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ABSTRACT

As part of collaborative efforts between the United States and Japan, the U.S. Nuclear Regulatory Commission (USNRC)
and Brookhaven National Laboratory (BNL) participated in the Seismic Proving Test program of main steam and feedwater
systems (MS) conducted by the Nuclear Power Engineering Corporation (NUPEC) for the Ministry of International Trade
and Industry (VITI) of Japan. Scaled models of main steam piping for a typical PWR plant and feedwater piping for a BWR
plant were fabricated by NUPEC and subjected to a large number of earthquake motions at NUPEC’s Tadotsu Engineering
Laboratory. Initially, the piping systems were supported by conventional snubbers and subjected to design level earthquakes
as well as excitations beyond the design level. Then the snubbers were replaced by energy absorbing devices, and tests at
various excitation levels up to the deformation limits of the energy absorbers were performed. This report describes the
evaluation of the test results and BNL’s post-test analyses.
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EXECUTIVE SUMMARY

As part of collaborative efforts between the United States and Japan, the U.S. Nuclear Regulatory Commission
(USNRC) and Brookhaven National Laboratory (BNL) participated in the Seismic Proving Test program of main
steam and feedwater systems (MS) conducted by the Nuclear Power Engineering Corporation (NUPEC) for the
Ministry of International Trade and Industry (MITI) of Japan. Scaled models of main steam piping for a typical PWR
plant and feedwater piping for a BWR plant were fabricated by NUPEC and subjected to a large number of earthquake
motions at NUPEC’s Tadotsu Engineering Laboratory. Initially, the piping systems were supported by conventional
snubbers and subjected to design level earthquakes as well as excitations beyond the design level. Then the snubbers
were replaced by energy absorbing devices, and tests at various excitation levels up to the deformation limits of the
energy absorbers were performed.

BNL performed pre-and post-test analyses, and processed a large volume of recorded test results. This report describes
the evaluation of the test results and BNL’s post-test analyses. Two types of post-test analyses were performed, i.e.,
simulation analyses for correlation studies and design-based analyses. The objectives of the simulation analyses were
to reproduce the recorded piping responses and to understand the mechanism producing the observed complex
nonlinear behavior of the piping systems. In addition to conventional nonlinear time history analysis, equivalent
linearization techniques were also used in this study. In the design-based analyses, the piping design analysis methods,
used in the nuclear industry, were blindly applied to selected test runs of the conventional support cases. The
objectives of the analyses were to evaluate the seismic design margins as well as to assess the adequacy of various
analysis/design assumptions such as support modeling and damping assumptions.

A summary of major findings and conclusions, as well as engineering insights gained from the MS Test Program are
presented in Chapter 7 of this report.
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1 INTRODUCTION

In the seismic design of piping systems in nuclear power plants, pipe supports, such as snubbers, are idealized as simple
springs and linear structural analyses are performed to quantify the pipe stresses and support forces. Past vibration tests
of piping systems indicated that snubbers and other pipe support structures exhibit complex nonlinear behavior; and
as a result, poor correlation between analysis and test results was observed in comparison studies. Further studies on
the dynamic behavior of pipe supports are needed to improve analysis accuracy as well as to more accurately assess the
seismic design margin of piping systems.

In addition to the conventional snubber supports, the use of mechanical energy absorbers as an alternative piping support
has attracted a wide interest in the nuclear industry. The basic design concept of energy absorbers is to dissipate the
vibration energy of a piping system through nonlinear hysteretic actions. Such devices may be used not only in new
power plant design but also as part of the redesign of existing plants to reduce the number of snubbers.

As part of a collaborative effort between the United States and Japan, the U.S. Nuclear Regulatory Commission
(USNRC) and Brookhaven National Laboratory (BNL) participated in the Seismic Proving Test program of main steam
and feedwater systems (MS) conducted by the Nuclear Power Engineering Corporation (NUPEC) for the Ministry of
International Trade and Industry (MITT) of Japan. Scaled models of main steam piping for a typical PWR plant and
feedwater piping for a typical BWR plant were fabricated and subjected to a large number of earthquake motions at
NUPEC’s Tadotsu Engineering Laboratory. Initially, the piping systems were supported by conventional snubbers and
subjected to the design level earthquakes as well as excitations beyond the design level. Then the snubbers were
replaced by energy absorbing devices, and tests at various excitation levels up to the deformation limits of the energy
absorbers were performed.

Two types of energy absorbing device were used in the MS Test Program, i.c., EAB (energy absorbing) supports for
the feedwater piping and LED (lead extrusion damper) supports for the main steam piping. The EAB supports consist
of X-shaped steel plates which absorb the vibration energy through out-of-plane bending of the plates into the plastic
regime. The LED supports dissipate energy through the plastic deformation between an octagon-shaped rotor and the
surrounding lead in a chamber. Prior to the shake table tests, component tests were conducted by NUPEC for these
devices.

One unique feature of the MS Test Program was the use of a computer-controlled actuator system to generate
independent support motions for the main steam piping. An actuator was mounted between the support structure and
one nozzle of the main steam piping and shaken together with the test models. The independent support motions were:
generated based on a mathematical model of a steam generator, sensor readings of the table motions and actuator
movements.

The overall objectives of this study were to gain insights of the dynamic behavior of nuclear piping systems based on
large-scale vibration tests, to assess the current piping analysis methods, and to evaluate the performance of energy
absorbing devices as an alternative piping support.

BNL performed pre- and post-test analyses, and processed a large volume of recorded test results. This report describes
the evaluation of the test results and BNL’s post-test analyses. Two types of post-test analyses were performed, i.e.
simulation analyses for correlation studies and design-based analyses. The objectives of the simulation analyses were
to reproduce the recorded piping responses and to understand the mechanisms producing the observed complex nonlinear
behavior of the piping systems. In addition to conventional nonlinear time history analysis, equivalent linearization
techniques were used in this study. In the design-based analyses, the piping design analysis methods, used in the nuclear
industry, were blindly applied to selected test runs of the conventional support cases. The objectives of the analyses
were to evaluate the seismic design margins as well as to assess the adequacy of various analysis/design assumptions
such as support modeling and damping assumptions.

The recorded peak response values and time history plots for selected test runs are provided in Appendices of this report.
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2 SUMMARY OF NUPEC’S TEST PLAN

NUPEC’s test plan for the MS Test Program is described in detail in Appendix L of this report. This chapter
summarizes their test plan. The dynamic tests were conducted in 1994 and 1995 using the large-scale shaking table
at NUPEC’s Tadotsu Engineering Laboratory.

As illustrated in Figure 2.1, the test model consists of the main steam line (M-line) of a typical PWR Plant and the
feedwater line (F-line) of a typical BWR Plant. At the end of the M-line main pipe, a part of the steam supply pipe
for the turbine driven auxiliary feedwater pump (which is called the M-line branch pipe in this report) is also included.
The scale-down factors of the pipe models are 1/2.66 for the M-line and 1/2.3 for the F-line. Detailed information on
the test models is given in Appendices A and C of this report. Both the M-line and F-line were filled with water at
room temperature and were pressurized to a constant internal pressure during the tests.

For the M-line, the massive steam generator (SG) was not physically modeled. Instead, the SG was replaced by a
computer-controlled actuator system which simulates the dynamic motions of the SG based on the mathematical model
of the SG and sensor readings of the table motions, as illustrated in Figure 2.3.

The shaking table tests consisted of two phases: 1) the testing of piping systems with conventional snubber supports,
and 2) the testing of the same piping systems with energy absorbing devices.

In the conventional support case, mechanical snubbers are the main seismic supports for both the M-line and the F-
line. Other types of pipe supports, including hydraulic snubbers, hangers, guide (sliding) supports, and pin supports,
are installed for both the M-line and F-line. Figure 2.2 illustrates the pipe supports for the F-line. The support
denoted “FR1” is a guide support. All other supports for the F-line with conventional supports are mechanical
snubbers or spring hangers. Figure 2.3 illustrates the pipe supports for the M-line. “MR8" is a pin support while
“MR9/MR10" is a guide support or spring hanger.

In the energy absorbing (EA) support case, two types of EA’s were used in the MS test program, i.e., EAB (energy
absorbing) supports for the F-line and LED (lead extrusion damper) supports for the M-line. The energy absorbing
mechanisms of these devices are described in detail in Appendix L of this report. Figures 2.4 and 2.5 illustrate the
configurations of pipe supports for the F-line and the M-line. It should be noted that both EAB supports and
mechanical snubbers are used for the F-line, while only LED supports are used in the M-line.

The instruments used during the MS test program include accelerometers, displacement transducers, strain gages, load
cells and pressure gages. Their locations are shown in Appendix L of this report. Tables 2.1 through 2.4 list the
selected measurement items used in the correlation studies described in the following chapters. The lists include the
node and element numbers used in the analyses.

Table 2.5 summarizes the test runs, which consist of a total of about 200 dynamic tests performed at NUPEC’s
Tadotsu Laboratory during the MS Test Program. Appendix B of this report describes the details of all the major test
runs.

