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1. Introduction.

Since the research of Prof. F. Omori" it has been noticed that
earthquake motions show different properties according to the geologic
or topographic conditions of the regions in which the seismic disturb-
ances are experienced.  Recently the same subject was also studied by
means of the acceleration seismograph, and the proper period of the
ground was determined.” ,

When an earthquake takes place and the seismic waves produce
at the hypocenter arrive at the surface of the earth’s crust, it is con-
sidered that they cause an excitement of the frequent vibration due to
the proper elastic properties of the surface layer of each place. This
kind of vibration is frequent mostly in the earthquake motion. ~We
wish to explain the reason why each region has its proper period of
vibration. It is believed that the vibration of the surface layer, in
which the moduli of elasticity are comparatively small, resolves into
the proper vibration of each place. It will thus be seen that most of
the vibrations of the surface layer are included in the earthquake
motion. In order to know the properties of the earthquake motion, a
study of the properties of soils in the surface layer of the earth’s crust
seems to be one of the most important matters of investigation. There-
fore we intend to investigate the properties of soils, the present experi-
ments being the first step in the direction above pointed out.

It is difficult to ascertain distinctly the properties of soils in the
surface layer owing to such various causes as heterogeneity, moisture

1) F. Omor1, Pub. Earthq. Inv. Com., 10 and 11 (1902).
2) M. Ismimoro, Bull. Earthq. Res. Inst., 10 (1932), 171; 12 (1934), 234; 13
(1935), 592; 14 (1936), 240.
T. SAITA and M. Suzuki, ditto, 12 (1934), 517.
N. Nasu and T. HAGIWARA, ditto, 14 (1936), 290.
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content, pressure, etc. In order to discover the complicated properties
of surface layers, homogeneous soils were selected as being readily ac-
cessible. For the purpose of investigation of the distinct properties of
soils the present experiments were carried out in the laboratory by using
the boring-matters taken out in the natural state from the sub-surface
soil of some regions.

Studies of the elastic properties of soils have in the past been made
in our country,” but most of them have been carried out by the static
method. Studies of soils by means of the dynamic method do not seem
to have been made. Since soils are known as visco-elastic substances,*
the results obtained by each method, that is, static or dynamic method,
are considered to be different from each other. In the present
experiments we investigated the elastic properties of soils by means of
the dynamic method, and determined the velocity of the longitudinal wave
in the soils. From the velocity thus obtained, Young’s modulus of soils
was calculated.  According to the results of these experiments it was
found that the moduli of elasticity of soils obtained by the present experi-
ments are in good agreement with those obtained by the field measure-
ments of the velocity of elastic waves generated by falling bodies.”

. 2. Mechanical Analysis of Soils.

By means of the method of mechanical analysis adopted by the

Table I. Mechanical Analysis of Soils.

T Silt Clay T
! Mesh number . P 1 et ~ .
Spuree | (Tylers standardsives) | TS LS PR ey ol
8 | 14| 08| 4 ’100 | 200 O'Emm | % %
Maru-| 2% | % | 26 | % | % | 2 o
no-uti | 0°58| 0-40[ 0-60{ 1-18| 1-50| 2:34|  24-92 68-48 |73:15| 1-46 2:660 | 50-0
Hongd | 2:10 3'76‘7‘14 8-38}11-24 176 21-84 3478 |73-85| 1-44 2:632 | 52:3
No. 1’ 0 loaozj 0-14 0'32‘2-04‘17-60 4690 33-60 ‘51'504 1-838 2717 | 24-15
No.zl 0 ] 0 {o-os 0-43] 1'36!2-02’ 11-94 { 84-14 ]41-93 206 2551 28-09

3) See Bull. Geotechnical Committee, Government Railways, 1 (1931); 2 (1932);
3 (1934); 4 (1936); (in Japanese).
A. TARATA, Publ. Res. Office of Public Works, Department of Home Affairs,
20 (1931), 1, (in Japanese).
4) M. Isumvmoto and K. Ina, Bull. Earthq. Res. Inst., 14 (1936", 534, +in Japanese).
5) N. Nasu, T. HAGIWARA, and S. OMOTE, ditto 14 (1936), 560, (in Japanese).
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Geotechnical Committee of the Government Railways of Japan, the me-
chanical analysis of the sedimentary soils to be tested was carried out.
The results are shown in Table I.  The sedimentary soils to be tested
were of 5 kinds, that is, the soils taken from underground in Hongd,
Imperial University, Maru-no-uti,” Komatugawa,” and two other kinds No.
1 and No. 25 The two last-named soils have been used for the other
experiments. On the basis of the results of mechanical analysis, the
soils were divided into 4 classes, that is, clay, silt, silty-clay and loam.
The soils taken from Maru-no-uti and Komatugawa belong to the class
of silty-clay and silt respectively and that taken from Hongb belongs to
the class of loam. The other two soils belong to the class of clay and
loam.

3. Theoretical Treatment.

Take the - and y-axis horizontally and the z axis vertically up-
wards, the origin being at the bottom of a pris-

matic bar (Fig.1). The equation of motion for the z
longitudinal wave in the bar, is expressed by
B _p o, oy
Pag = a2 T ozzar )
7 - X
in which ¢ is the displacement in the direction of F,° .
ig. 1.

2z, t the time, p the density, and E, 7 Young’s
modulus, the coefficient of solid viscosity (or internal friction) respectively.
Put

c=Aetw, @)

then substitute this in (1), under the following boundary conditions of
free vibration of clamped- and free-end bar, the height of which is h,

z=0; (=0,
3 ®)
z=h; » =0,
_” /-Eff ey
we have o= % +1 p _(2P> , and

6) See T. Sarta and M. Suzukl, Bull. Earthq. Res. Inst., 12 (1934), 517.

7) See N. MIYABE, Bull. Earthq. Res. Inst., 14 (1936), 543.

8) See M. IsHimoro and K. InA, Bull. Earthq. Res. Inst., 14 (1936), 534.

