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1. Introduction.

In the preceding paper®, we reported our study of the elastic pro-
perties, such as longitudinal wave-velocities or Young’s moduli as well
as their solid viscosity coefficients of soils obtained by means of vibra-
tion method; these soils were taken from various depths in several
sections of Tokyo. From the results of our preceding experiments®,
we were able to ascertain that the elastic properties of these soils
differ according to their kinds, their moisture contents, and their
natural and recomposed states. To apply our results to geophysical
problems, such as the propagation of seismic waves, especially in the
most superficial layer of the earth’s crust, we wished to carry out fur-
ther experiments in this field, for the determination of other elastic
properties of every kind of soil.

One of the objects of our present investigation was to find the elas-
tic properties, such as the moduli of rigidity and Poisson’s ratios®, for
the same kinds of soils as those adopted in the previous studies. More-
over we desired to ascertain whether or not the elastic constants of the
soils vary according to their conditions.

The method of our present experiment is briefly described as fol-
lows; we continuously induced a variable frequency of torsional vi-
bration at the foot of the soil specimen, and detected its funda-
mental resonance frequency. From that we then calculated its modulus
of rigidity. _

In order to obtain Poisson’s ratio ¢ of the soil specimen, we mea-

1) M. IsHiMoTo and K. Iipa, Bull. Earthq. Res. Inst., 14 (1936), 632~657.

2) M. IsHimoTO and K. ImpA, ditto. It is quoted in appropriate places.

3) These same elastic properties, especially for the rock specimens, were dynamical-
ly studied by John M. IDE. Proc. Nat. Acad. Sci., 22 (1936), 482.
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sured the transverse wave-velocity as well as the longitudinal wave-
velocity for the same specimen, and then computed these constants
from the following equation
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in which V,is the longitudinal wave-velocity, V, the transverse wave-

velocity,  Young’s modulus, # the modulus of rigidity, and p the

density of the soil specimen. We studied also the elastic constants of

soils, considering the effects of moisture content. Moreover, in the pre-

sent experiments we investigated two kinds of solid viscosity coefficients,
namely, the normal and the tangential ones.

As we adopted the same kinds of soil as were employed in the ex-

periments reported in the previous paper, we have therefore omitted
dealing with their mechanical analysis here.

2. Experiments.
(a) Apparatus for the experiment.

To carry out our experiment, we adopted two apparatuses, one of

Fig. 1. Apparatuses for the experiment. (The symbols in
this figure have the same meaning as in Fig. 2.)

which we had already used in our preceding study, whereas the other
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was newly constructed for the present purpose; the photograph of both
is shown in Fig. 1. A schematic diagram of the arrangement of these
apparatuses is shown in Fig. 2. It is necessary to describe the par-
ticular details of our new apparatus.

Fig. 2.

Schematic diagram of arrangement of the
apparatuses for producing the torsional and the
longitudinal vibrations of soils.

«: Armature terminal. K: Key.
A: Ampere-meter. ’ Ly, L,: Light source.
A.C.: Alternating current circuit. m: Magnet:
B: Steel block. M: D.C: motor.
By, B.: Brass bolt. M, M;: Lens mirror.
C: A.C. coil. My, My: Plane mirror.
. D: Circular brass disc. M.C.: D.C. coil for electromagnet.
Dy: Alternating generator. N,S: Pole piece of electromagnet.
D.: Dynamo of the Weston P;: Circular iron dise for vi-
tachometer. bration.
D.C.: Direct current circuit. P.: Circular iron disc with
N E: End of the pivot. electromagnet.
E.M.: Electromagnet. R: Bromide paper for record.
F: Solid cylindrical iron stick. S: Soil specimen.
f: Field terminal. T: Voltmeter of the Weston
G: Galvanometer. tachometer.
H: Switch.

