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The problem concerning the velocity distribution of seismic waves in the
earth already was paid attention to by many seismologist from the early part
of this century. They had believed that as there are two or three disconti-
nuities in the earth and two layers in the earth crust, in each layer the velocity
of waves increases as they advance further into the interior. Since seismic
prospecting has been carried on very actively recently, the velocity-depth
relation of seismic waves at the part very near the earth surface has been
studied considerably V.

It was quite recently that it became necessary for us to know the velocity
distribution of seismic waves in the interior of the earth in order to promote
the study of underground earthquake motions®. For this purpose, the velocity
of longitudinal waves were observed by causing artifical earthquake. The
range of measurement was from the earth-surface to 450 meter under the
ground and the place WéS at Hitachi Mine, Ibaraki Prefecture in Japan.

The geological formation of the neighbouring part of observing station is
shown in Fig. 1. The shot points and observing points in the first and second
experiments is indicated in Fig. 2 and 3 as well as in Table I and IL Owing
to the circumstance of the place, the observing point could not be taken on a
line veritcal to the shot point, thus making the analysis of the observation
very complicated.

In the first observation the Yokogawa-type 3-elements oscillograph was
used and in the second a 6-elements oscillograph of the same type. The speed

1) N. NAsu, “Studies on the Propagation of an Artificial Earthquake Wave....”’, Bull.
Earthq. Res. Inst., 18 (1940), 289, (in Japanese).
N. HASKELL, “The Relation Between Depth, Lithology and Seismic Wave Velocity
in Tertiary Sandstones and Shales”, Geophysics, 6 (1941), 318.
L. FAusT, “Seismic Velocity as a Function of Depth and Geologic Time,” Geophy-
sics, 16 (1951), 192, . :
2) K. Kana1, T. TANAKA, “Observations of the Earthquake-motion at the different
Depths of the Earth. 1, Bull. Earthq. Res. Inst., 29 (1951), 107.
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Prefecture in Japan, in the first experiment,

of recerding paper was 4 m/sec—2 m/sec, with 1/1,000sec time marking. As an
explosive, 1kg of dynamite was used.

The result of the first observation is shown in Fig. 2 and denoted in Table
I. From Fig. 2 and Table I it is found that, within the depth of about 250 m,
seismic wave increases its velocity according as it goes further. Beyond that

Table L.

Shot points

Depth
(m)

152.5

The relation between shot points and observing points,
and the result of the first experiment.

e - —— 7' Trfwel- Meap

Depth  Distance from the shot point (m) - time velocity

(erg) — = ceeme 0 (see) ! (km/sec)

Horiz. Vert. | Direct - |

P 0 22 152.5 154 o 0.0424 - 3.63
Q 3.0 6l 1215 | 186 | 0.0206 | 4.60
R 303.7 49 1s1.2 | 150 ! 0.0293 5.43
r ” : 60 135.5 j 148 | 0.,0262 . 5.65
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depth velocity seems to remain constant. ' ah '
Its value may be estimated at about PL
i
b.5 km/sec. O
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Table II shows the result of the )
second observation which was carried (¢
out for the purpose of studying the velo- ?iD
city distribution within the depth of \\\
150m precisely. Seeking the velocity A%%i}f, =
distribution in the ground from Table II, \:U ‘ ,
we analysed under the conditions that F\\ F
the velocity in one horizontal plane is = '\%;\\'
g ¢ >
G 2 e L
////%)\ NN / 100M , s =
= G » 5
— 7
/i d & g N
A4 o4 % C =4
%\\ H SHAFT ATG
-\ AD|T f//
y
%/ét ?E% 150M i
\ T M —0C |
Y TuNREL U:M ADIT l
a, Horizontal section view. b. Vertical section view.
Fig. 3. The posmons of shot poiat (O;) and observing points (A B,....G, H)
in the second experiment.
"Table II. The relation between shot point and observing points,
and the result of the second experiment.
7 Shot pomt | Obaervmg pomts Travel t1me (sec)
- I LT o Dlstance fI:Om the T
} Depth .| Depth shot point (m) - Obsir_‘: s ‘J Calcul.
; (m) | (m) Horlz | Vert. ! Dlrect o st | 2nd :
0, | 108.0 | A 0 | 46.0 . 108.0 | 117.4 | 0.0368 | 0.0366| 0.0357
» » : B 9.8 53.9 98.2 112.0 i 0.0309 : 0.0299 | 0.0298
» Vi | C 22.8 75.0 85.2 113.5 ; 0.0298 | — 0.0294
» » E D 41.7 85.0 66.3 107.8 | 0.0267 | 0.0259 | 0.0271
y » IE 63.7 81.0 44.3 92.3 0.0232 | 0.0229 | 0.0230
y v LF | 8.1 | 54.0 ' 21.9 | 583 | 0.0148 | 0.0140° '0.0143
y 7 G | 1306 | 51.5 226 | 56.2 | 0.0135| 0.0133| 0,013
» [ ” ' H { 153.1 73.0 45.0 85.8 0.0200 | 0.0196 ,;0.0204
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constant and the velocity distribution concerning depth is aiso constant in the
layer between two horizontal planes passing through each observing point.
That is to say, the horizontal planes passing through A, B....G, Hand O;
are assumed to be discontinuous planes of velocity. Then assuming that the
path of waves ranging from O;F to O.G is straight, that the path between
O,E and O;H refracts once at the horizontal planes which passes F and G, and
the pathes passing through 0;D, 0;C, O;B and O;A refract 2, 3, 4 and 5 times
respectively, we will calculate the velocity of longitudinal waves in each
assumed layer. Now representing the travel time taken from the shot point to
observing point by 7T, the horizontal distance between those points by x, and
the thickness and velocity of the assumed horizontal layer by 2z, and vs we

obtain
ozl 5 aVs
xX= 21VT;(51;;)E ;}/1 - VSQ ) sessecesseseveseerons (1)
ST S
T= /1 (o) ck), Vi loyar e (2)
where
Va(=SINT)=CVs y  eveeenneerenanarrrnaneeeenennnns 3)

