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SUMMARY

Floor response spectra are commonly used for the design of equipment, piping systems,
control instruments or other sub-systems located in nuclear power plants. An artificial or
modified real time-history of motion, compatible with a set of ground response spectra,
is often used to generate these floor response spectra. This paper shows that even using
a modified real time history, closely matching a given ground response spectrum, large -
variations of the floor response spectra can result. The paper discusses the cause of such
variations and aims at finding ways to deal with them.

A reactor building similar to that used in CANDU nuclear power plants, is chosen as
an example. The reactor building is idealised by a simple stick model with five lumped
masses. The N/S component of the El Centro (1940) earthquake time-history is modified
by superposition of output waves to make it compatible with a given ground response
spectrum. Floor response spectra are determined, at a number of locations, using the mod-
ified El Centro motion.

To account for the variation of structural frequencies, due to uncertainties of material
properties and approximations in the modelling technique used, the frequency is varied
slightly and the floor response spectra are computed for each frequency. A comparison of
the resulting floor response spectra shows that by changing the structural frequency slight-
ly, not only can the frequencies of peak response be shifted, but also the value of the
peak can be changed considerably.It is therefore, necessary to smooth the floor response
spectra and to broaden the peaks. Procedures are described indicating how the floor
response spectra are smoothed and the degree of broadening that should be used.
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1. Introduction

The aseismic design criteria for Nuclear Power Plants are normally specified by
means of a set of design (ground-motion) response spectra. To design various items of
equipment and facilities mounted within the plant, it is necessary to produce floor re-
sponse spectra at different locations. There are two different approaches used to generate
floor response spectra. The first one is the response spectrum approach f1,2,3,4,5] which
uses amplification curves that represent the response of equipment with respect to the
structure. The second approach uses time-history analysis of the plant structure subjected
to seismic excitation. Since no real earthguake record satisfies the smooth design re-
sponse spectra requirement, an artificial ground motion has to be generated which produces
a response that is compatible with the design response spectrum. Various methods to
generate spectrum compatible motions have been proposed [6,7]. The present paper takes a
close look at the time-history approach to generate floor response spectra. Firstly, it
presents a simplified method to generate spectrum compatible motion by modifying a real
earthquake record. Secondly, from the study of an example reactor building, it examines

the idea of raising and broadening the peaks of floor response spectra curves.

Inverse Feed-Back Method

The proposed method to generate spectrum compatible motion is based on modifying a
real earthquake record by superposition of output waves from single degree of freedom
oscillators. The individual oscillators are tuned to frequencies where the actual response
lacks or exceeds the response spectrum ordinate. Similarly, feed back of output is used in
electronic amplifier circuits to smooth output gain and to remove unwanted distortion.
Hence, the method is named 'Inverse Feed-Back Method'.

The mathematical model used in deriving the output wave is shown in Figure 1. It
consists of a single mass Ml having frequency f and damping B. The unadjusted time-
history A(t) is applied and the response R(t) is obtained using step-by-step integration.
The response R(t) is applied to another mass M2 having the same frequency and damping, and
the response S(t) is obtained similarly. The system is analogous to a structure repres-
ented by Ml supporting light equipment represented by M2' Since M2 is assumed to be much
smaller than Ml' there will be negligible feed back of motion from M2 to Ml and an un-
coupled analysis, as done here, is justified. The maximum responses of Ml and M2 are Rl
and Sl and they occur at times tr and ts' respectively. At frequency f, let the actual

response R, of the unadjusted time-history fall short of the design response D (Figure 2).

1
It is, therefore, necessary to raise the response locally at frequency f£. This is done by
superposition of the input wave A(t) with the output wave R(t); the output wave being

scaled by factors K and C and time lagged by n. In that way the modified time-history B(t)

is obtained as:

B(t) = A(t) + K C R(t + n) (1)

where n = ts - tr (2)
. (D—Rl)Rl

51 % (3
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Eqg. (1) can be used to raise the response as well as to lower it. Although no
mathematical proof of eq. (1) is given, it can be described as the feed-back of an output
wave, which is rich in a particular frequency content, causing local raising and lowering
of response.

The rate of convergence of eq. (1) varies somewhat from frequency to frequency.
Normally, it needs to be repeated several times to get acceptable results. The modifi-
cation process has to be carried out successively at a number of frequency points where
discrepancies exist. Usually, the whole process has to be repeated a number of cycles.
This is necessary as the adjustment at one frequency may alter the response at an adjacent
frequency. A typical flow diagram for the adjusting process is shown in Figure 3. Based

on this method, a computer program COMFEED has been prepared.

3. Spectrum Compatible Motion

Figure 6 shows a set of design response spectra that is used for design of CANDU
Nuclear Power Plants [B8]. These spectra are normalized to 0.lg and applicable to plants
founded on rock. A spectrum-compatible motion was generated using the Inverse Feed-Back
Method explained in Section 2. The N/S component of the El Centro 1940 earthquake was
chosen as the initial motion. The 2% damped response spectrum was used for matching
purposes. The response was monitored at 50 frequency points between 1 cps and 33 cps.

