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ABSTRACT

The vibrational characteristics of the ground were investigated
through the observation of natural earthquakes and by means of an vibra-
tor, seismographs being set on the ground surface and in the bore holes.
Fourier spectra were obtained in the case of selsmograms of natural
earthquakes, and the amplitude-frequency relations for a constant vibra-
tional force in the case of vibrational test. It was shown that the |
vibrational characteristics of the layered structure is obtained by
calculating the ratios and differences of both amplitude and phase spec-
tra between the observation points at the surface and underground, and
are faidy good agreement with those of the ground due to SH waves gener-
ated by the vibrator.

INTRODUCTION

It has long been recognized that the seismograms of an earthquake
recorded at many observation points differ according to the geological
structure at each point. Many seismologists have attributed this to the
fact that the ground has its own predominant period corresponding to the
geological structure. From the Fourier amalyses of micro-tremors and
natural earthquakes the frequency characteristics of the earthquake motion
nmay be obtained and this is theoretically calculated as the multiple ref-
lection of infinite S waves coming upwards perpendicularly to the surface
layer (1). It has also been proved that the ground has its own spectrum,
which is related to the thicknesses of surface layers and their physical
prgp?rtieg (propagating velocity of S wave , density, rigidity and viscosi-
ty) (2, 3).

When the frequency characteristics of the seismogram on the surface
of the ground Tlw) and O(w),Qw) andG{(w) are the frequency characteris-
tics of the origin, the path through the crust and the geological struc-
ture of the observation point respectively, we get
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Ow)= Ow) - Qw) -Gw) ()
To obtain G(w) from J(w), the forms of O(w)- Q(w), which are irrespective
of the sub-surface geological structure of the observation point have to
be clarified. For this purpose observation at a point more than 100 m
below ground is required, but in practice there are certain difficulties.
It was reported that at the Hitachi mine several hundred meters below
ground the velocity spectrum for observing earthquakes was constant (4).
However, the frequency range in this case was limited and hence the spec-
trum of the earthquake at base rock level was still unclear, because it
would be affected by the origin and the path of the seismic ray.

The spectrum of an earthquake motion incident to the base rock,
which is calculated from the seismogram at the presumed bed, will be the
interference wave between the incident and reflected wave at the surface
and hence the incident wave itself is very difficult to observe directly.
It can be calculated from the seismogram recorded at a very deep observa-
tion point where the effect of the surface lgyer is negligible, or by
theoretical calculations taking into consideration all the parameters
such as elastic constants and viscosity coefficients of surface layers ,
which enable us to separate the incident and reflected wave. Thus the
frequency characteristic of the ground at an arbitrary point is unobtain-
able from the surface observation of earthquake motion, since the fre-
quency characteristic of the incident wave at the base is wmclear. At
present, the displacement (velocity, acceleration) spectrum is generally
obtained and the free oscillation period of the ground is assumed from
the relative positions of peaks and dips on the graph.

The spectra of earthquake motions at the surface and underground
are related to the function H(w)exp(if(w)when the wave type is the same and
the function form is determined only by the parameters, such as the thick-
ness between two observation points and elastic constants, as will be
explained in the next chapter. Therefore, the free oscillation period
corresponding to geological structure magy be found among the peaks of the
amplitude spectrum on the ground surface by calculating the ratio and the
difference of the obtained amplitude and phase spectra on the surface and
wderground. However, only the relation between the distribution of the
amplitude spectrum and geological structure has been discussed and the
distribution of the phase spectrum should also be taken into considera-
tion,

In this paperH(w) and P(w) are obtained from the spectra of earth-
quake motions observed on the surface and wnderground simultaneously and
compared with the theoretical values calculated from the geological struc—
ture which is obtained by S wave prospecting. When the geological struc-
ture near the surface is simple, for instance when there are just a few
layers overlaying the base rock, the observed spectrum is well explained
by the multiple reflection theory in the parallel layers. However, when
the geology is complicated i.e., the surface and the boundary layer are
inclined or the layer bowmdary is uncertain, the theoretical curve cor-
responding to the geological structure is very difficult to obtain and
hence the complicated layer structure is replaced by the equivalent



parallel layers and then the theoretical curve is obta:‘_r'led. F_‘or 1.:his
purpose, the phase spectrum at the underground observation point is first
obtained, the main discontinuous layers are assumed and then proper equi-
valent layers will be obtained.