The input table motions were developed from time history analyses of typical PWR and BWR power plants.
According to the Japanese seismic design standards for nuclear power plants, two levels of earthquake motions, S, and
S,, are used for design analyses. In comparison with the design standards in the U.S., the S, motion is somewhat
higher than the typical OBE level, and the S, motion is approximately equal to the typical SSE level. The PCCV wave
(also denoted as C/V wave in this report) was obtained from the response of a prestressed concrete pressure vessel,
and is used for multiple excitation tests of the M-line with conventional supports. For the energy absorbing support
case, the following waves are used:
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2 Summary of NUPEC’s Test Plan

A-Wave S;:
A-Wave S,
B-Wave S;:
B-Wave S,
Tokachioki:
C-Wave S,

Figure 2.6 shows the response spectra for the A-Wave and B-Wave.

PWR-S, motion,
PWR-S, motion,

A-Wave S, motion with time scale expanded by a factor of 2.72,
A-Wave S, motion with time scale expanded by a factor of 2.72,

Vertical component of the Hachinohe records from the 1968 Tokachioki earthquake,
A-Wave S, motion with time scale varied for F-line test.

It should be noted that all the above

accelerograms are the “target waves,” used as input to the shake table at Tadotsu Lab. The actual recorded table
motions are slightly different than the target motions as described later in this report.

Table 2.1 Selected Measurement Items for M-line with Conventional Support

Instrumentation LD. ISSAC Node/Element No. PSAFE2 Node Number

(Acceleration)
AAl N-10 1
MAI N-50 6
MA2 N-90 10
MA3 N-130 12
MA4 N-150 15
MAS N-165 42
MA6 N-180 16
MAS N-200 19
MA10 N-250 21

(Displacement) (Support load)

ADIX,Y,Z N-10 1
MDla MRI1 101 10
MD2a MR2 102 10
MD3b MR3 103 1]
MD4b MR4 104 11

MD5 MRS5 105 12
MD6 MR6 106 12
MD7 MR7 107 16

MD8X,Y,Z N-150 15
MD9 MRI11] 109 212
MD10 MRi2 110 222
MDI11 112 261
(Stress)

MS1 3 4
MS2! 5 5
MS2 7 31
MS3 9 8
Ms4 14 33
MS5 17 14
MS6 46 42
MS8 23 18
MS9 25 36
MS10 30 22
NUREG/CR-6559 2-2




2 Summary of NUPEC’s Test Plan

Table 2.2 Selected Measurement Items for F-line with Conventional Support

Instrumentation LD. ISSAC Node/Element No. PSAFE2 Node Number

(Acceleration)
FA2 N-40 4
FA3 N-90 9
FAS N-180 18
FA6 N-240 26
FA7 N-280 30
FAS8 N-330 35
FA9 N-390 41
FAl0 N-440 46
FAll N-500 52
FA12 N-550 57
FA13 N-790 95

(Displacement) (Support load)

— FR1 N-10 15
FD2b FR2 201 22
FD3b FR3 202 22
FD4b FR4 203 28
FD5b FRS 204 28
FD6b FR6 205 38

FD7a,b FR7 206 39
FD8a, b FR8 207 39
FD9% FR9 208 48
FDI10b FR10 209 48
(Stress)
Fsi 1 1
ES2 18 18/19
FS3 25 26/27
Fs4 30/55 30
FS5 39 39
FS6 41/80 41
FS7 41 44
FS8 50 50
FS9 51/105 52
FS10 57 55/56
FS11 60 57/58
FS12 64 60
FS13 66 62/63
FS14 68 64
Fs1s5 80 73
FS16 85 78
FS17 90 80/81
FS18 92 92
FS19 105 91
FS20 112 95
FS21 115 98/99
FS22 117 100

Note:  For ISSAC models, N- indicates a node number and all other numbers represent element numbers.
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2 Summary of NUPEC’s Test Plan

Table 2.3 Selected Measurement Items for M-line with EA Support

Instrument LD. ISSAC Node/Element Number PSAFE2 Node Number

(Acceleration)
AAl N-10 1
MAI N-50 6
MAIl6 N-90 10
MA17 N-130 12
MA4 N-150 15
MAS N-165 35
MA6 N-180 16
MAS N-200 19
MA10 N-250 21

(Displacement) (Support force)

ADIX, Y, Z N-10 1
‘MD9 MRI11 110 212
MD10 MRI12 111 222
MD11 112 261

MDI2 X) N-90 10
MD13 (Y) N-90 10
MD14 MR8 106 16
MD15 MRI15 LED-1 12
MD16 MR16 LED-2 12
MD17 MR17 LED-3 50
MDI8X, Y, Z N-150 15
(Stress)
MSi 3 4
MS2 7 31
MS3 9 8
MS4 14 12
MS5 17 14
MSé6 47 35
MS10 30 22
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Table 2.4 Selected Measurement Items for F-line with EA Support

2 Summary of NUPEC’s Test Plan

Instrumentation 1.D. ISSAC Node/Element No. PSAFE2 Node/Number
(Acceleration)
FA3 N-90 6
FAS N-180 13
FA6 N-240 18
FA7 N-280 21
FA8 N-330 108
FAS N-390 30
FA10 N-440 111
FAll N-500 38
FA12 N-550 44
FA13 N-790 119
(Displacement) (Support load)
FR1 N-10 10
FD6b FR6 205 27
FDI11b FRI11 401 (EAB-1) 16
FD12b FR12 402 (EAB-2) 28
FDI13b FR13 207 28
FD14b FR14 403 (EAB-3) 112
FD15b FR15 208 112
(Stress)
FS1 I 1A
FS2 18 14
FS3 25 19
FS4 30 21
FS5 39 29
FS6 41 30
FS7 43-1 32
FS8 50 113
FS9 51 38
FS10 57 43
FS11 60 45
FS12 64 114
FS13 66 49
FS14 68 50N
FS15 80 51
FS16 86 54N
FS17 90 56
FS18 92 58N
FS19 105 - 59
FS20 112 119
FS21 115 65
FS22 117 66N

Note:  For ISSAC models, N- indicates a node number and all other numbers represent element numbers

2-5
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2 Summary of NUPEC’s Test Plan

Table 2.5 Summary of Test Runs

Pipe Support Test Item Table Motions
Conventional Support Case Preliminary Test (PC) Sinusoidal waves
Random waves
Seismic Proving Test (VC) Design motions S, and S,

Design Method Confirmation Test (DC)

Design motion S,

C/V wave
Marginal Test (MC) Amplified S, motion
Energy Absorbing Support Case | Preliminary Test (PE) Sinusoidal waves

Random waves

Design Method Confirmation Test-I (DEI)

A-wave and B-wave
Actuator for M-line operated

Design Method Confirmation Test-II
(DE2)

A-wave
Actuator for M-line not
operated (fixed)

Marginal Test (ME)

A-wave and B-wave with
varied amplitude and time
scale

Tokachi-oki wave

NUREG/CR-6559
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2 Summary of NUPEC’s Test Plan

Feed Water Piping System

Shaking Table

Actuator

Figure 2.1 MS Seismic Proving Test Model
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3 SUMMARY OF NUPEC’S TEST RESULTS

3.1 Introduction

The test results of the MS Test Program are described in detail in Appendix M of this report. Listings of recorded peak
responses and plots of selected channels for six test runs are also provided in Appendices E through J. This chapter
briefly outlines the observed piping responses for both the conventional support case and the EA support case, and
summarizes major findings from the MS Test Program.

3.2 Conventional Support Case

Figure 3.1 shows the hysteretic responses of mechanical snubbers of the M-line with conventional supports for the 1.0
S2(M) test run. The observed complex nonlinearity in the snubber behavior was considered to be mainly caused by.
the mechanical gaps in both snubbers and the connection to pipes (i.e., pipe clamps) as well as by the orthogonal (to
the snubber axis) forces. The irregularity in the hysteretic behavior seems to be more pronounced for the snubbers with
lower applied forces, i.c., the snubbers MR3 and MR4. Table 3.1 lists the measured peak responses. The recorded
support forces were higher than the values estimated during planning due to the gap nonlinearity of the snubbers.
However, the pipe stresses were much lower than the yield stress of 25 Kg/mm?, and not significantly affected by the
high-frequency vibrations caused by the mechanical gaps.

As indicated in Table 3.1, the peak relative displacement applied by the independent actuator at the SG-joint (AD1)
was 2.46 mm for this test run. A different combination of the table motion and the independent actuator motion was
used in the multiple excitation test to study the effects of the independent support motion on the piping responses (see
Appendix M for a more detailed description of the test results). In that test, the amplitude of the table motion was
reduced to 1/3 of the foregoing 1.0 S2(M) test run, but the peak relative displacement of the independent actuator was
increased from 2.46 mm to 3.54 mm. As a result, higher support forces and pipe stresses were measured at several
locations, indicating the significance of the independent support motions on the piping responses.

Figure 3.2 shows the hysteretic responses of mechanical snubbers of the F-line with conventional supports for the 1.0
S2(F) test run. Table 3.2 lists the recorded peak responses. Again, highly irregular hysteretic responses are observed
for snubbers with lower applied forces, e.g., FR2, FR3, FR4 and FR5. In the test series where only the table motion
amplitude was varied, it was observed that almost all the measured peak responses were not proportional to the table
motion amplitude. The response amplification factors at higher excitations tend to be reduced, particularly for the pipe
stresses and the support forces.

