reference 12) to provide an estimate of strains occurring at various load levels. Runs with ZPA up to 30 g show a much more gradual increase in strain versus load level than is found in static analysis.
6.4.1 NONPIPE Program Description
The NONPIPE computer program provides a simplified means of inelastic dynamic analysis of piping systems by the uncoupling of bending, torsion and axial responses. Nonlinearities include material plastic response and geometric gap elements. By uncoupling the moment and axial responses, bending definition in the plastic range may be specified by trilinear response of bending and torsion components, and there is no need for the program to track the deformation state at many integration points over the pipe cross section. The trilinear response is displayed in Figure 6-14 in terms of the sum of three parallel components. Cyclic response is described in Reference 23. Essentially, the radius of curvature of the response curve is doubled after initial loading. This is typical of cyclic stress-strain curves.
NONPIPE analysis is carried out by the direct stiffness method with a trapezoidal rule for the time marching algorithm. The tangent stiffness approach is used for nonlinear effects, and the stiffness matrix is modified each time a change of the yield status occurs. Equilibrium errors found after completing a time step are applied as corrective loads in the next step. The piping system analyzed herein is a narrow band structure that results in the structural matrices fitting in core. Viscous damping (alpha- beta damping) is proportional to the mass and tangential stiffness matrices. Energy dissipation caused by plastic work is inherent to the time marching procedure and is a form of dissipation in addition to the viscous damping.Gap elements are available, but they are not used in this analysis.
6.4.2 Line Modelling
The piping system is a six-inch Schedule 40 line with a three-inch branch as shown in Figure 6-1. The minimum ASME Code allowable yield strength of 35 ksi for the ASTM A-106 Grade B material is increased to 44 ksi to represent an average value. The piping is filled with oil at a 0.9 specific gravity and 1000 psi "pressure. The modulus of elasticity is 28E6 psi, and the plastic modulus in the bilinear stress-strain curve is 28E4 psi.
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The moment-curvature relation for straight pipe sections was calculated using beam theory and the stress-strain curve in a short Fortran program that integrates the forces around the section of the pipe. The result for monotonic loading of six-inch pipe is shown in Figure 6-15, along with the trilinear approximation used in NONPIPE. Torsional response is not as important as bending. The second yield point in torsion was determined from the 0.2% yield stress converted to torsion with the Mises criterion and a plastic section modulus, as shown in Reference 12. Slopes were scaled from bending slopes with the proper elastic slope as reference.
Elbow elements require consideration of ovality and collapse, in accordance with Reference 18 (NB-3680) and Reference 24. Beam elements with appropriate section properties were used. From Reference 18, the stress intensification and flexibility factors are 82 - 3.69 and k - 6.07, respectively.
Elastic analysis of the system indicates that the worst elbow loading is out- of-plane. Reference 24 provides load-deflection data for a six-inch elbow with similar geometry and material (Specimen PE3). Moment-rotation response is shown in Figure 6-16. Extrapolation to higher rotations and a collapse moment is done with the Southwell method of Reference 25. The trilinear fit shown in Figure 6-16 was scaled to account for minor differences in yield stress and pressure. The torsional relation was the same as the straight pipe.
Pipe nodes used in elastic analysis of the line are shown in Figure 6-2. The same node numbers were used in the NONPIPE analyses, and refinement is provided in critical areas. The refinement resulted in straight pipe spans of 7 in. or less in critical areas, while elbows with significant loads were refined with four segments. The importance of the refinement is based on the tendency of a plastic hinge to localize in the area of a maximum moment.Once refined, the grid was run on NONPIPE with the three 1 g inertial loadings and checked against the PIPESD (Reference 15) results.
Proportional (alpha-beta) damping is based on a minimum fractional damping of 5% at the 4.8-hertz natural frequency of the elastic system.
6.4.3 Loading
Static loading consisted of a fixed 1 g Y gravity loading along with a variable inertial load in the +Z direction. This inertial loading was obtained by assigning very large time steps to a transient run in which the inertial loading was gradually increased. The full transient loading for the test configuration is illustrated in Figure 6-3. Only the first burst of high acceleration data between 3.3 s and 4.8 s is used. The data contains the maximum acceleration in the 25 s excitation and is shown in Figure 6.17. It is applied in the Z direction, and a fixed 1 g Y gravity loading is applied as well. The transient amplitude is scaled in a series of runs to

45



NUREG/CR-5023
WHC-EP-0081

determine the response of increasing levels of horizontal excitation. Each load level starts with an unreformed system contrary to the testing. Table 6-3 gives load levels, time step data, and durations. The very small steps required in the higher load levels are associated with the equilibrium corrections. Spurious results were found at the 0.001 time step as soon as the upper My2 yield point was exceeded.
6.4.4 Results
Results of the static horizontal inertial loading for the two worst points are shown in Figure 6-18. Load levels at which yielding takes place are easily detected by sudden convex turns. Strain increase is rapid after 9.6 g where a near-failure mechanism has formed with hinges at Nodes 10 and 59.
Maximum strains during transient loading are shown in Figure 6-19 for the two worst points in the line. Load levels at which yielding takes place are shown by the node number and yield point number 1 or 2 (see Figure 6-14). Although the elbow and straight pipe sections start yielding at nearly the same load level, the elbow shows substantially less response at the higher excitation levels. Figure 6-20 shows a similar plot but with strain range on the ordinate. The range is the largest accumulation in the history without reversal, e.g., from 0.92 s to 0.98 s in the strain-time plot of Figure 6-21. At the highest level of excitation, the range is almost the same as the maximum value.
6.5 NRC/ETEC TEST ARTICLE PARAMETERS
As discussed in Section 3.0 and calculated in Section 5.2, implementation of the Newmark and D/S methods requires that the parameters of system ductility and effective yield point be defined. Calculations of these for the NRC/ETEC six-inch diameter test article are discussed below.
6.5.1 System Ductility Calculations
A series of calculations were performed to estimate the system ductility for the NRC/ETEC six-inch diameter test article. The calculations used the formula discussed in Section 4.0 to obtain the system ductility results.Local strains were also calculated.
A 1 g lateral load was applied to the structural model of Figure 6-2 to obtain stresses and deflections assuming linear, elastic response of the structure. The most highly stressed location (Node 10) was identified and a plastic moment hinge was assumed to occur at this point. Additional static analyses were made with the moment hinge at Node 10 to approximate elasto- plastic response of the system.

46



NUREG/CR-5023
WHC-EP-0081

The weighted mass displacement parameters and the steps discussed in Section5.2.1 were used to calculate system ductility of the NRC/ETEC six-inch diameter test article.
The local effective strain at the hinge location was calculated for the various loading conditions based on analytical results. The calculations used a summation of elastic-plus-plastic strain as discussed in Section 5.1.
A strain concentration factor of 2 was used to calculate the strain in the plastic region, as suggested in Reference 16.
The results of the system ductility calculations, along with corresponding local strain, are plotted in Figure 6-22. The significance of Figure 6-22 will be discussed in Section 6.5.3.
6.5.2 Equivalent Yield Point Calculations
The equivalent yield point, Re, based upon the equivalent elasto-plastic response of a material (as discussed in Section 3-2), has been calculated for the NRC/ETEC test article.
The test article is fabricated from ASTM A-106 Grade B carbon steel. This material has a minimum ASME Code allowable yield strength of 35 ksi, a corresponding minimum ultimate strength of 60 ksi, and expected elongation at failure of 22%. An average yield value would be expected to be approximately 43 ksi, an average ultimate to be 30%. The equivalent yield point was calculated using the approximate formula of Re = Sy + 0.25 (Su - Sy) = 53 ksi, using the properties shown in Table 6-2.
A +25% variation on yield strength was assumed to estimate maximum and minimum yield points.
6.5.3 Estimate of System Ductility
The results of the general system ductility calculations and the equivalent yield point structural material calculations can be used to estimate the system ductility for the NRC/ETEC test article. As shown previously, the value of system ductility is needed to properly utilize and implement the Newmark and the D/S simplified methods.
In comparing the calculated system ductility for the NRC/ETEC test article (Figure 6-22), it is seen that, for a calculated local strain of 1.8% corresponding to a 20 g shake test given strain, the system ductility for the NRC/ETEC test article is approximately 10. The WHC one-inch test system ductility was calculated to be in the 5 to 10 range. Since the NRC/ETEC test article has more areas of equal stress, it would be expected that the system ductility would be higher than for the WHC one-inch test loop. For purposes
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of collapse prediction, then, the system ductility of the NRC/ETEC test article will be chosen to be 10, which is twice that used in the collapse evaluation of the WHC one-inch high-level dynamic test results (Section 5.3).
Additional considerations follow from the inelastic analyses results described in Section 6.4. The maximum strain amplitude calculated dynamically (Figure 6-19) was 3.5% for base input accelerations above 20 g's. Taking the yield strain equal to 53 ksi/E = 0.2% leads to a ductility ratio of 17.5. If one considers the static inelastic analyses results (Figure 6- 18), the strain for initial yield (first hinge) was 0.2% and the strain grew to 3.0% when the second hinge developed. This corresponds to a ductility ratio of 15.0.
6.6 PROBABILISTIC RISK ASSESSMENT-TYPE FRAGILITY ESTIMATES
Probabilistic risk assessments of the test article are made using the methods described in References 13 and 14. Reference 13, referred to by the author as the Zion method, determines the fragility of a piping system by estimating the median safety factor and logarithmic standard deviation. The latter are determined from analysis of a number of typical piping systems. Reference 14, the SSMRP method, is similar except that analysis of the piping system under consideration is used.
6.6.1 Test Article Fragility Using the Zion Method
The Zion method considers the capacity of the piping, supports, anchors, equipment, and structure response factors. These are expressed in terms of a median safety factor, F, and logarithmic standard deviations of randomness, 
r, and uncertainty, 6y. Reference 10 has been used extensively to obtain typical values of various parameters.
6.6.1.1 Piping Capacity Factor
The piping capacity factor consists of a strength factor, inelastic energy absorption factor and a three-hinge factor.
Strength Factor (Fs) -- Two extreme conditions are considered. A two- logarithmic standard deviation (+$) upper bound assumes the entire pipe cross section is at the flow stress level which is defined as the midpoint between yield strength and ultimate strength. The lower bound (-2P) considers a piece of straight pipe with a circumferential flaw of length equal to six times the wall thickness which is considered to bound the possible flaws occurring at a butt welded joint. This results in a median collapse load of 3.11 times the ASME Code yield with an estimated of 0.16. It is assume^ that the median yield is 1.25 times the Code yield.
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An estimation of the relative magnitudes of sustained stress and seismic stress in terms of Code allowable are made assuming a Class 2 piping system with the upset condition governing (Pressure + Dead Weight + OBE).
This results in a median strength factor of safety, F2 of 8.04 and a p of0.36 which is considered to be all uncertainty, i.e., Pr = 0 and py = 0.36.
For thin-walled pipe (Schedule 40 and Schedule 80), Reference 13 states that buckling will occur before flow stress is reached. For this case the median pipe capacity is taken at 1.5 times the yield moment. An analysis similar tothe above results in an Fs of 4.3.9 with Pr = 0 and Py = 0-36.
The ETEC test piping consists of 6-inch and 3-inch Schedule 40 pipe with an internal pressure of 1000 lb-in2. The internal pressure, in addition to 
reducing the compression stress, has a stiffening effect; therefore, the prediction will be based on Fs of 8.04.
The design response spectra (0.4 g) is taken as the SSE. It is assumed that the OBE is 1/2 x SSE or 0.2 g.
Inelastic Energy Absorption Factor (Ful -- Based on Newmark's recommendation of a ductility ratio of 1.5 to 3.0 for design, a median factor, T^, of 2.24 
with pr = 0.16 and Py = 0.16 is derived. This is based on the ductility ratio of 3.0 being a median value and 1.5 being a lower bound (-2P). Fp. is calculated from Fp= /2p - 1, where p is the ductility ratio.
Three-Hinge Factor (F svsl -- For a piping system to completely collapse, usually more than one plastic hinge must form. An upper threshold (+2P) is likened to a fixed-fixed beam where three hinges must form, and the elastically calculated maximum moment would be 1.5 times the pipe element collapse moment. The lower threshold (-2p) is like a simple beam where only one hinge is required for collapse. This results in FSyS of 1.22, ^r = 0 and 

= 0.10.