Thus, the frequency characteristics of the ground can be obtained
even when the spectrum incident to the base is unclear, but they can also
be obtained by observing the corresponding ground motion excited by a
vibrator whose force characteristics are known. In order to investigate
the vibration characteristic corresponding to S wave motion, the vibrator
was set on the ground surface and the SH wave was generated by forcing
in the horizontal direction. The result of the analysis of the oscillo-
pram taken by underground observation was compared with that for a natural
earthquake and it was shown that this method is very effective. Since
the vibrator is pretty powerful at low frequency, a Love wave of fundamen-
tal mode is also generated in this case, and from the dispersion curve
- the geological structure regarding S wave is also discussed.

METHOD OF EXPLORATION OF THE GROUND

The vibrational characteristics of the ground are determined by the
mechanical structure of the ground, in particular, the thickness of the
layer and the elastic constants, but does not directly depend on the
strength of the ground. Therefore, the method of seismic prospecting,
especially the use of S waves, is most suitable for obtaining the dynamic
structure of the ground.

The method using SH waves by striking a plate on the ground surface
is effective for the determination of the upper structure of the ground.
That is, long wooden plates, 1-3 meters in length, 30 cm in width, 5-10
cm in thickness, were pressed down or stuck on the ground surface. The
SH waves were generated by striking the plate with a hammer parallel to
the plate surface. The profiles were taken perpendicular to the direc-
tion of the plate and pickups were set on the surface at intervals of 5
meters and in the bore hole, if we could utilize it. The waves recorded
were direct, refracted and reflected ones and we determined the ground
structure by the method of refraction and reflection.

DISTRIBUTION OF THE AMPLITUDE AND PHASE SPECTRA

Let f,(w) be the spectrum of waves at the surface and f(w) that in
the ground. Then between £,(w) and f(w) , there is the following-relation

Fw) =H(w)exp(L 9w) 1, (w) (2)

When waves are perpendicularly incident on boundaries and are not convert-
ed into other kinds of waves, f,(w) and f(w) are functions of frequency
W depending only on the ground structure.

" We shall now investigate the case where there are two layers on a
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semi-infinite solid and take a visco-elastic body of the Voigt type as
the model of the solid (5). Let f(w) be the spectrum of earthquake
motion in the first layer, f,(w) that in the second and f,(w) that in
the third, that is, f;(w) is the spectrum observed by a seismometer in
a bore hole in the semi-infinite medium; it is not the spectrum of waves
itself incident on the basin floor, but contains waves reflected from
the surface layers.

We shall now resolve the wave equation for the case where plane
harmonic SH waves are incident vertically upwards. Then, ,
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where ¢ is solid viscosity, f density, 1/ velocity of S waves, H
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Taking the solid viscosity into consideration, H(w) has not any zero
points, and P(w) varies continuously from -180" to 180 As it is obvious
from (3) (4, sinceHWewfp) is a function of w depending only on the
ground structure, that is, thickness of layer and dynamic constant of
medium, we can know the natural frequency due to the ground structure by
calculatinb f,(w)/f[w) from the results of the observations made at
several points in the ground.

RESULTS OF ANALYSES FROM NATURAL EARTHQUAKES

We shall now show the results of the analysis of earthquake motion
in the case of the Matsushiro earthquake, as an illustration of the ob-
served spectra. The observations were carried out on a sandbank in the
River Chiluma. The geological structure of the site determined by the
method of seismic exploration and examinations ofthe bore hole is shown
in Fig. 2. The points of observation were set at the same time on the
surface and in the bore hole at a depth of 10 m.

The natural period of the seismographs of velocity type used for the
observation was 3 cps and they were connected to the data recorder.