9) The similar equation has already been quoted by T. Fukutomi, Bull. Earthg.
Res. Inst., 12 (1934), 498.
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ot /BRIy, )
t=Ae %" cos {}/—‘({*—— 72];7 t—w}smfz, 4)
2r—1
f— 2h/ ’ 14'—'1, 2,-.-.

where -zfl is the wave length and A is the constant.

Next we consider the forced vibration of this system. We assume
the motion of the floor, on which the prismatic bar is placed, as

¢=Ce™, (5)
then the particular solution of (1) may be written
¢=CD(z)e™, (6)
where D is a normal function. Substituting this in (1), we get
02D
8z2 ::_f/ZD’v ]
P M)
E .7’
”‘0— + "0‘
17, L |
Put e-—-z 'Of, n—pfy (8)

then we obtain

fp / 1 72 . / 1 ( n?
' = o B ———— -— . - .
I'= (nt+ 4p2)* { 2 (1+ Vit 4292?2) o\l v W)

For the sake of simplicity we write this equation in the form of f,—if,.

)
As the boundary conditions are such that
. 2=0; D=1, !
oD (10)
=n.: %=0,
z=h; oz J
we substitute these conditions in (7), and get
D=cosf’z+tanf’hsinf’z, (11)

or
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D=cosf,zcoshf,z+ ;} (sinf,hcosf,hsinf,zcoshfyz

—cos f,zsinh fzsinh fyh cosh foh) + i[sin fizsinhf,z

\
—%(sinflh cosf,hcosf,z sinhf,z 4 sinf,zcosh f,zsinh f,h cosh f,h) } , (12)
where, 9 =cos? f;hcosh?fh + sin? f hsinh? foh.
Substituting (12) in (6), we obtain
=C (L +1)e™,
¢y=cosf,zcoshfyz+ % (sinf,hcosf,hsinf,zcosh fy2

—cosfzsinh f,zsinh fyhcosh foh), (13)

¢,=sinf zsinhf,z— gy(sin fihcosfihcosfizsinhf,2

+sinf,zcosh f,zsinh f,lucosh f,h).

The displacement of forced vibration in the bar is given by this
equation. The ratio of its amplitude to that of motion of floor is also
given by

R=y+ci. (14)

The relation between R

and u:ﬂ—z T, in the case
» T

z=h is shown in Fig. 2, in
which T,, T being the period
of forced vibration and of the
bar respectively and % the
damping ratio of the bar de-
duced from the equation

n

T P

log o= 7 n2fe—1 (15) % os oa 1o 12 1a 13 12 20

As will be seen from Fig. Fig. 2. Relation between E and z in

2, R takes the maximum value damped longitudinal vibration of the
when n/p becomes 1. It is be- bar at z=h.

lieved that the state in which R becomes great is the phenomenon of
resonance. Consequently, in resonance, the amplitude of vibration of
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the bar becomes the greatest and the period of forced vibration coincides
with that of free vibration of the bar. Therefore the period of free
vibration of the bar can be determined in the case of forced vibration.
The period of free vibration of the bar, that is, the period of resonance
vibration, T, is given by

T N U —
t— 27242,
(2r—1) }/ E_ ,@7,,,_12),,2‘L
o 16p%h
()
.2
-
An example of the relation &
between the fundamental period
T and the height A is shown in
Fig. 8, in which we take T as
ordinate and h as abscissa. The 0 o 20 30 o™
larger the value of the solid vis- Height
cosity coefficient, the more the Fig. 3. Relation between the fundamental
line in question curves and devi- period of resonance vibration, T, and the
ates from the ideal -condition. height of the bar, h;_ln this case
When the soild viscosity coef- p=15, }/ % =200 m/sec.
ficient attains a certain value, the
200025
12-4x16%s. .
R
&//
104 1500
g ¥=gxie*
3 5 —~
- =]
) S 10004
A gl &
Ry A
Y,
4 7
500+
A
2 )
T T T - 0 T T T T R
0 10 20 30 ™ 1 2 3 4 5 6§ 7
Height Fig. 5. Relation between the
Fig. 4. Relation between the funda- resonance frequency .Of the
mental resonance period T and the b.ar and the qrder r of its par-
height k. 1In this case tials. In this case
p=15, y=2x10%. p=1'5, v=200m/sec, h=3Ccm.

proper period T becomes infinitely great. In Fig. 4, however, we take
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the velocity v::‘/ I;i as a parameter, and the solid viscosity coefficient

y is kept constant.

Further, we consider the relation between the frequency of the vib-
ration, N, and the order of partials. Fig. 5is the diagram showing
this relation. In the diagram the values of » (r=1,2,8,........ )
are taken as abscissa and the corresponding values of N as ordinate.
These values of N against ~ are combined with a curve in order to
determine distinctly the relation between them. The frequency of the
resonance vibration decreases either slowly or somewhat rapidly, with
the increse in the number of r according to the magnitude of 7. As
will be seen from the figure, we have only 3 partials when y=2x 105

4. Experiments.

(a) Experimental apparatus.

The photographs of our apparatus used in the present experiments
are shown in Figs. 6 and 7, and also a schematic diagram of the arrange-
ment of the apparatus is shown in Fig. 8.  As will be seen from
these figures, the principal parts of this apparatus consist of a vibrating
iron plate, on which the soil specimen S stands upright, and a connection
circuit of a motor-generator M-D,, that produces variable frequencies
of electric current to provoke the vibration of the iron plate. The
idea of our experiment is to give the various frequency of vibration
at the foot of the soil specimen, and to find the fundamental resonance
frequency and then the elastic constant of the soils computed therefrom.
The particular characteristics of our apparatus are described in the
following : ‘

Vibrating plate. We have adopted a circular steel disc P; of 23°7 cm
in diameter; the middle concentric part of which is thinner than its
boundary part. This thin part, 110 cm in diameter and 0-5cm in
thickness, of course, serves as a vibrating portion; naturally, the soil
specimen stands upright on this vibrator. We have moreover employed
another iron disc P, which is about 10 cm below the disc P, and firmly
clamped to it by the aid of 4 brass bolts. ~We have inserted a solid
cylindrical iron stick between these two discs, fixing to the lower and
not touching the upper. This iron stick has been magnetised by a coil
M. C carrying a direct current from a series of batteries. Amother coil

10) John. M. IDE, has been experimented on the rock specimens by means of the
same idea as adopted by us. Rev. Sic. Instruments, 6 (1935), 296. Proc. Nat. Acad.
Sei., 22 (1936), 81.
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C, which is also fixed to the same iron stick, is intended to carry an
alternating current produced in the generator D,. The vibrating plate
is set in forced vertical vibration of the same frequency as the alter-
nating electric current.