We employed a circular brass disc D for a vibrat-
On this

Vibrating disec.
ing disc, with a diameter of 14 cm and a thickness of 05 cm.
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vibrating disc, the soil column S stood upright. In ofder to avoid the
slip, certain to occur during its torsional vibration, at the contact
surface of this disc D and the soil specimen S, we notched its disc-
surface so that it was like a rasp. There was a coil C attached firm-
ly beneath the vibrating disc D, which was connected with the circuit
of a generator D, so as to pass an alternating electric current through
it. As this coil was situated in the magnetic field between the pole-
pieces (N, S) of an electromagnet, it was set in torsional vibration
when we applied the alternating current to it. By such a method the
disc D was forced to vibrate in torsional manner; the frequency of it
was the same as that of the alternating electric current. To be sure,
the vibrating part of the apparatus was not the disc alone, but a vi-
brating system; there was, as a matter of fact, a proper period of vi-
brafcion in it. This consisted of the moment of inertia of the disc, etc.,
and of the restitutive force introduced into it. To drive away this period
of vibration from the period found in the present experiment, we
utilized a pair of bolts B, and B, to fasten the disc D firmly to the
fixed brass plate L. We adjusted the diameter of these bolts as well
as their length, so as to obtain the suitable proper period of this
system. Needless to say, when we used bolts which were too stiff,
the torsional sensibility of the disc became very small. We therefore
made a choice of bolts for this system, having its proper period of
vibration just at the edge of the field in which we wished to carry out
our experiment.

To succeed in obtaining the pure torsional vibration of this dise D,
we controlled the vibration with the part of a pivot, its sharpened end
E touching a conical support on the brass plate L, through which the
shaft ef this disc rotated freely during torsional vibrations.

The magnetic field, in which we inserted the coil C, was regulated
by the amount of the direct current which passed through the exciting
coil M.C. of the electromagnet. )

Magnification of wvibration amplitude of the lop of soil specimen.
In the present experiment, as we intended to determine the amplitude
of the torsional vibration of the soil specimen, we adopted its magnifi-
cation device as being almost the same as that described in our preced-
ing paper. However, we changed this device to fit our purpose. The
vibration amplitude of the top of the soil specimen attained its maxi-
mum, when the vibration frequency of this vibrating disc reached a
condition to provoke a stationary wave in the soil specimen. Iven in
this case, the vibration of its top was, of course, perceptible to the tip .
of one’s finger; but we had to magnify it by some device in order to
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record continuously the variation of its vibration amplitude and to deter-
mine accurately the position of its maximum amplitude. We therefore
adopted the same device, a pair of small pivot and small magnet m,
to get a sufficient magnification of it. A part of the frame of this
small pivot was inserted into one side of the top of the soil specimen
S.  As the weight of this small pivot and its frame amounted only to
about 5 gr, it seemed to us that it did not disturb the vibration of the
soil specimen. The pivot of 1-77mm in diameter was always in con-
tact with the small magnet m, which rotated easily upon its own axis.
In this way, the pivot could be rotated with the smallest possible degree
of friction. On this pivot there was a small lens-mirror M, with the
focal length of about 50 cm, which reflected a light-beam radiated from
a slit of the light-source L, so as to magnify the vibration amplitude
of the top of soil on the bromide paper as much as about 2200 times.
We could then register the continuous variation of the amplitude on
the photographic sensitive bromide paper R, by means of the same
device as that which has been already described in the preceding paper.
We had, in addition, a fixed plane-mirror M, which served as the scale
for the accurate measure of the resonance frequency.

Motor-generator, tachometer, and galvanometer. These apparatuses
for the experiments are the same as we have already mentioned in our
preceding paper. Therefore it will not necessary to repeat here a descrip-
tion of them.

(b) Testing of the apparatus.

Proper period of the vibrating disc. As the effect of the proper
period of the vibrating disc on resonance frequency of the soil speci-
men is always considerable, we endeavoured to eliminate the proper
period from the field of our experiment.