6.6.1.2 Support Capacity Factor
The support capacity factor consists of a strength factor and an inelastic energy absorption factor.
Strength Factor (Fsl -- This is derived based on the upset condition and assumes that a fillet weld is the most critical item. Assumptions are also made as to the magnitudes of sustained and seismic stresses relative to Code allowable, The resulting Fs is 3.26 with Pr = 0 and py = 0.29.
For the ETEC test, it will be assumed that the one support is stronger than the piping system.
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Inelastic Energy Absorption Factor (F|i) -- This is based on some inelastic energy absorption in yielding of the fillet welds. Tp is estimated to be 1.50 with Pr = 0 and Py = 0.16.
6.6.1.3 Anchor Capacity Factor
The anchor capacity factor consists of a strength factor and an inelastic energy absorption factor.
Strength Factor (F s) -- Wedge-type anchors are required to have a factor of safety of 4.0 based on median ultimate capacity. It is estimated that the median load is 70% of the design allowable. This results in Fs of 5.70, with 6r taken as 0 and 6y as 0.30.
This is not considered for the ETEC test since no wedge-type anchors are used.
Inelastic Energy Absorption Factor (Ful -- If the wedge anchox fails while the piping is still elastic, the failure mode is brittle and F = 1.00. If the piping is highly inelastic, the calculated support load would not develop and the value of Fp for the piping, 2.24, is appropriate. If these are considered +2p values, the resulting Fpis 1.50 with Pr = 0.15 and Py = 0.15.
6.6.1.4 Equipment Response Factor
This factor consists of a number of items, which are discussed below.
Qualification Method Factor -- Piping is currently qualified by response spectrum analysis, and is considered to provide a median centered estimate of piping response. Thus a median factor of 1.0 with zero variability is considered appropriate.
Spectral Shape Factor (FSA1 -- This accounts for the conservatism involved in developing the floor response spectra from the ground response spectra. It includes the effects of peak broadening and smoothing (Fpc) and generation of artificial time-history (F^jy) that envelopes the applicable ground spectra.
Comparison of a large number of floor response jpectra before and after peak broadening and smoothing results in a value of FDS of 1.26 with Pr = 0 and = 0.13.
Studies (Reference 13) estimate the conservatism to generate an artificial time-history to be 10%; therefore, an F^yy of 1.10 is used. It was also observed that different artificial time-histories that adequately envelope the ground response spectra can lead to floor spectra, which may differ by a factor of 2. Values of of 0.20 and fy of 0 are considered appropriate.
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The combined factors are Eja of 1.39, pR of 0.20 and fy of 0.13.
These do not apply to the ETEC test since the response spectra used in the analysis was unbroadened, unsmoothed and was derived from the time-history used in the test.
Modelling Factor (Tml -- This accounts for assumptions made in modelling the piping system, boundary conditions and material behavior. If it is assumed that the analytical model is accurate, Fm can be taken as 1.0. For moderately complex models ^ is taken as 0 and Py as 0.15.
Damping Factor (F61 -- This accounts for the damping used in design being lower than the median value of damping of 5% at or near failure. It is assumed that the design damping is 2%. This results in F6 of 1.34 po of 0.03 and fy of 0.17.
For the ETEC test the design damping was 5%. Therefore, F6 of 1.0 will be used. Values of fy and fy above will be used, however.
Mode Combination Factor (Fmcl -- It is assumed that modes are combined by the square root of the sum_of the squares (SRSS), which is considered median centered. Therefore, Fmc is 1.0. It is recommended that fy of 0.15 and Py of 0 be used.
Earthquake Component Combination Factor (FECC1 -- It is assumed that the 
three components are combined by SRSS. This is considered median centered with an F^qc °f Considering different phasing between components, it isestimated that a fy of 0.12 and py of 0.10 should be used.
In the ETEC test and in the analysis only one component is applied.Therefore, pp and py of 0 are appropriate.
6.6.1.5 Structural Response Factor (FRS)
This factor considers the variables pertinent to the structural response analyses used to generate floor spectra for equipment design. These variables are spectral shape, dampijjg, modelling and soil-structure interaction. Resulting values are Frs of 1.11, pp of 0.25 and fy of 0.18.
These values do not apply to the ETEC test/analysis since the seismic input is applied directly to the pipe.
6.6.1.6 Summary
A summary of the above factors is shown in Table 6-4. The factors used to predict the fragility of the test article are shown in Table 6-5. The median
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acceleration based on a 0.2 g OBE is 21.97 x 0.2 or 4.39 g. Probability of failure curves for 0.05, 0.50 and 0.95 non-exceedence probabilities are shown in Figure 6-23.
6.6.2 Test Article Fragility Using the SSMRP Method
Reference 14 describes a probabilistic computational procedure for the seismic risk assessment of nuclear power plants. In this procedure, seismic input, soil-structure interaction, structure response, subsystem response and fragilities are considered on a probabilistic basis. Volume 7 of Reference 14 describes the methods used in determining fragilities.
For a piping system, the fragility calculations consider material strength, pipe capacity and ductility. Median strength is taken as 25% above specified code strength which is considered to be a 95% nonexceedence value.
An upper value of moment capacity is determined by assuming the outer fibers to be at the material ultimate strength with the neutral axis at the material yield strength. This value is considered to be one logarithmic standard deviation above the median. A lower bound value is derived based on a through-wall flaw of length equal to six times the wall thickness. This is considered a minus 3 logarithmic standard deviation value.
Ductility is considered to range from 1 to 5 where the low value of 1 represents the flawed condition and the value of 5 corresponds to about 1% primary strain. The associated ductility factors are 1.0 and 3.0 as assumed in the Zion method. These factors are assumed to represent a plus or minus two logarithmic standard deviation range.
Calculations of the above for the test article show a median acceleration of 8.82 g with 0d = 0.17 and pu = 0.30. Probability of failure curves for the0.05, 0.50 and 0.95 non-exceedence probabilities are shown in Figure 6-24.
6.7 SUMMARY OF COLLAPSE FAILURE PREDICTIONS. NRC/ETEC TEST
A summary of the pretest analysis results performed on the NRC/ETEC test article are presented herein and, based upon experience gained from the WHC one-inch pipe loop tests and analyses, test collapse levels are predicted. Figure 6-25 (which is further discussed below) presents a summary of the analytical results for the NRC/ETEC test article using various simplified elastic methods. In all cases shown, the analytical results consider the summation of pressure plus dead weight plus dynamic test load stresses. The pretest estimates of collapse loads for the various assessments are indicated in Figure 6-25 with a diamond (4), which represents effective yield point (53 ksi) corresponding to an average material value. The results of Figure 6-25 are also summarized in Table 2-1.
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The limits discussed below for the Newmark, D/S, and static progressive hinge methods are 41 ksi, 53 ksi, and 66 ksi. These represent a minimum, average, and maximum expected effective yield point for carbon steel material (see Section 6.5.2).
Linear elastic analyses were performed on the pipe system for a baseline response spectra loading intended for the tests. The analyses were accomplished by scaling the spectra to obtain results for various base load levels. The allowable base input loading was found to be 2.0 g's for an ASME Class 1, Level D limit (3 SnpSO ksi) and 1.4 g's for an ASME Class 2, Level D limit (3 5^=45 ksi). This limit is shown on Figure 6-15 as "ASME."
Resulting stresses from a Newmark analysis have been previously developed for several system components and system ductility ratios, as shown in Figures 6- 7 through 6-9. The base acceleration limits for the elbow at Node 71 are presented in Figure 26 for several effective yield stresses and system ductilities. As stated previously, the nearly equally stressed tee at Node 65 was not considered critical since failure in the crotch area of the tee would not contribute a mechanism hinge for overall collapse of the pipe system but rather a collapse of the branch piping. The results of the Newmark analysis are presented in Figure 6-25 for system ductility ratios of 5 to 10 and infinity. A system ductility ratio of 10 has been previously estimated which, along with an average effective yield value of 53 ksi, gives a failure level of 10.0 g's base acceleration.
The allowable limits based upon the D/S margin ratio method were calculated for the elbow at Node 71 for D/S ratios of 2 and 4, shown in Figure 6-25.The D/S value of 4 corresponds to a system ductility of approximately 10. It is seen in Figure 6-25 that an effective yield point of 53 ksi and a D/S value of 4 gives a predicted base acceleration limit of 9.7 g's.
The results of the static progressive hinge method are shown in Figure 6-15 for yield values of 42, 53, and 66 ksi. An average effective yield stress of 53 ksi gives a predicted failure level of approximately 16 g's. It should be noted that this represents the acceleration of the pipe itself and is related to the base input acceleration by the magnification factor. If one assumes a magnification factor of 2 (as suggested by Reference 8 and also by the results of the WHC one-inch high level tests), the predicted based acceleration at failure would be approximately 8 g's for a yield point of 53 
ksi.
The inelastic dynamic analyses predicted the pipe system first plastic hinge at about 5 to 8 g's ZPA and a second plastic hinge to develop between 14 to 20 g's ZPA. However, no dynamic instability or pipe system collapse is indicated.
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The PRA-type fragility estimates of Section 6.6 gave collapse loads, at 50% probability and 50% nonexceedence, of 4.4 g's per the "Zion" method and 8.8 g's per the SSMRP method.
6.8 POST-TEST ANALYSES AND COMPARISONS. ETEC SIX-INCH DIAMETER TEST ARTICLE
6.8.1 Overview of Test Results and Failure Mode
The tests were conducted by ETEC for the U.S. NRC, Division of Engineering Technology. Test details and results are contained in an ETEC report to NRC by Onesto, Chen, and DeVita (Reference 7).
A sketch of the 6-inch diameter piping and the locations of accelerometers and strain gages are provided in Figure 6-27. The pipe system was excited by using four synchronous motion sliding tables. The Schedule 40 piping was made of ASTM A-106 Grade B ferritic steel and pressurized to 1000 psi with oil.
The test sequence consisted of three seismic motion tests of 7.5 g, 13 g and 30 g ZPA inputs at the slide tables in the X-direction. Each seismic test had about 10 seconds of strong motion. Figure 6-28 shows typical table input motions for the 30 g test. Following the seismic tests, two sinusoidal burst tests were carried out. The first test was at 4-hertz frequency and 10 cycles long. The second test, at 5-hertz frequency, terminated in a rupture of the piping after about 6 cycles.
Response maximum values of acceleration, displacements, and strains are provided in Tables 6-6 and 6-7. Strain gages were located on the piping about 8 inches above the sliding table. These gages measured longitudinal strains. Figures 6-29, 6-30, and 6-31 show strain levels typical of the test series. Figure 6-32 depicts the pipe rupture location, just above Table #3, and shows a significant hoop ratchet/bulge deformation.
The strain gages near the failure location failed before the sinusoidal tests. However, strain ranges up to about 3.5% were measured during the seismic tests. Using plots and extrapolation it was concluded that strains between 3.5% and 8% were experienced by the pipe at the rupture location during the sinusoidal dwell tests.
The failure mode (see Figure 6-32) had the appearance of an "elephant foot" bulge. This could have been brought on by the hoop ratchet from internal pressure and cyclic longitudinal plastic straining. Gross deformation collapse or structural instability of the piping system did not occur.Rather, the failure was by local crack and rupture. More discussion on the failure mode and mechanism will be given later in the report.

54



NUREG/CR-5023
WHC-EP-0081

6.8.2 Comparison of Analyses and Test Response Data
Five analysis methods were used to predict the pipe system response before the tests. Assuming the tests would not involve enough cycles of loading to induce fatigue cracking, the failure mode by collapse or gross deformation was considered the limiting condition. All of the elastic or simplified elastic-plastic methods underpredicted the test-demonstrated piping collapse capacity of over 30 g.
As shown in Table 2-1, the ASME Class 2 design method predicted a design allowable of about 1.4 g seismic loading. The Newmark plastic-spectra and the Reference 10 D/S ratio methods predicted about 10 g. The Reference 11 progressive hinge method gave collapse load estimates of 8 to 16 g depending on the dynamic magnification factor taken as 2 or 1, respectively.
The ASME method also did not predict the correct failure location. The tee (see Figure 6-5) had higher calculated primary stress than the straight pipe failure area. Use of the ASME Code 83 index for a tee (or branch) may result in an overly conservative primary stress.
The nonlinear transient dynamic inelastic analysis accomplished with the NONPIPE computer program (refer to Section 6.4) did not predict a dynamic instability or system collapse mode. Both static and dynamic inelastic solutions were obtained. Figure 6-33 shows that the maximum strains under dynamic loading are dynamically magnified relative to static response. However, the formation of plastic hinges in the piping system at high-level loading does not induce a dynamic instability like it does under static loading. Thus, the static analysis underpredicts response at low-level loading but it overpredicts response at high-level loading.
The nonlinear transient dynamic inelastic analysis predicted about 3.5% strain range (see Figure 6-34) for the 15 to 20 g seismic loading. This compares very well with the test data of Figure 6-30.
Another comparison of the inelastic analysis prediction is shown in Figure 6- 35. The displacement calculated for 15 g of about the 14-inch range compares well with the 14 g test value of 13 inches.
In general, the linear analysis ASME Code method underpredicted the test- demonstrated load capacity by more than an order of magnitude. The simplified elastic-plastic response spectra methods underpredicted by about a factor of 3 and the static progressive hinge underpredicted the collapse capacity by about a factor of 2.
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The controlling failure mode, however, was not system collapse. Rather, it was a local cracking/rupture induced by hoop ratcheting from the combined sustained pressure stresses and cyclic dynamic stresses. This is called a ratchet-fatigue failure mode.
6.8.3 Ratchet-Fatigue Failure Mode
The failure of the pipe system occurred when the straight pipe section just above sliding Table #3 ruptured. A circumferential through-wall crack, extending over 180 degrees around the pipe, was developed during the cycle that leaking occurred.
A post-test standard fatigue analysis was performed for the ruptured pipe location. The pretest nonlinear inelastic analysis (Section 6.4) used a seismic time history that was about one quarter as long as the test history motion. Two major strain ranges of 2.8% and 3.5% (see Figure 6-36) were computed for the 15 g input test. Because the response is nonlinear with input level, the computed maximum strain for each test was deduced using the data in Figure 6-34. Each major strain range, according to the analysis, would repeat about four times during each total test duration. The values are:

Test Input ZPA Major Strain Ranges. %1st 2nd
5 g 0.4 0.514 g 2.8 3.525 g 3.0 3.6

The strain ranges for the sinusoidal tests were estimated as follows. The 4- hertz test had an input motion of 12 g maximum acceleration for 10 cycles.The 5-hertz test withstood about 6 cycles of 18 g input before gross rupture of the piping. Based on earlier analyses of Section 6.4, it was estimated that the pipe maximum strain range for the 4-hertz test was about 3.4%; the 5-hertz test experienced strains between 3.5% and 8.0%.
To predict the fatigue usage of the total test series, a "best fit" fatigue curve (see Figure 6-37) for carbon steels, given in the ASHE criteria document (Reference 26) and represented in equation form by Harvey (Reference 27), was used. Figure 6-38 presents the fatigue analysis details.
The standard fatigue analysis calculated a cumulative usage factor of 0.13 to 0.27 for the entire test series. Because a usage factor of unity indicates fatigue failure, the standard fatigue analysis overpredicted the pipe cyclic life.
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The pipe failure mode, depicted in Figure 6-32, suggests that the hoop ratchet strain could have exhausted the material ductility and reduced the pipe cycle life capacity. To assess the ratchet mode of failure by ductility exhaustion, an analysis (using the ratchet strain per cycle formula from Reference 28) was accomplished and is surmarized in Figure 6-40. Since tensile tests indicated the material elongation was about 35%, about 30 to 40 cycles of 3% to 4% strain range superposed on the sustained hoop stress appear sufficient to exhaust the ductility.
The ductility reduction caused by the ratchet strain accumulation has an interaction with the cyclic fatigue life. Figure 6-41 depicts an approximate analysis of the ratchet-fatigue interaction. Using this approximate interaction method, the ratchet-fatigue usage factors were computed as shown in Figure 6-39. The cumulative usage factor reaches unity and indicates failure as it happened during the last test.
The ratchet-fatigue conditions need the sustained internal pressurization.It appears that the noncycling pressure loading, normally not included in ASME Code fatigue assessments, may be an important parameter -- especially for low-cycle fatigue from strain ranges above a few per cent.
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TABLE 6-1
NRC/ETEC TEST ARTICLE, PREDICTED HINGE FORMATION LOAD LEVELS, STATIC PROGRESSIVE HINGE METHOD

Yield Stress (ksi) First Hinge formation (q) Second Hinge Formati (q)
30 8.3 8.9
40 11.4 12.1
50 14.5 15.3
60 17.6 18.5
70 20.7 21.8

Note: Loads shown represent loads on pipe, not base input loads.