3.3 Energy Absorbing Support Case

As illustrated in Figure 2.5, the mechanical snubbers of the M-line were replaced with three LED supports in the main '
piping and a large number of test runs were conducted. The test results from the 1.0 S2(A) test run are given in Table
3.3 and Figure 3.3. The response of the LED supports shown in Figure 3.3 indicate stable hysteresis loops of the
newly proposed energy absorbing device. In test series with varied table motion amplitudes, it was observed that both
the support forces and the pipe stresses tended to level off in higher amplitude tests, indicating the effectiveness of the
LED supports. Since only three LED supports were installed on the test model, the measured pipe stresses were much
higher than those measured in the test cases with conventional supports.

After the independent support motion (ISM) tests described above, the SG-joint was fixed to the common support
structures and a large number of uniform motion tests were performed mainly for assessing the seismic margin of the
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3 Summary of NUPEC’s Test Results

LED supports. The most severe test was conducted at the end of the MS Test Program using the Tokachi-Oki
earthquake wave (see Appendix J of the report).

As illustrated in Figure 2.4, three mechanical snubbers and three EAB supports were installed on the F-line. The test

results for the 1.0 S2(A) wave test run are summarized in Table 3.4 and Figure 3.4. The observed hysteretic responses

of the mechanical snubbers indicate a highly irregular nonlinearity. The responses of the EAB supports, on the other

hand, seem predictable. The most severe test wave for the F-line was the 1.2 S2(C) wave (see Appendix H of this

report). During this test run, the peak displacement response of EAB-3 exceeded the displacement limit of 15 mm,
which is the movable length of pins within the slots (see Appendix L of this report for the details of the EAB

mechanism). Also, the peak support force of 10.74 tons for mechanical snubber FR15 is about 2.4 times higher than -
the design capacity of 4.5 tons. .

3.4 Major Findings from the MS Test Program

An enormous amount of test data were generated for the dynamic responses of piping systems with various support
configurations from a total of more than 200 test runs. This report, in fact, describes only a small portion of the
obtained test results. The test results were studied further and analyzed as part of the simulation studies, which are
described in Chapter 5 of this report. Based on the observation of the test results describes above, the following
conclusions can be drawn.

J During the MS Test Program, the accuracy of the shaking table control was excellent, and the predicted floor
responses of a reactor building were successfully reproduced.

. The great quantity of test results on earthquake response of piping with various support conditions, including
the ISM tests, can be used to verify existing computer codes.

. The scaled piping specimens of the main steam line and the feedwater line properly modeled actual piping
systems in typical PWR and BWR nuclear power plants, particularly the pipe support conditions. The
recorded piping responses, however, did not exactly reproduce the piping responses predicted by the pre-test
analyses due to various nonlinearities and flexibilities in the pipe supports. This complexity, however, may
also exist in piping systems of actual power plants.

. The tested piping systems, even those with conventional supports, are complex nonlinear structures. Various
mechanical gaps in pipe support systems were a main factor of the observed nonlinearities that were not
considered in the pre-test analyses.

. Under the design earthquake loadings, the measured pipe stresses were much lower than the yield stresses for
both the conventional and E.A. support cases. :

. Due to the nonlinearities in support systems, the measured responses were not proportional to the excitation
amplitude levels. In almost all the test cases, the ratios of the measured responses to the excitation amplitude
levels tend to be reduced at higher excitation levels.

. Mechanical snubbers contribute to a spring hardening characteristic to the piping systems, i.e., the vibration
frequencies tend to be increased at higher excitation levels. On the other hand, the E.A. support systems
contribute a soft spring softening characteristic, i.e., the vibration frequencies tend to be reduced at higher
excitation levels.
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3 Summary of NUPEC’s Test Results

The structural as well as functional integrities of conventional snubbers were confirmed up to a support force
2.4 times higher than the rated design load.

Rate-dependent characteristics were observed in the response of LED supports. The behavior of the EAB
supports was more predictable, and rate-dependency was not observed.

Both the LED and EAB support systems sustained a large number of earthquake loadings that were much
higher than the design load levels without losing structural or functional integrity. During a few tests with
highest table motions, pipe stresses slightly exceeded the yield stress level at a few locations. However, the
piping remained elastic, and no structural damage was observed during detailed inspections after the MS
program.

The observation of the test results implied an advantage of the E.A. supports over conventional snubbers
because piping systems can be designed more flexible using much fewer numbers of pipe supports. The
larger pipe deflection; and, therefore, higher pipe stresses, in a more flexible piping system can be
compensated for by large energy absorbing capabilities of E.A. supports as well as by the inherent large
seismic margin in piping. This will enhance the seismic reliability of nuclear piping systems during a large
earthquake event, particularly against large differential support motions. Also, the dynamic responses
appeared to be more predictable than those of conventional snubbers.

The test series of the M-line with the independent actuator clearly demonstrated the significance of the
independent support motion ISM). In the conventional support case, the magnitude of the peak differential
displacement had a much larger impact on the measured pipe stresses and the support forces than the level
of acceleration input, as illustrated by the comparison between the 1.0 S2(M) test (Table M.6) and the %
S2(M) Multiple Excitation test (Table M.7). In the E.A. support case, this tendency was much less obvious
as the flexibility of the E.A. supports tends to reduce a local stress concentration and leads to a more uniform
strain distribution.
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3 Summary of NUPEC’s Test Results

Table 3.1 Measured Peak Responses of M-line with Conventional Supports, 1.0 S2(M) Test Run

Acceleration Displacement Support Forces Pipe Stress

® (mm) (ton) (kg/mm?)

Instrument | Direction | Values | Instrument | Direction | Values | Instrument | Values } Instrument | Values

AAl X 5.04 ADI1 X 2.46 MRI1 5.22 MS1 1.86
Y 0.27 Y 0.06
Z 0.40 Z 0.19

MAI X 6.04 MDla 1.35 MR2 6.81 MS2! 0.97
Y 4.07
Z 1.72

MA2 X 4.83 MD2a 1.56 MR3 1.46 MS2 1.63
Y 2.47
Z 2.11

MA3 X 3.80 MD3b 0.88 MR4 1.41 MS3 2.30
Y 1.40
Z 1.65

MA4 X 3.15 MD4b 0.94 MRS5S 2.51 MS4 1.37
Y 1.24
Z 1.47

MAS X 3.05 MD5a 0.77 MR6 3.27 MS5 1.02
Y 1.19 (5b) (0.76)

MAG6 X 2.02 MD6a 0.85 MR7 1.55 MS6 1.52
Y 1.14 (6b) (0.64)

MAR X 2.15 MD7a 0.67 MR9 1.10 MS8 0.80
Y 1.31 (7v) 03D
Z 1.83

MAI10O X 2.38 MD8 X 1.28 MR10 0.97 MS9 0.63
Y 0.34 Y 0.54
Z 0.95 Z 0.93
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3 Summary of NUPEC’s Test Results

Table 3.2 Measured Peak Responses of F-line with Conventional Supports, 1.0 S2(F) Test Run

Acceleration Displacement Support Forces Pipe Stress
® (mm) (ton) (kg/mm?)

Instrument | Direction | Values | Instrument | Values | Instrument | Values | Instrument | Values
FA2 X 2.09 FD2b 0.32 FR2 0.88 FS1 29

Y 0.62

Z 0.93 FS2 1.3
FA3 X 2.63 FD3b 0.68 FR3 1.39 FS3 1.0

Y 0.17 :

Z 1.36 FS4 1.3
FAS X 2.08 FD4b 0.46 FR4 0.96 FS5 1.6

Y 0.28

7 1.09 FS6 1.4
FA6 X 2.07 FD5b 0.71 FRS 1.42 FS7 16

Y 1.45

Z 1.51 FS8 04
FA7 X 3.38 FD6b 0.79 FR6 2.45 FS9 1.6

Y 1.24

Z 1.19 FS10 0.9
FAS8 X 3.07 FD7a,b 0.88 FR7 3.52 FSI11 1.7

Y 1.28 0.39)

Z 1.64 FS12 1.4
FA9 X 2.69 FD8a, b 0.63 FR8 242 FS13 1.4

Y 1.24 0.33)

Z 1.24 FSl14 29
FA10 X 2.78 FD9% 0.49 FR9 2.73 FSI15 1.2

Y 1.11

Z 1.13 ) FS19 1.6
FAll X 3.11 FD10b 0.56 FR10 1.85 FS20 2.1

Y 1.90

Z 1.19 FS21 1.8
FA12 X 3.10 FS22 2.8

Y 1.95

Z 1.30
FA13 X 318

Y 1.36

Z 1.26
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Table 3.3 Measured Peak Responses of M-line with LED Supports, 1.0 S2(A) Test Run

Acceleration Displacement Support Forces Pipe Stress
® (mm) (ton) (kg/mm®)
Instrument | Direction | Values | Instrument | Direction | Values | Instrument | Values | Instrument | Values
AAl X 442 ADI1 X 295 MR8 591 MS1 9.1
Y 0.33 Y 0.25
Z 0.45 Z 0.19
MAl X 3.80 MD15/ 26 MR15/ 1.60 MS2' 47
Y 5.60 LED-1 LED-1
Z 2.02
MAIlé6 X 3.37 MDI16/ 5.2 MR16/ 1.81 MS2 1.8
Y 7.44 LED-2 LED-2
Z 222
MA17 X 474 MD17/ 4.5 MR17/ 1.01 MS3 55
Y 2.25 LED-3 LED-3
Z 1.97
MAA4 X 3.38 MDI8 X 55 MS4 3.0
Y 2.78 Y 48
Z 2.06 Z 46
MAS X 2.70 MSS 4.3
Y 2.85
MAG6 X 2.18 MS6 4.1
Y 2.98
MAS X 2.29 MS8 2.0
Y 275
4 4.99
MAL10 X 2.06 MS9 3.7
Y 1.39
Z 5.61
MS10 22
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3 Summary of NUPEC’s Test Results

Table 3.4 Measured Peak Responses of F-line with EAB Supports, 1.0 S2(A) Test Run

Acceleration Displacement Support Forces Pipe Stress
® (mm) (ton) (kg/mm?’)

