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ABSTRACT

A response spectra-based method of analysis for piping with nonlinear sup-
ports 1s presented. The required data is the hysteresis loops of the sup-
ports, the linear properties of the piping and the linear rasponse spectra.
The method was developed to be as simple and versatile as possible, vyet
accurate enough to model the essential nonlinear behavior of the supports.
Comparison with full-scale experimental results show good agreement.

1 INTRODUCTION

A research group in Japan, under the leadership of Prof. H. Shibata, has
been conducting experimental tesis of piping with high-damping supports,
The new concept is the use of supports with hysteretic nonlinear behavior.
These supports allow thermal deflections under ordinary operating condi-
tions, and provide large amounts of energy dissipation during seismic or
other severe dynamic events. Details of the experimental results are pre-
sented elsewhere in the proceedings.

In this paper, a simplified nonlinear response spectrum method is-pre-
sented for piping systems with nonlinear supports. The assumptions are:
the piping remains linear: the supports are the only source of nonlinear
behavior; the response is narrow band; and the floor motion at all supports
are the same. The third assumption is usually satisfied because the piping
and reactor structures act as filters for the dynamic excitation.

The only data required are the hysteresis loops of the nonlinear supports,
linear floor response spectra, and the properties of the linear piping
without nonlinear supports. This data is readily available, and makes the
method accessible to a wide variety of problems,

The analysis consists of three-steps. First, equivalent linear properties

of the supports are determined from hysteresis loops. These properties
depend on the amplitude and frequency of the supoort motion. Next, the
modal properties are determined for the piping with equivalent linear sup-
ports., Then, a response spectrum mode combination rule is used to detor-
mine the response. Since the problem is inherently nenlinear, these three
steps are solved by a nenlinear equation solver.

The method gives responses at the supports as well as in the piping. It

also gives equivalent natural frequencies and damping ratios which show how
the supports affect the dynamic properties of the piping.
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The analysis method i1s compared with experimental results of a three-
dimensional piping with multiple nonlinear supports.

2 BQUIVALENT LINEAR ANATYSTS OF THE NONLINEAR SUPPORTS

One type of support that is being investigated is a friction device (Nomura

et al., 1989). A typiczl force-displacement relationship for the support
is shown in Fig. 1. This relationship is modeled by a bilinear hysteresis
loop. By curve fitting, it is found that the lower bound of the pre-yield

stiffness is kp = 562.5 xgf/mm and the yield force is 100 kgf. The bilinear
hysteresis model is shown in Fig. 2. The loop consists of an upper curve,
Fr(x), and a lower curve, Fp(x).

Equivalent linear stiffness and damping for the nonlinear support are
obtained by a wvariation of the method of slowly varying parameters
{(Caughey, 1960). The basic assumption of the method is that the displace-
ment is narrow band. Let A be the amplitude of the displacement and let @

be the average circular frequency. Then, the equivalent linear stiffness,
%¢, and damping, ¢f, are functions of A and @ which are given by
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are, integrals of the hysteresis loops. The limits of integration corre-
spond to integration around one hysteresis loop. The product 275(A) has a

physical meaning: it s the energy dissipated by the nonlinear member in
one displacemant cycle (the area of the hysteresis loop).
The equivalent stiffness and damping for the friction-type support is

shown in Figs. 3 and 4 for frequency @/2nw = 8.27 Hz. The equivalent
stiffness approaches zero with increasing amplitude. The equivalent
damping initially increases but also decreases at large amplitudes. This

behavior is usual for hysteretic supports (Sinha and Igusa, 199%0).

3 EIGENVALUE ANATLYSIS OF THE PIPING WITH SUPPORTS

To obtain modal properties for the piping with nonlinear supports, the

supports are modeled using the equivalent linear support properties. The
eguivalent linear stiffness and damping of the supports are included in the
s-iffness matriz K and the damping matrix C. The main difficulty in the
eigenvalue analysis is the determination of the correct modal damping
ratios, {j. The simplest approximation is
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where @; are the undamped mode shapes and @ are the undamped natural fre-
quencies for { = 1, .., n, in which 7 is the number of modes.
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If the equivalent damping terms are large, which is possible for nonlinear
Supports, then the approximation in Eg. 4 may not be accurate. In some
cases, Eg. 4 can overestimate the damping ratios, which means that the
response will be underestimated (Igusa and Xu) .