TABLE 6-2
MATERIAL PROPERTIES, ASTM A-106 GRADE B CARBON STEEL

Property
Minimum Properties 
Average Properties 
Measured Properties*

Equivalent Yield Point Assumed = Sy + 1/4 (Su - Sy)

= 43 + 1/4 (80 - 43) = 53 ksi

YieldStrenqth (ksi) Ultimate Strenqth (ksi) Elongation at Failure (eu)(%y
35 60 22
43 80 30
54 78 34

*From pipe material samples, after pretest analyses were completed. Corresponding Equivalent Yield Point = 54 + 1/4 (78 - 54) = 60 ksi.
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TABLE 6-3
TRANSIENT LOAD SUMMARY

TimeStep
Is)

Duration
(s)

0.0025 1.5
0.0025 1.5
0.001 1.5
0.0001 0.55
0.0001 1.25
0.0001 0.55
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TABLE 6-4
FRAGILITY PARAMETERS FOR CLASS 2 PIPING (ZION METHOD)

MedianSafety Randomness Uncertainty Factors_ _ _ _ _ _ _ _ _ _ _ _ _ Factor R u

CAPACITY FACTOR
PIPING
Strength - Thick Wall 8.04 0 0.36- Thin Wall 4.39 0 0.36Inelastic Energy Absorption 2.24 0.16 0.16Three-Hinge Factor 1.22 0 0.10

SUPPORTS
Strength 3.26 0 0.29Inelastic Energy Absorption 1.50 0.16 0.16

ANCHOR (WEDGE)
Strength 5.70 0 0.30Inelastic Energy Absorption 1.50 0.15 0.15

EQUIPMENT RESPONSE FACTOR
Qualification Method 1.00 0 0Spectral Shape 1.39 0.20 0.13Modelling 1.00 0 0.15Damping 1.34 0.03 0.17Mode Combination 1.00 0.15 0Earthquake Component Combination 1.00 0.12 0.10

STRUCTURAL RESPONSE FACTOR 1.11 0.25 0.18
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TABLE 6-5
FRAGILITY PARAMETERS FOR TEST ARTICLE (ZION METHOD)

Factors
MedianSafetyFactor Randomness

R
Uncertainty

U
CAPACITY FACTOR

PIPING
Strength 8.04 0 0.36
Inelastic Energy Absorption 2.24 0.16 0.16
Three-Hinge Factor 1.22 0 0.10

EQUIPMENT RESPONSE FACTOR
Qualification Method 1.00 0 0
Spectral Shape 1.00 0 0
Modelling 1.00 0 0.15
Damping 1.00 0.03 0.17
Mode Combination 1.00 0.15 0
Earthquake Component Combination 1.00 0 0

STRUCTURAL RESPONSE FACTOR 1.00 0__ 0
TOTAL 21.97 0.22 0.47
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TABLE 6-6

6-INCH DIAMETER ETEC PIPE TESTS

Test ValuesMeasurements 14 g 25 q Sine Burst Remarks
A A Y,g +13 +15 +25 +18-13 +28-22 Failure @ 7.8 s ofB Z +18-12 +22-18 +35-32 +18 +38-32 Sine BurstsC X +16 +17-20 +23 +18 +23-28OX +44-25 +42 +52 +50 -57+66E Y +14-12 +14-12 +17 +12-14 +17F Y +11-13 +12-14 +17-15 +9 +15
T3 X, g +7 +12 +30 +18 +46-42T1 X +7-5 +12 +25 +18 +40-35T2 X +6.5 +15 +30-35 +18 +48
D1 X, in. +2-1.5 +4 +7 +7 +702 X +1.5 +4 +7 +6.5 +803 X +2 +4 +7 +7 +7.5
c3N, % +0.8-0.4R +1-0.6? +1.7-1.8 ? ? SG* Failede3E +0.25-0.22 +0.9-0.4R +0.8-0.9 +1.4-1.0 ? SG* Failede3S +0.6 -1.5-1.2? -0.9+1.2? -0.8+1.3? ? SG* Failed
eBN +0.14 +0.15 +0.15 +0.15 +0.15
cBE , +0.006 +0.006 +0.007 7 7 SG* FailedeBS +0.014 +0.15 +0.16 +0.16 +0.16
c2H +0.1 +0.1 +0.15 +0.15-0.1 +0.! 5
eDS-CIRC (EL.) +0.15-0.07 +0.15 +0.24 +0.2-0.26 +0.35-0.40
cON-CIRC (EL.) +0.12-0.08 +0.2-0.13 +0.47-0.18R +0.45-0.2R +0.45-0.38R
No. Strong Cycles 8-12 13 6-9 10-12 4 41-50 TOTAL CYCLES

♦Strain Gage Failure
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TABLE 6-7
MAXIMUM RESPONSES

Peak _____ Acceleration Data (g)____  Amplification Strain Range (%)
Input ^in. A B

~r
C
nr

0
T"

5 g Seismic 7.5 13 15 15 35
14 g Seismic 13 14 20 17 40
25 g Seismic 30 22 32 22 55

**12 g 4 Hz SINE 18 15 18 17 34
**18 g 5 Hz SINE 30 25 35 25 45

E F X Y Z N S E
-I-

10
“T
12 6.7 1.5 2.0 1.2 1.2 0.5

13 14 4.4 1.0 1.5 1.6* 2.8* 1.2
16 17 2.5 0.6 1.1 3.5 l-8* 1.8

13 8 2.1 5.0* 2.1* 2.4*
15 15 1.9 -- - - ★ * *

♦Strain Gage Failure **+7-in. Stroke.
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PIPE MAIL: ASTM A-106, GRADE B 
CARBON STEEL

LONG RADIUS (1.5 D) ELBOWS

SCH 40777777

6x6x3 , TEE of*28.25

FIGURE 6-1. NRC/ETEC Test Article, System Configuration.
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HTTP

FIGURE 6-2. NRC/ETEC Test Article, Analysis Model.
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FIGURE 6-4. NRC/ETEC Test Article, Baseline Response Spectrum.
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5% DAMPING

10 15
MULTIPLIER ON BASELINE SPECTRA

1- - - - - - - - - 1 I I 1 I
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ZPA ACCELERATION, G
FIGURE 6-5. NRC/ETEC Test Article, Elastic Analysis.
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FIGURE 6-6. NRC/ETEC Test Article, Elasto-Plastic Response Spectra, Newmark Method.
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FIGURE
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-7. NRC/ETEC Test Article, Newmark Method,
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51 DAMPING 
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FIGURE 6-8. NRC/ETEC Test Article, Newmark Method, Tee Stresses.
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FIGURE 6-9. NRC/ETEC Test Article, Newmark Method, Elbow Stresses.
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D/S « 4
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FIGURE 6-10. NRC/ETEC Test Article, D/S Method.
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FIGURE 6-11. NRC/ETEC Test Article, D/S Method, Tee Stresses.
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Si DAMPING

60 -

STRESSES AT 71 ELB

MULTIPLIER ON BASELINE SPECTRA

0 4 8 12 16 20
ZPA ACCELERATION, g

FIGURE 6-12. NRC/ETEC Test Article, D/S Method, Elbow Stresses.
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FIRST HINGE 
NODE 10

TTtTTT

SECOND HINGE NODE 59

FIGURE 6-13. NRC/ETEC Test Article, Static Progressive Hinge Method.
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FIGURE 6-15. Six-Inch Straight Pipe Moment-Curvature.
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SOUTHWELL COLLAPSE (REFERENCE 25)

NUREG-24 DATA (REFERENCE 24) 
SOUTHWELL EXTRAPOLATION 
TRILINEAR FIT

Sy = 50 ksi

ELBOW END ROTATION, RAD

FIGURE 6-16. Six-Inch Elbow Response (Reference 24).
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FIGURE 6-17. Nominal 1.5 s Excitation
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FIGURE 6-18. Response to Static Loading.
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FIGURE 6-19. Transient Response - Maximum Strain.
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FIGURE 6-20. Transient Response - Maximum Strain Range •
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FIGURE 6-21. 15 g Excitation, Point 10 Strain History.
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FIGURE 6-22. NRC/ETEC Test Article, System Ductility Versus Local Strain.
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FIGURE 6-26. NRC/ETEC Test Article, Newmark Method, Effect of Changing 
Ductility Ratio.

89



NUREG/CR-5023
WHC-EP-0081

ACCELEROMETERS
- Y AXIS ELBOW, NORTH TABLE #3
- Z AXIS ELBOW. NORTH TABLE #3 
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FIGURE 6-27. Instrument Locations.
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FIGURE 6-33. Transient Response - Maximum Strain.
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FIGURE 6-34. Transient Response - Maximum Strain Range.

95



NUREG/CR-5023
WHC-EP-0081

mm

FROM TEST 
AT 14 g 
DISPL.- 
13“ RANGE

-14" BY NONLIN. 
ANAL.

156 EXCITATION, ETEC 6-INCH TEST

FIGURE 6-35. Comparison of Predicted and Test Displacements.

96



NUREG/CR-5023
WHC-EP-0081

-«.oi

3.3 S Tine, s 4.7 $
15 g Excitation, Point 10 Strain History

FIGURE 6-36. Predicted Maximum Strains.
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FIGURE 6-37. Material Fatigue Data.
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6" DIAH ETEC PIPE TESTS
CYCLES TO FAILURE FOR EACH STRAIN RftNGE NUREG/CR-5023WHC-EP-0081

REF: HARVEY. PRESSURE VESSEL DESIGN.[2 VAN NOSTRANO, 1963-- ------  ] W/O HOOP RATCHET & DUCTILITY EXHAUSTION.

Aft -0.0037 J
l£L A<t NJ_ JL N/N f

5 0.4Z (10)* CYCLE 4 0
0.5X <10)4 CYCLE 4 0

15 2.8X 358 4 .011
3.5X 215 4 .019

25 3.OX 305 4 .013
3.6X 202 4 .020

12«
4 H,

3.4X 230 10 .043
18.79
5 Hj"7

3.5-8X 215 -36 jL
X 40

,028-.167 
0.13-.27

• STANDARD FATIGUE CUMULATIVE DAMAGE ANALYSIS DOES NOT PREDICT FAILURE.

• TEST RESULTED IN FAILURE.

• STANDARD FATIGUE ANALYSIS UNDERPREDICTS TEST DATA.
FIGURE 6-38. Six-inch Diameter ETEC Pipe Tests--Cycles to Failure for Each Strain Range.

6" DIAM. ETEC PIPE TESTS
RATCHET/FATICUE LIFE APPROXIMATIONS - ACCOUNTING FOR DUCTILITY EXHAUSTION

2£L *«t.x tL n«r XNCr NrF N/Nrf X N/Nrf

5 0.4 4 .022 0.09X 0.09X 10* 0
0.5 4 .05 0.20 .29 104 0

15 2.8 4 0.81 3.23 3.52 350 .01 .01
3.5 4 1.03 4.15 7.67 210 .02 .03

25 3.0 4 0.88 3.52 11.19 197 .02 .05
3.6 4 1.07 4.28 15.49 104 .04 .09

12M 3.4 10 1.00 10.00 25.00 73 .14 .23
4 Hj 
18.79 3.5-a 6-4 1.03-2.3 6.22-9.2 31.22-34 7-4 .86- 1.0 1.09-
5 h3 <e^ - 35X >1.0

• CUMULATIVE DAMAGE PREDICTS FAILURE IN LAST TEST WHICH MATCHES THE TEST 
RESULTS.

• RATCHETING IN HOOP DIRECTION DUE TO INTERNAL PRESSURE ANO CYCLIC- BENDING 
ON PIPE LEADS TO DUCTILITY EXHAUSTION ANO RUPTURE.

