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SUHMARY

This paper describes a new method to generate simulated earthquake ground motions. It
has been pointed out that simulated earthquake ground motions generated by the conventional
method to meet design spectra of relatively high damping (for example 5%}, tend to give much
greater response spectra than design spectra of lower damping (for example 1%}. Since this
tendency might lead to the overestimation of earthquake response for low damped systems,
such as equipments and piping systems in nuclear power plants, it is desirable to generate
simulated motions to meet design spectra for various dampings simultaneously.

A new method to generate earthquake ground motions was developed to resolve the above
mentioned problem. In the present metheod, vibration frequencies for component waves between
(.5 Hz and 50 Hz are grouped into several bands. 1In each frequency band, frequencies of
component waves are chosen at regular intervals and component wave phases are ecalculated
from a phase difference distribution, which is assumed among adjoining component waves.
These component waves altogether form an element wave, which has an envelope like a beat
wave repetition. In this method, simulated ground moticns are generated by superimposing
these element waves with an envelope function. Four kinds of simulated earthquake ground
motions generated by the present method, whose response spectra closely matches to design
spectra for both 1% and 5% damping are also described.
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1. Introduction

The ground motioms considered in earthquake-proof design for nuclear power plants are
generally simulated to meet the design response spectra, which are defined by taking the
sejsmicities of each site into comsideration {1} . For the method to generate these
earthquake ground motions for dinput into the design ecriteria, the Sinusoidal Wave
Superimposition Method (SWSM), which generate ecarthquake ground motions superimposing
sinusoidal waves onto an envelope function, has been widely wused. However, many
inconveniences are generally pointed out about these simulated earthquake ground motions,
Above all, the following items are considered as still unsettled problems.

L Because, only a limited number of. frequency components is used in the SWSM, simulated

earthquake ground moticns may not have consistent spectral characteristics between
‘estimated frequency components and actual recorded motioms.

2) Simulated earthquake ground motions generated by SWSM to meet design spectra for

relatively high damping ratio, such as 5%, tend to give much greater response spectra

than design spectra for lower damping ratios, such as 1% or 0,5%.

The Gauss Wave concept has been proposed to resolve the above mentioned problems. In this
concept, Gauss Wave is defined as an element wave whose Fourier amplitude is given by a
Gaussian distribution function and phase gradient is constant to the frequency [2]. This
paper describes a new method, developed applying this Gauss Wave concept, to generate

earthquake ground motions.

2. Gauss Wave Superimposition Method.

In the method proposed in ref. [2]. the j-th element wave yj(t) is defined as follows

for frequency fj H

1 2z
Yj(t) =5 exp{"d;(t + aj)/Z}-cos(wajt + ¢j) (1)

where, Uj is a standard deviation in Tourier amplitude of yj(t) which forms a Gaussian
distribution function around the mean frequency fj’ &j is the constant phase gradient to
frequency fj and ¢j is a phase angle of this element wave. This element wave yj(t) is
called the Gauss element wave {Gauss Wave). In the time domain, as shown in Fig.l,
parameter uj indicates the time when the maximum value for the element wave occurs, and

prameter oj indicates the duration time for the strong motion in the element wave.

Simulated motions are generated by the superimposition of yj(t) with respect to j.

In this method, frequency components other than the element wave frequencies can be taken
into consideratin.

Figure 2 shows a typical example of simulated earthquake ground motion generated by
this method to meet the Ohsaki spectrum of M8 (Earthquake Magnitude 8), X65 km (Focal
distance 65 km) as the design spectrum.

The choice of adequate parameter values o . and G, is, however, very difficult, so these
parameters have to be determined by trial and error. Therefore, determination of these
parameters requires much labor and makes it difficult to generate sufficient earthquake

ground motions by this method. An improved method was developed, taking into consideration
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the basic Gauss Wave property, as shown in the following sections.

3. Improved Method.

Figure 3 shows typical frequency band passed waves computed using the Chebychev filter
[3] from a recorded earthquake ground motion. As seen in this figure, frequency band passed
waves for a recorded motions tend to have envelope like repetition of Gauss Waves. An
ilmproved method was developed by taking this band passed wave property into consideration,