Instrument | Direction | Values | Instrument | Values | Instrument | Values | Instrument | Values
FA3 X 3.08 FD6b 1.05 FR6b 1.66 FS1 43

Y 0.41

4 1.80 FS2 4.5
FAS X 298 FD11b/ 5.42 FR11b/ 0.71 FS3 6.9

Y 0.62 EAB-1 EAB-1

Z 2.28 FS4 9.5
FA6 X 4.94 FD12b/ 7.20 FR12b/ 1.43 FS5 2.4

Y 3.28 EAB-2 EAB-2

Z 3.30 FS6 5.0
FA7 X 5.20 FDI13b 1.25 FR13b 4.89 FS7 3.5

Y 1.98

Z 2.22 FS8 1.2
FA8 X 4.97 FD14b/ 8.50 FR14b/ 1.45 FS9 8.5

Y 1.28 EAB-3 EAB-3

Z 2.96 FS10 5.7
FA9 X 3.04 FDI15b 0.82 FR15b 437 FS11 5.9

Y 1.57

Z 2.43 FS12 3.6
FAlO0 X 3.29 FS13 7.1

Y 1.52

Z 2.84 FS14 8.8
FAll X 4.07 FS15 6.0

Y 3.75

Z 3.06 FS19 83
FAl12 X 5.56 FS20 3.7

Y 2.48

Z 2.14 FS21 10.7
FAl3 X 3.68 FS22 8.1

Y 1.90

Z 3.31
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4 ANALYSIS PLAN

4.1 Analysis Objectives

Two types of post-test analyses were performed for selected test runs, i.e., simulation analyses for the correlation
studies described in Chapter 5, and design-based analyses described in Chapter 6. The objectives of the simulation
analyses were to reproduce the recorded piping responses and to understand the mechanism of the observed complex
nonlinear behavior of the piping systems described in the preceding chapter. Factors that were considered to be critical
in simulation analyses included the modeling of the nonlinearity of support structures, consideration of seismic anchor
motions, damping assumption, and detuning effects of nonlinear piping systems. In addition to conventional direct
time integration analyses, equivalent linearization techniques were also used in this study. Existing equivalent
linearization analysis techniques were reviewed, modified and refined for a better correlation with the observed
nonlinear piping responses.

In the design-based analyses, the piping design analysis methods, currently used in the nuclear industry, were blindly
applied to selected test runs of the conventional support cases. The objectives of these analyses were to evaluate the
seismic design margins for support forces and pipe stresses, as well as to assess the adequacy of various
analysis/design assumptions, including modeling of support structures, damping assumptions, and independent support
motion (ISM) consideration.

4.2 Review of Piping Analysis Methods

4.2.1 Design Analysis Methods in Nuclear Industry

The seismic design of piping in nuclear power plants is based on ASME Design Codes and the US NRC Standard
Review Plant (SRP) and Regulatory Guides (¢.g., R.G. 1.6] for damping values, R.G. 1.92 for modal combination
rules, and R.G. 1.122 for development of floor spectra). The response spectrum approach using the SRSS combination
rule and broadened spectra (by +15%) is predominantly used in design calculations. Time history analysis, which is
more time consuming, is rarely used for piping design. To avoid excessive conservatism, the peak shifting approach
is used as an alternative to broadened response spectra. System modal responses at frequencies up to the ZPA range
are combined using the SRSS rule. When two frequencies are close, i.e., two frequencies differ from each other by
10% or less of the lower frequency, the coupling effect of vibration modes are considered by using the double sum
method or grouping method. In the rigid frequency range, the responses may be underestimated due to the foregoing
modal cutoff. The missing mass correction may be necessary when this effect is considered to be significant. The
response spectrum analysis is performed for three earthquake components separately, and the calculated responses,
including support forces and pipe stresses, are then combined using the SRSS rule.

While the seismic inertia forces are quantified using the response spectrum approach, a separate static analysis is
normally performed for the seismic anchor motions (SAM), and combined with the inertia part. When more than one
SAM is involved in a piping system, the worst combination of the peak relative displacements is considered to give
the maximum stresses in the pipe.

In the structural analyses of piping systems, various pipe supports are usually modeled as uniaxial springs. The
supports are modeled using their actual stiffness values or rigid stiffness values. When rigid stiffness values are used,
sufficiently large values should be assumed to ensure that the stiffness of the supports do not affect the calculated
vibration frequencies.

4-1 NUREG/CR-6559



4 Analysis Plan
4.2.2 Analysis Methods for Nonlinear Piping Systems

The main objective of the MS Test Program is to study the dynamic behavior of conventional as well as energy
absorbing (E.A.) pipe supports. The test results described in the foregoing Chapter 3 indicate a complex nonlinear
characteristic of conventional mechanical snubbers, whereas the hysteretic behavior of the E.A. supports is considered
to be more predictable. According to the studies for the HDR-VKL piping system (Ref. 2) in which a full-scale piping
system with snubbers and E.A. supports was subjected to high-level vibrations and the test results were compared with
linear as well as nonlinear analyses, a relatively poor correlation was observed between the measured responses and
the analysis predictions particularly for support forces and acceleration responses. The high-frequency components
caused by gaps in snubbers and other support structures were considered to be a main cause of the analysis errors.

In the past a large number of studies were performed to simulate the nonlinear dynamic behavior of various pipe
supports. The nonlinear time history (NTH) analysis method was mainly used to study the effects of gap nonlinearities
(e.g., Refs. 3 and 4). An equivalent linearization approach method (ELA) was also applied to account for the gap
nonlinearity in seismic stop piping supports (Ref. 5). In that analysis formulation, the equivalent stiffness for the gap
nonlinearity was evaluated using Caughey’s Method (Ref. 6), and the responses were obtained by the iterative response
spectral method.

Similar ELA analyses were applied to snubber supports (e.g., Ref. 7), as well as to various E.A. supports (e.g., Refs.
8 and 9). In most of the past studies on the application of the ELA to nonlinear piping systems, the equivalent
stiffnesses and damping were evaluated as a function of pipe support deflections, and an iterative response spectral
method was used to obtain the responses of piping systems. Compansons to NTH analysis generally indicate that the
ELA provides a conservative result (e.g., Ref. 8).

4.3 Analysis Methods
4.3.1 Modeling of Pipes
In the simulation analyses described in Chapter 5, straight and circular curved beam elements are used to model the

piping. In to the ISSAC code (Ref. 10), the basic flexibility matrix (6x6) of the circular curved beam is formulated
as follows.

+2-$-cos*d - 1.5s5in2¢)

R 1. RE( 1. R
L P Lo
= EA(¢+2sm2¢)+ GA((b e ¢)+

Jio =F = in’$ -¢-sin2¢)

R
WEL,

Jis =S = #E_z 2 ¢-cosd -2sind)
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where: R = elbow radius I, = moment of inertia
¢ = half of elbow angle; for in-plane bending;
E = modulus of elasticity; I, = moment of inertia for
A = cross-sectional area; out-of-plane bending;
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K, = shape factor for w = flexibility factor;
in-plane shear; G = shear modulus;

K, = shape factor for K, = St. Venant torsion
out-of-plane shear; constant.

The above flexibility factor, u, as well as the stress intensification factor, 7, are evaluated based on the ASME codes

Ref. 11).

For elbows. . . ..

p==m i=oam h=— 4.2)

where, t= pipe thickness,
R = elbow radius at the center of pipe section
r = radius of pipe at the middle of thickness

For tee joint. . . . .

=10 =392 4

23’

S
~
&

“.3)

-

where, t= pipe thickness of the main line
r = pipe radius of main line at the middle of thickness

4.3.2 Modeling of Pipe Supports

The gap nonlinearity of mechanical snubbers is illustrated in Figure L.12. The nonlinear model used in the ISSAC
code is shown in Figure 4.1, which is a non-hysteretic bilinear model. The initial stiffness factor, ¢, is assumed to be
zero in the analyses. The parameters to define the nonlinearity, A and K, are listed in Tables L.3 and L.4. In the

analyses, a different gap value, A, and a different stiffness, K, are used between the compression side and tension side.

To model the E.A. supports, the so-called Bouc-Wen model was used (Ref. 12). According to Wen (1980), the
nonlinear restoring force, q, is expressed as,

g=acku+(1-a)kZ 4.4

Z=u-p-uzZ" -y |azz"? @“.5)

in which, u and % = the relative displacement and velocity; K = the initial stiffness; & = the postyield stiffness ratio;
and Z = hysteretic component with the unit of displacement; and n= a parameter to characterize hysteresis loops.