To obtain more accurate damping ratios, the eigenvalue analysis should
contain the damping matrix. A state-vector approach (Hurty and Rubinstein,
1964) is used and the eigenvalue problem is given by

- - 0 I
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The natural freguencies and modal damping ratios are given by
—Reld;

)
It 1is shown later how these eigenvalue analysis results are used in =he
response spectrum method.

4 LINEAR MODE COMBINATION

Let Stw, g) be the response spectrum for freguency @ and damping ratio {.
A mode combinations rule for the simpls modal damping approximation in Eqg.
4 is shown first. A common response spectrum method is the square-root-of-
sums-squared (SRSS) rule. The expression for the maximum response, R, is
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where T and @ are vectors of input and ocutput coefficients.
A mode combination rule which more accurately models the support damping

effects uses the modal properties in Egs. 5 and 6. One rule, which is
based on Igusa, et al. (1984) is
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where ¥; is the vector consisting of the lower half of the mode shape ¥;.
The mode combination rules in Ecs. 7 and 8 are used for structures with

natural frequencies which are widely spaced. If the structure has closely
spaced natural frequencies, then the mode combination rules which include
mode correlations are more accurate. Any of the rules in Der Kiureghian

(1981), Tgusa, et al. (1984), and Singh (1980) can be used.

5 NONLINEAR EQUATIONS FOR THE RESPONSES

For a given input, piping, and nonlinear supports, the only wvariable
parameters are the equivalent linear properties of the supports.
Therefore, the response of the piping can be expressed as a function of
these variable properties:

R = f(K{.Cf, ..., K5, C ., q) (9)

where Kf and Cf are the equivalent linear stiffness and damping of support
Jo p is the number of supports, and f is a function rapresenting the modal

analysis and mode combination rules presented in sections 3 and 4. For
convenience, the vector ¢ is retained in the function.
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The response R; at support j 1s obtained by letting g=¢; be the vector

corresponding to the response of support f. This response can be expressed
in terms of the response function f:
-4 & o .
Rj = f(K{.Ci, ... K§. C§, qp) (10)

The analysis in section 2 shows that the eguivalent linear properties for
each support i1s not a constant, but is a function which depends on the
amplitude A and average frequency @ of the response at that support. The
response R at support j is given by Rj, The frequency @ can be set to
either the fundamental frequency of the piping or the central frequency of
the input response spectra. Substituting these results into Eg. 10 yields

Rp = AK{R1), Ci(R1,0), ..., KE(R,), CER,,0), qj] (11)
Eg. 11 is a set of p algebrailc nonlinear equations with p nonlinear
variables, Ri, ..., Rp. These can be solved using standard nonlinear
solvers. After the solution is obtained, a final set of equivalent linear
properties are obtained for all supports. Therefore, the final model for
the piping system 1is linear. This linear model can be used to obtain
response at all other parts of the piping. In addition, the modal proper-—

ties of this mocdel will indicate how the nonlinear supports will change the
dynamic properties of the piping.

6 LEXAMPLE ANALYSIS

The three-dimensional piping system shown in Fig. 5 is analyzed using the

proposed method. The piping has three friction-type neonlinear supports
which were analyzed in Figs. 1-4, The floor response spectra for the
ground acceleration is given in Fig. 6. The initial modal damping ratios

of the piping are 0.6%.

The results cof the analyses with the modal damping approximation (Eg. 7)
and the complete damping analysis (Eg. 8) are given in Table 1 and are
compared with actual experimental data. It can be seen that Eg. 8 gives
excellent results. The analysis using Eq. 7 gives conservative results,

Table 1. Comparison of analytical results with experimental observations.

Displacements (mm) Support 1 Support 2 Support 3
Experimental 12.50 0.50 6.50
Bquation 7 30.37 1.98 13.78
Eguation 8 15.59 0.55 6.78

To see how the supports affect the modal properties of the piping, the
fundamental frequency and damping ratio are determined at small response
amplitudes before the supports yield, and are evaluated again at the peak
response levels in Table 1. The fundamental frequency decreases from £§.28
Hz to 6.06 Hz. This 1s because once the supports yield, they have zero
stiffness. The damping ratio increases from 0.6% to 2.79%. This is due to
the friction energy dissipation of the supports. The increase in damping
gives a clear physical measure of the effectlveness of the supports,
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7 CONCLUSIONS

A method is described for analysis of piping with nonlinear supports. The
method is versatile because it can use any response spectrum method. It is
also simple to use because the required data are the hysteresis loops for
the nonlinear supports and linear response spectra for the input.

Comparison with experimental results show good agreement. Excellent
agreement is not always expected, however, the combination of simplicity
and versatility makes the method suitable for practical use.
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