MC ’
U
w c [

AC

Fig. 8. Sckematic diagram of arrangement of the experimental apparatus for pro-
ducing longitudinal vibrations of soils by vibration method.
a: Armature terminal. M: D.C. motor.
A: Ampere-meter. M;: Lens mirror.
A.C: Alternating current circuit. My: o
C: A.C. coil. M,: Plane mirror.
D.C: Direct current circuit. M, "
D,: Alternating generator. M.C: D.C. coil.
D.: Dynamo of the Weston tacho- Py: Circular iron disc for vibration.
mfater. ] P.: Circular iron disc with electro-
f: Field terminal. magnet. )
G: Galvanometer. R: Bromide paper for record.
K: K.ey. S: Soil (specimen).
Ly: Light source. T: Voltmeter of the Weston tacho-
Loz 7 " meter.
m: Magnet.

Magnification of the amplitude of the top of soil specimen.

When

the vibrating plate is set in vibration, the longitudinal waves produced
by this are propagated from the bottom of the soil specimen S. When
the frequency of this vibrating plate reaches a condition suitable to
provoke a stationary wave in the soil specimen, the amplitude of its top
attains to the maximum. The vibration of its top should be perceived
even by the tip of a finger, but we must magnify by some device to
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record continuously the variation of its vibration amplitude. We have,.
therefore, adopted a pair of pivot and small magnet m to get a suf-
ficient magnification of it. A part of this small magnet m, then, was
inserted into the top of the soil specimen. This small magnet will not
disturbe the vibration of the soil specimen as its weight is very insig-
nificant. The pivot, of 199 mm in diameter, is in contact with the
upper part of this magnet m. On this pivot we have attached a small
lens mirror M, having the focal length about 50 cm. The rotation of
this pivot was manifested by the deflection of a light beam reflected by
this lens mirror. In order to diminish the friction to the smallest pos-
sible degree at the contact point between the magnet and the pivot, we
have made the frame of the pivot moved easily at the centre of an-
other pivot, which is shown clearly in Fig. 8. On that frame we have
attached moreover another plane mirror M,.

When the soil specimen was set in longitudinal vibration, the pivot
takes a rotational motion, which is shown by the mechanism above men-
tioned. In this way the amplidude of the top of the soil specimen is
magnified as much as about 2000 times, and the amount of this
amplitude is to be detected by a recording system that will be explained
later.

Motor-generator. We have employed a motor-generator driven by
a direct current fed by secondary cells. The number of rotation of the
generator D; of 20 pole pieces can be changed continuously with the
increase of resistances in the speed regulation circuit. We have,
therefore, the output of the alternating current, having a preferred fre-
quency within the limit of 700 per second.

Tachometer. In order to determine the number of revolutions of
the generator D;, an electric Weston tachometer was employed. This
tachometer consisted of two elements, that is, a small dynamo D, and
a voltmeter 7. This dynamo is connected with the generater D, by
means of a cloth belt. We have, however, employed two pulleys of
different diameters, one diameter being twice the other, so as to reduce
the number of revolutions to half. The number of revolutions of this
small dynamo is, of course, read off from the index of the voltmeter
which corresponds to the frequency of the vibrating plate, which fre-
quency we wish to know.

Galvanometer. In order to get a continuous reading of the variable
frequency of the vibrating plate, we employed a galvanometer G; and
to obtain a suitable sensibility of this galvanometer, we have regulated
the amount of direct current which passes through the field of exciting
coils. The moving coil of this galvanometer was inserted in the tacho-
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meter circuit. The amount of deflection of this moving coil is, there-
fore, proportional to the deflection of the voltmeter 7. Consequently
we can determine the frequency of the vibrating plate from the amount
of this deflection. :

We have attached two plane mirrors M, and M, on this moving
coil, one of these serves as the detector of the amplitude variation
of the soil specimen, and the other serves as the scale for the number
of frequency of resonance. .

Recording device. In order to obtain the record of the amplitude
of vibration of the soil specimen, we employed a system containing a
light source L,, the lens mirror M, on the pivot, and the plane mirror
M, on the moving coil of the galvanometer. As is demonstrated in
Fig. 8, there is a beam of light radiated from a slit of the light source
L,, which at first falls on the lens mirror M, is reflected to the plane
mirror M, and then re-reflected back again, focussing on a photographic
bromide paper R. This bromide paper was set at about one meter’s
distance from the lens mirror M, In this way we have succeeded in
obtaining the record on the bromide paper R; it is needless to say that
the amplitude of vibration is given in ordinate and the frequency of
vibration in abscissa on the records thus obtained. In order to ascertain
the accurate frequency at the resonance position, we have further
employed another system which contains a light sourece L,, the lens
mirror M, on the frame of the pivot, and the plane mirror M, on the
moving coil of the galvanometer. A beam of light radiated from a slit
of the light source L,, formerly reflected by the fixed lens mirror M,,
is now reflected by the plane mirror M,. The formation of the slit
image of this light source L, is also made on the same bromide paper
R near the image representing the amplitude of vibration of the soil
specimen.

When we close the circuit of light L, by a key K, corresponding
to any frequency read off from the voltmeter T, we can get a point
on the same bromide paper R. At any rate, we have closed the circuit
every 200 revolutions per minute of the generator D,, so that a series
of points was obtained in the record such as is shown in Fig. 8.