FIGURE 6-39. Six-inch Diameter ETEC Pipe Tests--Ratchet/Fatigue Life 
Approximations - Accounting for Ductility Exhaustion.
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RATCHETING OF PIPE SUBJECTED TO:

• SUSTAINED INTERNAL PRESSURE
AND

• CYCLIC END MOMENT LOADING

'H | °H EH

HOOP RATCHET STRAIN/CYCLE

RATCHET CALCULATIONS FOR 6 INCH DIAMETER ETEC/NRC PIPE TESTS

oy - 55 ksi, eu - 36% ASTM A-106, GRADE B Sy mln = 35 ksi
oH - 10.8 ksi FOR p « 1000 psi 
tR - 0.327 (A«t - 0.003) PER CYCLE

• DUCTILITY EXHAUSTED WHEN:

t*R • N « •„

tlltttt t tu

NUMBER OF CYCLES

FIGURE 6-40. Ratchet Analysis.
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• COFFIN FATIGUE EQ., NF

• RATCHETING £R*N REDUCES C

• RATCHET-FATIGUE EQ., NRF =
fe-£R-N\2 
A£P /

0.46- £r N 
A £t-0.0037

• INTERACTION FACTOR

0.7 0.8 0.9 1.0

hedl ano-onj

FIGURE 6-41. Approximate Ratchet-Fatigue Interaction.
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7.0 KWU FOUR-INCH/TWO-INCH DIAMETER PIPE SYSTEM TEST
A series of high-level dynamic tests have been performed on a combination four-inch and two-inch diameter pipe system by the KWU. The testing is reported in Reference 8.
7.1 TEST ARTICLE/STRUCTURAL MODEL
The KWU test system consisted of a four-inch diameter main pipe lineapproximately 41 feet in length with a two-inch diameter branch line approximately 17 feet in length (Figure 7-1). Wall thickness of the piping was 0.165 inch and 0.114 inch, respectively. Pipe material was austenitic stainless steel, with 3 S* of 60 ksi and 3 Sy of 56 ksi. A structural analytical model was developed as shown in Figure 7-2.
7.2 TEST LOADING/FAILURE MODE
Test loading consisted of two time-history load inputs and a harmonic excitation. The time histories represented (1) a standard-type broadened and enveloped floor earthquake response spectrum and (2) a "natural" free field time history. Multiples of the time histories were also run. The maximum time-history test response spectrum, provided by KWU through INTERATOM to WHC, is shown in Figure 7.3. Shown in the Figure is the actual spectrum and the broadened spectrum used for analyses.
Although local distortion occurred, failure of the piping test article did not occur as a result of the test load inputs. The greatest measured distortion was approximately 1% local strain near the anchor on the two-inch diameter branch line for the sinusoidal testing and slightly less for seismic testing. Maximum test acceleration levels are estimated to be 4.0 ZPA for sinusoidal input and 5.5 ZPA for time-history input.
7.3 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC ANALYSES
In a manner similar to that discussed in Section 3.1, simplified elastic and elasto-plastic methods have been applied to the configuration and loading environment used for the KWU pipe test system. These are discussed below.
7.3.1 Linear Elastic Analysis
Linear elastic analyses have been performed using the PIPESD code for the structural model of Figure 7-2 under the magnified response spectrum of Figure 7-3. Stresses were calculated for the above spectrum and multiples thereof. The maximum stresses at several system locations have been plotted in Figure 7-4, with the stresses being the summation of dead weight and seismic test loading. On the abscissa, the equivalent ZPA is shown.
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Figure 7-4 shows that the tee at Node 24, the straight section at Node 120 and the elbow at Node 117 have the maximum total stress. The ASME Code,Class 1, Level D allowable, 3 Sm of 60 ksi, and the comparable ASME Code, Class 2 allowable, 3 (56 ksi) are also shown in Figure 7-4. The allowableZPA loading for the system is 1.9 g for Class 2 allowables and 1.7 g for Class 2 allowables.
7.3.2 Newmark Plastic Spectra Method
Figure 7-5 presents the reduced spectra incorporating several values of system ductility r^tio that was used for Newmark method analyses.
Figure 7-6 presents the summation of KWU pipe test article dead weight plus seismic test loading stresses as a function of response spectra ZPA loading for a system ductility ratio of 3. Location at elbow Node 117 is seen to be critical.
7.3.3 Dvnamlc/Static Margin Ratio Method
Figure 7-7 presents the summation of KWU test article dead weight plus seismic test loading stresses as a function of response spectra ZPA loading for typical D/S ratios of 2 and 3. The elbow at Node 117 and the straight section at Node 120 are seen to be nearly equally stressed.
7.3.4 System Ductility and Equivalent Yield Point
The KWU four-inch/two-inch diameter test article was fabricated from a material (austenitic stainless steel) similar to that of the WHC one-inch diameter pipe loop (Reference 6). On the basis of the results of analytic studies and an assessment of test results, a system ductility ratio of 5 was chosen for the WHC one-inch diameter test article. A somewhat more conservative system ductility ratio of 3 was chosen for the KWU test article. Corresponding dynamic/static margin ratio is approximately 2.
A yield point equivalent to that of the WHC one-inch diameter test loop was chosen for the KWU test article. This effective yield value is 54 ksi. Maximum and minimum yield points were taken at 67 ksi and 42 ksi, respectively.
7.3.5 Progressive Hinoe Formation Method
As in previous studies, the progressive hinge formation method was implemented by applying a constant lateral load to the system and assessing the resulting stresses against component capabilities.
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The four-inch diameter mainline portion of the system formed the first collapse mechanism under static lateral loading. Plastic hinges formed at two locations of straight pipe as shown in Figure 7-8.
Application of a constant dynamic load (response spectrum) caused a branch line mode involving vertical response to be critical. Two plastic hinges in this line result in a collapse mechanism as shown in Figure 7-9. Since the dynamic case causes response of a different portion of the system the resulting failure levels do not correlate between the dynamic case and the static case.
Table 7-1 summarizes results of progressive hinge studies for three levels of effective yield strength.
7.3.6 PRA-Tvoe Methods
PRAs of the piping systems were made using the methods described in References 13 and 14. Reference 13, referred to by the author as the "Zion Method," determines the fragility of a piping system by estimating the median safety factor and logarithmic standard deviation. The latter are determined from analysis of a number of typical piping systems. Reference 14, the "SSMRP Method," is similar except that analysis of the specific piping system under consideration is utilized.
Both of these methods and their application to the KWU four-inch/tWo-inch diameter test article are described in the following sections.
7.3.6.1 Test Article Fragility Using the "Zion Method*
Since this method considers the capacity of the piping, supports, and other factors based on typical systems, the individual capacity factors for the KWU test article are quite similar to that of the ETEC three-inch diameter test system, Section 8.3.6. The only difference is the % damping for the design response spectrum. The "Konvoi" spectrum (Reference 8) with 7% damping is assumed for the KWU system. This affects the "damping factor" used in the Zion Method. The factors used in predicting the fragility of the test article are shown in Table 7-2. The median acceleration based on a 0.42 g OBE is 18.46 x 0.42 or 7.75 g. Probability of failure curves for 0.05, 0.50 and 0.95 nonexceedence probabilities are shown in Figure 7-10.
7.3.6.2 Test Article Fragility Using the "SSMRP Method"
The methods used for the SSMRP are tho$£, previously discussed in Section 6.6. The results show a median acceleration A * 11.48 g with Pp = 0.17 and Py -0.30. Probability of failure curves for 0.05, 0.50, and 0.95 nonexceedence probabilities are shown in Figure 7.11.
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7.4 NONLINEAR TRANSIENT DYNAMIC INELASTIC ANALYSIS
Modelling of the KWU test article is based on Reference 8. The methods employed were similar to those described in Section 6.4. Figure 7-12 shows the grid before refinement, and Table 7-4 has other modelling information. Mode 3 with a frequency of 9.8 Hz is characterized by branch deformation (Figure 7-13). The 8.9 Hz excitation frequency appears to concentrate on the branch by anticipating a frequency shift caused by plastic softening.
The results of the 4 g excitation are summarized in Table 7-3. The maximum strain range at the branch anchor compares well with the test results, but the other analysis results run about half. The analysis strain record at the branch anchor is shown in Figure 7-14. The shift is not reflected in the displacement record at Node 82 (Figure 7-15). The two-inch length element at the branch anchor is the only one exceeding the My2 moment. Thus, the system barely went plastic, and this may explain the large magnification (6.2) found in the analysis.
7.5 SUMMARY OF COLLAPSE PREDICTIONS. KWU FOUR-INCH/TWO-INCH SYSTEM
A summary of the analysis results performed on the KWU test system is presented below with collapse levels predicted, Figure 7-16. Most likely collapse loads are shown for an effective yield point of 54 ksi. The results shown in Figure 7-16 are also summarized in Table 2-1.
The limits discussed below for the Newmark, D/S, and static progressive hinge methods are 42 ksi, 54 ksi, and 67 ksi. These represent a minimum, average, and maximum expected effective yield point for austenitic steel material.
Linear elastic analyses were performed on the pipe system for a broadened response spectra loading used for the tests. The analyses were accomplished by scaling the spectra to obtain results for various base load levels. The allowable base input loading was found to be 1.9 g for an ASME Class 1, Level D limit (3 S,p = 60 ksi) and 1.7 g for an ASME Class 2, Level D limit (3 S^ of 56 ksi). This limit is shown on Figure 7-16 as "ASME."
The results of the Newmark analysis are presented in Figure 7-16 for system ductility ratios of 3, 5, and infinity. A system ductility ratio of 3 has been previously estimated which, along with an average effective yield value of 54 ksi, results in a failure level of 4.8 g base acceleration.
The allowable limits based upon the D/S margin ratio method were calculated for D/S ratios of 2 and 3, with these shown in Figure 7-16. The D/S value of 2 corresponds to a system ductility of approximately 3. It is seen in Figure 7-16 that an effective yield point of 54 ksi and a D/S value of 2 gives a predicted base acceleration limit of 4.5 g.
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The results of the static progressive hinge method are shown in Figure 7-16 for yield values of 42, 54, and 67 ksi. An average effective yield stress of 54 ksi gives a predicted failure level of approximately 21 g and 11.2 g for the static and dynamic analyses using the progressive hinge method. It should be noted that this represents the acceleration of the pipe itself and is related to the base input acceleration by the magnification factor. If one assumes a magnification factor of 5, the predicted based acceleration at failure would be approximately 4.2 g and 2.2 g for the assumed yield point of 54 ksi.
The PRA-type fragility estimates gave collapse loads, at 50% probability and 50% nonexceedence, of 7.8 g for the "Zion" method and 11.5 g for the SSMRP method. These are shown in Figure 7-16.
The nonlinear transient analysis showed no indication of system collapse at a 4 g load level. Maximum calculated strain at this load level was 1.6%, which agreed well with test data.

TABLE 7-1
KWU TEST ARTICLE, PREDICTED

HINGE FORMATION LOAD LEVELS, PROGRESSIVE HINGE METHOD
Yield Stress Static Load Application Dynamic Load Application

(ksii Collaose (G) No. of Hinaes Collaose IG) No. of Hinaes
42 16.2 2 8.6 2
54 21.0 2 11.2 2
67 26.4 2 13.9 2
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TABLE 7-2
NUREG/CR-5023

WHC-EP-0081

FRAGILITY PARAMETERS FOR KWU TEST ARTICLE 
(ZION METHOD)

FACTORS
CAPACITY FACTOR

PIPING

MEDIANSAFETY RANDOMNESS UNCERTAINTY
FACTOR pp ^l)

Strength
Inelastic Energy Absorption 
Three Hinge Factor

8.04
2.24
1.22

00.16
0

0.36
0.16
0.10

EQUIPMENT RESPONSE FACTOR
Qualification Method 
Spectral Shape Modeling 
DampingMode Combination
Earthquake Component Combination

1.00 0 0
1.00 0 0
1.00 0 0.150.84 0.03 0.17
1.00 0.15 01.00 0 0

STRUCTURAL RESPONSE FACTOR 1.00 0

TOTAL 18.46 0.22 0.47
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TABLE 7-3
TRANSIENT ANALYSIS SUMMARY KWU TEST ARTICLE