The above hysteretic parameters, K, «, §, vy and n, were determined by curve-fitting the available component test data
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for the EAB supports and the MS test results for the LED supports. The results are shown in Figures 4.2 through 4.5.
It seems that a better curve-fit is observed for the EAB supports than the LED supports.

4.3.3 Nonlinear Time History Analysis

In the ISSAC code (Ref. 10), the equations of motion for nonlinear time history analyses are expressed in the following

incremental form:
i) [, o](u k) (de) (o @.6)
{Ii}+[oc u + {R} + T { }z{}
2 2 2 kz kg du2 P

in which, u, = free (non-constrained) absolute displacements; u, = forced (constrained) absolute displacements; R=
restoring forces; and P = reaction forces. The conventional Newmark’s B-method is used to solve the above equations
by assuming the following Rayleigh damping;

m, o

o m,

[e] = & [M] + B[K] @.7

According to the above formulation, any number of independent support motions can be applied directly to the analysis
model.

4.3.4 Equivalent Linearization Approach

The detailed analysis formulations for the ELA are given in Appendix K of this report. The analysis methods are
briefly summarized in this section. Two types of ELA are used in this study, i.e.,

ELA/RS...... Response spectral approach using SRSS approximation.
ELA/LRV. . ... Linear random vibration approach using power density spectra for input.

ELA/RS Method. . .According to the classical study by Caughey (1963), the equivalent stiffness, k., of a hysteretic
system is obtained based on the slowly-varying assumption on the nonlinear oscillation, as

Ké’

2n
1
q=E£F(u)-cosﬁd8,u:U-cosﬁ 4.8)

in which, U is the peak displacement amplitude; and F(u) is the nonlinear restoring force for the largest hysteresis loop
as a function of displacement, u.

In the gap nonlinearity shown in Figure 4.1, the equivalent stiffness is expressed as,
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2K - 1 1 1
b o+ Koo (1) - (1) [ 5} @9

For the equivalent modal damping, h,,, the formulation proposed by Tansirikongkol and Pecknold (Ref.14) is used
in this study.

(4.10)

r

Z e?r'si
=h + 4

eq,r o,r 5

weq,r 2M r' w

eq,r

h,; = elastic modal damping

, = frequency for r-th mode

W,, = equivalent frequency

M, = modal mass

€ = modal strain of component-I

S = normalized hysteresis area of component-I
A

o —fr— K (1 - a ( E— 1)......for binlinear  system
b w

The SRSS approximation is used in the iterative solution scheme, in which the above k., and h,, are updated, followed
by a new eigenvalue analysis of the equivalent linear system.

ELA/LRV Method This method is based on linear random vibration theory and a modified Kryloff-Bogoliubov
equivalent linearization approach. A displacement component, u,, in a piping system is
expressed as,

b= L0, 0,0 b X, @.11)

in which, g, is the r-th normal mode response; ¢, is the eigenvector of the fixed-based system; X, is the differential
displacement at the m-th fixed degree of freedom; and ¢, is the displacement mode due to the m-th differential
displacement. Assuming stationality of responses, the covariance for a pair of displacements, u; and v, are obtained
as,

Ruiu]- (0) = ;zs:d)ir(biers + gzﬂ:(pim(pjm ) Rmn (412)

in which, R is the covariance for the r-th and s-th normal mode responses; and §m is the covariance for the m-th
and n-th differential displacements.
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R,=3 3 Cy BBy f H (o) - H, (@) /S (@) - 3, dw (4.13)
k ! Ao
R, =C, [H @) H (@){5{0)5,(@) do (4.14)

in which, G, is the correlation coefficient for the k-th and I-th excitations; B is the r-th participation factor for the k-th
excitation; H (&) is the transfer function for the r-th mode; and S,(w) is the k-th PSD function.

The equivalent component stiffness k,,, and modal damping, h,,, can be defined using the peak distribution functions,
pl(u9 oe) and pz(U, 06)’ as,

K = f K@) - p,u,0,) du
9 @.15)
h ) p(u,0) du

&
3
1}
o\, 8

in which, o, is the standard deviation of the strain response. The details of the above peak distribution functions can
be found in Appendix K. The foregoing eqgs. (4.8) and (4.10) can be used for the peak response dependent stiffness
and damping, K., (u) and h,, (w).

ﬂ‘ Force

Displacement

pomst b can —

»
v

1
QK A rA

Figure 4.1 Modeling of Gap Nonlinearity for Mechanical Snubbers
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S CORRELATION ANALYSES

5.1 Summary of Analyses

A total of 17 test cases were selected for this correlation study as listed in Table 5.1. For the M-line with conventional
supports, two test runs, VC-6 and MC-6, were selected in which the SG-model shown in Figure L.7 was used for the
independent actuator motion. In addition, one test run, DC-3, was selected from the multiple excitation test series in
which the 2 DOF model shown in Figure L.8 was used to reproduce the PCCV waves for the independent actuator
motions.

For the F-line with conventional supports, two test runs, VC-3 and MC-3, were selected. In these tests, the S2(F)
waves (BWR waves) were used with amplitude scale factors of 1.0 and 1.3, respectively.

A larger number of test runs were selected for the energy absorbing support case. For the M-line with actuator, three
test runs using S2(A) waves, DE1-1, DE1-3 and DE1-9, were selected in which the amplitude scale factor was the only
parameter varied during the tests. Among the test series for the M-line with the SG-joint fixed to the support structure
(without actuator), three test runs, DE2-13, DE2-15, and ME-9, were selected as listed in Table 5.1. All the test runs
used the S2(A) waves with amplitude scale factors of ¥4, 1.0 and 2.5. In addition, a Tokachi-Oki wave test, ZT-2, was
analyzed. This test run produced the highest responses of the M-line piping system.

For the F-line with EAB supports, four (4) S2(A) wave tests, DE1-1', DE1-3', DE1-9 and ME-9, were selected in
which the amplitude scale factors were %4, 1.0, 1.3 and 2.5. In addition, the most severe test run, ZT-1, was also
analyzed as listed in Table 5.1.

Table 5.2 summarizes the types of analyses performed for the correlation studies. Three (3) types of analyses, i.c.,
nonlinear time history analysis (NTH), the equivalent linearization approach (ELA) based on the SRSS modal
superposition (ELA/RS) and the ELA based on the linear random vibration theory (ELA/LRV) were performed. Since
the ELA/RS approach cannot account for the multiple excitation motions, only the NTH and ELA/LRV were used for
the M-line when the independent actuator was operated.

The BNL’s in-house code, ISSAC, was mainly used in this correlation study. The commercially available ANSYS
code was also used for the M-line with LED supports to cross-check the adequacy of the analysis methods. Since the
gap nonlinearity of snubbers (see Figure 4.1) cannot be properly modeled with the ANSYS code, for the nonlinear
dynamic analyses, the ANSYS analysis was limited to the M-line with LED supports (without actuator) case. During
the planning stage of the MS Test Program, the commercial code, ABAQUS, was also used to confirm the pre-test
analyses by the ISSAC code. The calculated results are summarized at the end of this chapter.

5.2  Analysis Models

Figures 5.1 through 5.4 show the analysis models for the ISSAC code. The types of elements used for the models are
listed in Table 5.3. Straight and circular curved elastic beam elements are used to model the piping. As described in
previous chapters, the Bouc-Wen model is used to characterize the hysteretic behavior of the E.A. supports while the
gap nonlinearity, shown in Fig. 4.1, is used for snubbers.
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5.3 Input Table Motions

For all the analysis cases described in this chapter, the table motions recorded during the tests were used as the input
to the analysis models. The acceleration records of XOXB, YD2-E, and ZOXB were used to represent the table
motions in the X, Y and Z-directions, respectively. Figures 5.5 through 5.8 show the recorded accelerograms. It
should be noted that the input motion, S2(M), is the same as the A-wave, S2(A).

5.4 M-Line With Conventional Supports

As shown in Figure 5.5, table motions XOXB, and ZOXB were used as the basic input motions in the X and Z-
directions, respectively. The independent actuator motion is applied at the SG-joint, which is Node-10 in Figure 5.1
(see Figure 2.3 also). The recorded accelerogram AA1-X corresponds to the independent support motion as shown
in Figure 5.9-(a) and Figure 5.10(a) from 1.0 S2(M) test run. Due to the low-frequency components introduced by
the low-pass filter used in Tadotsu’s data acquisition system, a significant drift (or displacement) was observed in the
recorded accelerogram, AA1-X. Since the amount of the drift was found to be so large (more than 10 meters), the
application of a conventional baseline correction scheme was considered to be inappropriate since it would distort the
original recorded motions. To alleviate this problem, the independent actuator motion, AA1-X, was newly generated
using the recorded relative actuator displacement, AD1-X. The following numerical procedure was used for this

purpose:

1. Numerically differentiate the recorded relative displacement, AD1-X, twice to
obtain the relative acceleration of the actuator motion;
2. Eliminate the numerical errors in the calculated acceleration, which were evaluated

by integrating twice to reproduce the relative displacement, and then compare with

the original displacement record. An iterative procedure was used to minimize the

numerical errors caused by the numerical differentiations;

Baseline correct the calculated relative acceleration;

4. Add the relative acceleration of the actuator motion to the base table motion,
XOXB, to obtain the absolute acceleration for AA1-X.

w

The generated actuator motion is shown in Figure 5.9-(b). In comparison with the recorded motion, the errors in the
spectral value (shown in Figure 5.10) are considered to be small.