The greater part, about 2 seconds, of the S wave were used to obtain
the spectrum of the earthquake motion. The results are shown in Fig. 3,
4. In detail, some differences will be apparent in the mechanism, path
and incident circumstance with respect to the basin floor and hence the
statistical mean is taken to eliminate these effects to some degree. The
geometrical mean of the amplitude spectra of velocity of four earthquakes
at each depth is shown in Fig. 5. It can be understood from the examina-
tion of the spectrum in Fig. 5 that the curves show peaks at 6 cps and
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9.5 cps on the surface and at 6 cps aud 11-12 cps at 10 m below the grounds
The ratios of amplitude spectra andt he difference of phase spectra were
calculated from £®)#w) to obtain the correspondence of these spectra to
the ground structure, .nd are shown in Fig. 6. These figures illustrate
that the reversion of the phase occurs and that the amplification of
amplitude on the surface to that of below the ground amounts to the
maximm, at 9 cps in both EW and NS components. It can be inferred from
this fact that 9 cps, the frequency of the peak of the mean arqalitude
spectrum on the surface results from the boundary between O m'and 10 m

in depth. The theoretical curves of ffw)/ fw) corresponding to the grownd
structure are shown by sollid curves in the figure. We could not measure
the solid viscosity in this observation, and so we used §= joca.S. which
was reasonable as the viscosity of soundy clay. These spectrum curves
agree fairly well with the observed value at 9 cps corresponding to the
boundary 2.5 m in depth. The emphasis has been placed on the inquiry into
the characteristics of waves incident on the basin floor, in investigating
the characteristic frequency of the ground. But it may be said that the
characteristic frequency of the ground can be obtained from the ratios of
spectra, without any knowledge of the characteristics of the incident
waves.

RESULTS FROM ANALYSES OF VIBRATION TESTS

) The vibrator was set as shown in Fig. 7. The freguency can be con-
trolled in the range 1-20 cps, the force is about 2 ton.g in the range
4~20 cps and the maximum of the moment 3000 kg-cm. The center of weight
of the vibrator was lowered so that the rocking motion might be suppressed.
With respect to the settlement of t he vibrator, the ground was dug down

to 0.5 m (16 ™) and the base of the vibrator was made by casting concrete
in the place that had been duge The foundation bolts were placed in the
base, and after the concrete had set, the vibrator was fixed in the center
of the base with nuts. Regarding the layout of the measurements, the
observation points were chosen perpendicularly to the direction of vibra-
tion, and the seismometers with three components were set at the same time
on the surface and in the base of each bore hole, which had been dug sepa-
rately several meters from the base of the vibrator. ¢

The transverse components of the waves generated were fairly good
harmonic waves and considerably larger than the other components, on the -
surface and in the bore hole in the vertical plane perpendicular to the
direction of vibration. Therefore, we regarded those waves which were
penerated from the vibrator as SH-type. Waves of a frequency twice as
large as those of the vibrator were recorded sometimes in the vertical
component. These waves may result from the rocking motion of the base.

In order that the ground around the base may be vibrated as elastically as
possible and not be injured, we vibrated the ground as small as poss:tb]..e
considering the noise level. vt b

The ground structures around the observation points are shown m

Fig. 8, and the spectra of the amplitude of the components of the dlrect:wn
of v1brat3.on are shown in Fig. 9. As the curves of the velocity @ectrmm :
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are flat in some measure and become smaller with the decrease of frequen-
cy at each point, we could regard these waves as being sent out directly
from the vibrator and not influenced by the ground structure. According
to the theoretical calculation, the amplitude of displacement generated
by excitation on the surface of a semi-infinite body is nearly constant,
except near the resonance point, and the fall with the- t.iecrease in fre-
quency as shown in Fig.9 does not appear in the theoretical result:,. )
puring vibration of the base, the ground near it may exceed the limit of
elasticity and yield. As a result, it seems that the ground behaves more
fluidly at the low frequency. Therefore, we would have done better to
enlarge still more the area of the base,.from the viewpoint of the effec-
tiveness of the transmission of low frequency vibration into the ground.