STRAIN RANGE, % 
NODE 94

STRAIN RANGE, % 
NODE 10

STRAIN, %
ELBOW 88-90

STRAIN, %
ELBOW 20-22

MAGNIFICATION 
NODE 82

PHASE, DEGR
NODE 82 vs BASE

ANALYSIS TEST
1.6 1.7

0.4 0.8

o.iY 0*21

,0.16 0.28

6.2

86
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FIGURE 7-4. KWU Test Article, Elastic Analysis.
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FIGURE 7-6. KWU Test Article, Newmark Method.
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FIGURE 7-7. KWU Test Article, D7S Method.
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FIGURE 7-8. KWU Test Article, Progressive Hinge Method, Static Load Application.
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FIGURE 7-9. KWU Test Article, Progressive Hinge Method, Dynamic Load Application
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FIGURE 7-10. KWU Test Article, Seismic Fragility by the "Zion Method II
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FIGURE 7-11 KWU Test Article, Seismic Fragility by the "SSMRP Method".
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FIGURE 7-12. KWU Test Article, Model Grid.
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8.0 ETEC THREE-INCH DIAMETER DEMONSTRATION TEST ARTICLE
A series of high-level dynamic tests were performed at ETEC on a three-inchdiameter pipe configuration. Testing and accompanying analyses are described below.
8.1 TEST ARTICLE/STRUCTURAL MODEL
The ETEC three-inch diameter configuration (Figure 3-1) consisted of approximately 51 feet of three-inch diameter Schedule 40 piping. Pipe material was ASTM A-106, Grade B with minimum yield strength of 35 ksi and ultimate strength of 60 ksi. The 3 Sm for this material is 60 ksi, 3 is45 ksi. Long radius (1 1/20) elbows were used. The test article had extensive strain gage and accelerometer instrumentation. A structural analytical model was developed and is shown in Figure 3-2.
8.2 TEST LOAPING/FAIIURE MODE
The dynamic loading of the ETEC three-inch diameter test article consisted of a time-history loading that represented a specific seismic response spectrum and by sinusoidal "burst" loading. The time-history loadings, which did not cause failure, were performed at three levels of ZPA: 5 g, 14 g, and 30 g.The sinusoidal burst tests consisted of (1) 10 cycles at 3.4 Hz, 4.7 Hz, and 6Hz (constant displacement) and (2) 6 Hz at 25 g constant acceleration. The base-line response spectrum loading is shown in Figure 3-3.
Failure of the test article occurred during the sinusoidal burst loading at 6 Hz at approximately 25 g load level. Failure took place in the crotch region of the tee when a crack developed, which is typical of fatigue failure associated with local peak strains and stress concentrations.
8.3 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC ANALYSES
The simplified elastic and elasto-plastic methods described in Section 3.1 of this report have been applied to the configuration and loading environment used for the dynamic testing of the ETEC three-inch diameter test article. These are discussed below.
8.3.1 Linear Elastic Analyses
Linear elastic analyses have been performed using the PIPESD code for the structural model of Figure 8-2 under the response spectrum of Figure 8-3 with 5% damping. Stresses were calculated for the baseline spectrum and multiples thereof. The maximum stresses at several system locations have been plotted in Figure 8-4 with the stresses being the summation of dead weight and seismic test loading. On the abscissa, the equivalent ZPA is shown.
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Figure 8-4 shows that the tee at Node 32, the straight section at Node 10 and the elbow at Node 18 have the maximum total stress. The ASME Code, Class 1, Level D allowable, 3 Sm (60 ksi), and the comparable ASME Code, Class 2 allowable ZPA loading for the system is 1.4 g for Class 1 allowables and 1.0 g for Class 2 allowables.
8.3.2 Newmark Plastic Spectra Method
As discussed in Section 3.1.2 of this report, the Newmark plastic spectra method uses a procedure that involves the construction of an elasto-plastic response spectra. The spectra are reduced by the factor /2u,-i, where u' is 
the system ductility ratio. This reduction is applied in the region of approximately 2 hertz to 8 hertz (for a Newmark-type spectrum). Figure 8-5 presents the test baseline spectrum and reduced spectra for several values of u'. Figure 8-5 shows that as the ductility ratio increases, the incremental change to the response spectrum becomes increasingly small. Analyses were performed using the spectra of Figure 8-5 for various values of u'.
Figure 8-6 presents the summation of the ETEC three-inch diameter test article dead weight plus seismic test loading stresses as a function of response spectra ZPA loading for a system ductility ratio of 10. The elbow at Node 18 is critical with the straight pipe at Node 10 also relatively highly stressed. Figure 3-7 presents the total stress at the Node 18 elbow for several system ductility ratios. Shown in Figure 8-8 is the sensitivity of the allowable load level to system ductility ratio. As might be expected from inspection of the spectra in Figure 3-5, the reduction in system response becomes less as higher system ductility ratios are approached.
8.3.3 Dynamic/Static Margin Ratio Method
As discussed in Section 3.1.3 of Reference 1, the D/S margin ratio method uses an elastic response spectrum analysis followed by a reduction of the stress results by means of a D/S factor. This method was used to assess the components of the pipe system under the proposed test loadings.
Figure 8-9 presents the summation of the ETEC three-inch diameter test article dead weight plus seismic test loading stresses as a function of response spectra ZPA loading for typical D/S ratios of 2, 3, and 4. The straight section at Node 10 and the elbow at Node 18 are seen to be nearly equally stressed.
8.3.4 System Ductility and Equivalent Yield Point
As discussed previously, the Newmark and D/S margin ratio methods utilized the concept of reduced system response as a result of inelastic action. This is based upon the premise that even a slight amount of inelastic action
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reduces the response of the structure significantly because of nonlinear behavior. The inelastic action is accounted for in these methods by the introduction of parameters called the system ductility ratio and the equivalent yield point strength.
The ETEC three-inch diameter test article was fabricated from the same carbon steel material as the ETEC six-inch diameter test article, Reference 7. The configurations of the two systems are also highly similar. For these reasons, a system ductility ratio (u' - 10) was chosen for the three-inch diameter system that was equal to the one developed for the six-inch diameter system. The corresponding D/S margin ratio is approximately 4.
The equivalent yield point for ASTM A-106, Grade B carbon steel material was determined to be 53 ksi in Reference 1. A +25% on yield strength was assumed in order to estimate maximum and minimum yield points (66 ksi and 41 ksi).

8.3.5 Progressive Hinge Formation Method
As discussed in Section 8.1.4, the static progressive hinge formation method is based on an assessment of system stresses resulting from a static loading analysis which leads to a resulting collapse mechanism. An equivalent static loading was applied in the Z direction to the ETEC three-inch diameter pipe test article with resulting pipe stresses assessed against component capabilities. A second analysis was performed in which a constant dynamic load was applied in the Z direction. The purpose of applying the dynamic load was to permit excitation of out-of-plane modes that would not be affected by static loading.
Consistent with the ETEC six-inch diameter pipe system progressive hinge analysis, Section 6.0, the moment capability of the elbows included a factor of 1.5, which resulted from the Reference 20 comparison of limit moments on carbon steel elbows. Additionally, an examination of elbow moment-rotation plots for typical 4.5-inch elbow tests indicated moments at loss of load­carrying capacity are approximately 15% higher than moments at twice the angle at loss of linearity. The elbow moment collapse factor was therefore taken to be: 1.5 x 1.15 = 1.7. The 1.5 factor alone was used for straight pipe.
The analyses considered dead weight plus seismic test loading and indicated first hinge formation at straight pipe Node 10, with a second hinge forming at straight pipe Node 46. Additional hinges formed until a total of five
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(Figure 8-10) produced an unstable system for the statically loaded system.A total of four hinges prior to system instability and a slightly different sequence of hinge formation was found in the analysis using constant dynamic input, with a final failure occurring at the tee (see Figure 8-11). The strength of the tee was assumed to be that of straight pipe, after incorporation of the appropriate stress intensification factors. The results of the progressive hinge analysis are shown in Table 8-1 for three levels of effective yield strength.
8.3.6 PRA-Tvoe Methods
PRAs of the piping systems were made using the methods described in References 13 and 14. Reference 13, referred to by the author as the "Zion Method," determines the fragility of a piping system by estimating the median safety factor and logarithmic standard deviation. The latter are determined from analysis of a number of typical piping systems. Reference 14, the "SSMRP Method," is similar except that analysis of the specific piping system under consideration is utilized.
Both of these methods and their application to the test article are described in the following sections.
8.3.6.1 Test Article Fragility Using the "Zion Method"
This method considers the capacity of the piping, supports and anchors. In addition, equipment and structure response factors are considered. These are expressed in terms of a median safety factor, F, and logarithmic standard deviations of randomness, pp, and uncertainty, Py- A discussion of the various factors and their chosen values is presented in Section 6.6. A 
summary of the above factors is shown in Table 8-2. The factors used in predicting the fragility of the test article are shown in Table 8-3. The median acceleration based on a 0.2 g OBE is 21.97 x 0.2 or 4.39 g.Probability of failure curves for 0.05, 0.50 and 0.95 nonexceedence probabilities are shown in Figure 8-12.
8.3.6.2 Test Article Fragility Using the "SSMRP Method*
Reference 6 describes a probabilistic computational procedure for the seismic risk assessment of nuclear power plants. In this procedure, seismic input, soil-structure interaction, structure response, subsystem response and fragilities are considered on a probabilistic basis. Volume 7 of Reference 14 describes the methods used in determining fragilities.
The analytical approach for assessment of the ETEC three-inch diameter test article was identical to that described in Reference 1. The results show a
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median acceleration of 5.25 g with pr = 0.17 and Pu = 0.30. Probability of failure curves for 0.05, 0.50, and 0.95 nonexceedence probabilities are shown in Figure 8-13.
8.4 NONLINEAR TRANSIENT DYNAMIC INELASTIC ANALYSIS
NONPIPE transient analysis modelling proceeds in a similar fashion as the ETEC 6-inch and WHC 1-inch systems, modelling. A major difference occurs in the elbow limiting moment. Figure 8-14 relates the My2 moment to the classic straight pipe limit moment Ml$ for various lambda parameters Rt/r2. The 
solid curve used for NONPIPE transient analysis is an average through two previous trilinear fits, and it follows the trend given in Reference 9.Elbow strains are recovered from end rotations using:

where:
r0 «• Pipe outside radius R = Bend radiusk * Flexibility factor = 1.65/b b = Rt/r2Stress intensification = 1.95/b2/3 

SRSS of relative end rotation components.
Remaining modelling details are summarized in Table 8-4, while Figure 8-15 gives the grid prior to refinement.
Two transient runs at 12 g and 30 g ZPA were run by scaling the 0.55-s record shown in Figure 8-16. Results are summarized in Table 8-5; no sign of collapse is noted. Strain ranges to 14% occurred at two of the excitation tables, but magnifications are low. A significant increase in deformation occurs in the tee and elbow at the 30 g level compared to the 12 g level.The 12 g maximum strain range record is shown in Figure 8-17. Comparison with test strain values is limited by test records showing evidence of popped gages or other anomalies (Figures 8-18 and 8-19). Otherwise, comparison is generally reasonable. The 30 g strain range at Node 74 is an exception. It should be noted, however, that the test ZPA is 20 g in this case.
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8.5 SUMMARY OF COLLAPSE FAILURE PREDICTIONS. ETEC THREE-INCH DIAMETER PIPE TEST
A summary of the pretest analysis results performed on the ETEC three-inch diameter test article are presented herein with test collapse levels predicted. Figure 8-20 (which is further discussed below) presents a summary of the analytical results for the NRC/ETEC test article using various simplified elastic methods. In all cases shown, the analytical results consider the summation of dead weight plus dynamic test load stresses. The estimates of most likely collapse loads for the various assessments are indicated in Figure 8-20 with a diamond (^), which represents effective 
yield point (53 ksi) corresponding to an average material value. These results are also summarized in TabTe 2-1.
The limits discussed below for the Newmark, D/S, and static progressive hinge methods are 41 ksi, 53 ksi, and 66 ksi. These represent a minimum, average, and maximum expected effective yield point for carbon steel material.
Linear elastic analyses were performed on the pipe system for a baseline response spectra loading intended for the tests. The analyses were accomplished by scaling the spectra to obtain results for various base load levels. The allowable base input loading was found to be 1.4 g for an ASME Class 1, Level D limit (3 Sm = 60 ksi) and 1.0 g for an ASME Class 2, Level D limit (3 Sh * 45 ksi). This limit is shown on Figure 8-20 as "ASME."
The results of the Newmark analysis are presented in Figure 8-20 for system ductility ratios of 5, 10, and infinity. A system ductility ratio of 10 has been previously estimated which, along with an average effective yield values of 53 ksi, results in a failure level of 10.2 g base acceleration.
The allowable limits based upon the D/S margin ratio method were calculated for D/S ratios of 2 and 4, with these shown in Figure 8-20. The D/S value to 4 corresponds to a system ductility of approximately 10. It is seen in Figure 8-20 that an effective yield point of 53 ksi and a D/S value to 4 gives a predicted base acceleration limit of 10.0 g.
The results of the static progressive hinge method are shown in Figure 8-20 for yield values of 41, 53, and 66 ksi. An average effective yield stress of 53 ksi gives a predicted failure level of approximately 19 g and 23 g, respectively, for the static and dynamic analyses using the progressive hinge method. It should be noted that this represents the acceleration of the pipe itself and is related to the base input acceleration by the magnification factor. If one assumes a magnification factor of 2 (as suggested by Reference 4 and also by the results of the WHC one-inch high level tests), the predicted based acceleration at failure would be approximately 9.5 g and11.5 g for the assumed yield point of 53 ksi.
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The PRA-type fragility estimates gave collapse loads, at 50% probability and 50% nonexceedence, of 4.4 g for the "Zion" method and 5.2 g for the SSMRP method. These are shown in Figure 8-20.
The nonlinear transient analysis showed no indication of system collapse at a 30 g load level. Maximum calculated strain range (shown in Figure 8-20) at this load level was 14%.
8.6 FATIGUE CALCULATI0HS
As previously discussed in Section 8.2, failure of the ETEC three-inch diameter test article involved crack development caused by fatigue in the region of the tee (Node 32, Figure 8-2). The fatigue failure was the result of cumulative loading cycles over the entire series of test loadings.
PIPESD dynamic elastic analyses were made for all loading conditions to determine stress levels in the tee region. Stress ranges were then calculated using a stress intensification factor (C2K2) for the tee of 2.6, and incremental fatigue damage was determined. These calculations are summarized in Table 8-6. It should be noted that the allowable cycles (Nf) shown in Table 8-6 represent average data rather than minimum values. As can be seen, fatigue damage based on elastic analyses is 0.81. Since failure is represented by unity, the calculations Indicate that the fatigue failure of the test article should not have been unexpected.
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TABLE 8-1

ETEC THREE-INCH DIAMETER TEST ARTICLE, PREDICTED 
HINGE FORMATION LOAD LEVELS, PROGRESSIVE HINGE METHOD

Yield Stress 
(KSI)

Static Load Application Collapse (G) No. of Hinqes
Dynamic Load Application Collapse (G) No.^of Hinqes

41 14.8 5 17.5 4
53 19.2 5 22.8 4
66 24.0 5 28.5 4
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TABLE 8-2
NUREG/CR-5023
WHC-EP-0081

FRAGILITY PARAMETERS FOR CLASS 2 PIPING 
(ZION METHOD)

MEDIANSAFETY RANDOMNESS UNCERTAINTYFACTORS FACTOR Pr »u
CAPACITY FACTOR

PIPING -
Strength - Thick Wall 8.04 0 0.36- Thin Wall 4.39 0 0.36Inelastic Energy Absorption 2.24 0.16 0.16Three Hinge Factor 1.22 0 0.10

