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1 INTROBUCTION

Machines and piping systems of nuclear and chemical plants are generally designed to be held rigid
by supports for safety and for protection from earthquakes. The piping design must balance seismic
and other stresses, such as thermal stress. But making a piping system rigid by using many support
devices may cause the thermal stress to increase. And the seismic design of machines and piping
systems should be more rational.

Contrary to a rigid design, it is possible to design a flexible piping system and to decrease seismic
response by increasing the damping through the use of energy absorbing elements which dissipate
vibration energ"y.' Recently the damping effect of these elements, including elastoplastic and friction
types and so on, has been analytically and experimentally analyzed by domestic and foreign
laboratories. However, there has been little actual application of this technology to plants(1)(2).

This paper investigates elastoplastic piping support (Energy Absorber(EAB)) for application to
an actual piping system. FElement characteristics tests investigating dynamic characteristics,
durability, ete have already been reported(3). This paper reports on the response characteristics of
one- and three-dimensional piping models to a sinusoidal and a random wave. As the seismic
response analysis method to design a piping system supported by EAB, some analysis method were
developed.

2 ENERGY ARBSORBER (EAB) CHARACTERISTICS
2.1 Basiec Construction

Figure 1 shows the basic EAB construction. The EAR is made by deforming the plate spring to the
plastic region. The force-displacement curve shows nonlinear hysteretic characteristics. The seismic
response of the piping system is reduced by the energy dissipation of the hysteresis loop. Because
steel is used in the plastic region, this region must be generated to prevent plastic hinges from
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developing. A uniformly strong X-shaped plate is used as a plale spring. When the X-shaped plate
has large deformation, the plastic domain progresses in the thickness direction of the plate.

2.2 Dynamic Characteristics

396

It has been reported that EAB dynamic characteris-
tics were evaluated by modeling X-shaped plates by

the beam theory in consideration of elastoplastic
characteristics(3). EAB dynamic characteristics
can be shown by the equivalent stiffness K and the
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element damping ratio h. The former is obtained
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by the tangential stiffness at the reversal point of *shaped Plate
the sleeleton curve. The latter is obtained by the ra-
tio between the element strain energy and the dis- Fig.1 Energy Absorber

sipating energy per a cycle AE. The displacement’s
relationship to equivalent stiffness and element
damping ratio is shown in Fig.2. The displacement
was non-dimensionized by the yield displacement
dy, and the equivalent stiffness was non-
dimensionized by the stiffness Ke of the elastic re-
gion. The equivalent stiffness and the element
damping ratios from the analysis value of the EAB
hysteresis loop are represented by the solid line and
the dotted line respectively.
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3 PIPING MODEL TEST

Non—dimensional Stiffness K/Ke

3.1 Testing Method

(1) Testing model

The one-dimensional piping meodel is shown in
ig.3. Itis a cantilever with a 3B diameter, Sch40,
a 4m length and a 200kg concentrated mass at the
top. It was horizontally supported by an BAB near n
the top, and the added mass was vertically support- L
ed by & wire cable.

The three-dimensional piping is shown in
Fig.4. It has 4B diameter, Sch40 and 2B diameter,
Sch80 piping, 120kg and 60ke added masses, and is
supported by four £ABs and three restraints.

(2) Input seismic wave

The input seismic wave is the response wave of the
sway-rocking analysis model of the BWR reactor
building excited by the standard design seismic
wave. Seilsmic wave A is the severest wave that is
resonant to the piping model. The seismic wave B e
or C's remarkable frequency component is moved to

the long or short period, respectively. Figure 5

shows the response speetrum of seismic waves A, B,

and C.
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(3) Testing item /lr _ o g
Testing items are the sinusoidal wave sweep test £ | I8
and the seismic wave shaking test. In the former, — 3000 1000

the changes of resonant frequency and the damping

ratio of the piping model were investigated when Fig.3 Ona-Dimensional Piping Model
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cy of the model was defined by the peak frequency Frequency (Hz)
of the transmissibility funection, and the damping
ratio was defined using the response amplitude and Fig.6 Transmissibility Function
half power methods. The table acceleration's rela-
tionship to resenant frequency and damping ratio
is shown in Fig.7. The transmissibility function R [ — SR
had a soft-spring type nonlinearity. However, the L b o TestResut ]
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the damping is significantly elfected by the shak-
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ing level. The EAB displacement increases almost
linearly with the shaking level. Thus, the response

Fig.7 Relation during Input Acc. and Resonant
Frequency and Damping Ratio
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reduction caused by the EAR damping effect pre-
vents response increasing by EAB stiffness de-
creasing. The response characteristics by wave B
and C shaking are almost the same as those by
wave A,