In the present methed, 0.5 Hz to 50 Hz frequencies for the component waves are grouped
into several bands. In each frequency band, component wave frequencies are chosen at
regular interval Af and component wave phases are calculated from the phase difference
distribution which is assumed (for example to be a rectangular distribution) among adjoining
component waves. These component waves all form together into an element wave For each

frequency band. For the i-th frequency band, an element wave yi(t) is defined as,

yi(t) = E aj-cos(ZW{fi + Afy(j-1)}e + 945 (2)

where, fi is the lowest frequency in the i-th frequency band, Afi is the frequency inerement
in the i-th frequency band and ¢ij is the j-th phase for the j-th component wave in the i-th
frequency band. One feature in the present method is the choise of frequency increment,
Afi, in eq.(2). This Afi is chosen greater than the frequency increment Af (=l/Té where Td
is the duration of the motion) which is used in Fast Fourier Transform. For example, if Afi
is chosen as Afi= 3+Af and fi=0, the shape of yi(t) in eq.(2) forms a repetition of the same

wave using time interval T'd (=1/ fi)'

Meanwhile, it has been pointed out that a close correlation can be found between the
wave~shape of an earthquake motion and the shape of the probability distribution of phase
differences in the same motion.[4] By the application of this property, the shape of the
element wave using time interval T'd can be defined by the shape of phase difference
distribution. Figure 4 shows an example wave calculated by eq.(4) with the condition of
Afi=3'Af and fi=0 using a relatively narrow phase difference distribution bandwidth,

The earthquake acceleration y(t} generated by the present method is defined as
superimposition of element waves, yi(t), whose wave shape is 1like the example shown in

Fig.4, with an envelope functiomn e(t) as,

y(t) = e(t)-‘%yﬂc) (3)

where n is the number of element waves., When, {fi+Afi(j—l)} term is replaced by f, and ¢k

k
is defined by independent random numbers on the interval {0,2%) in eq.{2), eq.{(3) turns into
the following expression, just the same as SWSM, as,
N
y(t) = e(t)'i akcos(ZWEkt + ¢k) (&)

where N is the number of all component waves,
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4, Simulated Farthquake Ground Motioms Examples.

As a typical example, where the simulated earthquake ground motioms by SWSM to meet
design velocity response spectra of 5% damping (53(5%)) gives much greater response velocity
spectra of 1% damping (S_(1%)) than sT(1%), the case of M8,X65km is shown in Fig.5. It is
found from this figure that although SV(SZ) closely matches SEkSZ) , SV(IZ) is much greater
than SE(IZ) in the high frequency range. To clarify the difference between Sv(lz) and
53(12), discrepancy factor E(1l%) is defined for the j-th component of the element waves,
as follows; T
E(lZ)j = 5(1%)/5,(1%) - 1 (5}

Evaluated Sv(iz) discrepancies with this simulated earthquake ground motion are shown
in Fig. 6. One motivation to develop the present method is to improve agreement between
response spectra and deslgn Spectra in various dampimgs. In order to demonstrate this
improvement, four kinds of earthquake ground motions, which are compatible with SE(SZ) of
the Ohsaki spectra of M6.5;X10km, M7.0;X23km, MB.0;X65km and M8.5;X77km, were generated by
the present method. In these processes, the number of frequency points for the component
waves between 0.5 Hz and 40 Hz is chosen to be 149. The component waves at these frequency
points are grouped into 6 element waves. As shown in Table 1, the frequency increment for
each frequency band Afi is chosen to be .a large value for a higher frequency band. The
phase values in each element wave are given as random numbers, whose phase difference
between adjoining component waves forms a rectangular distribution. The envelope function
in eq.{3) is arbitrary but can be chosen, as shown in Fig.7, to define the overall duration
(ABCD), build-up (AB), duration of intense moticn(BC) and decay {(CD) for many earthquake
categories. These parameters, used in generation of M8.0;X65km simulated motion, are shown
in Table 2. Time history for this simulated earthquake ground motion is shown in Fig. 8,
together with a comparison of its 5% and 1% response spectra with design spectra. SV(IZ) in
this figure is found to be closely matched to SE {(1%Z) in the 7 Hz to 20 Hz wvibration
frequency range, where the natural frequencies,for low damped systems, such as equipments
and piping systems, are concentrated . The discrepancy between SV(IZ) and 53(1%) was also
evaluated by eq.{5) and is shown in Fig.9. With a comparison between Fig.% and Fig.6, a
distinct improvement can be found for the present method in matching SV(IZ) and SE(lZ) in
higher frequency ranges.