SUPPORTSStrength 3.26 0 0.29Inelastic Energy Absorption 1.50 0.16 0.16
ANCHOR (WEDGE)Strength 5.70 0 0.30Inelastic Energy Absorption 1.50 0.15 0.15

EQUIPMENT RESPONSE FACTOR
Qulaification Method 1.00 0 0Spectral Shape 1.39 0.20 0.13Modeling 1.00 0 0.15Damping 1.34 0.03 0.17Mode Combination 1.00 0.15 0Earthquake Component Combination 1.00 0.12 0.10

STRUCTURAL RESPONSE FACTOR 1.11 0.25 0.18
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TABLE 8-3
NUREG/CR-5023
WHC-EP-0081

FRAGILITY PARAMETERS FOR ETEC THREE-INCH DIAMETER TEST ARTICLE
(ZION METHOD)

MEDIANSAFETY RANDOMNESS UNCERTAINTY
FACTORS FACTOR h

CAPACITY FACTOR
PIPING

Strength 8.04 0 0.36
Inelastic Energy Absorption 2.24 0.16 0.16
Three Hinge Factor 1.22 0 0.10

EQUIPMENT RESPONSE FACTOR
Qualification Method 1.00 0 0
Spectral Shape 1.00 0 0
Modeling 1.00 0 0.15
Damping 1.00 0.03 0.17
Mode Combination 1.00 0.15 0
Earthquake Component Combination 1.00 0 0

STRUCTURAL RESPONSE FACTOR 1.00 0 0

TOTAL 21.97 0.22 0.47

133



TABLE 8-4 NUREG/CR-5023
WHC-EP-0081

TRANSIENT ANALYSIS MODELING SUMMARY

SYSTEM HEDL ETEC 6'' ETEC 3" KWU
PIPE SIZE, IN. 1 6/3 3 4/2
NMBR ANALYSES 5 7 2 1
Sy, ksi 40 44 55 48/57
PIPE 0. D., IN. 1.3 6.6/3.5 3.5 4.5/2.4
PIPE WALL, IN. 0.13 0.280.22 0.22 0.170.11
MIN ELMT LENGTH, IN. 1.0 4.0 2.2 2.1
LOCATION, NODE 20 10 10,46,74 94
MIN. At, MS 0.5 0.1 0.1 0.1
DURATION, S 1.75 0.55 0.55 0.58
a-B DAMPING, MIN, % 10 5 5 5
NMBR DOFs 408 336 252 276
NMBR ELMTS 67 55 41 44
NODAL DIFF 2 2 2 2
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TRANSIENT ANALYSIS SUMMARY 
ETEC THREE-INCH DIAMETER TEST ARTICLE

NUREG/CR-5023TABLE 8-5 WHC-EP-0081

ANALYSIS ZPA, g NODE LOCATION LABEL ANALYSISVALUE TESTVALUE TESTZPA,
12 10 Table 3 Ae t % 7.1 2.51 12

46 1 3.7 2.8
74 2 1.7 0.6

30 10 Table 3 Ae» * 14 2.51 20
46 1 8.5 6.92 3
74 2 14 0.6

12 30-32 Tee-run 3 * 
Ae » * 0.56

30 3.8
12 32-50 Tee-br 0.42
30 0.45
12 58 Magnification 1.79
30 1.33
12 16-18 Elbow Emax** 0.94
30 5.2

NOTES: 1) Short record (popped gage)
2) Capped record
3) Straight pipe, no intensification
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TABLE 8-6 NUREG/CR-5023 WHC-EP-0081
THREE-INCH DIAMETER ETEC PIPE TEE, C?K? = 2.6
FATIGUE ANALYSIS BASED ON ELASTIC ANALYSIS

TESTS: (NO INTERNAL PRESSURE)
1. Seismic Motion - 5 G's ZPA, 15 Seconds Duration
2. Seismic Motion - 14 G's
3. Seismic Motion - 30 G's 1 r

4. Sinusoidal, 6" Disp. @ 3.4 Hz, 10 cycles, 7.1 G
5. Sinusoidal, 6" Disp. @ 4.7 Hz, 10 cycles, 13.5 G
6. Sinusoidal, 6" Disp. @ 6.0 Hz, 10 cycles, 22 G
7. Sinusoidal, 25 G's @ 6.0 Hz, 10 cycles.

STRESS RANGES CALCULATED ^ = 4.2, f2 = 7.1, fg = 9 hz
Test S ,ksia N_ Sf N/Nf SN/Nf

1 299" 10" 103 0.01 .01
2 836 > * ** 10 ► * 110 .09 .10
3 1793. 10. 20 .50 .60
4 234 10 1500 .015 .615
5 447 10 400 .025 .64
6 726 10 120 .083 .72
7 825 10 110 .09 .81

♦Assumed effective cycles per 15-second shake test (based on other analyses of same seismic motion used in test).
**From response spectra analyses of pipe, 5% damping, W/0 any SCF 
for plasticity.
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El bow Radius = 1.50

FIGURE 8-1. ETEC three-inch Diameter Test Article.

137



NUREG/CR-5023
WHC-EP-0081

FIGURE 8-2. ETEC Three-Inch Diameter Test Article, Analytical Model.
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FIGURE 8-3. ETEC Three-Inch Diameter Test Article, Baseline Response Spectrum.
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5% DAMPING

— 3S

10 STR ®

ZPA ACCELERATION, G'S

FIGURE 8-4. ETEC Three-Inch Diameter Test Article, Elastic Analysis.
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10
FREQUENCY, Hz

FIGURE 8-5. ETEC Three-Inch Diameter Test Articles Elasto-Plastic Response Spectrum,iNewmark Method.
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System Ductility Ratio = 10 
5% Damping
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ZPA ACCELERATION, G'S

FIGURE 8-6. ETEC Three-Inch Diameter Test Article, Newmark Method.
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Stresses at 18 ELB

18 ELB

10 STR ®

ZPA ACCELERATION, G'S
FIGURE 8-7. ETEC Three-Inch Diameter Test Article, Newrnark Method, Elbow Stresses.
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STRESSES AT 18 ELB
10 SIR <S

5% DAMPING
STRESS = 66 KSI

STRESS = 53 KSI

STRESS =41 KSI

SYSTEM DUCTILITY RATIO

FIGURE 8-8. ETEC Three-Inch Diameter Test Article, Effect of Changing 
System Ductility Ratio,
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FIGURE 8-9. ETEC Three-Inch Diameter Test Article, D/S Method.
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4th HINGE 
^(18.8 g)

3rd HINGE 
(18.6 g)

5th HINGE (19.2 g)

2nd HINGE 
(16.0 g)

st HINGE 
(15.6 g)

FIGURE 8-10. ETEC Three-Inch Diameter Test Article, Progressive Hinge Method Static Load Application.
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3rd HINGE 
(22.7 g)

4th HINGE 
(22.8 g)

2nd HINGE 
(21.8 g)

1st HINGE 
(20.2 g)

FIGURE 8-11. ETEC Three-Inch Diameter Test Article, Progressive Hinge Method, Dynamic Load Application.
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FIGURE 8-18. ETEC Three-Inch Diameter Test Article. Short Test Period.
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9.0 SIMPLIFIED PREDICTION METHOD FOR DAMPING CAUSED BY PLASTIC HINGES AND SNUBBERS
Simplified methods for predicting equivalent viscous damping are used to assess damping contributions caused by piping inelastic plastic hinge action and support snubbers. These increments are compared to experimental findings from shake and snap-back tests of several pipe systems. Good correlations were found confirming the usefulness of the simplified methods.
9.1 USE OF DATA FOR TECHNOLOGY ADVANCEMENTS AMD RULE MAKING
Nuclear power plant piping designs of the last decade have incorporated many seismic restraints and snubbers to ensure adequacy to withstand earthquakes. The design methods have conservatively utilized very low damping values. In the past few years much experimental damping data of piping responding elastically has been gathered. This led to new proposals by industrial groups, such as the Pressure Vessel Research Council (PVRC), for higher design damping allowables. The ASME adopted an interim Code Case N-411.
Interest in high-level inelastic response and tests-to-failure have resulted in USA research programs sponsored by the U.S. Department of Energy (DOE), reported by Lindquist et al. (Reference 6); the U.S. Electric Power Research Institute (EPRI), reported by English (Reference 30), and Jaquay, Larson and Tang (Reference 31); and the U.S. Nuclear Regulatory Commission (NRC), reported by Chen, DeVita, and Onesto (Reference 7), Severud et al. (Reference 32), Guzy (Reference 33), Anderson et al. (Reference 34), and Weiner (Reference 35).
In West Germany, KWU and INTERATOM have sponsored work on high-level inelastic pipe response tests and analysis methods; refer to Haas et al. (Reference 8), Peters and Busch (Reference 36), and Weiner, Peters, and Busch (Reference 37).
The effective equivalent damping associated with the inelastic response is also of interest for use in simplified analyses. Numerous equivalent viscous damping determination methods have been studied by Hadji an (Reference 38), and others. Hadji an pointed out the differences that are found depending upon the assumptions regarding the structure equivalent stiffness of elasto- plastic systems. Bohm, Tagart and Wallach (Reference 39), emphasized the need for considering inelastic damping data. Accordingly, more correlations of test data to prediction model data are desired to clarify this technology.
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9.2 SIMPLIFIED ANALYTICAL METHODS
The methods described herein provide simple techniques for calculating the total modal equivalent viscous damping coefficient. It is determined as the sum of damping because of (a) plastic hinges, (b) snubbers, and the pipe system exclusive of (a) and (b).
The equivalent viscous damping coefficient, C , for the piping system is approximated by:

C n= AW/[MKE)] = A W/[2 he (mi x,)]i orN (1)

where, aW = energy loss per cycle and KE = maximum kinetic energy or strain energy of the system, m^ = itl1 mass, Xi = max. amplitude of ith mass, and ^ = circular 
frequency of mode N. The energy loss, aW, is made up of those losses due to plastic hinges, snubbers, and the other damping sources.

The plastic hinge energy loss, AWp, is approximated by

AWP (2)

where, K = number of plastic hinges in system, Mpi = effective limit moment of plastic hinge i, 0m^ = maximum angle amplitude hinge i rotates through, and Oyi = angle amplitude to initiate plastic hinge i yielding.
The snubber energy loss, AWS, is approximated by:

AWS
L
E
j=i

u>.N XMj (3)

where, Cj = damping coefficient of snubber j, = circular frequency of mode N, and X^j = maximum displacement of snubber j.
It is noted that in applying Eq. (1) and (2), quasistatic elastic-plastic system deformation solutions for increased modal acceleration loads are employed to evaluate the system displacements and angles and equivalent system stiffness and maximum kinetic or strain energy. This approach follows some of the concepts given by Peters and Busch (Reference 36). The procedure
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in this reference uses a modal force field which is applied statically and increased until significant plastic deformation is incurred (quasistatic analysis). Elasto-plastic parameters, dependent on the strain level, are obtained for a simple two-bar substitute which is subjected to the seismic excitation appropriate for the piping system. The method used herein avoids the transient analysis of a substitute. Instead, effective values of system ductility, damping and frequency shift are obtained from the quasistatic analysis, and linear response spectrum techniques are applied iteratively. Given a mode <t>, let Fo - K<t»be the corresponding vector of modal forces. Define
F * aF0 - Quasistatic forces applied to the piping system 

a * Scale factor
X = Displacement vector corresponding to force F 

Fy * of0 * Forces producing 0.2% offset yield 
e - Maximum strain, function of 

Xy - Displacements corresponding to Fy 
M * Diagonal mass matrix.

Following (Reference 36), the corrected energy dissipation per cycle is 
H * 2W

whprp
W - Q - (F-Xy + (F - Fy)-X)/2 
Q - / F-dX

Q is the work done by the forces. In Figure 9-la, the solid curve DAB represents the quasistatic analysis, and the parallelogram ABCD is H. With Figures 9-lb and 9-lc, the effective frequency and damping are defined by
a)2 - f-x / x-Mx 2nZ = H / f-x

where
x « H* + Xy) f - *(F + Fy)

f*X - i(a+ay)(F0-X + F0-Xy) 
x-Mx = i(X-MX + 2X-MXy + Xy-MXy)
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The system ductility (Reference 10) and strain range are 
ji= i(l + sm Vs mfy)