In our apparatus preliminary constructed, we noticed that at the
frequency of about 30 vibrations per second the vibration amplitude of the
disc became to the maximum. This was the natural effect of the pro-
per period of the disc, together with the vibrating system consisting of
the moment of inertia of the disc; etc., and the restitutive force mainly
due to the bolts which connected the disc with the fixed brass plate L.
In order to discount the effect of this proper period from the present
experiment, we selected a pair of bolts one after another, until at last
we decided upon those with a diameter of 06cm and a length of
1'5cm. By the employment of these two bolts we conclusively proved
that the proper period of this vibrating system was eliminated from
the field of our use. We found, at any rate, that this fundamental
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vibration frequency of our disc system was about 270 vibrations per
second. In order to find whether or not this proper period might be
varied by the moment of inertia of a dead weight of metal loaded on
the vibrating disc, we repeated the same experiment with several different
sizes of metal, the weights of which were up to the limit of 2kg. From
the results of these experiments, we also ascertained that the proper period
is scarcely affected by the additional moment of inertia. We may, there-
fore, conclude from the above experiments that no effect was found
~ which needs to be taken into consideration. We can thus pick out the
pure characteristics of the soil specimens.

Calibration of the tachometer. In the present study we also emp-
loyed the same calibration curve as that shown in our preceding paper.
We have taken into consideration the correction of the readings of the
Weston tachometer. '

(¢) Methods of the experiment.

The methods of the present experiment were also about the same
as those employed in the previous experiments. We experimented on
the soil specimens in the natural state and sometimes in the recomposed
state; the form of which was a cylinder with the initial height of 20
cm~40 cm, and the diameter of about 5em. At that time we took the
same kind of commercial rubber as that used in the previous experi-
ment, for the purpose of comparing its elastic properties with those of
the soils. The dimension of this specimen was the same as before.
We measured the density and the moisture content of the soil specimen
by the same process as before.

In order to determine Poisson’s ratio of the soil specimen, we emp-
loyed both apparatuses together, one being the longitudinal-vibration ap-
paratus which had already been adopted in our previous experiment.
First of all, setting the soil specimen on the vibrating disc of the new
torsional-vibration apparatus, we made a photographic record while ap-
plying the forced transverse vibration to the soil up to the limit; and
then setting this same specimen on the vibrating plate of the longitudi-
nal-vibration apparatus, we again made a photographic record while
applying the forced longitudinal vibration up to the same limit. To
apply the direct and the alternating electric currents, one after the other,
to the two different apparatuses, we employed two switches H which
served for our purpose very well. We repeated the procedure on the
identical material arranged in various heights that were diminished in
equal amiounts. We thus got the reducing curves in the two cases of
the longitudinal and the torsional vibrations, for soils of the same
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condition. We succeeded finally in computing the two constants of
elasticity and of Poisson’s ratio of the tested soils.

3. Results of the Experiments.

(a) Photographic records.

Actual photographs thus obtained of the two kinds of soil speci-
mens collected at Hongd and at Maru-no-uti in Tokyo are shown in
Figs. 3 and 4. The photographs are shown in pairs, according to the
two kinds of vibrations, namely, the torsional and the longitudinal, in
the different heights of the soil specimens. As will be seen from these
figures, the characteristics of these resonance curves are almost iden-
tical; and the frequency, corresponding to the resonance position in the
case of the torsional vibration, is generally smaller than that in the
case of the longitudinal vibration. Merely from this appearance we
have reached the conclusion that the transverse wave-velocity is always
less than that of the longitudinal wave-velocity. In some of these
photographs, we can also detect the resonance of higher orders; this is
due to the size and condition of the soil specimens, such as their height,
or their moisture content. We observe also the fact that the resonance

curves tended to flatten when the height or the moisture content was
diminished.

(b) Determination of two kinds of wave-velocities, Poisson’s ratio,
and two kinds of solid viscosity coefficients.