In this way we can determine precisely the frequency of the
resonance position.

(b) Testing of the apparatus.

Proper period of the vibrating plate. It seems to us that it is one of
the most important matters of investigation to ascertain whether or not
the effects of the proper period of the vibrating plate predominate in
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the photographic record, where we hope there is no vibrational effect,
but that of the soil specimen itself. To diminish the effect of the pro-
per period of the vibrating plate in our experiment, we employed three
degrees of plate thickness one by one and reached, at last, the thickness
of 0'6cm. With the last-obtained thickness, we proved by passing the
alternating current in the coil C, that the proper period of this vibrat-
ing plate was beyond our use. Naturally, in this case we have no soil
specimen on the vibrating plate.

We have found, anyhow, that the fundamental frequency of the
vibrating plate was about 400 per second. In order to find whether or
not this period should be varied by a dead weight of metal loaded on the
vibrating plate, we repeated the same experiment with several weights
up to the limits of 2kg. From the results of these experiments, we
have ascertained that the proper period is scarecely affected by these
loaded weights. We may, therefore, conclude in our results that there
are no effects to be taken into consideration, but the characteristics of
the soil specimens.

Calibration of the tachometer. To obtain the real reading of the Weston
tachometer, we have executed
a calibration on this tacho-
meter in comparing it to an-
other standard tachometer
and then an experiment with
the stroboscopic method. We
compared, at any rate, the
readings of the voltmeter
with the number of revolu-
tions of the generator mea-
sured by these above two
methods.  The relation be-
tween them thus obtained is
shown in Fig. 9. From this . e W ww mw W
relation, we can find the cor-

rection to the readings of Fig. 9. Relation between the reading of the’
the Weston tachometer. Weston tachometer and that of standard one.

1500

1250

1000

50

$00-

200

Reading of tachometer (rev./min.)

Reading of the standard tachometer (rev./min.).

(c) Methods of the experiments. . -

The methods of the experiments are the following:

1) Setting the soil specimen on the vibrating plate, we gave it the
vibration up to the limit. Naturally, during this process its amplitude
was continuously recorded by the photographic method. @ We repeated
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the same manipulation on the identical material with variable heights
so as to get a reducing curve, from which we could calculate the con-
stant of its elasticity.

2) We have experimented with the soils in the natural state and
sometimes in the recomposed state. At any rate, the specimens were
taken from several places in Tdkyd by means of the boring process.
The soils of Maru-no-uti, Hongd, and Komatugawa are taken out from
depths of 8 m, 2m, and 20 m repectively beneath the ground surface.

3) The soils of Maru-no-uti and Hongé were tested in both the
natural and recomposed states, and other soils in the recomposed state
only. The specimens in the natural state were made into the form of
a rectangular prism, about 4 cm x5 cm in cross section, and the ranges
of 20 cm~40 cm in initial height, which was dinimished by and by with
a cutting knife. The specimens in the recomposed state were also made
into the form of the rectangular prism, the dimensions of which were
about the same as those used in the natural state. To make the form
of these specimens we have put the soil into a mould made of a wooden
box. Consequently it seems to us that the degree of packing is in the
state of the maximum.

By the way, we took substances, such as agar-agar and a kind of
commercial rubber, for the purpose of comparing their elastic constants
with those of soils. We have made a solution of agar-agar, the weight
of which is 125 gr in 551 of water, and poured into a hollow rectangu-
lar box of zine. This solution was thereafter solidified. @We have cut
this block of agar-agar‘ in the form of a rectangular prism to make a
testing specimen. We have also experimented on the rubber specimen
in the form of a cylinder, the diameter of which was 483 cm, and the
height of which was changed in the range of 2 cm~20cm.

4) We determined the apparent density of the soil specimen from
the measuring of its mass and the volume of the specimen just after
every experiment. '

5) In order to know the properties of the specimen in relation to
moisture content, we have executed the same manipulation on the same
material with the variable moisture content. We have made the change
in moisture content by drying the specimen from the initial wet state
leaving it in the ordinary room conditions. The moisture content of the
specimen was calculated from the ratio of the weight of water in the
specimen to that of its original wet state.

When the soil specimen becomes hard like a solid body by the diminish-
ing of its moisture content, it is rather removable owing to its jumping
on the vibrating plate during its vibration; however, we have succeeded
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in carrying out the experiments by fixing the lower part of the soil
specimen to the vibrating plate by means of oil clay.
5. Results of the Experiments.

(a) Records.
Some examples of actual photographs'™ thus obtained are shown in

(a)

(b)

(c)

(d)

(e)

e R (1)

(f)
(®) —ir ()
| | ] |
0 1000 2000 3000 RPM.
Fig. 11. Resonance curves of soil Fig. 12. Resonance curves of soil
taken from Maru-no-uti. Mois- taken from Maru-no-uti. Mois-
ture content 48-6%. ture content 42-325.
(a) h=24-3cm, N=110sec-!. (a) h=248cm, N=161sec-'.
(b) h=197 , N=134 . (b) h=202 , N=177
(¢) h=149 , N=151 . (c) h=160 , N=208
(d) h=100 , N=201 . (d) h=111 , N=250
(e) h=59 , N=297 . (e) h= 65 , N=318
(f) h=31 , N=255 . (f) h=35 , N=365
(g) h=16 , N=300 . (g) h=20 , N=310

© 11) Some of the curves are deviated from horizontal. The reason for this depar-
ture from horizontal is due to a shrinkage of the soil specimen during its vibration.
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Figs. 10, 13 and 15, and some of hand reproductions from actual photo-
graphs are shown in Figs. 11, 12, 14, and 16~19. These show the
difference according to the kinds, the heights, and the moisture contents
of the soil specimens.