d e = £ + e y
where m is a nodal mass, 6 is a nodal displacement magnitude and the summation extends over the structural nodes.
9.3 PLASTIC HINGE DAMPING CORRELATIONS
The four piping systems of Figure 9-2 were shake-tested to high-level inelastic response. Table 9-1 provides correlations of calculated damping increments because of plastic hinges to total system damping levels estimated from the test response. Figures 9-3 and 9-4 show the quasistatic effective damping for the four systems as a function of response strain range and test input level ZPA.
Figure 9-5 illustrates the dependence of system ductility on the configuration. For a given strain range, the WHC one-inch case shows the greatest system ductility. This is explained by a nearly constant bending moment between the critical support and the elbow towards the region of maximum displacement. Such a distribution avoids a concentration of strain. Plots of frequency shift and damping show similar spreads among the configurations. These terms are plotted against system ductility in Figures 9-6 and 9-7. The relative lack of variation among curves in these two plots underscores the importance of the system ductility parameter in simplified analysis. For the larger system ductilities, these curves compare fairly well with the geometric equivalent simple oscillator results of Hadijian (Reference 38). The lower values at the lower ductilities are attributed to system hardening. The ETEC 3 in. shows less frequency shift and damping than the other systems. Again, this is a system hardening effect. In the progressive hinge analyses, this system proved to be the slowest in forming a mechanism. It has a tripod appearance with the three legs built in at the base. The WHC 1-inch and ETEC 6-inch systems look more like simple bents with out-of-plane excitation, and one would expect them to have the least system hardening. The branch in the KWU configuration looks like a bent with the excitation directed 45 deg to its plane.
9.4 SNUBBER AND SUPPORT DAMPING INCREMENTS
The small bore piping systems of Figures 9-8 and 9-9 and the large bore 16- inch diameter system of Figure 9-10 serve as benchmark data. Comparisons of test and calculated damping values follow.
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The small bore, 1 inch to 3 inch diameter piping with heavy insulation was tested and total system damping in the 5 to 12% range was found. Snubber damping increments calculated for this piping were only in the 1 to 2% range as shown in Tables 9-2, 9-3, and 9-4. The damping caused by insulation and other system damping effects dominate these small bore piping damping values. However, for the larger bore piping with many snubbers, the snubber damping is more significant. The 16-inch diameter insulated stainless steel pipe system of Figure 9-10 was tested. Table 9-5 shows the damping calculation for the 1000 lb. pull location of Figure 9-10. Figure 9-11 shows the effects of load level and the total system damping per test relative to the calculated snubber damping. Note that the snubbers are calculated to contribute about half of the total system damping. In this case, the test elicitation was low and the maximum pipe stresses were about half that required for yielding.
9.5 DAMPING CONTRIBUTIONS CAUSED BY PLASTIC HINGES. SNUBBERS. AND REST OF PIPE SYSTEM
Regarding the WHC 1-inch diameter system (Table 9-1), the high-level test, (2.5 g's ZPA) of this small bore, heavily insulated pipe system with one mechanical snubber, experimentally revealed dynamic magnifications equivalent to 40 to 50% damping. At low levels the piping system was elastic and the equivalent damping was about 10%. The calculated equivalent increment of damping for one plastic hinge was 16% and with two hinges it was 29%. The single mechanical snubber provided only 1% damping. Thus, under high-level shaking, the insulation and plastic hinge damping are the major sources of damping for this insulated pipe system.
For the ETEC 6-inch and 3-inch diameter uninsulated pipe systems, which did not have any snubbers, the plastic hinge damping contributions of up to 20 to 30% were calculated. These levels compare reasonably with the test-deduced level of 13 to 22% (Reference 7).
9.6 CONCLUSIONS
A number of correlations of the calculated damping values per the above methods have been made with piping experimental findings. These comparisons of calculated and experimental data of numerous piping systems at multiple levels of response were presented. Good correlations were found. The simple methods provide a useful tool in assessing the extent plasticity and snubbers add to piping system damping during high-level inelastic response.
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'SYSTEM- - - "PIPE DlAM(S). MATERIAL excitation— MAX BASE MAX. STRAIN" ESTIMATED-- CALCULATED PLASTIC
TYPE INPUT, G’S RANGE, % SYSTEM TEST HINGE EQUIVALENTESTIMATE DAMPING, % VISCOUS DAMPING, %

HEDL lin. 1 in.(25.4 mm) 304 S S Sinusoidal 2.5 2.5 40-50 29f, = 2 Hz
Ref. 6

12-18 Cycles at 2 Hz Ref. 6 Ref. 32<

ETEC 6 in. 6 in./3 in. SA 106B Seismic 30 ZPA 4 13-22 18 (Mode 1)
V 5 Hz Sinusoidal 20 (Mode 2)

10 Cycles 18 4-8 19 16
• Ref. 7 at 4 ^ Ref. 35 Ref. 35
ETEC 3 in. fl = 5 Hz 3 in. SA 106B Seismiq 14 ZPA 8 * 30 (Mode 1)16 (Mode 2)

Seismic 30 ZPA 14 ★ 36 (Mode 1)22 (Mode 2)

KWU 4/2 in. 4 in./2 in. Aust. S S Harmonic at 8.9 H7 4 1.8 * 5 (Mode 3)
Ref. 8 i

*N0 DATA AVAILABLE OR PUBLISHED YET.

TABLE 9-1. Pipe Damping During Shake Test High Level Inelastic Response.
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TABLE 9-2

(PULL AT H-6Z OF 90 LB)
ONE-INCH DIA INSULATED PIPE SNUBBER DAMPING FOR SNAPBACK TEST, FIGURE 9-8

SIMPLIFIED ANALYSIS OF SNUBBER DAMPING INCREMENT TEST DATA
SNUBBER ENERGY LOSS/CYCLENODE SNUBBER INITIAL MAX E_, IN.-LBNO. TYPE LOAD, LB * s f, - 4.5 Hz

H-1 PSA-1/4 29 0.8
PULL LOAD DAMPINGH-2 -1/2 72 1.0 LB AVE, %

H-3 -1/4 63 1.5 30 5
H-4 -3 144 0.5 60 6-7
H-5 -3 178 0.6 90 7
H-8 -1/4 156 3.0

Es = 7.4 IN.-LB

2tt a) l 1 (mi ■ 2n (2tt x 4.5)2(al49) = 748

^SN = 748 -'0-010' SAY U FOR 90-LB PULL AND SNAPBACK

*BASED ON STATIC ANALYSIS AND MAGNIFICATION FACTOR OF 2.0 FOR SUDDEN SNAPBACK.
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TABLE 9-3
ONE-INCH DIA INSULATED PIPE SNUBBER DAMPING FOR SNAPBACK TEST, FIGURE 9-8

SIMPLIFIED

(PULL AT H-7Z OF 70 LB)

ANALYSIS OF SNUBBER DAMPING INCREMENT TEST DATA
NODENO. SNUBBERTYPE INITIAL MAX LOAD, LB*

SNUBBER ENERGY LOSS/CYCLEE$, IN LB f = 10

H-1 PSA-1/4 1.4 PULL LOAD, DAMPING 
c lb-; AVE, :

H-2 -1/2 0.7 24 7.7
H-3 -1/4 5.6 47 9.0
H-4 -3 66 0.2 70 9.6
H-5 -3 35 0.1

H-6 -1/4 102 1.0

H-8 -1/4 160 2.0

2tt } (mi x?) = 2tt

Es = 3.3 IN.LB

(2* x 10)2 (0.0067)= 166

3.3166 =0.020, SAY 1% FOR 70 LB PULL AND SNAPBACK

*BASED ON STATIC ANALYSIS AND MAGNIFICATION FACTOR OF 2.0 FOR SUDDEN SNAPBACK-
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TABLE 9-4

DAMPING OF 1-INCH DIA INSULATED PIPING WITH AND WITHOUT SNUBBER, FIGURE 9-9

tn

PIPE SYSTEM PER FIGURE 6-2 SUPPORTS PER TEST
PULLLOAD,LB

PREDICTEDSNUBBERDAMPING, %

SYSTEM . TEST DATA
5 , % fv h3

ONE SNUBBER, REST RIGID STRUTS 17 11-12 9.0
34 9-10 9.0
50 1 8-11 9.0

ALL RIGID STRUTS 17 4-6 10.5
34 6 10.1
50

—
5-7 9.8
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TABLE 9-5
16-INCH DIA PIPING SNUBBER DAMPING ESTIMATE FOR SNAPBACK TEST, FIGURE 9-10

For 1000 lb Pull at H-7, For First Mode, f-j = 5 H^; u) = 31.4 Rad/S

NODE
NO

SNUBBER
TYPE

INITIAL MAX 
LOAD, LB*

DAMPING COEF. 
C, LB-S/IN^.

SNUBBER 
INITIAL MAX 
DISPL., X,

SNUBBER ENERGY LOSS/CYCLE
IN.

H-2 PSA-3 20 20 0.000 0
H-3 -3L 85 85 0.002 2
H-4 -3L 90 90 0.002 2
H-5 TW0-1L 20795 2(2000)=4000 0.014 56
H-6 TWO-3 2@60 2(60) =120 0.001 1
H-9 TWO-3 20650 2(700) =1400 0.013 24
H=11 TW0-1L 20215 2(1000)=2000 0.007 10
H-12 -3 11 10 0 0
H-14 -3 30 30 0 0
H-15 -10 30 30 0 0

1 ir^-ja)^^|if| = 95

9 9 02 * “N 2 (mi xi2) = 2tt (27r • 5)2 (0.389)= 2400.; \ SH = = 0.04, Say 4%.

♦BASED ON STATIC' ANALYSIS AND MAG. FACTOR = 2.0 FOR SUDDEN SNAPBACK^
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(a) H - SCHEMATIC
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(c) Ac - SCHEMATIC

(b) - SCHEMATIC

(d) )JL - SCHEMATIC

FIGURE 9-1. Quasistatic Parameter Schematics.
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RIGID STRUT

ONE INCH • 2.54 CM

( a) HEAVILY INSULATED SMALL BORE (1* DIAMETER) STAINLESS STEEL PIPE SYSTEM

MATtMAU ASTII A-IOt CftAOC •

oiftccnowo*
tNPrJT MOIIOM

t ft 4.1/2 M

(b) UNINSULATED HILO STEa (6a DIAMETER) PIPE SYSTEM

FIGURE 9-2. Piping Systems Tested to High-Level Inelastic Response.
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UNINSULATED.MILD STEEL (3‘ DIAMETER) PIPE SYSTEM

5im(2 INCH) DIAMETER 102m(4 INCH) DIAMETER

ALL DIMENSIONS IN MILLIMETERS 
25.4 m • 1 INCH

(d) UNINSULATED STAINLESS STEEL (4" AND 2* DIAMETER) PIPE SYSTEM

FIGURE 9-2. Continued.
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FIGURE 9-5. Quasistatic System Ductility.
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FIGURE 9-8. Insulated 1-inch Diameter Pipe System and Accelerometer Locations for Snapback Damping Tests.
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--- - RIGID STRUT
-Q—• SNUBBER 
A ACCELEROMETER

50 LB .

FIGURE 9-9. Snapback Test of 1-inch Diameter Pipe System with Snubber at H-3 and then with all Rigid Struts.
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FIGURE 9-11. Effect of Load Level on Damping, Pull at H-7, Accelerometer H-7Z.
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10.0 POST-TEST ANALYSIS METHODS IMPROVEMENTS
All the simplified pseudo-linear-elastic analyses performed prior to the tests gave response predictions that underestimated the test findings and the abilities of the piping systems to withstand the very high seismic loads without collapse. To better understand the reasons for the underpredictions, the methods were examined for conservatisms and inaccuracies. This resulted in the following observations.
10.1 USE OF DYNAMIC YIELD STRENGTH
The static values of yield strength, rather than dynamic values, were used in the pretest analyses. For the rate of dynamic loads applied, a dynamic increase factor of about 1.20, per Reference 42, is appropriate.
10.2 DYNAMIC SPECTRA LOADING FOR PROGRESSIVE HINGE METHOD
The static progressive hinge formation method involves application of static G loads separately in each of three global orthogonal directions and then combining the three responses. This process for loading in one direction does not very well simulate the dynamic inertia loads that can be in three directions simultaneously due to structural cross-coupling. An improved approach would be to apply a flat G load spectra with response-spectra analysis for each of the three global directions. This would permit the structural cross-coupling and model participation typical of dynamic analysis to be accounted for. Analyses of the four piping systems with the spectra approach produced the findings of Table 10-1 and Table 10-2.
As shown in Table 10-1, the progressive hinge dynamic load capacities of piping systems usually are greater than that predicted using the static analysis. However, note that the opposite is true for the KWU system. This system has significant cross-coupling of horizontal and vertical motion in the mode that governs the hinge formation. Moreover, the ETEC 3-inch diameter system analyses revealed different locations for the hinges. The dynamic analysis indicated a hinge at the location of the tee that actually ruptured in test. The static analysis did not indicate a hinge at the tee.
10.3 ITERATIVE OUASISTATIC SIMPLIFIED METHOD
The Newmark modified spectra, D/S ratio, and the progressive hinge methods all need a way of determining the appropriate system ductility or damping value that is consistent with the extent of inelastic deformation. Campbell et al. (Reference 10) provided an approximate method described in Section 3.2.1. The method uses the displacements obtained from a static inelastic response analysis to determine the system ductility index for a given
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response level. Since the damping and system ductility index are nonlinear functions of response, the calculation of response of a given pipe system is thus a nonlinear process. Moreover, response and its associated dynamic magnification are also related to the shifts of model frequencies as the nonlinear stiffness changes with response level. Accordingly, it is desirable for predicting high-level response to account for both the energy loss (damping and ductility) and the frequency shifts as a function of response level. This has been done in quasistatic analyses of the four pipe system responses described in Section 9.3.
The quasistatic analysis used the same models as the transient analyses without gravity. Static analysis was achieved with very large time steps, usually 30 to 50 in number. Typically, two to three tries were required as the systems are load controlled. For each mode considered, a table (see Table 10-3) of frequency, damping, strain range and system ductility versus scale factor was prepared by postprocessing the NONPIPE output using formulas of Section 9.2. Simplified analysis for a given seismic excitation then proceed interactively as follows:

1. Assume a system ductility or scale factor.2. Lookup frequency, damping and strain range. Add apdamping.3. Calculate displacement response 6 at a typical node.4. Revise the system ductility n = 6/6y, where 6y is the modal displacement at yield. Go to 2.
The calculation of response for the given seismic excitation is based on the calculated linear response spectrum corresponding to the transient analysis time history. Steady response was used for harmonic excitation. Modes are combined by the CQC method (Reference 43) with seismic excitation and by combining phased signals with harmonic analysis.
Typical trends of strain versus excitation level are described in Figure 6-33 with the maximum strains incurred by the ETEC 6-in. system in transient and static analyses. The static loading is an increasing uniform inertial load in the direction of excitation. Each of the data markers for dynamic response in the plot represents the maximum strain incurred during a seismic time history. At low levels the transient/static response ratio is roughly the dynamic amplification with 5% damping. At higher levels, the static response increases suddenly while the transient response continues increasing at roughly the same rate. Transient hinges form in the straight and elbow sections at 5 g and 14 g, respectively. There is no significant change in response at these points. It is interesting to note how the elbow fails to maintain the larger transient response at higher levels. Linear response spectrum analysis shows the highest stress in the elbow.