Regarding the effect of a resonance point of the dynamic ground com-
pliance which results from the dimension and weight of t he base, the
curve of the amplitude of vibration is comparatively flat in the range
1-20 cps and tends to fall gradually at the low frequency, according to
the caleculation of the vibration of the base of a rettangle on a semi-
infinite medium, and hence the base may hardly affect the spectral curve
corresponding to the ground structure.

At each observation point the peaks and dips of spectra become clear-
er with the increase in depth. This fact corresponds to the appearance
of the mode of vibration depending on the ground structure characterized
by the velocity of S waves. Viewed in this light, we investigated the
correspondence between the characteristics of the ground influenced by
vibrator and those of the ground influenced by earthquakes. Though the
position of the origin of the vibration is opposite to that in an earth-
aquake, according to the reciprocity theorem in elastic dynamics, the
recept in the growmd for the excitation of the surface is equivalent to
that on the surface for the excitation underground. Therefore, having no
regard to the fact that the waves generated from the vibration are spheri-
cal and not plane waves, as is the case of earthquake waves, we can make
and analogy between the spectra obtained from surface vibration and those
from earthquakes and could estimate the characteristics of the ground in
earthquakes from the results of the vibrator. The mean amplitude spectra
of the S waves of two earthquakes at this place 4 m in depth are shown
in Fig. 10. In the figure, the solid line shows the theoretical spectra
4 m in depth calculated on the base of the model in Fig. 8. As shown in
Fig. 9 the spectra underground, 17 m and 30 m in depth, have weak peaks at
5 cps and 15 cps. It may be considered for the above reason that the
peak at 5 cps corresponds to that of the two earthquakes.

PHASE VELOCITY OF LOVE WAVES

In order to detect the transverse component of waves, surface geo-
phones were set horizontally at intervals of 5 meters along a line perpen—
dicular to the direction of vibration by the vibrator., The phase velocity
of Love waves was measured between 120m-220m from the above vibrator in
the region of the above observation point. As stationary harmonic waves
of a single frequency are generated by the vibrator , the wave form does
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not vary during propagation and then the correspondence of the phases
between each observatior point can be easily detected, if the interval
between the points is less than the wave length and the ground structure
does not vary between a distance several times as large as the interval.

We intended to generate only waves of SH type from the vibrator, to
utilize the small number of kinds of wave mode, but surface waves of
Rayleigh type were sometimes generated by the rocking motion of t he base.
As the waves generated from the vibrator are continuous ones, the differ-
ent modes overlap in the region where there are waves of more than two
modes for a single frequency. But, as the amplitude of the fundamental
node is much larger than others in surface waves, only this mode can
almost be recorded near a frequency corresponding to the Airy phase..

The frequency of waves recorded in this case was in this range.

The observed valued and dispersion curve calculated on the base of
the ground structure obtained by th. seismic exploration of SH wave are
shown in Fig. 11. There was fairly good agreement within the range 6-20

@S .
CONCLUSIONS

It is shown that Hw)ep(iP) theoretically represents the wvibrational
characteristics of the layered structure of the ground, which/ is obtained
by calculating the ratios and differences of both amplitude and phase
spectra between the observation points at the ground surface and under-
ground in order to investigate the vibrational characteristics of the
ground due to natural earthquake. The analysis of the spectrum of the
observed earthquake motion based on the above facts has been studied
and the free oscillation period of layered ground was obtained from the
given spectral ratios. This value showed fairly good agreement with the
theoretical spectral curve which is calculated from the geological struc-
ture clarified by S wave prospecting and the spectral form is shown to
be theoretically due to the layered structure. The method of investigat-
ing the vibrational characteristics of the ground considering both ampli-
tude and phase spectra is conceived to be necessary when the geological
structure is complicated.

By vibrating the ground in a horizontal direction artificially by
a vibrator set on the ground surface the vibrational characteristics of
the ground due to SH wave generated in this case were observed and it
showed behavior similar to that of a natural earthquake. This method will
provide a more accurate clue to the vibrational characteristics of the
ground when it is combined with the method of analysis concerning natural
earthquakes.
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