As will be seen in these
figures, the characteristics of (a) M
-resonance are almost alike; )
but we observe the fact that . . . . .. . . . . . .
the resonance curves-tend to (y, %
flatten when their heights or :
their moisture contents are di- e e
minished. As we have already c ’:
stated in the theoretical part ©
in Section 3 that the sharpness

of the curves shows the degree g, . D
of the solid viscosity in the

specimen, we can, therefore, T T AR AR e
determine its value from the ) == e

flatness of these curves. Tt
will be confirmed from these

curves that the apparent effect 0 J000. 2000 30§£ M
of solid viscosity becomes great SRR S R

in the following two cases;
1) When the height of
the specimen is lowered.

Fig. 14. Resonance curves of soil taken
from Hongd. Moisture content 52-3%.

(a) h=275cm, N=173sec-L

2) When the moisture (b) k=205 , N=212
content of the specimen is di- () h=144 , N=242
nished. (d) h=95 , N=347
minishe (&) h=60 , N=392

However, in this effect, any
other disturbances caused by the friction between the pivot and the magnet,
etc., seem to be included; therefore this flatness of the curve may not
be suitable for determining the coefficient of solid viscosity of the soil
specimens. For determining its value we have, therefore, noticed the
curved portions near the origin in the reducing curves. We have suc-
ceeded in obtaining its values.

(b) Determination of velocity of the elastic waves and the solid
viscosity coefficient of soil specimen.

As is already known from the theoretical treatments of the longi-
tudinal vibration in a prismatic bar of various heights, which are shown
graphically in the figures 3 and 4, we can determine the velocity and the
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solid viscosity coefficient. The theoretical relation between the resonance
period T and the hight h of the specimen is given in equation (16).

() e - - — (2)
(h) et ‘ : P (h
Fig. 16. Resonance curves of loam.
(a)~(d): moisture content 17-3%, terr st )
p=2-02. et O
(e)~(1): ” roo221%, Fig. 17. Resonance curves of clay. Mois-
p=2-15. ture content 30-724, p=1-98.
(a) h=14-1cm, N= 99 sec-l, (a) h=455cm, N= 68sec-l.
(b) h=11-0 , N=110 . (b) h=40-0 , N=178 .
(¢ h=80 , N=13) . ((g) ?fgg'g ) %f g;
@ k=50 , N=161 . (e; e Ne1s
() h=135 , N=139 . ®) h=20-2 : N =142
(f) k=110 , N=162 . (g) h=149 , N=175
(2) h'; 80 , N=183 . (h) k=100 , N=216
(th) h= 50 , N=231 . (i) h= 51 , N=328

We have anyhow employed this equation to determine these two quanti-
ties.
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(d) e

(6) e e
IEERIERIRIRERE,
(g)‘ ﬁo—— ‘

Fig. 18. Resonance curves of rubber.
(a) h=20-0cm, N=142sec-.

(b) h=146 , N=170
(¢c) h=100 , N=242
(d h= 50 , N=367
() h=28 , N=342
(f) h= 205 , N=488
(g) h= 115 , N=407

(I) Velocity of longitudinal wave z'n'

soils. By means of the fundamental
resonance period T’ and the correspond-
ing height i of the soil specimen, we
have traced a diagram, in which the
period T is taken as ordinate and the
height & as abscissa. Figs. 20~26 are
the diagrams showing these relations,
the values of which are tabulated in
Tables II~VII. It is believed that
the mode of vibration of the soil
specimen corresponds to that of the

...............

-4&% : (a)

. (b)
- (c)
-*mc-—— (d)
ot (e
—caglpram— )
Fig. 19. Resonance curves of
agar-agar.
(a) h=12:8cm, N=28sec-l.
(b) h=100 , N=33 .
(¢) h=80 , N=39
(d) h= 6.0 , N=50
() h=43 , N=59
(f) h=20 , N=97

15-%10s.

9 5§ 10 45 20 25 3o
Height

Fig. 20. Relation between the funda-
mental resonance period T and the
height h. (Soil of Maru-no-uti in
the natural state.)

(1) Moisture content 5025, (248-6%.
(3) 42-325. (4) 36:72. (5) 43-6%. (6)
40-825.(7) 36:725.(8) 30-5%5.(9) 32:7%.
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clamped- and free-end bar, the loop of which is at its top and the node is
at its bottom ; the reasons for which will be explained later.

We can see
20-|x16%.
003y -
[¢}]
0.02
=
(=3
= @
[}
Ay
001 .
.
0 10 20 30 <"
Height
. o8 0 10 20 30 soc"
Fig. 21. Relation between the funda-

mental resonance period I' and the
height h. (Soil of Maru-no-uti.)
Moisture content 50%.

(1) Recomposed state.

Height
Fig. 22. Relation between the fundamental
resonance period T and the height h.(Silt
of Komatugawa.) .
(1)Moisture content 49-5%. (2) 29-3%. (3)

(2) Natural state. 15-925.
716’
6_
. [¢)]
5 12105,
4 - 104
<
.2
5 1 *
[<¥]

Period

0 10 20 36 sofm 0
Height
Fig. 23. Relation between the funda- Fig. 24. Relation between the funda-
mental period T' of resonance and the mental period T of resonance and
height h. (Loam of Hongd.) the height k. (Loam of No 1.)
(1) Moisture content 52:3%. (2) 49-7%. (1) Moisture content 17:3%. (2) 16-7%.
(3) 46:825. (4) 41-5%. (3) 221%. (4)192. (5) 212. (6) 1552

5 10 15 20 25 30 357
Height

that the characteristics of these curves are similar to those obtained
by the theoretical treatment shown in the figures 3 and 4. It is al-
most impossible to find the height corresponding to the period that be-
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comes infinitely great. According to the relation represented by the
equation (16), we have suc-
ceeded in finding out the
values of the longitudinal
wave velocity v and the solid
viscosity coefficient y of the
soil specimen from these
graphs. '

In the process of determi-
nation of the velocity of
elastic waves in the soil speci- . .

-3
154X10 s.

