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SUMMARY

Analyses were made of the dispersion properties of the apparent wave
velocity detected from accelerograms for the frequency range 0.1 to 3Hz,
which 1is most significant for the aseismic design of the buried pipe struc~
tures. An array observation system was built-up, and more than forty records
of ground motion were obtained. Analyses were performed for longitudinal and
transversal components with respect to the azimuthal direction. The calcu-
lated dispersion curves showed a strong dependence of the apparent wave
velocity on the frequency component. Our results were used to establish an
earthquake resistant design guideline for pipe structures.

INTRODUCTION

The apparent wave velocity is one of the most important factors used in
the analysis of lifeline systems, especially those of buried pipe structures
such as submerged tunnels and gas or water distribution systems. Deformation
of buried pipe structures is governed by the relative motion of the sur-
rounding ground at different arbitrary points on the axis of the pipe line.
The ground motion of the surrounding soil is very similar to that of the free
field because interaction between the soil and the pipe is not significant in
the seismic response of pipes. The first approximation, therefore, of the
strain induced in pipe is given by strain of the soil.

The axial strain ¢ is calculated from the following equation:
e= |v/cl

in which, » is the particle velocity produced by the traveling wave along the
pipe's axis and is the apparent wave velocity. v is easily determined from
records of ground motion; whereas, c¢ is determined neither from a record ob-
tained at one observation site nor from records taken at sites that are not
connected. Therefore a common time signal must be marked on all records in
order to determine the wave velocity from seismograms obtained at different
sites, this condition rarely obtains with ordinary strong motion acceler—
ograph networks.

ARRAY OBSERVATION AND RECORDING SYSTEM

An array. observation system was built-up in Yoshikawa township, 60km
north of Tokyo. The observation area is close to the Edo river and ranges
over an alluvial layer which thickens with the distance from the river
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(Fig.1). The array consisted of four recording stations; onc¢ master station
and three slave stations, in the shape of a triangle. The formation of the
recording stations also is shown in Fig. 15 No.l is the master station and
Nos.2, 3 and 4 the slave stations. The solid and dashed lines represent the
thickness of the alluvial deposit; i.=, the depth of the diluvial layer below
the ground surface. The soil profiles at stations 1 and 3 are shown in
Figs.3 and 4. The thickness of the alluvial deposit at thesc two stations
differs markedly. This causes the depth of the diluvial layer to wvary so
sharply that these layers form a steep slope beneath the alluvial deposits.
The shear and volumetric wave velocities of each layer were determined by the
selsmic prospecting.

Each recording station is equipped with two accelerographs, one at
ground surface and one at the interface between the alluvial and diluvial
layers. Schematic representations of the recording site and array formation
are shown in Fig.2. The accelerograph is the three~component servo type and
the recording device a digital cassette recorder with a frequency range of
0.1 to 30Hz and a dynamic range of 0.1 to 1000 gal. The slave stutions are
connected to the master station by public wire in order to receive a  common
time signal every two seconds. A buffer memory was preparcd to obtain a
three-second delay and the trigger level was set at lgal.

Whenever the system is triggered, a signal is transmitted automatically
by public wire to the monitoring room located in Osaka, about 500km apart
from the site. The system has been operating for three years and has rec~
orded more than 40 earthquakes. We analyzed 15 of these records. The epicen-
ters of those 15 earthquakes are plotted in Fig.5.

FREQUENCY RESPONSE CHARACTERISTICS OF THE STTES

The recorded accelerograms were decomposed to obtain the longitudinal
and transversal components with respect to the azimuthal direction for cach
earthquakes studied.

The frequency response functions were determined for the four stations
from all the records studied and were defined as the ratio of the Fourier
transform of the record at ground surface to that at the basal diluvial
layer. But, because each frequency response function fluctuated, we per-
formed a smoothing procedure in which several values for the frequency res-—
ponse functions were superposed for each recording station. The results in
Fig. 6 give a comparison of the theoretical frequency response functions
calculated by the multiple reflection theory from soil profiles at each
recording station (Fig.7). This figure shows that the frequency response
function is well determined by the multiple reflection theory and that the
frequency response characteristics at each station are contained 1in ecach
record. Moreover, it shows that the frequency characteristics at recording
stations 1, 2 and 3 markedly differ.

Power spectral density functions were calculated from records obtained
at the ground surface at each station and were superposed to diminish fluctu-
ation. The results for the frequency response functions are given in Fig. 8.
A.comparison of this figure with Fig.7 shows that the frequency characteris—
tics at each recording station are modified by the characteristics of the
traveling path as well as those of the fault plane. Therefore, the predomi-
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nant frequency at a recording station does not necessarily give the resonant
frequency of the sites.

DETECTION OF APPARENT WAVE VELOCITY

Sum And Difference Method

The sum and difference method (Ref.l) was used to determine the apparent
wave velocity from the records at the ground surface of two stations, the
selection of which depended on the direction of wave transmission. Let fa(t)
and fp(t) be the respective records at ground surface at stations A and B.
Then the time lag between the two stationms is a function of the frequency
components and is calculated from the following relationship:

H (o, r)}
He(w, 7))

He (o, )= |05 t+7)+£,0t) e ' 'at]

G(w,r)==m{

H. (o, r):![ﬁf‘ t+r)~f4tne””dq

in which, « is the circular frequency and < the time lag. When the phases
of frequency components of the records at two stations coincide, the function
G( w, t) takes a large negative value, but this function takes a large posi-
tive value when out of phase by 180 degrees. The dependence of the time lag
on the frequency component is shown in Fig.9., Once this sort of relationship
is obtained, the time lag is easily converted to the apparent wave velocity
and shows the dependence on the component frequency.

