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1. Introduction

Determination of the physical properties of the subsoil layers in
situ is of essential importance in studying the modifications of seismic
waves at the surface. These properties are also important in the design
of earthquake resistant structures. Such properties can be known by
studying P- and S-wave velocities in the subsoil layers. In general,
the longer the spread the deeper we can acquire such information at
the depths. Since it is usually necessary to make such an exploration
in heavily populated areas, where the available space is limited, it is
important to search for a method in which one can make the lateral
distance from the borehole to the seismometers as short as possible.
Because we are accumulating S-information in various kinds of soils,
it would be convenient if a method which is easier and faster than the
other conventional S-wave prospecting could be found, taking the afore-
mentioned condition into consideration®.

The main purpose of this study is to try and apply the well shoot-
ing method in the determination of SH-waves in the different media
at depths. Efforts have been made to determine how closely the cal-
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culation of the interval velocity, within the shortest possible lateral
distance from the horehole, could give an accurate interpretation of the
underground structure.

It is possible to generate SV-waves by dynamite explosion in a
borehole?. However, this type of source is not appropriate for our
purpose, because of the radiation pattern, and also, difficulty arises in
observing clear S-arrivals, due to the interference of P-waves. On the
other hand, SH-waves can be generated easily by hitting a wooden plate
horizontally®. In such a case there would be no P-waves and one
could observe clear SH-arrivals.

Another point of importance is the detection of low velocity layers
at depths. Such information is not available from the recordings which
are made only at the surface of the ground. The method used for the
calculation in this study, however, is very convenient to determine the
low velocity layers at depths.

2. Experiments

This experiment was done in the Tokyo Metropolitan area in Minato-
ku, Aoyama, Takagi-cho. A borehole

24m. deep was dug in the area as SPREAD |

shown in Fig. 1. Two spreads were ???? EF
arranged, Spread I and Spread II. A 5—5——3"%"-‘“’35“”’3?5-”
hole having the dimensions of 3 m. BCRE-HOLE L (m)
long, 50em. wide and 50 cm. deep

was dug at each of the source points SPREAD 1l

and the geophones. In Spread II, a
borehole-seismometer was placed at a
depth of 3m. A wooden plate, 2m.

long, 30 cm. wide and 4 ¢m. thick, was

placed at each of the source points. l 15 } : SH-SOURCE
In order to improve the contact D {: P—-SOURCE
between the plate and the ground (m) ©24 O GEOPHONE

surface, lime and water were scat-
tered at these points. Several persons

2) loc. cit., 1).

Fig. 1. Schematic diagram showing
the borehole and the spreads.
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Fig. 2. Examples of the recorded SH- waves.

stood on the plate as a weight. SH-waves were then generated by hitting
either end of the wooden plate horizontally at the points shown by the
arrows pointing downwards, using a wooden sledge hammer. P-waves
were generated by hitting the ground vertically at the points represented
by the arrows pointing upwards, using the wooden sledge hammer. In
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both cases the source points

were at 5 meter intervals. The s o
procedure was repeated, moving 3 O
the borehole-seismometer down- 9 N
wards every 3 m. to a depth of o N
O W1 AV AP NS A A~
24m. In Spread I, eleven e e L Aem
geophones were placed as re- 2 NSRS SN

presented in the figure by
hollow circles. On the left
side, there are source points A,

Hld3a
o
w

9| ——— AN~
B, C and D at intervals of . R g
2.5m. On the right side there N
are points E and F with the same Z'L*VW Y i RS
interval. SH- and P-waves Q K
were generated as described A A A B AN
before. This spread was an B Y SO R e
auxiliary one to determine the Is:jm, S
characteristics of the surface e — v
layers. AT BSOS
Fig. 2 shows examples of Y e e 6 gr ds eec
the recordings of SH- waves. TIME —
On the upper left of the figure Fig. 3. Examples of the recorded SH-

are SH-waves generated at waves for different points when the seismometer

i ; is at different depths.
point C. The next recordings =~ & ¢/Herent deptas

are those generated at point F. The other recordings were obtained at
the points S, R, Q, O, M and K with respect to different depths.