For the simulation study, S2(M) test runs and the Multiple Excitation test run were selected as listed in the foregoing
Table 5.1. Two types of analyses, i.e., nonlinear time history (NTH) and equivalent linearization approach based on
linear random vibration theory (ELA/LRV), were used. In the ELA/LRYV analyses, a viscous damping value of 5.0%
was assumed for all the modes, and the cutoff frequency was 100Hz. The correlation between input motions was
considered to exist only between the independent actuator motion (AA1-X) and the X-direction table motion (XOXB).
All other motions were considered to be uncorrelated (statistically independent). In the NTH analyses, internal
damping was considered in the form of Rayleigh damping. The assumed damping value was 5.0% at 20Hz. Table
5.4 compares the calculated vibration frequencies from ELA/LRV with those measured during sine sweep tests. In
general, vibration frequencies tend to increase as the excitation level increases due to the hard spring nature of the
snubbers. More detailed comparisons between measured and calculated responses are described below for the three
test runs.

1.0 S2(M) Testrun. . . . . The calculated and measured peak response values are tabulated in Table 5.5. It is observed

that some of the calculated acceleration values in Table 5.5 (a) and support forces in Table 5.5 (¢) overestimate the
measured peak values. The low-pass filter, that was used to process the measured data, seems to affect the recorded
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peak values significantly. To simulate the effects of filtering on the recorded responses, the analysis results were
filtered in the time domain using the averaging method. A cutoff frequency of the low-pass filter was set at 200Hz.
The filtered analysis results are tabulated in Table 5.5 (a) and (¢). Displacements and pipe stresses were not filtered
since they were much Iess affected by a low-pass filter. The effect of filtering on acceleration responses is illustrated
in Figure 5.13. At the measuring location, MA3-X, the low-pass filter reduced the peak value by 62% (11.73g to
4.43g), and the calculated accelerogram correlates better with the measured one. Figures 5.14 through 5.16 illustrate
the effects of filtering on the hysteretic behavior of mechanical snubbers. It can be observed that the filtering
introduces an artificial hysteretic damping in the calculated snubber responses, which somewhat resembles the recorded
hysteresis in Figures 5.15 and 5.16 for MRS and MR6. The unique nonlinearity found in MR3 (Figure 5.14), which
was caused primarily by the lateral movements of snubbers, was not reproduced in the filtered analysis results.

Figures 5.17 through 5.21 show comparisons of peak response values. It can be observed that after filtering the NTH
analysis results correlate well with the measured responses. The results from the ELA/LRYV generally follow those
of the NTH for all responses.

1.5 S2(M) Test Run. . . .. All peak response values are tabulated in Table 5.6, and those of the X-direction
accelerations and support forces are plotted in figures 5.22 and 5.23. It can be observed that the tendencies of the
results are very similar to those of the foregoing 1.0 S2(M) test case.

Multiple Excitation Run. . . .. All peak response values are tabulated in Table 5.7, and those of the X-direction
accelerations and support forces are plotted in Figures 5.24 and 5.25. In comparison with the foregoing 1.0 S2(M)
test run, the acceleration responses are much lower but the support forces are somewhat higher. This is due to the fact
that the differential displacement of the independent actuator motion of 3.54 mm (see AD1-X in Table 5.7 (b)) is larger
than 2.46 mm in the 1.0 S2(M) test case (see AD1-X in Table 5.5 (b)).

5.5 F-line With Conventional Supports

Two test runs, 1.0 S2(F) and 1.3 S2(F), were used for the correlation studies of the F-line with conventional supports.
The input table motions are shown in Figure 5.6 for the 1.0 S2(F) test run. The table motions for the 1.3 S2(F) case
are 30% higher than those shown in Figure 5.6. A sharp spectral peak at 14.5Hz in the X-direction motion (see Figure
5.6 (a)) dominates the table motions in these test runs. The same damping assumption used for the M-line was used
in these analyses. In the NTH analyses, Rayleigh damping was assumed to be 5% at 16.4Hz. Two types of equivalent
linearization analyses, i.e., ELA/RS and ELA/LRV, were performed for these cases. A cutoff frequency of 80Hz was
assumed in both the ELA methods. Table 5.8 compares the calculated vibration frequencies from the equivalent
linearization analyses with those measured during sine sweep tests. It should be noted that due to the very steep slope
near the spectral peak at 14.5Hz, a slight difference in the calculated frequency values tends to affect the responses

significantly.

1.0 S2(F) Test Run. . . .. All response values are tabulated in Table 5.9. These values are also plotted in Figures 5.30
through 5.34. The same low-pass filter was applied to the NTH analysis results (for accelerations and support forces).
It can be observed that most of the recorded peak values fall between the non-filtered original analysis results (NTH-A
in Table 5.9) and the filtered analysis (NTH-B in Table 5.9) results. An additional NTH analysis was performed for
this test un (NTH-C in Table 5.9) to study the effects of changing the snubber stiffnesses. All the snubber stiffnesses
were reduced by 50% in this additional analysis, and the results were compared with the measured and original analysis
results. No significant improvement was made by changing the snubber stiffnesses. Figures 5.26 and 5.27 show
comparisons of the acceleration time histories. A better correlation can be found in the filtered analysis results.
Figures 5.28 and 5.29 show examples of the hysteretic responses of snubbers. In general, the filtered analysis results
show better correlation. However, a highly irregular nonlinearity observed in some of the snubber responses, €.g.,
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snubber FR3 in Figure 5.28, was not reproduced in the analyses. Figures 5.30 through 5.32 show plots of the peak
acceleration responses tabulated in Table 5.9 (a). Although it is difficult to draw a clear conclusion, the observed
analysis errors are greater than that of the foregoing analyses for the M-line, and the ELA/LRYV results correlate better
than those by ELA/RS. The peak responses of support forces are shown in Figure 5.33. The analysis results,
particularly the filtered NTH results, correlate well with the measured peak values. Again, the ELA/LRYV results
correlate with the NTH results better than the ELA/RS. The correlation of pipe stresses are tabulated in Table 5.9 (d)
and plotted in Figure 5.34. The analyses tend to over-predict the measured peak stresses, particularly where stress
intensification factors are used to multiply the stress values from the analyses. It seems that the stress intensification
factors listed in Table 5.9 (d) are in general conservative. A similar trend was observed in the foregoing M-line
analyses (see Figure 5.21).

1.3 S2(F) Test Run, . ... The peak response values are tabulated in Table 5.10, and those of the X-direction
accelerations and support forces are plotted in Figures 5.35 and 5.36. The analysis correlation for this higher-
excitation run is better than that of the foregoing 1.0 S2(F) test. Again, the ELA/LRYV results correlate better than the
ELA/RS. It seems the effects of gaps in mechanical snubbers have a larger impact on responses in lower-amplitude
test runs.

5.6 M-line With LED Supports and With Independent Actuator Motion

As illustrated in Figure 5.3, the snubber supports were replaced with three (3) Lead Extrusion Dampers (LED) for this
test series. The arrangement of the independent actuator remained the same. In this correlation study, test runs using
S2(A) waves were analyzed. The S2(A) waves are identical with the foregoing S2(M) waves shown in Figure 5.5.
Three (3) test runs, i.e., 5 S2(A), 1.0 S2(A) and 1.3 S2(A), were selected. The only parameter varied during these
test runs was the excitation amplification factor, i.e., 5, 1.0 and 1.3.

Two types of analyses, i.e., NTH and ELA/LRV, were performed for this test series. In the ELA/LRYV analyses, a
viscous damping value of 2.5% was assumed for all the modes, and the cutoff frequency was 100Hz. The assumption
regarding the correlation between the table motions is the same as in Section 5.4, i.e., only the correlation between the
independent actuator motion (AA1-X) and the X-direction table motion (XOXB) was considered. In the NTH
analyses, the Rayleigh damping was assumed to be 2.5% at 10Hz (first linear mode).

1.0S2(A) TestRun. .. .. The peak response values are tabulated in Table 5.11, and plotted in Figures 5.37 through
5.40. Some comparisons of acceleration time histories and the hysteretic responses of the LED supports are shown
in Figures 5.41 and 5.42. Overall, the NTH analysis results correlate well with the measured responses except for the
acceleration responses near the SG-joint (e.g., MA1) and the response of LED-3 (see Figure 5.42 (c)). The former
problem may be caused, at least partially, by the complex responses of the support frame -- shake table system, as well
as the low-pass filter used during the MS test runs as described before. In this analysis, a numerical filter was not
applied to the calculated responses. The latter problem was caused by the complex nonlinear behavior of a pin-support
at MR8 (see Figure A.14 in Appendix-A for details of the pin-support). In the analysis, MRS is modeled using a linear
spring element.

5 82(A) TestRun. . . .. For this test run, the peak accelerations in the X-direction are plotted in Figure 5.43 and the
hysteretic responses of the LED supports are shown in Figure 5.45. Although the acceleration responses agree well
with the test results, the displacements of the LED supports are underestimated. At a lower response range, the
observed hysteresis loops of the LED supports exhibit a pinching characteristic caused by a mechanical gap (see Figure
5.45). As the response level increases, however, this pinching effects become negligible.
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1.3 S2(A) Test Run. . . .. The peak acceleration responses are plotted in Figure 5.44, and the hysteretic responses of
the LED supports are shown in Figure 5.46. The trends are similar to the foregoing 1.0 S2(A) case, i.e., some
discrepancies of acceleration responses near the SG-joint, and the response of LED-3 is underestimated.