3.3 Test and Analysis Comparison

(1) Sinusoidal wave sweep test

The dynamic characteristics of the one-dimensional
model were evaluated using the equivalent stiff-
ness and the element damping ratio as a factor of
the EAB displacement shown in Fig.2. The equiv-
alent stiffness is obtained by EAB displacement at
each shaking level. The resonant frequency from
its equivalent stilfness is the solid line in Fig.7.
The damping ratio &1 of the i-th mode is the ratio be-
tween the strain energy Ei of the piping at i-th
mode and the dissipating energy ALi at EAB(4).
The analytical damping ratio at each shaking level
is represented by the dotted line in Fig.7. Analysis
results agree with test results of the response am-
plitude method. Thus, the transmissibility func-
tion of the piping system supperted by the EAB has
a spreading foot.

(2) Seismic wave shaking test

To investigate the seismic response analysis meth-
od in order to design an BAB supported piping sys-
tem, the seismic wave shaking test results were
compared to the results of the time history analysis
using the force-displacement characteristic of the
EAB modelad by the Ramberg-Osgood model (R-O
model), and the iterative response spectrum analy-
sis method which uses different modal damping ra-
tios as a rationalized analysis method. The analy-
sis flow of the rationalized response analysis meth-
od 13 shown in Fig.10. Figures 8 and 9 compare test
and analysis results of the maximum response val-
ue of the stress of the three-dimensional model and
the displacement of EAB. Figures 11 and 12 com-
pare the time history and the hysteresis loop of the
test and analysis results of the one-dimensional
model. The time history analysis using the R-O
model sufficiently simulates the test results, and
the response analysis results using different modal
damping slightly underestimate the EAB displace-
ment, but sufficiently estimate the other response.
These two analysis methods sufficiently estimate
the test results for seismic wave B and C shaking
tests.

4 STUDY OF APPLICABLE LIMIT OF
RATIONALIZED ANALYSIS METHOD

4.1 Study method
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The nonlinear time history analysis results and the
rationalized analysis results by the response spec-
trum analysis were compared with the test results
in the piping model test, and the latter had some er-
ror. Applicable limits of this analysis revealed that
this error was caused mainly by the bad ratio of the
piping and the EAB stiffness. To study the effect of
these factors, two analyses were performed : non-
linear time history analysis of the single degree of
freedom(SDOF) system, and the equivalent linear
time history analysis using maximum EAB dis-
placement from the nonlinear time history analy-
sis. Then both response values were compared.
The EAB force-displacement characteristics used
in the nonlinear analysis is the perfect elastoplastic
model. This model is shown in Fig.13. The input
wave 18 the one resonant to the model and is used in
the piping model test. The ratio of the piping and
the BADB stiffness was changed and the response ra-
tio of the nonlinear and the equivalent linear ana-
lysis was calculated. The ratio d/dy of the respense
displacement d and the yield displacement dy is the
ductility factor x and the effect of s was alse stud-
ied,

4.2 Study results

The displacement response ratio of the nonlinear
and the equivalent linear analysis to the ratio of
the piping and the EAB stiffness is shown in
Fig.14. The response ratio of the displacement
changes significantly with the stiffness ratio.
When the EAB stiffness is much harder than the
piping stiffness, the equivalent linear and non-
linear analysis results are very different. This is
the reason why the EAB nonlinearity significantly
affects the response when the BAD stiffness is
much harder than the piping stiffness. When the
ductility factor increases, the equivalent linear and
nonlinear analysis results are similar. This is the
reason why the relationship between the equiv-
alent damping ratio and the EAB displacement has
the maximum value, and if the response displace-
ment is less than the displacement at which the
maximum damping ratio cceurs, the equivalent
damping ratio from the response displacement is
too large for the equivalent linear system. The
above study was performed on the SDOF system.
The nonlinear time history analysis results were
compared to rationalized analysis results on the
one-dimensional piping model in which the TAB
stiffness was decreased. It was confirmed to make
errors of the rationalized analysis result few as
same as the study of SDOF system. TFrom above re-
sults, the following items were confirmed to need to
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keep the accuracy of the rationalized analysis result.

1) The ratio Ke/Kp of the piping stiffness Kp and the EAB stiffness Ke should be less than 107,

2) The response displacement should be larger than the one at which the equivalent damping ratio is
maximum.

5 CONCLUSION

To study the application of the energy absorber (EAR) to nuclear power plants, the piping model

supported by EAB was tested and its seismic response analysis was performed and the following

results were obtained.

1) It was confirmed that EAB was applicable to the nuclear power plant.

2) Iterative response spectrum analysis using each mode damping ratio was developed asa
rationalized seismic response analysis method for the piping supported by EABs.

3) The application limit of the rationalized response analysis method was clarified regarding EAB
stiffness.
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