Fig. 3 shows SH-waves obtained from the point e.g. S to the
seismometer at different depths. Clear SH-arrivals are seen on these
seismograms.

Fig. 4 shows examples of the recordings obtained by hitting the
ground vertically at a point 2.5 m. from the borehole. They are the
vertical, the radial and transverse components. Each has a three meters
interval depth from 9 to 24 meters. The initial motion of P-waves
can be seen in this figure. It is interesting to note that other definite
phases appear later, as shown in Fig. 4. Such phases will be ex-
amined later on.

Fig. 5 shows the travel times of SH-waves. The circles re-
present the travel times at different depths where the source point is
at 5, 10, 15, 20, 25 and 30m. distance from the borehole. From the
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Fig. 4. Examples of vertical hit records.

figure we can observe the possibility of the existence of a low velocity
layer between 18 and 21 meters.

Fig. 6 shows the travel times of SH-waves. The circles re-
present the travel times of different source points from the borehole
where the seismometer is at a depth of 3, 6, 9, 12, 15, 18, 21 and 24
meters. The cross marks represent the travel times from the different
sources to the observed points on the surface of the ground.

3. Interpretation

As was mentioned before, it would be of great use to make the
spread as short as possible, therefore, we tried to find out if the data
obtained at a point only 5m. from the borehole could be sufficient to
give us the same result as that of the longer spread. The observed
travel times, the accuracy of which within one millisecond, were corrected
to vertical travel times and the interval velocities were calculated, using
the afore-mentioned data. These velocities are shown in Fig. 7. There
are two low velocity layers, one is between 6 and 9 m., and the other is
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Fig. 5. Travel-times of SH- Fig. 6. Travel-times of SH-waves.

waves.

between 18 and 21 m. The velocity between 12 and 15 meters, which
gives 525 m/s, appears to be out of the ordinary. However, the velocity
calculated from the travel time curve of SH-waves between 12 and 18
meters is 340 m/s when the two points at 12 and 18 meters are connected.
If the two points at 12 and 15 meters are connected, it will give a higher
velocity, but if the two points at 15 and 18 meters are connected, it will
give a lower velocity. It is not enough to depend on only two points,
therefore, it is essential that closer readings should be made in such a
case. We tried to make a model using the SH-velocities as shown on the
left side of the figure by the dark lines, however, we could not ex-
plain the other observed data. Regarding the interval velocity between
3 and 6 meters, it is higher than that in the travel time curve. But if
we look at the travel time of the point at 6 meters, in the travel time
curve, we can notice that this point is a little faster than the line itself.
Because of this, we can assume that the velocity at this depth is faster
than 180 m/s. Actually, the travel times obtained from Spread I showed
that the true velocities of SH-waves in the first two layers are 145 and
210 m/s. Also, if we average the total of the three interval velocities
between 3 and 12 meters, as shown on the right of the figure, it will
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Fig. 7. Travel-times of SH-waves and P-waves, together with the interval
velocities of SH-waves.

coincide with the velocity obtained from the travel time curve between
3 and 12 meters, as shown on the left of the figure.

Using the interval velocities of SH- waves, we checked to see if
the underground structure, thus obtained, could explain all the other
data. We used the interval velocities of SH-waves and with slight
modification of the model in the places away from the borehole, we
obtained the underground structure shown in Fig. 8. It is noted here,
that the velocities between 12 and 18 meters in the S-profile of Fig. 8
are different from those of Fig. 7. As mentioned before, since the
velocity between 12 and 15 meters is faster than 840 m/s, it is caleulated
as 370 m/s, and since the velocity between 15 and 18 meters is slower,
it is calculated as 300 m/s. The velocity between 21 and 24 meters is
400 m/s, as shown in the S-profile, while that in Fig. 7 is 300 m/s.
This last velocity depends only on the observations made when the
source point was at a 5 meters distance from the borehole. However,
this velocity does not coincide with that obtained when the source point
was at a 10, 15, 20, 25 and 30 meters distance from the borehole, in
which case the velocity is 400 m/s. In that case, closer recordings
of the borehole-seismometer are necessary to give an accurate result.
The main purpose of this study, as mentioned before, is to try and
determine how closely the calculation of the interval velocities, with-
in the shortest possible lateral distance from the borehole, can give
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Fig. 8. Underground structures for both P- and S-profiles.