The discrepancies between Sv(lZ) of simulated earthquake ground motions and

corresponding 83(11) are also evaluated as,

ﬂ

- 1 2
Err = I .E(l%)j (6

L

where, E(lZ)j is defined in eq.(5) and suffix j wmeans the j-th frequency component.
The results for the simulated motions generated by the present method are compared with
those generated by the conventional method and are shown in Table 3. It is obvious from
this table that the discrepancies between Sv(l%) and SE(lZ) for motions generated by the
present method keep small values in the higher frequency range of 8 Hz to 30 Hz, as compared
with those generated by the conventional method. The element waves in each frequency band

in Table 1 are shown in Fig.l10, to enable visualizing the feature of the present method.
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Since simulated earthquake ground motions, shown in this section are generated by
superimposing a relatively small number of component waves, it is important to check
compatibilities in more detailed frequency points. For this purpose, the agreement between
Sv and SE of MB8.0;X65km for simulated motions generated by the present method are evaluated
for both 12 and 5% dampings at 1476 frequency points, which are equivalent to a frequency
increment A f (=l/Td) used in Fast Fourier Analyses 0.02 Hz. The results are shown in
Table 4. It is found, from this table, that this motion, while being generated by
superimposing only 1/10 of the component waves, acheives good agreement between Sv and SE in
more detailed frequency points. Time histories for other cases of M6.5;X10km M7.0;X23km and
M8,5;X77km are shown together in Fig.ll.

5. Concluding Remarks.

A new method to generate simulated earthquake ground motions to be used as input motion
data for the earthquake proof design of nuclear power plants has been developed. Response
spectra for simulated motion by the present method can be closely matched to the design

spectra for not only 5% damping but also a lower damping value, such as 1%.

Primary reasons for the success in obtaining a very close match between response

spectra and design spectra in various damping are as follow;

(1) Frequencies of the component waves are grouped into several frequency bands, where the

constant frequency increment and phase difference distribution are assigned.

{2) These component waves in each frequency band together form an element wave. Frequency
increment and phase difference distribution of these component waves are chosen so that

this element wave has an envelope like repetition of Causs Wave.

(3) Simulated earthquake ground motions, generated by superimposing these element waves,

have lower Fourier amplitude than when generated by the conventional method.

Typical floor response spectra for a BWR plant, computed from simulated earthquake motions
by the present method, will considerably decrease over a significant frequency range, as
compared to that generated by the conventional method. Because the present method requires
a relatively small number of element waves, much computer time can be saved in the
generation of simulated earthquake ground motions; especially for a huge earthquake
magnitude of 8.5.

The authors acknowledge valuable suggestions and discussions by Mr. J., Kani, Mr. T.
Matsumoto and Mr. K. Gunyasu, of Toshiba Corp., by Dr. T. Nomura of NAIG, and by Mr., K.
Shioya and Mr. K. Naraoka of Shimizu Construction Co., Ltd.
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Table 2. Parameters used in generation of MB;X60 km earthquake ground motiom.

a) Control points for envelope, e(t). b) Rectangular phase difference distri-
butions for each frequeacy band.
Point e(t) time{sec) Frequency Mean value | Width
band (Hz) (7 radian) |{mradian)
A 0.0 0.0
0.5 - 3.0 -1.8 0.5
B 1.0 4,04
3.15- 7.8 -1.2 0.7
C 1.0 23.20
8.0 -12.0 ~0.62 0.45
D 0.1 50.44
12.3 ~21.,0 -0.0 0.33
21.4 -31.0 -1.3 0.10
31.6 -40.0 -1.0 0.07

Table 3. <Comparison of discrepancies between Sv {1%) and SE(IZ) of simulated
earthquake ground motions.

M6.5;X10 km M7.0:X23 km M8.0;X65 km M8.5;X77 km

e e I e e el e
0.5 - 3.0 16.1 14.5 17.2 21.0 30.0 26.2 25.2
3.15- 7.8 12.9 269 16.5 34.0 15.7 21.8 17.4 '38.4
8.0 -12.0 12,0 30.4 8.4 20.1 13.7 32.2 11.8 22.8
12.3 -21.0 7.2 42.5 8.4 28.4 11.2 4.6 12,1 30.8
2l.4 -31.0 14,4 68.1 19.2 58.1 10.3 58.7 9.2 58.2

Table 4. Comparison of discrepancies between Sv and ST for more detailed frequency
points of 1476 than the frequency points of component waves of 149.

Frequency 1% damping 5% damping

band (Hz) 149 peoints 1476 points 149 peints 1476 points
0.5 - 3.0 20.0% 18.9% 6.2% 6.9%
3.15- 7.8 15.7% 14.5% 4.3% 4.4%
8.0 -12.0 13.7% 15.1% 2.7% 2.7%
2.3 -21.0 11.2% 14.1% §4.2% 4.1%
21.4 -31.0 10.3% 10.0% 4£.3% 4,5%
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