179



NUREG/CR-5023
WHC-EP-0081

A similar display for the WHC 1-inch system is given in Figure 10-2. Now a significant increase in maximum strain occurs after the formation of the first dynamic hinge at 0.6 g, but it is not as severe as the static case.The piping system had a relatively high (25% Sy) deadweight loading. Testing (Reference 6) showed an increase of permanent deformation from test to test which was induced by the deadweight loading. Transient analysis results agreed with these permanent deformations. Figure 10-3 shows the strain record at the point of maximum strain in the case of the 1.5 g base excitation. There is a shift in the average strain taking place in two cycles followed by steady cyclic response. This shift is largely responsible for the strain increase observed in Figure 10-2, and it reflects the test-to- test permanent deformations that are induced by deadweight loading. Still, this increase is not nearly as drastic in the static case. Note that the transient/static slope ratio at low excitation levels is 5:1, and roughly the opposite holds at the high excitations.
Magnifications for the four piping systems are shown in Figure 10-4. Values here are based on comparing the analysis displacement response of a characteristic point with the linear static response at the same maximum base acceleration. At low levels, e.g., 0.35 g in the WHC 1-inch system, the theoretical magnification value of five (corresponding to 10% damping) is almost achieved. At higher levels of excitation the magnification settles to values between one and two. The large magnification for the KWU system reflects limited plastic deformation because the transient analysis had only one short element exceeding the collapse moment.
Phase angles were obtained from transient analysis by comparing displacement response peaks with those of the base. Values are shown in Figure 8 alongside the WHC 1-inch and KWU magnifications. They relate to the magnifications in the way expected for linear response of compliant structures. The ETEC systems both involve seismic excitation. They do not show large magnifications at the lower load levels.
Generally, the magnifications based on simplified quasistatic analysis are lower than the transient values. The first two modes were included in each system except the KWU system which used modes three and five. Selection was based on the first two dominant modes in terms of producing strain. Had only one mode been chosen, results would not have changed much except for the ETEC 6-inch system. A single mode here would have produced about 30% less magnification.
Strain ranges obtained from analyses and tests are presented in Figure 10-5. The range is defined as the largest monotonic excursion of strain in the response record, except steady response values were used in the WHC 1-in. system. Each system includes a linear response spectrum point corresponding
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to twice the 0.2% offset yield (about 3S). Test results are also shown. Overall, the four sources show the same general trend. There is no sudden increase in strain suggesting dynamic collapse. Relative to the linear response spectrum points there is a tendency for the nonlinear considerations to show greater strains once yielding becomes significant. The notable exception is the WHC 1-in. system which might be explained by the relatively large system ductility of Figure 9-5. Strain range in the WHC 1-in. system increases nearly proportionally with load level, and this is taking place in spite of the strongly decreasing magnification. This suggests that the plastic strain concentration effect (Reference 44) at a hinge is an important aspect in describing strain response in seismic excitation.
10.4 CONCLUSIONS
It is concluded that a dynamic increase factor on the material static yield strength and use of a dynamic spectra load in the progressive hinge method provide more accurate prediction methods. Analysis improvements, such as iterative quasistatic methods herein described, also provide improvements to methods for predicting inelastic strain response to high-level seismic excitation. Even with these improvements utilized, the simplified methods significantly underpredict (Table 10-4) the collapse capacities of the tested 
systems.
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TABLE 10-1

COMPARISON OF STATIC AND DYNAMIC PROGRESSIVE HINGE PIPE SYSTEM LOAD CAPACITIES*

00
no

PIPE SYSTEM STATIC ANALYSIS RESULTS DYNAMIC SPECTRA ANALYSIS RESULTS

HEDL 1" 2.5 G's - 1st Hinge 2.8 - 1st
2.7 G's - 2nd 3.2 - 2nd

ETEC 6" 15.4 - 1st 19.1 - 1st
16.2 - 2nd 19.5 - 2nd

ETEC 3" 15.9 - 1st 20.2 - 1st
16.4 - 2nd 21.8 - 2nd
19.5 - 3rd 22.7 - 3rd
20.4 - 4th 22.8 -4th
21.0 - 5th
21.2 - 6th

KWU 4/2" 13.3 - 1st 9.8 - 1st
15.2 - 2nd 11.2 - 2nd

* Both static and dynamic values based on static yield strengths. A dynamic increase factor of 1.2 could be applied to the above capacities per the discussion in Section 10.0.
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• TABLE 10-2
SUMMARY OF POST-TEST* ANALYTICAL PREDICTIONS

HEDL 1-TN. KWU 2-IN./4-IN. ETEC 3-IN . 
ANALYTIC METHOD PI A,. PIEJMS__ PI A, P.IP.IN£- - - - - PIA, PIPJHQ.

A. ASME CLASS 1. 3SM LEVEL D. G'S 0.36 SINE 1.9 ZPA 1.4 ZPA
B. ASME CLASS 2. 3SH. G'S 0.34 1.7 1.0
C. NEWMARK METHOD. G'S 1.9 5.8 12.2
D. DYNAMIC/STATIC MARGIN RATIO. G'S 1.9 5.4 12.0
E. PROGRESSIVE HINGE, SPECTRA LOAD. G 'S

() - DYN. MAGNIF. FACTOR 2.1 (1.8) 2.7 (5.0) 13.7 (2.0)
3.8 (1.0) 13.4 (1.0) 27.4 (1.0)

F. PRA-TYPE FRAGILITY
ZION METHOD. G'S — 7.8 4.4
SSMRP METHOD. G'S — 11.5 5.2

G. NONLINEAR INELASTIC DYNAMIC
LOAD LEVEL, G’S 2.5 4.0 SINE 30.0
STRAIN RANGE, PERCENT 2.5 1.6 14.0

TEST FINDINGS
A. MAX. BASE INPUT. G’S 2.8 SINE. 2 Hz 4.0 SINE, 8.9 Hz 30.0 ZPA

0:5 ZPA 5.5 ZPA 25.0 SINE,
B. NO FAILURES FOR ALL ZPA’S
C. FAILURE MODE RATCHETING- NONE FATIGUE

GROSS
DEFORMATION

*See Table 2-1 for Pre-Test Analytical Predictions.

AND TEST FINDINGS
ETEC 6-IN.Dia. Piping
2.0 ZPA
1.4

12.0
11.7

11.6 (2.0)
23.1 (1.0)

4.4
8.8

30.0
4.1

30.0 ZPA
Hz 18.7 SINE. 5HZ

RATCHET/FATIGUE 
OR DUCTILITY 
EXHAUSTION OR 
WALL THINNING 
AND DUCTILE 
OVERLOAu
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TYPICAL LOAD-DEPENDENT DAMPING, FREQUENCY SHIFT, STRAIN WHC-EP-0081 
RANGE AND SYSTEM DUCTILITY INDEX

TABLE 10-3 NUREG/CR-5023

0MI-I1DCD QUAIIITAT1C NODAL riOCISSOI

me 4 IN MSI I wr. STIMN AT II

mis ITIAIN ■ .11441-11
NASI SCAII ■ .ISIII-II 
IOAD STIPS > IS 
ITIAIN SCALE ■ S.S1I 
1 rut! SHU IN COLUMNS . 2

LOAD SCALIS ■I.4II I.7II 7.Ill 7.211 7.4007.704 7.100 7.711 11.It 10.1011.20 11.20 10.41 10.20 10.4011.10 11.10 11.20 11.41 11 *011.10 12.10 12.21 12.40 12 *012.10 12.00 12.20 12.40 IS to12.10 14.11 14.20 14.40 14 (0

YIELD - FREQ • 4.YSI «*D « 47*3 M«I*I • 1*33
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■EADY.
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TABLE 10-4
HIGH-LEVEL PIPING RESPONSE AND FAILURE 

RATIOS OF ANALYTIC CAPACITY TO TEST MAX. BASE INPUT ACCELERATION

ASME PLASTIC PROG. HINGE- PROG. HINGE- HINGES TO INELASTIC MAX 
CL. 1 SPECTRA STATIC_ _ _ _ _ _ _ DYN. STATIC COLLAPSE STRAIN RANGE

oocn

HEDL 0.13
1" DIA.

KWU 0.34
2"-4H

ETEC 0.05
3"

ETEC 0.07
6"

0^68 1.15

1.04 6.3

0.41 0.76

0.40 0.65

1.36

3.3

0.91

0.77

2 2.5%

2 1.6%

6 14.0%

2 4.0%
or
or

R-GO = R/YTCHET-GROSS DEFORMATION 
F = FATIGUE R-F = RATCHET-FATIGUE R-DE = RATCHET-DUCTILITY EXHAUSTION R-DR = RATCHET-DUCTILE RUPTURE

TEST
FAILURE
MODE

R-GD

NONE

F

R-F
R-DE
R-DR
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PROGRESSIVE HINGE AMLVSIS 
STATIC LOADING progressive hinge analysis 

dynamic loading

EFFECTIVE YIELD • SS ESI 
MAGNIFICATION FACTOR • 1.04th HINGE

3rd HINGE
(19.5 9)

Sth HINGE 
(El.o g)

6th HINGE
ttl.E 9)

2nd HINGE 
(16.4 9)

1st HINGE
(15.9 g)

EFFECTIVE yield - $3 
MAGNIFICATION FACTOR3rd HINGE

4th HINGl

1st HINGE

UNINSULATED MILD STEEL (3" DIAMETER) PIPE SYSTEM

FIGURE 10-1. Comparison of Static and Flat Spectra Response Analyses for Proaressiv* 
Hinge System Capacity Assessments. '
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FIGURE 10-2. WHC 1-in. Transient-Static Strain Comparison.
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11.0 CONCLUSIONS AND RECOMMENDATIONS
1. Pretest failure predictions of the NRC/ETEC seismic fragility demonstration test, using a number of pseudo-linear-elastic methods, all underestimated the ability of the pipe system to withstand very high seismic loads without collapse. The Newmark and D/S ratio methods indicated collapse at about 10 g's. The progressive hinge method gave collapse at 8 to 16 g's depending on use of a dynamic magnification factor of 2 or 1, respectively. The seismic PRA-type fragility average estimate was 4.4 and 8.8 g's for the Zion and SSMRP methods. The test actually withstood 30 g's without collapse.
2. Pretest inelastic transient dynamic analyses using the NONPIPE program correctly predicted no collapse load up to the limit of the analyses: 2.8 g's, 30 g's, 30 g's and 5.5 g's ZPA for the WHC one- inch diameter test system, ETEC six-inch diameter system, ETEC three-inch diameter system, and KWU four-inch/two-inch diameter systems, respectively. The analyses predicted a maximum strain range that correlated very well with strain gage data from these tests.
3. The reduction of dynamic magnification with increasing plastic response of the piping under high-level shaking is a major factor in limiting response well below current elastic response spectra predictions. Current ASME Class 1 and 2 methods, intended to protect against collapse, gave allowable shake levels of 2.0 and 1.4 g's, respectively. These are one order of magnitude below that withstood by the demonstration test.
4. The reduction of dynamic amplification with plastic response is due conceptually to two factors: (1) internal energy dissipation resulting in higher damping and ductility ratios, and (2) resonant detuning because of system increased flexibility. Simplified plastic reduced spectra techniques such as herein used with the Newmark and the D/S ratio methods do not account for the second factor. This omission could partially explain the underpredictions by the simplified methods.
5. All of the simplified elastic failure prediction methods require that a characteristic parameter be established whether it be system ductility ratio, D/S factor, or magnification factor. More work is needed to develop methods and procedures to quantify these parameters to account for inelastic response.
6. Ductility ratios for the piping system (the ratio of the maximum displacement to that at effective yield) are much less than material ductility ratios at tensile failure. The appropriate ratios for the WHC stainless steel pipe and the ETEC carbon steel pipe systems were
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in the 5 to 10 range. Higher system ductility ratios will not raise the collapse capacities predicted by the pseudo-linear elastic methods up to the 50 to 100% higher levels withstood experimentally.
7. The progressive hinge method predicts the sequence of plastic hinge formation and permits a visualization of the system collapse mechanism. The method gives results judged more useful than the Newmark plastic spectra or the Dynamic/Static ratio methods provided proper magnification factors are selected and dynamic spectra loading are utilized.
8. Accounting for plastic hinge energy dissipation and modal frequency shifts due to system inelastic action improves the simplified methods. Simple methods and quasistatic system analysis techniques were herein described to account for those effects.
9. Failure of the ETEC six-inch diameter pipe system did occur after extensive multiple high level seismic and sinusoidal burst tests.The failure mode involved local cracking and section rupture near one pipe leg support, where ratcheting produced a bulge in the pipe diameter. Post-test analyses herein reported indicate that the failure was by ratchet-fatigue and/or ductility exhaustion, or a ratchet wall thinning and ductile tensile overload.
10. Correlations of test and calculated high-level piping dynamic response show good promise for simplified inelastic prediction methods. More tests and correlations are needed to establish a reasonable data base and to develop reliable methods for establishing safe design. This includes establishing procedures for conservatively accounting for the inelastic energy absorption and dynamic response of the piping system and establishing code acceptance criteria such as allowable ductility ratios, allowable strain criteria, or static allowable stress or load criteria. This work is consistent with the NRC Piping Review Committee recommendations (Reference 40).
11. It is recommended that additional pipe systems, that have or will be tested to high levels, be analyzed with simplified inelastic methods for response and failure mode assessments. In particular, the piping components tested under the EPRI/NRC piping and fitting program at GE (Reference 30) and the NRC pipe tests (Reference 41) at HDR and Todatsu (NUPEC) should be used to develop the needed design methods and code limits.
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