Using the method described above, we determined the dispersion charac-
teristics of the apparent wave velocity for several pairs of records. Re~
sults are shown in Figs.10-12. In these figures, (L) and (T) stand for the
longitudinal and transversal directions with respect to the azimuth, 2-S-=»3-
S, for example, signifying that the records at our sites 2 and 3 were used to
determine the relationship. Table 1 lists the earthquake data analyzed.

It 1is obvious that the apparent wave velocity depends greatly on the
frequency component, even for such a low frequency range as 1.0Hz. Although
the dispersion curves show much fluctuation, there is a geneal tendency that
is similar for the longitudinal and transversal directions. The extemnt of
the dependence of the apparent wave velocity on frequency, however, is dif-
ferent for each earthquake. This means that the dispersion characteristics
are affected by the azimuthal direction, the epicentral distance, the depth
of origin and so forth.

A comparison of the apparent wave velocities given in Figs.10-12 shows
that an apparent wave velocity in a frequency range of less than O0.5Hz is
small in sequence for earthquakes 18, 30 and 33 and that this sequence
coincides with the sequence of the epicentral distance. Because the depth of
the origin of these three earthqukes is almost same, the angle of incidence
differs and the apparent wave velocity becomes rapid.

Phase Difference Method

Let Sxy(@ ) be the cross power spectrum calculated from the records at
stations X and Y and Rgy( t ) the auto-correlation function of the record at
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station X. Then the cross spectrum Sxy(w ) is adjusted by the following
equation to obtain the normalized cross spectrump xy(® ):

_ Sxy(w)
oxy(w)= Rxx (0)

Earthquakes also were classified into several groups with' respect to
epicentral distance and azimuthal direction; these groups are given in Fig.5
as Gl, G2, etc. The cross-correlation functions were stacked for all the
records belonging to the same group in order to distinguish the correlation
of frequency components between two stations after normalization by the
standard deviations of respective records. An example of the cross-correla-
tion function obtained by the phase difference method is shown in Fig. 13.

The Fourier transform of the cross-correlation function was calculated
to obtain the phase spectrum. The coherence function Cxy(w ), also was calcu-
lated from the pair of cross-spectra by the following equation:

o dexy(ell”
Cxy(w)= Sxx(pa% Syy{w)

in which Syy (@) is the power spectral density function of the record at
station Y.

Examples of these functions are shown in Fig.l4.  Once the phase spec-
trum is obtained, in principle, the phase velocity is easily determined.
But, din accelerograms in which a high frequency component is dominant, the
phase angle fluctuates greatly (as in Fig.l4); moreover, the correlation
varies greatly for different frequencies. Therefore, a regression analysis
was made by adopting the coherence function as a weighting function. The
adopted regression curve V(o ) for the apparent velocity is

V()= (ag,a, and a,;constants)

-
(ap*ay, w?)sinhw

Results are shown in Fig.l5 for Groups 1, 3 and 4. The dispersion curve
in this method is smooth compared with the curve obtained from the sum and
difference method, It is, however, very difficult to determine the relation-
ship for frequency components higher than 1.0Hz because the phase angles of
high frequency components vary so sharply on the phase plane. The results
sgownliSHFig.IS compare well with the relationship for a frequency range less
than . Z.

Engineering Aspects

In terms of engineering, the lower bound of the wave velocity is impor-
tant, and the lower envelope should be considered in the aseismic design of
sructures in which the relative ground motion has a significant effect on the
response. For a pipe line buried horizontally beneath the ground surface,
the relative ground motion along the pipe's axis is the governing factor of
the response of the pipe during an earthquake. The situation is very similar
to the response of bridges with very long spans.
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Based on the data given in Figs.l10-12 and on the other records treated
in this study, we adopted the tri-linear solid line shown in Figs.10-12 as
the relationship between the apparent wave velocity against the frequency
components in the tentative technical guideline for the earthquake resistant
design of high pressure gas pipeline. This guideline was prepared by the
Japan Gas Association according to the request of the Ministry of Interna-
tional Trade and Industry. In the guideline, the predominant period of the
design ground motion is determined from the dynamic properties of the ground
being investigated to determine the apparent wave velocity which then can be
converted into the wave length when necessary. Moreover, the particle velo-
city of the ground is given by the response spectrum provided in the same
guideline. Then, once the wave length has been determined, the strain in-
duced in the ground is calculated, and this is converted into the strain on
the pipe by the prescribed procedures ( Ref.2 ).

CONCLUSIONS

An array observation system was built-up to obtain records of the ground
motion for the frequency range that affects the seismic behavior of buried
pipe lines such as gas and water supplies. To determine the dependence of the
apparent wave velocity on the frequency components, we analyzed the recorded
accelerograms by two methods and concluded,

(1) It is possible to determine the dispersion characteristics for the fre-
quency range which affects on the structural response of a buried pipe line.
(2) The apparent wave velocity depends mainly on the frequency components,
and it decreases at increasing frequencies higher than 1.0Hz.

(3) The apparent wave velocity for a frequency rarge higher than 0.3seconds
is close to the shear wave velocity of the ground when the epicentral dis-
tance 1is great and the depth of the earthquake's origin is shallow compared
to this distance.

(4) Dispersion characteristics vary. They depend on the such properties of
earthquakes as the epicentral distance, the depth of the origin, the azimuth-
al direction, etc.

(5) The lower bound of the apparent wave velocity for a frequency lower than
1.0Hz is 1.0km/sec.
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