The frequency intervals used are in line with the recommendations of U.S. NRC Regulatory
Guide 1.122 [9]. No adjustment was made at frequencies where responses were within + 10%
of the spectrum. The modification technique involves examining the response spectrum and
determining the frequency points where adjustment is required. The input motion is then
adjusted using the computer program COMFEED. The whole process is repeated several times,
each time with fewer frequency points and smaller adjustments. Figures 4 and 5 show the
time-history plot of the unadjusted and adjusted earthquake record respectively. The
response spectrum for the adjusted earthquake record for 2%, 5% and 10% damping are
plotted in Figure 6. Since the 2% damped spectrum is used for matching purposes, it shows a
better match than the 5% and 10% damped curves. The 5% and 10% curves maintain the smooth
trend, although they lie toward the conservative side in general. One solution is to
generate separate time-histories for different damping values. This will involve too much
effort in data handling. This can be avoided by generating a time-history for the lowest
probable damping then, by inspection of the response spectra at other damping values,
adjustment factors can be applied which will give responses equivalent to the design re-
sponse spectra. A frequency range of 1 cps to 33 cps was chosen, as this is where the
predominant frequencies of nuclear reactors usually lie. The present method is equally

effective at frequencies lower than 1 cps.
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4. Floor Response Spectra

To study floor response spectra obtained using spectrum compatible motion, an
example reactor building was chosen. The mathematical model used is shown in Figure 7 and
is very similar to that used for CANDU Nuclear Power Plants. The model has been analysed for
frequency and mode shapes using computer program STARDYNE-3 [1q]. The time-history method
with modal combination was performed and floor response spectra at two floor levels were
determined. The computer program THIST-1 and THIST-2 were used for that purpose. The 0.5%
damped floor response spectra at mass point 5 and 4 are plotted in Figures 8 and 9 respec-
tively. The floor response spectra at both floors show pronounced peaks at the first
structural frequency of 5.86 cps. Relatively lower peaks are seen at the second frequency

of 16.23 cps.

Effect of Freaguencv Shift on Floor Spvectra

The frequency estimates for structures are prone to uncertainties. The parameters
affecting frequency are values of Young's modulus, Poisson's ratio, moment of inertia,
shear area, soil parameters and lumped mass used in the analysis. Variations are also
caused by the modelling technique employed. How well the mathematical model matches the
actual structure is not known exactly. Sometimes, the frequency varies because of the
method of analysis followed. For instance, different results may be obtained by using a
2D analysis compared with a 3D analysis or by using finite element methods compared with
other simplified procedures. Therefore, frequencies obtained by analysis are normally
best estimates and some degree of variation is to be expected. To take this variation inta
account, the peaks of floor response spectra are broadened. The amount of broadening
needed is usually based on judgement and normally + 10% to + 15% broadening is used 9] .

It is, however, interesting to note that there is another kind of uncertainty that
is inherent in the time-history motion. This is the variation of the peak value of floor
response spectra with small changes in structure or equipment frequency. Except for [11],
there are very few studies of this effect that have been reported in the recent literature.
This particular effect is demonstrated by means of a sensitivity study. The frequency f
was gradually varied up to 10% on each side of the first structural frequency in steps of
1%. The peaks of the floor response spectra were computed for each case. The results for
mass point 5 are plotted in Figure 10 as peak acceleration vs. percentage variation in
frequency. It is seen that the peaks vary by more than a factor of 2. In generating floor
response spectra, peaks are normally obtained where the frequency of the equipment oscilla-
tor is the same as the structure frequency. At a few points, however, peaks were obtained
at slightly off-resonance conditions. At these points (noted by circles in Figure 10),
peaks were obtained when the frequency of the oscillator was slightly different from the
structure frequency. This is probably because of the effect of strong frequency components
close to the frequency of the structure.

This exercise shows that even using a spectrum compatible motion, the peak of floor
response spectra can be very unstable. It will depend on the frequency estimate, which in
turn is dependent on various parameters, the model and method of analysis used. Therefore,
a single run may not be conclusive in defining the peak of the floor response spectra. It

is proposed that a sensitivity study be performed by changing parameters slightly. The
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maximum of all these runs may be very conservative, since the design response spectra
already has some conservatism in it. Therefore, the average value of a number of runs is
probably a better estimate of the peak. Broadened and raised floor response spectra suit-

able for design purposes are shown in Figures 8 and 9.

6. Conclusions

6.1 A method to generate spectrum compatible motion using the Inverse Feed-Back Method
has been proposed. The method is fairly simple and is programable for computer. The
method is workable and very effective in modifying real earthquake records to closely

match smooth response spectra.

6.2 Since the compatible motion is derived from a real earthquake record, the basic
characteristics of earthquake-like duration and frequency content are maintained. There-
fore, damage or fatigue effects from the derived motion should be similar to that expected
in an actual earthquake. Hence, the proposed method is more representative than other
methods which use superposition of sine waves or other techniques which do not use real

earthquake records.

6.3 A single time-history motion can be used for different damping values, provided the
matching is done for the lowest probable damping and adjusting factors are employed for

other damping values.

6.4 To derive a compatible motion, the response at the structural level is matched at
a number of discrete frequency points. Such a procedure normally ensures adequate response
of the structure. However, the peak of the equipment design curve may show large variations

for slight changes in structure frequencies.

6.5 To define the peak from study of a single case runs the risk of either over-

estimating or underestimating it.

6.6 One way to eliminate the uncertainty of peak response is to perform a sensitivity

study and take a mean value of several cases.
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FIGURE 1 MATHEMATICAL MODEL TO GENERATE OUTPUT WAVES
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FIGURE 7 MATHEMATICAL MODEL FOR EXAMPLE REACTOR BUILDING
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FIGURE 9 FLOOR RESPONSE SPECTRUM AT MASS POINT 4
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