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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
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