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SUMMARY

As the input earthquake motion for seismic design of nuclear power plant structures and
equipments, an artificial time history compatible with smoothed design response spectrum is
frequently used. This paper deals with a wave generation technique based on phase character-
istics in earthquake accelerograms as an alternate of envelope time function. The concept of
‘phase differences' distribution' is defined to represent phase characteristics of earthquake
motion. The procedure proposed in this paper consists of following steps ; (1) Specify a de-
sign response spectrum and derive a corresponding initial modal amplitude. (2) Determine a
phase differences' distribution corresponding to an envelope function, the shape of which is
dependent on magnitude and epicentral distance of an earthquake. (3) Derive the phase angles
at all modal frequencies from the phase differences' distribution. (4) Generate a time
history by inverse Fourier transeform on the basis of the amplitudes and the phase angles thus
determined. (5) Calculate the response spectrum. (6) Compare the specified and calculated
response spectra, and correct the amplitude at each frequency so that the response spectrum
will be consistent with the specified. (7) Repeat the steps 4 through 6, until the specified
and calculated response spectra become consistent with sufficient accuracy.

Then, the above-mentioned method is compared with a few methods proposed by the other in-
vestigators. Those are ; (1) Give the uniform random phase angles. Multiply by the specified
envelope function. (2) Determine the k-th modal frequency to satisfy the following relation,

fo = (1+20)f

where f : Frequency of k-th mode, h : Fraction of critical damping
and the k-th modal phase angle (-1)k T. Multiply by the envelope function.3) (3) Determine
the modal frequencies in the same way as (2). Derive the phase angles from the uniform dis-
tribution.
The principal features of the method proposed in this paper are ;

(1) The non-stationarity of the time history can be controlled by the phase differences'
distribution. (2) The more times the repetition is performed, the better compatibility to
the specified spectrum is obtained ; it is not necessarily the case in some of other methods.
(3) The specification of a smaller damping response spectrum induces the result more compati-
ble.



1. INTRODUCTION

In executing the seismic design of nuclear power plant structures, a spectrum-con-
sistent time history is frequently used as the input earthquake motion. Many investigators
have proposed the techniques for generating such motion. In many of those techniques the
non-stationary time history is generated as the product of so-called envelope time function
and a stationary random time function expressed as the superposition on many sinusoidal
waves. The operation of multiplying by envelope time function, tends to cause the irregu-
larities in matching process to the specified response spectra.

The non-stationarity of the earthquake accelerograms can be related with the phase
differences and their probability distribution.] Therefore the non-stationarity of a time
history can be obtained by controlling the phase differences' distribution instead of
envelope time function.

2. FNVFEILNPE TIME FUNCTION AND PHASE DIFFERENCES' NTSTRTRITTNN
2. 1. Phase Difference
The earthquake accelerogram a(t) is expressed as Eq.(1) by the discrete Fourier
expansion. Nf
a(t) = kZ] Akcos(ankt + ¢k) (1)
where fk : the k-th modal frequency, Ak : Amplitude at fk,
¢k : Phase angle at fk’ Nf : Number of modal frequncies

The phase difference A¢k is defined as the difference between two consecutive modal
phase angles, i.e.,
A¢k = ¢k+'| - ¢k (2)
It is cerified that the probability distributions of phase angles contained in most
accelerograms of actual earthquake motions are uniform and that the probability distributions
of phase differences are normal or normal-like in shape.])

2. 2. Relationship between Envelope Time Function and Phase Differences' Distribution

It is very interesting that the uniform probability distribution of the phase
differences' of a stationary time history is changed into normal-like, by multiplying the
time history by an envelope function. (See Fig.1,2)

It is concluded conversely that the non-stationarity of a time history is resulted
by controlling the phase differences' distribution. Namely, the position of a stronger part
in time history corresponds with the mean value and its duration corresponds with the
standard deviation of the probability distribution, which is assumed normal.

The envelope curve of the derived time history is similar with the specified phase
differences' distribution in shape.1)
3.¢ NERAL PROCEDURES FOR WAVE RFNFRATTOM

3. 1. Elow-Chart
[step 1] Generate a non-stationary random process with some specified parameters such
as modal frequency fk’ amplitude Ak’ phase angle ¢k’ envelope time function E(t)
and phase difference A¢k distribution.
[step 2] Calculate the maximum response S, (k=1,2,...,Nf) at each fundamental period.
[step 3] Modify the modal amplitude Ak by the following equation.
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where Sktg : Target (Design) response spectrum
(i) : 1i-th iterative cycle of computation

Repeat the steps 1 through 3 with the new value of Ak until a reasonable con-
sistency will be obtained.
3. 2. Specification of Parameters
3. 2. 1. Design Response Spectrum

Design response spectrum should be determined according to the seismicity of the
site of the nuclear power plant to be constructed.

The design spectrum adopted here is the pseudo-velocity response spectrum calculated
from the acceleration response spectrum.2

3. 2. 2. Frequency Spacings
It is desirable that the spacing of modal frequencies is determined so that the
response spectrum curve of the resulted time history should not fluctuate excessively around
the specified spectrum curve at the frequencies, the mode of which are not contained in the
time history. Among many proposals about the spacing of frequencies, the most interesting one
is to Tocate them so that each of them bocomes the "half power" frequency points against the
adjacent frequency point.3) It may be appropriate from the nuclear engineering standpoint
that each of modal periods should be in the range from 0.05 sec. to 2.0 sec. approximately.
3. 2. 3. Phase Characteristics
When the envelope time function is employed, the phase angles are usually derived
from the uniform distribution ranged in [0,2n]. In connection with the afore-mentioned
"half-power" point concept, the deterministic phase angles were proposed.3) This method will
be referred in later pages.
3. 2. 4. Envelope Time Function
Envelope time function generally consists of three parts. The first is "rising-up"
part, which may be approximately expressed by a parabolic curve. The second is the strongest
stationary part, which may be expressed by a constant, The last is "decaying" part, which may
be expressed by an exponential curve.