As was already set forth in our preceding paper, the equation of
motion for the longitudinal wave in the soil specimen is expressed by
aZC 2¢ asc

0%
Pope =T g Tligan )

where ¢ is the displacement in the direction of the height z, ¢ the time,
o the density, E the Young’s modulus, and y, the coefficient of normal
solid viscosity. We have also the similar equation of motion for the
transverse wave in the soil specimen such as

R
Poate =Vaa2 Tt )

in which & is the displacement in the direction of the horizontal, p the
modulus of rigidity, and 7, the coefficient of tangential solid viscosity.
The solutions of (2) in the case of the free and the forced vi-
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brations of the soil specimen are the same as those obtained in our
previous paper, provided ; and y, are in the place of E and 7, re-
spectively.

Namely, the solution in the case of free vibration of the soil speci-
men is given by

.n,.

TIP! cos ;/ﬂfz _{ 7,f2) t— oo}sinfz,

(3)

We have also the following solution in the case of their forced vibration
E=C (&, +15,) e,

&, =cosf,zcoshf,z + (sm filveosfihsinf zcoshf,z

—cos fyzsinh fyzsinh f,h cosh f,h), 4)

£,=sinfzsinhf,z — % (sinf,hcosf hcosfzsinhf,z
5

+sinf,zcoshf,zsinhf,icoshf,h),

where, d=cos?f hcosh?f,h + sin? f, hsinh? f,h,
e N1 @
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and £ 1ﬁ‘,..7f!, 72, nzzﬁ f2.
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The resonance period 7, in the case of the torsional vibration is
given by

/l’ (2r— 1)ﬂn
1)'/ 16°h

This formula showing the relation between the resonance period 7, and
the height i of the soil specimen are almost the same as before.
The process of determining the transverse wave-velocity and the
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tangential solid viscosity coefficient is also the same as that set
forth in our previous paper. The diagrams showing the relation
between the fundamental resonance period T, or T, (resonance period
in the case of longitudinal vibration) and the height k of the soil
specimens are shown in Figs. 5~9, in which the pepiod, 7, or T, is

15 ngs.
=
.2 - 4
= 10 20%10°s i
g 2 . /}
L s -
[} 1<% . =
Q
=l (] /
g g 1 - “
S 51 s ' / g
2 = o W
= 2 —
- (F)
e =
0 10 20 30CH 0 1o 20 3ot
Height : Height
(a) Longitudinal vibration. (b) Torsional vibration.

Fig. 5. Relation between the fundamental resonance period and the height
of soil in the natural state taken from Maru-no-uti.
(1) Moisture content 48-7%. (2) 42:626. (3) 39:49%. (4) 37-6%. (5) 31-8%.

6 {x107s.

Resonance period

0 10 20 3oL
Height
T'ig. 6. Relation between the fundamental
resonance period and the height of soil
in the recomposed state taken from
Maru-no-uti.
Moisture content 47-725.
(1) Case of torsional vibration.
(2) ” longitudinal vibration.

taken as ordinate and the height /. as abscissa. These figures are the
reducing curves, by which the transverse and the longitudinal wave-
velocities and the normal and the tangential solid viscosity coefficients
are all determined. Also the reducing curves of rubber are shown in
Fig. 10. In every experiment it is also believed that the mode of vibra-
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tion of the soil specimens corresponds to that of the clamped- and free-
end bar, the reason for which will be explained later. As the mode
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(a) Longitudinal vibration. (b) Torsional vibration.
Eig. 7. Relation between the fundamental resonance period and the height
of soil in the recomposed state of Komatugawa.
(1) Moisture content 27-024. (2) 24-525. (3) 21-22.
15435075,
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(a) Longitudinal vibration. (b) Torsional vibration.

Fig. 8. Relation between the fundamental resonance period and the height
of soil in the natural state taken from Hongs. _
(1) Moisture content 48-2%2. (2) 46-0%. (3) 43-0%. (4) 40-3%.

of vibration has been determined, we have succeeded in finding out from
these reducing curves the values of the longitudinal and the transverse
wave-velocities, namely V, and V, ; and the normal and the tangential
solid viscosity coefficients, namely 7, and 7, of the soil specimens.
These values thus obtained are all tabulated in Table I.