¢ is a constant determined by the path of waves which implies (sin é;)/vs, 7, the
normal angle, and # the number of assumed horizontal layers between the shot
point and the observing point. :

By means of the successive approximation which we adopted, the velocity
of O;—F layer is calculated using the equation v,=0,F/T. Next the velocity
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Fig. 4. Velocity of longitudinal waves versus depth from the earth’s sur-
{ace obtained mathematically using the values of experimental result. Broken
line represents the calculated result using the empirical formula of v (km/sec)
=0.6 {1+718z (km)}/{(1+96z (km)}
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of F—E layer is obtained from equation (1) applying the trial-and-error method
on V; and V.. By placing those values into equation (2), ¢ can be determined.
Then after placing ¢ and V; into equation (3), we repeat the trial-and-error
method till »; which was calculated before can be satisfied. By repeating this
method the velocity of each layer is given one after another. The results of
the calculation are shown in Fig. 4.

When the stepped velocity-depth distribution shown in Fig. 4 is replaced
by a curve denoted by broken line in the same figure, its empirical formula
becomes

_ 14718z
) : D=0.6X L ges eeree e @)

where v is the velocity at the depth z. The units of v and z are km/sec and km
respeétively.

Next let us examine to what degree the empirical formula satisfies the ob-
servation values. Equation (4) results in

1+az
V= kfl—_r;_ be e ettt 5)

where =718, =96, £=0.6¢, and c=(sin7)/v.
Now, putting the relation of equation (5) into z (the horizontal distance bet-
ween the shot point and observing point) and T (its travel-time) we get

x:g‘:ﬂ”[{({g» _ k("z (1+az)dz ,
LV1-VE T U VR (20 F etk F 22(b—ak) F(1— k)
=‘/ib2¢a‘,k7|:(13{3aa){log{(z+ a)+V (z+a)— —pB* ):!:a1/+(2’7‘a) ﬁ ]
< zZ—a '\
, sin~ g )
s (6)
T= Eﬁ cdz _c ¢ (1+bz)"dz ‘
oz V\/l v: ) (1+az)‘s/+z( b a?k?)+22(b—ak?)+(1—F3)

= K[ibz/z(z-iay—_—l_ﬁ?+(2b—~d'———bﬂa) {log{(z-%- a)y+v/ (@t a)—)

( ,!7,_91_ "
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e IN 1 2(aF1/a) }:‘2
/ = 2l Stk ALZARTE T
Xy ‘1i<“+ o) O Gty t T atije T . @
where
¢ ,_,,,b__(,lf”’ig L. S ]:'Z"k: .
K= kaV =bxak: * CT b etk & ST gtk ®)

in (6)~(8) the upper and the lower notation represent the case of (b*—a2k? )>0
and (b*—a*k*)<0 respectively. v
And in the case of (0°—a%k*)=0, we get

'k”""'li{l a({1— k)—z(b —ak? )}]

l

BN\ 01— —2(b—ak)) | T
a(b—ak)[{< ’> o—ak) 11/27(1;—(:1@)4(1—;@ ]

a 1
W)

+ o
,/ (1 —F2)— (b—ak)

[l

where

2(b—ak)

P=- z+1ja

+{a—k)— (Zz(b-—-ak)} , }

Q={1—k)—2b—ab)]  [@>0]

From equation (6) we will calculate, using the trial-and-error method, the
value of £ that can satisfy «, and which is put into equation (7) in order to
get T. In other words, the path ranging from the shot point to the observing
point, and the travel time taken in this path are given from (6) and (7) res-
pectively. The travel time thus obtained is denoted in the right ‘column of
Table II. In this table it is found that the observed value agrees very well
with the calculated one within the depth of about 130 m. Therefore it may
be said that the empirical formula (4) represents approximately the natural
state. ’

We presume that a discontinuity surface of velocity lies near the depth of
130m, but the lack of data prevents us from making more complicated dis-
cussion on the distribution beyond that depth.
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As the result of this investigations is inexplicable by the velocity versus
pressure relation for rock®, we will discuss in the near future the causes of
such distribution. by examining the property of elastic constants and other
properties referring to the samples found there.

In conciusion the author wishes to express his hearty thanks to the per-
sonnel of the Motoyama Office, Hitachi Mine, for their kind assistance, and
also to Messrs: T. Tanaka, T. Suzuki, K. Osada and Miss S. Yoshizawa without
whose help this work could not be done.
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v=0.6X

3) D.S. HuGHES and H.J. JonEs “Elastic Wave Velocities in Sedimentary Rocks”,
Trans. Amer. Geophs. Union, 32 (1951), 173.