an accurate interpretation of the underground structure when we
apply the well shooting method in the determination of SH-waves in
the different media at depths. It is found that with slight modifica-
tion of the model in the places away from the borehole, the travel
time from the points at different depths to the surface, coincide within
one millisecond with those of the actual observations obtained from
the recordings, as can be seen in Fig. 9. It is noted, that the under-
ground structure obtained from P-waves, is not entirely the same as
that from S-wave observations, as shown in Fig. 8. This may be due
to the fact that the thin structures of P-profile could not be determined
because of the high speed of P-waves.

Fig. 10 shows the geological section near the spread. This see-
tion was drawn using the data obtained from three boreholes. One of
the boreholes is located at the extreme left of the figure, which cor-
responds to the extreme left of the figure of the underground structure,
as in Fig. 8. However, the boreholes are away from the spread. Con-
sidering this situation, we could say that there is a similarity between
this section and the underground structure obtained by calculating the
interval velocities of SH waves.

Regarding the vertical hitting, latter phases appear on the seismo-
grams. Because the velocities of these phases are the same as those
of SH-waves, they may be considered as SV-waves. The curves on the
left of Fig. 11, are the travel times of the aforementioned phases.
The radial and transverse data have been shifted upwards by 20 and
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The velocity of the radial component, however, is faster and that of
the transverse component is slower than that of the vertical component.
This coincides with the interpretation of the travel time curves of
SH-waves, between 12 and 18 meters. Again, it is necessary that closer
readings be made in such a case. For the other interval velocities,
there is quite a similarity between these interval velocities and those
of SH-waves, as shown in Fig. 7. It would be useful, if we could
obtain S-information by hitting the ground vertically. Therefore, further
studies of such phases are necessary, to give a clearer picture of this
problem.

Concluding the previous study, one may use the well shooting
method for conveniently obtaining S-information within a short lateral
distance from the source point and the borehole. There are two main
merits for this method. The first of which is that it is applicable in
a limited area and it is safe and not noisy when used in heavily popula-
ted areas. The second is that it can be used for the exploration of low
veloeity layers at depths.

—_— TIME ———~~INTERVAL VELOCITY
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Fig. 11. Travel-time curves of the later phase of the vertical hit, together
with the interval velocities of the three components.

4. Summary

The principle of the well shooting method, which is quite popular
in reflection prospecting for oil, is used to obtain S-information. Seismic
sources are generated by hitting a wooden plate horizontally. The main
purpose of this study is to determine how closely the calculations of the
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interval velocity, within the shortest possible lateral distance from the
borehole, can give an accurate interpretation of the underground structure.
Travel times of waves travelling from a source point 5 meters away
from the borehole, to a seismometer placed at a depth of 8 meters in
the borehole, were recorded. The procedure was repeated, moving the
borehole seismometer downwards every 3 meters, to a depth of 24 meters.
These travel times were corrected to vertical travel times and the
interval velocities were calculated. Using this velocity distribution with
respect to depth, travel times from every surface source point to the
seismometer placed at the different depths were calculated and were
compared with the observations. Finally, with slight modification
of the model in the places away from the borehole, we could determine
the underground structure in situ. Therefore, S-prospecting can be
carried out conveniently by means of the well shooting method using
SH-source. This method is easier and faster than any other conven-
tional method. Other merits are as follows: the first is that it can be
applied in a limited area. The second is that it can be used for the
detection of low velocity layers at depths, which are not easily avail-
able from the conventional method.

From the vertical hitting, later phases appear on the seismograms.
There is quite a similarity between these interval velocities and those
of SH-waves. Further studies of such phases are necessary to see if
we could obtain S-information from the well shooting method by hitting
the ground vertically.
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