0 10 20 30 40 cm
men, we must, at any rate, Heioht
: . . 1e1g
trace a straight line, which Fig. 25. Relation between the fundamental
is to be an asymptote to resonance period T and the height %. (Clay
s : of No.2.)
the reducing cu?v'e passm'g (1) Moisture content 30-724. (2) 266%. (3)
through the origin. This 22-6%.
straight line represents the
relation between the funda-
mental resonance period 7' 0ot
and the height %, such as 0
- B g 003
T—4h/ / = ' 5
,/ {) Ay 0024
(2) Solid viscosity coef- 001 @
ficient. Inorder to determine ————
the solid viscosity coef- 0 5 10 ‘5 20"
ficient 7, we have compared Height
a series of the theoretical Fig. 26. Relation between the funda-
. ) ~ mental period T of resonance and the
curves of different value of height 7.
7» which is represented by (1) Agar-agar. (2) Rubber.
| /B nzr;

equation T=4h‘/ = and picked up one of these which coin-

It 1602m2
cides with the reducing curve obtained experimentally. We can thus
decided the value of 7. These values of v and v thus obtained are
shown in Table VIII. Young’s moduli E of these soil specimens were
then computed from the relation E=v%, in which p is the density
and v is the velocity. These values are also shown in Table VIIL

All of Young’s moduli and the solid viscosity coefficients of the soil
specimen in the natural state have larger value compared with those in
the recomposed state. This phenomenon can be seen, for example, in
the soils taken from Maru-no-uti shown in Fig. 10 or in the reducing
curves in Fig. 22,
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Table II. Height, Fundamental Frequency of Resonance
Vibration, and Density of Silty-clay of Maru-no-uti.

Height (cm) | 252 | 210 | 170 | 131 | 89 48 29 17
No. 1 | Density 144 | 1444 | 145 | 146 | 147 | 1-48 | 1-47 | 1-49
Freq. (sec™) | 61 73 90 124 | 153 | 210 | 956 | 277
Height (em) | 248 | 20-2 | 16:0 | 11-1 | 65 35 2:0
No. 2 | Density 149 | 1445 | 144 | 144 | 144 | 149 | 150
Freq. (sec~1) 161 177 208 250 318 365 310
Height (cm) | 243 | 197 | 149 | 100 | 59 31 16
No. 3 | Density 134 | 136 | 137 | 135 | 1:40 | 1:38 | 1-38
Freq. (sec-1) 110 | 134 | 151 | 201 | 297 | 255 | 300
J— |
Height (ecm) | 235 | 200 | 151 9-2 5'5 3-0 i
No. 4 Density 161 1-61 161 1-70 175 1-78
Freq. (sec™?) 197 217 319 318 558 419
Height (cm) | 220 | 173 | 142 | 105 | 69 | 38 | 1
No. 5 | Density 150 | 166 | 162 | 170 | 184 | 172 ‘ \
Freq.(sec-!) | 417 | 451 | 465 | 487 [ ‘
Height (cm) | 226 | 184 | 139 | 95 | 51 ‘
No. 6 | Density 162 | 164 | 166 | 160 | 159
Freq. (sec™?) 195 223 280 457 :
Height (cm) 23:0 165 11-2 7-0
No. 7 Density 1-58 1-59 1-56 1-50
Freq. (sec™1) 247 | 398 | 416 | 624
Height (cm) | 242 | 193 | 132 | 113 | 74 | 4%
No. 8 | Density 164 | 163 | 164 | 164 | 160 | 158
TFreq. (sec-1) 263 355 | 470 554 490
S : i T {
Heignt (cm) | 235 | 185 | 133 | 83 | 60 \ ;
No. 9 | Density 1-45 | 1-46 | 1-48 | 1-49 | 1-50 ! ‘
Freq.(sec™!) | 332 | 341 | 451 | 590 | 658 }
X Height (em) | 230 | 191 | 149 | 106 | &8 | 38 | 21
No. 10 ; . . . . . . .
recomp. | Density 144 | 144 | 1-43 | 149 | 148 | 1:49 | 149
Freq. (sec™) 35 41 49 67 87 168 173

Table III. Height, Frequency,

No. 1

Density
Freq. (sec™1)

Height (ecm)

31-0
1-69
55

254
1-69

20-3
172

63

71

172
97

and Density of Silt of Komatugawa.

99
1-81
103

1-98
137

192
198

61 40 30

170
170

(to be continued.)
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Table III. (continued.)

Height (em) 32:0 249 20-0 150 10-1 5:80 3-3 21
No. 2 Density 1-80 1-88 1-95 2:01 2-13 214 2:03 2:00
Freq. (sec-¥) 57 75 96 129 172 288 247 207

Height (em) 34-4 279 219 169 11-1 60
No. 3 Density 170 1-75 176 1-76 1-78 1-86
Freq. (sec-1) 196 365 532 583

Table IV. Height, Frequency, and Density of Loam of Hongo.

Height (cm) 27°5 20-5 14+4 9-5 6-0
No. 1 Density 1-43 1-46 1-42 1-43 1-48
Freq. (sec-1) 173 212 249 347 392

Height (cm) 33-8 300 256 206 154 97 5.8
No. 2 Density 1-28 1-28 1-28 1-29 1-29 1-29 1-29
Freq. (sec-1) 163 182 207 239 277 384 417

Height (cm) 374 33-0 27'5 232 175 124 7-8 5-8
No. 3 Density 1-21 1-24 1-23 1-23 1-19 1-18 1-22 1-26
Freq. (sec-1) 160 173 205 235 277 399 435 450

Table V. Height, Frequency, and Density of Loam (No. 1).