The moduli of rigidity of the soil specimens were then computed
from the equation p=pV? and their Young’s moduli £ were also cal-
culated from the equation E=pV;. As V, and V, or E and p are thus
obtained, Poisson’s ratio ¢ was then calculated from the equation o=
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LiVey _LE )
5 l( V,) —2} or o= 2{//' —ZJ . These computed values of E, ¢, and

¢ are all shown in Table II. ‘
All of Young’s moduli, the moduli of rigidity, and the solid viscosity
coefficients of these soil specimens in the natural state show greater values
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0 10 20 30 4 O 0 10 2'0 30 4oCTt
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(a) Longitudinal vibration. (b) Torsional vibration.

Fig. 9. Relation between the fundamental resonance period and the height
of a kind of clay in the recomposed state.
(1) Moisture content 32:625. (2) 28:3%5. (3) 27-8%. (4) 25-1%. (5) 22:0%4.

15 4x1d’s

i

Resonance period

0

0 5 10 1's 20CM
Height

Tig. 10. The relation between the fundamental
resonance period and the height of a kind
of rubber, the result being obtained by torsional
and longitudinal vibrations.

(1) Case of torsional vibration.

(2) ” longitudinal vibration.

than those in the recomposed state. These phenomena could be seen in
the soils taken from Maru-no-uti, from Komatugawa, and in a kind of
clay; these are shown in the reducing curves in Figs. 6~7 and 9 (a), (b)
and in Tables I and II. It seems to us that Poisson’s ratio of loam at
Hongd is smaller than that of the silty-clay at Maru-no-uti within a
certain moisture content limit.
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Table I. Longitudinal and Transverse Wave-Velocities,
Coefficients of Normal and Tangential Solid Viscosities,
Density, and Moisture Content of Soils.

' Coef. |

... | Longi- ! Trans- o
Densit l\tqlle'i, tudinal | verse ?;;g{' sgloifi tangential 4,
Kinds of soils |No. Y] content | Wave wave | oot solid —
o P velocity | velocity 71 (e Sy) viscosity Te
7o m/sec misec |14 CE8S)ly (egs))
1| 150 | 487 98 58 4-58x10%| 4-02x10'| 1-14
Silty-clay | o 156 | 426 | 169 103 1-29%10° 9-20 # | 1-40
{ Maru-no-uti) .
No. 1~5¢ 31 156 39-4 292 138 265 7 | 1-62x10°, 1-64
naturalstate. || 4| 156 | 37.6 | 253 160 294 | 167 7 | 176
No.6: recom-
posed state./| 5| 159 31-8 364 237 4-90 7 | 2:80 v 1-75
6| 1-49 477 34-4 20-0 | 5-31x10%| 6-12X10°| 0-87
Silt | 1| 194 | 27-0 94 58 166105 1-11X10°| 1-49
(Komatugawa . . . . .
(Recomposed 1-89 24-5 163 104 234 7 | 148 1-58
state) 31 196 21-2 237 149 373 7 291 169
1| 1-89 32:6 51-0 296 | 3-33X107| 2:90x10*| 115
A kind of clay| 2| 1'89 28-3 96-0 565 | 1:98X10° 9:35%X 10! 1:37
(Recomposed | 3| 1:89 27-8 116 68 138 77 | 1-09%10°| 1-97
state) 4| 190 25-1 150 91 218 ” 131 7 1-66
5| 191 22:0 211 132 2:55 | 160 1-60
1| 124 | 482 | 212 132 2:01X10°| 1-45x10° 1-39
Loam_ 2| 119 460 232 148 213 # | 1:55 V 138
(Hongd) n
(Natural state) | 3| 116 430 255 167 2920 7 | 156 7 1-41
4| 109 40-3 303 200 2:18 7 | 147 148
Rubber | 177 [ I 1145 ‘ 690 | 1-41><10~"'{ 106X10° | 2-01
Table II. Young’s Modulus, Modulus of Rigidity,
y
Poisson’s Ratio, and Moisture Content of Soils.
. Moisture Young’s Modulus o Poisson’s
K]slt)?lss of N o.! Content modulus . rigidity ratio
‘ % E (c.g.s.) M (c.g.s.) g
1 487 1-44x10° 5:05x107 0-43
(Mséiﬁ'giﬁgﬁ e 426 446 1-65 10° 035
No. 1~5¢ 3 39-4 769 1 297 1 0-30
natural state. 4 3746 1-00 % 10° 3.99 # 0-25
No. 6: recom- :
. posed state. 5 31-8 2:11 # 893 0-19
j 6 47-7 176 X107 5-96 X 10° 0-48