Overall Correlation. . . . . Figure 5.47 summarizes the comparison of the displacement responses of the LED supports.
The NTH analysis results correlate well with the measured responses for LED-1 and LED-2, but the responses of
LED-3 are consistently underestimated. Tables 5.12 and 5.13 list the calculated equivalent vibration frequencies and
the equivalent damping values obtained from the ELA/LRV analyses. Figures 5.48 through 5.51 show the calculated
transfer functions (ratio of power spectral density functions) of acceleration responses. As the response level increases,
most of the lower vibration modes shift to lower frequencies, and the damping values increase significantly.

5.7 M-line With LED Supports and Without Independent Actuator Motion

A series of tests were conducted for the M-line with LED supports and with the SG-joint as fixed condition. Since
independent motion was not applied at the SG-joint, the piping system was subjected to uniform motions. The primary
objective of this test series was to introduce large plastic responses in the LED supports as part of the margin tests.
For this test series, in addition to the NTH analysis, two types of equivalent linearization analyses, i.e., ELA/LRV and
ELA/RS, were performed. The same analysis assumptions/conditions as described in Section 5.6 were used for these
cases, except for the damping value assumption which is described below.

2.5 S2(A) Test Run. . . .. The peak responses are tabulated in Table 5.14, and plotted in Figures 5.52 through 5.56.
Initially, a damping value of 2.5% was assumed in the NTH analysis, which is marked “NTH-A” in Table 5.14. Since
most of the analysis results for this case underestimated the measured responses, the damping value was reduced to
1% of critical, which is marked “NTH-B” in Table 5.14. In the equivalent linearization analyses, a damping value
of 1.0% was assumed for all modes. The comparisons shown in Figures 5.52 through 5.56 indicates that the NTH
analysis results for a lower damping value agree with the measured responses. It seems that the independent actuator
attached at the SG-joint may have contributed to the damping of the M-line. This may explain the appropriateness
of lower damping in this test series as the actuator was not operated during the tests. The comparisons of acceleration
time histories in Figure 5.57 and the hysteretic responses of the LED supports in Figure 5.58 suggest that the NTH
analysis with 1% damping generally captured the nonlinear response. A significant discrepancy between the test and
analyses can be found in the vertical accelerations near the anchor, i.e., MA8 and MA10 in Figure 5.54. Large vertical
accelerations found in the measured responses may have been caused by an additional deflection of the anchor; whereas
in the analysis, the anchor was assumed to be fixed.

Tokachi-Oki Test Run. . ... The input table motions for this test run can be found in Figure 5.7. A sharp spectral peak
at around 5Hz dominates the table motion in the X-direction as shown in Figure 5.7. This Table motion was prepared
to produce a significant plastic deformation in the LED supports, and this test run was the most severe on the M-line.
The peak responses are tabulated in Table 5.15 and plotted in Figures 5.59 through 5.63. It was found that the NTH
analysis, which is marked “NTH-A” in Table 5.15, (1% damping assumption) underestimates the recorded responses,
particularly those of the LED supports [see Table 5.15 (b)]. As the piping system was subjected to a large number
of cyclic loading reversals, degradation of the support systems may have occurred, and affected the responses of this
test run, which was conducted at the very end of the MS Test Program. To account for the effects of possible
degradation, the initial stiffnesses of LED-2 and LED-3 were reduced by 20%, and the stiffnesses of the pin-support,
MRS, by 50%. The stiffness of LED-1, which was not subjected to large deformations, was not changed in this
analysis marked “NTH-B” in Table 5.15. The comparisons of acceleration time histories in Figure 5.64, and the
hysteretic responses of the LED supports in Figure 5.65 indicate the NTH-B analysis results generally correlate well
with the recorded responses. The ELA/LRV method produced similar responses as the NTH analysis, but the ELA/RS
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analysis tends to overshoot the measured responses. It seems that this test, in which significant inelastic responses
were developed, is beyond the applicable range of the equivalent linearization approaches.

Y5 S2(A) TestRun. . . .. The comparisons of the hysteretic responses of the LED supports are shown in Figure 5.66
for this low-level test run. The NTH analysis correlates well with the measured responses (see Figure 5.45 for the case
in which the independent actuator was activated).

1.0 S2(A) TestRun. . . .. The comparisons of the hysteretic responses of the LED supports are shown in Figure 5.67.
The NTH analysis seems to correlate well with the measured responses.

Overall Correlation. . . . . The comparison of analysis versus test results is summarized in Figure 5.68 for the S2(A)
test series. Most of the response values from NTH and ELA analyses seem to correlate well with the measured
responses, except for pipe stress values at MS1 and MS5. The ELA/LRYV analysis results seem to correlate with the
NTH analysis for most response quantities. The calculated equivalent vibration frequencies and the equivalent
damping values are listed in Tables 5.16 and 5.17. It seems the ELA/RS method tends to underpredict the frequency
drift in comparison with the ELA/LRV method, particularly for higher excitation runs.

5.8 F-line With EAB Supports

The analysis model is illustrated in Figure 5.4. It should be noted that both EAB supports and mechanical snubbers
were attached to the piping during this test series. Three types of analyses were performed for this test series, i.e.,
NTH, ELA/RS and ELA/LRV. For the equivalent linearization analyses, a linear damping value of 1.0% was assumed
for all the modes. The cutoff frequency was assumed to be 80Hz.

S2(A) Test Run. . . .. The peak response values are tabulated in Table 5.18 and plotted in Figures 5.69 through 5.73.
The NTH analysis results correlate well with the measured peak values, except for pipe stresses which are
overestimated and the response of EAB-3 which is underestimated. Between the two ELA analyses, the ELA/LRV
again gives better correlations than the ELA/RS. Acceleration time histories are shown in Figure 5.74, and the
hysteretic responses of the EAB supports and mechanical snubbers are plotted in Figures 5.75 and 5.76. As indicated
in Figure 5.76, the responses of the mechanical snubbers exhibited a highly irregular nonlinear behavior, which was
not reproduced in the NTH analysis.

2.5 S2(A) Test Rum. . . . . The calculated results are given in Table 5.19 and Figures 5.77 through 5.84. Tendencies
similar to the above case can be observed, i.e., the pipe stresses are overestimated and the response of EAB-3 is
underestimated. The complex nonlinearity of snubber response, shown in Figure 5.84, is probably the main cause of
the discrepancies between the analysis and test results.

1.2 S2(C) Test Run. . ... For this test run, the time scale of the S2(A) wave was extended by a factor of 1.6. The
spectral peak of the X-direction motion, therefore, was shifted to around 9Hz as shown in Figure 5.8 (a). This motion
was the most severe on to the F-line, and the test was conducted at the very end of the MS Test Program. The
calculated results are given in Table 5.20 and Figures 5.85 through 5.92.

Overall Correlation. . . . . The NTH analysis results for test case 1.3 S2(A) are shown in Figures 5.93 and 5.94. Some
results for the test series using the S2(A) wave are summarized in Figure 5.95. The highly irregular nonlinear behavior
of the mechanical snubbers (see Figures 5.76, 5.84, 5.92 and 5.94) is believed to be the main cause of the observed
discrepancies between calculated and measured responses.
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5.9 Additional Analyses Using Commercial Codes

During the planning stage of the MS Test Program, the commercial FEM code, ABAQUS, was used to confirm the
prediction analyses by the ISSAC code. However, for this application, this commercial code has a serious limitation
since it cannot properly model the gap nonlinearity in snubbers (see Figure L.12). Also, due to a numerical
inefficiency, a large displacement drift was artificially introduced in results for the independent support motion (ISM)
analysis. Table 5.21 summarizes the peak response values for the M-line with LED supports with independent
actuator motions. In these analyses, the independent motion at the SG-joint was considered by including the fictitious
SG model as part of the analysis model (see Figure L.10). Bilinear hysteretic models were used in the ABAQUS
analyses, whereas the Bouc-Wen model was used in the ISSAC analyses. The direct comparison with the foregoing
post-test analyses, given in Table 5.11 for S2(A) wave, could not be made because a significant difference existed
between the planned and achieved table motions, particularly for the independent actuator motions. Also, the low-pass
filter used to process the MS test data significantly altered the measured peak values. Comparison results in Table
5.21 indicate that the two analyses, although there exist several differences in modeling such as the hysteretic model
of LED supports and the formulation of elbow elements, agree well for almost all the responses quantities.

An attempt was made to use the ANSYS code as part of the post-test analysis efforts. Use of the gap element in the
ANSYS code for modeling the snubbers was not successful because of numerical problems. Also, the ISM analysis
was not possible due to an inefficient numerical algorithm as described above. Therefore, the test runs for the M-line
with LED supports and without independent actuator motion were the only cases suitable for the ANSYS code. Again,
equivalent bilinear models were used for the LED supports. Table 5.22 summarizes the peak displacement responses,
while the hysteretic responses of the LED supports are given in Figure 5.96. Although a very small time increment
of 0.0002 sec. was used in the direct time integration analyses, the ANSYS results significantly overshoot the measured
responses. A comparison of acceleration responses was not possible since the ANSYS code does not provide the
acceleration response results.