Height (em) 9-0 7:0 5:0 4.7 30 | 20
No. 1 Density 2-41 2:43 2:40 2-30 2:41 2:27
Freq. (sec-?) 158 190 208 231 260 284
Height (em) 141 110 80 50
No. 2 Density 2:03 2:15 2:25 2:26
Freq. (sec—1) 99 110 130 161
Height (cm) 135 110 80 50
No. 3 Density 1-90 1-96 1-90 1-92
Freq. (sec™?) 139 162 183 231
Heigot (cm) 305 25-4 206 155 107 55 31
No. 4 Density 2:05 2:09 2:10 2-15 2:20 2:26 2:26
Freq. (sec—1) 173 202 228 305 338 430 263
Height (cm) 26°5 24:5 20-3 15-1 106 5-0 2:5
No. 5 Density 2:06 2:10 210 2:13 2-12 2:25 2:21
Freq. (sec-?) 190 212 245 260 309 343 333

(to be continued.)
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Table V. (continued.)
Height (cm) 30.2 | 250 | 203 | 160 9:9 53 3-0
No. 6 Density 208 | 209 | 209 | 215 214 | 216 | 223
Freq. (sec-?) 119 130 133 177 238 333 470
Height (cm) 29-1 236 186 146 9:0 47
No. 7 Density 211 | 212 | 212 | 214 | 215 | 229
Freq. (sec-1) 212 257 353 400 485
Table VI. Height, Frequency, and Density of Clay (No. 2).
Height (cm) | 45'5 | 40-0 | 348 | 30-0 | 24-9 | 20-2 | 149 | 100, 5-1 22
No. 1 | Density 186 | 1-87 | 188 | 1-87 | 1-86 | 188 | 190  1:95 | 2:02 | 203
Freq.(sec-V) | 68 | 78 | o1 | 99 | 113 | 142| 175 | 216 | 328 | 333
Height (cm) | 371 | 319 | 27-3 | 22:0 | 17:3 | 12:3 | 79 | 30
No. 2 | Density 1-73 | 177 | 178 | 1-78 | 1-83 | 1-89 | 1-79 . 197
Freq.(sec-l) | 75 | 85 | 97 | 115| 139| 173 | 260 | 254
Height (em) | 43¢5 | 369 | 299 i 238 | 187 | 138 | 90 | 52| 26
No. 3 | Density 192 | 1-92 | 1-95 ; 1-99 | 1-99 | 1-99 | 2-0%4| 2:01 | 2-08
Freq. (sec-!) | 177 | 197 | 257 | 295 | 321 | 399 | 490 | 462 | 454
Table VII. Height, Frequency, and Density
of Agar-agar and Rubber.
| Height (cm) 128 | 100 | 80| 60 | 43 | 20
ﬁgﬁﬁ‘ Density 102 | 099 | 101 | 1:03 | 106 | 1-05
| TFreq. (sec™!) 28 33 39 50 59 97
Height (cm) 200 | 146 | 100 5-0 28 | 205 | 115
Rubber | Density 176 | 173 | 179 | 179 173 | 178 | 173
Freq. (sec™) 142 170 242 367 342 488 407

(¢) Effect of moisture content on the constants of elasticity and solid
viscosity.

In order to observe the effect of moisture content on the physical

properties of soils, we have arranged the computed values from the ex-
periments (Table VIII) in several diagrams.
tent is considered abscissa; and the velocity », Young’s modulus E, and
the solid viscosity coefficient 7 as ordinate in each case.
are shown in Figs. 27~ 29,

Always the moisture con-

These curves



Part 4.] Determination of Elastic Constants of Soils. 653

Table VIII. Young’s Modulus, Velocity, Coefficient of Solid
Viscosity, and Moisture Content of Soils.

! . Moisture . Young’s | Coef. of solid
Kinds of Soils ; No. Density content v$7§ézy modulus viscosity
| " % E (c.g.s.) 7 (c.g.8.)
1 1-46 50-0 62 5-61 X 107 4-05x 10
P 1-46 42:3 166 4-05x 108 2:39X 10°
3 1-40 486 110-7 1-72X 108 197 7
Silty-clay 4 1:68 436 189 6-00% 105 251 /
(Maru-no-uti) | 4 1-67 39-7 437 3-19x10° 1-11 X108
No. 1~9: . . . 8 . 5
nataral etate.\| 6 1-63 42-9 181 5-34%10 2-48X 10
No. 10+ 7 1-56 40-8 240 8-99% 108 327
;’f;‘t’g‘p"sed 8 1:62 36-7 267 116 X 10° 2:95 1
9 1.47 305 344 1-74 X 10° 630
10 1-48 50-0 31 1:42%107 2:26 X 10*
Silt 1 178 495 69 847X107 | 1.28x 107
(Komatugawa) . . . . s | . "
(Recomposed 9 1-99 293 75 112X10° | 61810
state) 3 177 159 | 4% | 3AXL° | 761x10°
1 1-44 523 200 - 576 x108 2:86%X10°
(Iffoan}) 2 1:29 497 an 630 252
ongo . . 4 . 14 . 14
(Natural state) 3 1-92 468 45| 732 2:50
| 4 115 41°5 300 1-04X10° | 2:84
1 92:37 167 76 1-37 X 10° 1-40X 10
L ) 2-11 17-3 64 0-86 117 7
(NgaT) 3 192 291 94 170 7 174 7
(Recomposed 4 2-16 19-0 219 1-04x10° | 486 7
state) 5 214 210 150 4-82%10° | 363 7
6 2-13 155 250 L5EX10" | 497 7
S . ‘ -
Clay 1 191 30-7 112 240%10° | 1-81%10°
(No. 2) . . . s | . ”
(Recomposed 2 1-82 26 126 2:89X10 ' 1-85
state) 3 1-99 22:5 309 190X10" | 628
Rubber ] I 177 ; l 1145 ’ 2:35x10% } 1-41%10°
Agar-agar [ |13 | | 148 | 295%10° ’ 653 x10°

We can conclude that the velocity or Young’s modulus of soils” de-
creases somewhat rapidly with the increase of the moisfure content,
though the manner of decreasing differs according to each soil specimen.
The solid viscosity coefficient of the soils at Maru-no-uti decreases with
the increase of the moisture content, while in the case of the loam at
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Hongd, this coefficient is somewhat constant, even with the increase of
the moisture content to a certain limit.

400
w3004
&
2
]
% 200
>
100
o T T T T T .
10 20 30 40 50 60
Moisture content (25)
Fig. 27. Relation between the velocity

and the moisture content.