4, COMPATIBILITY CRITERIA
4, 1. Convergence
The parameter representing the convergence condition is defined individually by
different investigators. In this paper, the root mean square value of the discrepancy ratios,
namely, : NF
Er = _N?LZ1(Rk -1)2 (4)

where R, : The discrepancy ratio = S/ (k=1,2,...,Nf)

sktg
is utilized as the parameter.
4, 2. Maximum Discrepancy
The maximum discrepancy is expressed as |Rk - ]|max. (k=1,2,...,Nf)
Considerable amounts of discrepancies at a few frequency points in the region where

the modal frequencies are densely distributed, may be permissible.

—3— K 1/4



4. 3, Maximum Acceleration and Maximum Velocitv

5. PRACTICAL PROCEDURES IN FOUR METHODS
5. 1. Representation of The Time History
[METHOD 1] The time history is expressed as,

Nf
a(t) = E(t) § Akcos(ankt + ¢k) (5)

k=1
In this method, the Fourier inverse transform is employed to generate a(t). Therefore

each modal frequency is located at the same interval, i.e.,
fk = k/Td (k=1,2,...,Nf) (6)

where Td : Duration time of a(t)
Modal phase angles are derived from the uniform distribution ranged in [0,2n].
[METHOD 2] The time history is expressed as,

NFf
a(t) = £(t) § A (-)¥sin(2nf t + 9,) (7)
k=1
Eack modal frequency is determined to satisfy the following equation.
fk = r'-fk_1 s r<1+2h (8)

where h: the critical damping factor
This method is Characterized by the application of the "half-power" frequency points
and the deterministic phase ang]es.3
[METHOD 3] The time history is expressed as,

Nf
a(t) = E(t) § Aksin(ankt + ¢k) (9)
k=1
Each modal phase angle is derived from uniform distribution ranged in [0,2w] The

parameters except the phase angles are specified in the same way as [METHOD 2].
[METHOD 4] The time history is expressed as,
NFf

a(t) = kZlAkcos(ankt + ¢k) (10)
b = bpq T A0 (1)
where : phase difference

The phase differences are derived from the probability distribution which corre-
sponds to the desired non-stationarity in the time history.
5, 2. Results by Four Methods
The iterative procedures presented in 3. 1. have been performed in each method.

The results after 10 repetitions will be shown. Those are the pseudo-velocity response
spectrum in Fig.3 through Fig.6, the acceleration time history in Fig.7 through Fig.10, the
velocity time history in Fig.11 through Fig.14. The design response spectrum adopted here
is from reference 2. The changes of value of the maximum discrepancy and the root mean
square value of discrepancy ratios are shown in Fig.15 and Fig.16 respectively. The changes
of maximum acceleration and maximum velocity are listed in Table 1 and Table 2 respectively
The coefficient r in Eq.(8) is 1.1 in this case. The critical damping factor is 5% in each
method. In the step of modifying the amplitudes, the spectral values are made to converge
only at the modal frequency points. Therefore the consistency of inbetween frequencies are
not recognized. The spectral values in such frequencies are added in Fig.4 and Fig.5.
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The value Er and maximum discrepancy at the 10-th iteration of METHOD 2 and METHOD 3
are also added in Fig.15 and Fig.16.
The follwing conclusions may be derived from the results.
(1) The value Er appears to converge uniformly in the four methods within 10 repetitions
(2) A certain deterministic time history can be made to converge to the desired one very
rapidly. (METHOD 2)
(3) Different maximum accelerations are induced by different initial values in random
number generator.
(4) Different maximum accelerations and different velocities are induced by different
generating procedures in spite that the specified spectra are same.

6. DISCUSSIONS
The following comments may be made primarily with respect to METHOD 4.

1. The selection of a set of random numbers significantly influences the induced maximum
acceleration. The extent of such influence can be predicted by observing the shape of
the time history in the first approximation, that is, if the shape of the the time
history contains some abnormal features, the time history obtained after the follewing
iterative procedures also holds the same features at a certain extent. It is recommended
therefore to preliminarily generate a certain number of time histories and select the
most appropriate random numbers for the following plenary computations.

2. In the procedure of modifying the modal amplitudes, it may be recommended to select
the exponent x in the range from 1.5 to 2.0 to accelerate the convergence.

(i+1) _ 4(1) X
AT = AT R (12)
3. Because of the application of the discrete Fourier inverse transform, the number of

frequency points is extremely large,when compared with other methods, requiring ex-
cessively long computer time.

7. CONCLUSIONS

By virtue of excluding the application of the envelope time function from the wave
representation, the convergence condition to the specified spectrum is remarkably stable.
Nmaely, the more times the repetition is performed, the better compatibility to the specified
spectrum is obtained ; it is not necessarily the case in some of other methods.
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TABLE 1. The Changes of Max. Acc

Method 1 Method 2 Method 3 Method 4
62.4 9144.9 12582.0 131.3
435.5 455.4 546.3 388.4
475.9 460.6 534.7 425.7
483.9 463.6 528.1 444 .4
484.5 465.4 521.9 458.4
481.0 466.5 516.1 467.5
478.0 467.1 511.0 473.5
476.3 467.3 507.5 477.5
475.9 467.3 505.6 479.7
476.1 467.2 504.7 481.4
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TABLE 2. The Changes of Max. Vel
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