5.10 Major Findings From Correlation Studies
In performing the correlation studies, various technical difficulties were encountered including:

. The recorded response results show a highly irregular and complex nonlinearity
in the mechanical snubber responses. This phenomenon was caused by various
factors, including clearance gaps in both the snubbers and pipe clamps, the effects
of orthogonal (to the snubber axes) forces on the snubbers, and rate-dependent
characteristics of snubbers.

. In the MS test program, in addition to snubber and E.A. supports, various other
pipe supports were used as part of the test models, including guides, pin-supports
and anchors. Due to gaps and additional flexibilities, these pipe support
structures also exhibited nonlinear characteristics, which were not properly
modeled in the analyses.

. A low-pass filter used to process the MS test records affected the high-frequency
components of the acceleration and support force responses.

. All of the main (X-direction) table motions were characterized by a sharp spectral

peak. Due to the steep slopes near the spectral peak, minor analysis errors,
particularly in the equivalent linearization analyses, were magnified.
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Because of the above technical difficulties, various analysis discrepancies as described above were encountered. Based
on the comparison between the predicted and measured response for a large number of test cases, the following
conclusions may be drawn.

. The piping systems, even with conventional snubber supports, are highly complex
nonlinear structures. Further efforts are needed to improve analysis accuracy to
achieve better correlation with measured results.

. At the beginning of the correlation study, the significance of the linear damping
assumption in nonlinear analysis was underestimated. Depending on the type and
number of pipe supports, the damping values varied in both the M-line and F-line,
a fact which had to be properly accounted for in the nonlinear analysis for better

correlation.

. The proposed E.A. supports can be properly modeled using the Bouc-Wen
hysteretic model.

. Two types of equivalent linearization analyses were performed, i.e., ELA/RS and

ELA/LRYV. Inalmost all the analysis cases, the ELA/LRV analyses consistently
gave a better correlation with the NTH analyses than the ELA/RS approach. The
major cause of the observed analysis errors in ELA/RS analysis may be the SRSS
mode combination procedure used in the analysis formulations.

. The analysis example for the M-line using the Tokachi-Oki wave indicates that a
minor change in the stiffness of pipe supports significantly affects the calculated
responses.

. Commercially available FEM codes had only a limited applicability in this test

program due to the lack of a suitable nonlinear model for snubbers.

. The evaluation of seismic margin of piping systems needs to be performed by a
nonlinear analysis because of large analysis errors in conventional linear analysis.
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Piping Peak Acceleration
Svyst Support Input Motion | Test No. (Serial No.)
ystem H(gal) | V(gal)
M-line with Conventional 1.0S,M) VC-6 (94120505) 1.52 0.35
Actuator 155, M) MC-6 (94120905) 2.28 0.52
138, M) * | DC-3 (94120702) 0.51 0
F-line Conventional 1.0S,F VC-3 (95011107) 1.11 0.19
13S,(F) MC-3 (95011805) 1.45 0.24
M-line with LED 173 S, (A) DEl1-1 (95041903) 051 0.12
Actuator 1.0S,(A) DEI1-3 (95041909) 1.52 0.35
1.3S5,A) DEI1-9 (95042407) 1.98 0.45
M-line LED 1/3 S, (A) DE2-13 (95060506) 0.51 0.12
without 1.05,(A) DE2-15 (95060206) 1.52 0.35
Actuator 2.58S,(A) ME-9 (95070502) 3.80 0.87
Tokachi-oki ZT-2 (95071403) 2.57 0
F-line EAB 1/3 S, (A) DE1-1'(95051504) 0.51 0.12
1.0 S, (A) DEI-3' (95051202) 1.52 0.35
1.3S,(A) DEI1-9 (95042407) 1.98 0.45
2.55,(4) ME-9 (95070502) 3.80 0.87
1.25,(C) ZT-1 (95071402) 1.82 0.42
Note (*1) : Multiple excitation Test with 2DOF SG model
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Table 5.2 Types of Analyses Performed for Correlation Studies

Analysis Types
Piping System Support Time History Response Linear Random
(NTH) Spectra (RS) Vibration (LRV
M-line with Conventional 0 0
Actuator
F-line Conventional 0 0 0
M-line with LED 0 0
Actuator
M-line without LED 0 0 0
Actuator
F-Line EAB 0 0 0
Table 5.3 List of Elements in Analysis Models
Component Type of Element Material Model
Straight Pipes Straight 3-D beam Elastic
Elbows Circular curved beam Elastic
Snubbers Uniaxial Spring Gap (*1)
EAB & LED Uniaxial Spring Bouc-Wen Model
Guide Uniaxial Spring Elastic

Note (*1): See Figure 4.1
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Figure 5.1 ISSAC Model for M-line with Conventional Supports
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Figure 5.4 ISAAC Model for F-line with EAB Supports
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Figure 5.7 Table Motion, Tokachi-oki Wave, X-direction

(b) Table Motion in Z-direction

Figure 5.8 Table Motions, 1.2 S2 (C) Test
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Table 5.4 Comparison of Vibration Frequencies Obtained from Equivalent Linearization Analysis

for S2 (M) Tests
Analyses (Hz)
Mode Test 13s2M | 2352M | 1.082M | 1.582M
1 20,60
2 20.8 20.42 2197 2223 2251
3 226 24.18 2534 22.99 23.88
4 232 27.86 29,56 29.76 30.11

Note (*1)Evaluated from sine sweep test. (Horizontal 200 gal and vertical 130 gal)
Note (*2) First SG-mode (not vibration mode of piping)
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Table 5.5 Comparison of Peak Response Values for 1.0 S2 (M) Test Run

(a) Accelerations (g)

NTH
Instrument/Node Direction Test LRV
Original Filtered
AA 1/10 X 5.04 5.33 5.33 5.57
Y 0.27 0.12 0.12 0.13
Z 0.40 0.39 0.39 0.39
MA 1/50 X 6.04 5.46 5.45 482
Y 4.07 448 4.47 1.84
Z 1.72 491 1.22 1.66
MA 2/90 X 4.83 10.31 3.95 3.88
Y 2.47 12.45 2.10 1.86
Z 2.11 2.16 1.41 1.66
MA 3/130 X 3.80 11.73 4.43 3.70
Y 1.40 13.06 1.50 1.65
Z 1.65 2.22 1.39 1.66
MA 4/150 X 3.15 9.23 4.06 3.58
Y 1.24 1.86 1.01 1.08
Z 1.47 4.07 1.29 1.73
MA 5/165 X 3.05 3.93 3.20 332
Y 1.19 1.95 1.00 1.09
MA 6/180 X 2.02 6.66 2.30 2.39
Y 1.14 1.87 1.10 1.09
MA 8/200 X 2.15 3.05 2.21 2.06
Y 1.31 1.83 1.33 1.06
Z 1.83 0.91 0.68 0.70
MA10/250 X 2.38 3.64 2.58 1.83
Y 0.34 241 0.46 0.21
Z 0.95 0.81 0.46 0.51
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Table 5.5 Comparison of Peak Response Values for 1.0 S2 (M) Test Run (Cont’d)

(b) Displacement (mm)
Instrument | Direction Test NTH LRV
AD 1/N-10 X 2.46 2.42 251
Y 0.06 0 0
z 0.19 0 0
MD1a/101 1.35 0.98 0.84
MD2a/102 1.56 1.01 1.31
MD3b/103 0.88 0.80 0.83
MD4b/104 0.94 0.94 0.81
MD5a(5b)/105 0.77 (0.76) 0.64 0.52
MD6a(6b)/106 | 0.85 (0.64) 0.76 1.23
MD7a(7b)/107 0.67 (0.31) 1.14 1.12
MD8/N-150 X 1.28 1.70 1.68
Y 0.54 0.70 0.84
z 0.93 0.88 0.88
( ¢) Support Forces (ton)
Instrument/ NTH LRV
Element Test Original Filtered
MR 1/101 522 5.40 4.57 4.45
MR2/102 6.81 6.19 5.84 8.49
MR3/103 1.46 1.03 0.94 1.24
MR4/104 1.41 1.19 1.07 1.21
MR5/105 251 3.79 3.31 2.44
MR6/106 3.27 5.11 4.65 10.32
MR7/107 1.55 2.96 2.59 2.67
MR9/109 1.10 4.99 4.86 2.11
MRI10/110 0.97 2.90 2.86 0.45
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Table 5.5 Comparison of Peak Response Values for 1.0 S2 (M) Test Run (Cont’d)

(d) Pipe Stress (kg/mm?)

Instrument/Element Stress Intensification Test NTH LRV
Factor

MS1/3 2.0 1.86 1.51 1.87
MS2'/5 1.0 0.97 0.99 1.72
MS2/7 1.0 1.63 2.07 2.20
MS3/9 2.0 2.30 1.67 2.72
MS4/14 1.0 1.37 1.59 1.28
MS5/17 20 1.02 1.45 0.84
MS6/46 1.0 1.52 2.59 1.94
MS8/23 1.0 0.80 1.05 0.73
MS9/25 1.0 0.63 1.09 0.68
MS10/30 1.0 0.61 0.54 0.31
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(b) Generated Acceleragram (Peak - 4.46g)

Figure 5.9 Generated Accelerogram for AA1-X
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