(1) Loam of No. 1. (2) Silt of Komatu-

gawa. (3) Clay of No. 2. (4) Silty-clay

of Maru-no-uti. (5) Loam of Hong?.

(d)

Partials. _

As the determination of the
mode of vibration of soil speci-
men is very important in our
experiments, we have studied
especially the resonance frequen-
cies of .the partials in every case.
Three examples of the relation
between the frequency of reso-
nance and the order of partials
are shown in Fig. 80. In this
figure we take the frequency as
ordinate and the order of succes-
sive maximum amplitude in the
record as abscissa.

Coef. solid viscosity(e.g.s.)

40-%X10

Young’s modulus (c.g.s.)

T T T
36 44 52

Moisture content (25)

T
28

Fig. 28. Relation between Young’s

modulus and the moisture content.
(1) Loam of No. 1. (2) Silt of
Komatugawa. (3) Clay of No. 2. (4)
Silty-clay of Maru-no-uti. (5) Loam
of Hongd.

()
12410
‘_
4
%2 50
Moisture content (%)
Fig. 29. Relation between the coefficient

of solid viscosity and the moisture
content.
- (1) Silty-clay of Maru-no-uti.
(2) Loam of Hongd.

We find that these points are not in a straight

line which corresponds to the result obtained from the theoretical treat-
ment in Section 3. We believe that this is due to the effect of solid
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viscosity in the soil specimen. As will be seen in this figure, the fre-
quency of the partial of the second
maximum amplitude attiains about s00. sec
three times that of the first. In @
general, the frequency of the partials
is about odd number of times that
of the first maximum amplitude
which represented in the figures
10 and 11.
We ascertain, therefore, that
the observed vibration of the soil
specimen can be explained as the T 5 4
longitudinal vibration in a clamped- Fig. 30. Relation between the reso-
and free-end bar. nance frequency and the order of
From the cur\{aturg of these f’;;rzii;lr;f"f;:;:é’ hm27-5 cm. (@)
curves represented in Fig. 30, we Silty-clay of Maru-no-uti, h=25-2cm.
were able to determine the solid (3) Silt of Komatugawa, h=31-0cm.
viscosity coefficient by comparing
these with the theoretical values shown in Fig. 5. However, in this case we
have not adopted this method for determining the solid viscosity coefficient 7.

Frequency
ES
8
i
&

N

o

o
1

“18

6. Summary and Conclusion.

We may now briefly summarize the results of the present study.

1) We studied the elastic properties of sub-surface soils of
several regions in Tokyo. The soils were taken out in the natural state
from underground in Hongé, Maru-no-uti, and Komatugawa by means
of the boring process. All of soil specimens were made into the form
of a rectangular prism, and tested in both the natural and recomposed
states.

2) We obtained the longitudinal wave velocity v in these soil
specimens by means of the vibration method, and then computed their
Young’s moduli F from the relation £ = pv2.

3) The apparent effect of solid viscosity becomes great according to
the variable height and variable moisture content of the soil specimen.
The smaller the height and the degree of moisture content of the speci-
men, the more the resonance curves tend to flatten.

4) We determined the solid viscosity coefficient 7 by comparing
the reducing curves obtained experimentally, with the theoretical curves
which are represented by the equation
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T 4h -,
E__ =
o 16p%h?

in which the symbols have the same meaning as before.

5) The longitudinal wave velocity, Young’s modulus, and the sohd
viscosity coefficient of the soils in the natural state are greater than
those obtained in the recomposed state.

6) The wave velocity, Young’s modulus, and the solid viscosity
coefficient decrease somewhat rapidly with the increase of the mois-
ture content. The coefficient of solid viscosity of these soils is of the
order of 10¢~10% and the velocity varies from about 60 m sec~400 m sec
at moisture content ranges of about 5095 ~2029.

7) The frequency of the partials of the second maximum ampli-
tude attains about three times that of the first. The observed vi-
bration of the soil specimen can be, therefore, explained as the longitudinal
vibration in a clamped- and free-end bar.

In conclusion, our sincerest thanks are due to Dr. T. Watanabe, the
member of Geotechnical Committee, Government Railways of Japan, who
kindly gave us the soils and the results of their mechanical analysis,
which we used in these experiments.
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vt

Fig, 6. Experimental Apparatus (1),

(The symbols in this figure have the same meaning as in Fig, 8.)

Fig, 7. Experimental Apparatus (2),

(The symbols in this figure have the same meaning as in Fig, §.)
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(i) Natural state, (ii) Recomposed state,
Fig. 10. Resonance curves of soils taken from Maru-no-uti,
Moisture content 5022, p=1-46, h=height, N=frequeney,
(a) h=25-2cm, N= 61sec-], (a) h=23-0cm, N= 35sec],
(b) h=21-0 , N= 73 s (b) h=191 , N= 41
(i) { (¢) h=170 , N= 90 . (iiy { (¢) k=149 , N= 49
(dy h= 89 , N=153 ) (d) h=106 , N= 67

(e) h= 48 , N=210 . (e) h= 3.8 , N=168
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Fig, 13. Resonance curves of soils taken from Komatugawa,
Moisture content 49-524, p=1-78.
(a) 2=31-0cm, N= 55sec—], (b) h=254cm, N= §3sec!,
(¢) k=203 , N=171 2 (d) h=152 , N= 97
(e) k=199 , N=103 . (f) k=61 , N=137

(g) k=40 , N=198 . (h) h= 30 , N=170
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Fig, 15, Resonance curves of soils

(i) Moisture content 49-722, p=1-29,

(a) h=33-8cm, N=163sec !,
j (b) h=256 , N=207

® (¢) h=206 , N=239
[ (d) h=15-4 , N=277
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e S = (a)
(b)
S — =l s (¢c)
- (d)
—— ol ) I
(i)

taken from IHongd, Imperial University,
(ii) Moisture content 46824, p=1-29.

() h=37-4em, N=160sec!,

J (b) k=330 , N=173
(1) (¢) h=975 , N=205
l 2 N=235
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