(to De continued.)
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Tab]e II (contmued)

Kinds of | ‘ Mmsture ‘ Young s Modulus of Pmsson s
soils i No. Content modulus rigidity ratio
= ’ E (c.g.s.) M (egs.) | g
- S B - . ‘ L
o S 1l ero |17 652X 107 0:32
((R‘;‘g“}fl‘;goggf) 9 25 s 204 % 10° 0-28
state) ‘ 3 21-2 110X 10° 4-35 1 0-26
1 32 | 5:02x107 | 1:66X107 0-48
A kind of clay | 2 | 28-3 L 174X10° 0 603 7 0-47
(Recomposed 3‘ 27-8 2:54 7-45 0-41
state) i s
|4 ’ 251 S 1-57X10 035
5 22-0 L 850 328 0-29
1 482 5-48 X 10° 216%10° 030
(}Ifgﬁ":)) 2! 460 6.41 7 260 | 0-22
(Natural state) \ 31 430 756 3-23 7 0-17
L4 40-3 1-01x10° 436 0-15
Rubber ‘ | 2:35X10° 8-43 %107 ! 0-38

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

To observe the effect of moisture content on the physical properties

-
o
o

—~
(5]
7]
£
s
W Joo
,%' 300 o
g B
) m 8 R
> > w
o >
> 200 o L 200
[+ SN
z &9
~ za
£ 28 ..
= 100 b5 »
B 2
'Eb g m
=] b=
(=} ~
- 3 0 T T
0 ‘ . !
20 30 40 50 20 30 “0 5o
Moisture content (25) Moisture content (25)
(a) (b) *

Tig. 11. (a) Relation between the longitudinal wave-velocity and the
moisture content.
(b) Relation between the transverse wave-velocity and the
moisture content.
(1) Silt of Komatugawa. (2) A kind of clay (3) Silty-clay of
Maru-no-uti. (4) Loam of Honga.

of soils, we plotted the computed values (Tables I and II) from the
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of the experiments shown in several diagrams, such as in Figs.

%)
m

[+3]

20 30 40 50
Moisture content (25)
(b)

TFig. 12. (a) Relation between Young’s modulus and the moisture

content.

(b) Relation between the modulus of rigidity and the

moisture content.
(1) Silt of Komatugawa.
clay of Maru-no-uti.
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Coef. normal solid viscosity
(c.g.s.)

Moisture content (25)
(a)
Tig. 13. (a)

20 30 ‘0 50

and the moisture content.
(b) Relation between the coefficient of tangential solid viscosity
and the moisture content. )

(1) Silt of Komatugawa.

of Maru-no-uti.

(2) A kind of clay.
(4) Loam of Hong?d.

(2) A kind of clay. (3) Silty-
(4) Loam of Hongd.
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Relation between the coefficient of normal solid viscosity

(3) Silty-clay

11~14. We took always the moisture content as abscissa in these dia-
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grams; and the transverse wave-velocity, the longitudinal wave-velocity,
Young’s modulus, Poisson’s ratio, and the tangential or the normal
solid viscosity coefficient are all con-
sidered as ordinate in each case in
these diagrams. As will be seen from
these figures, all the values, such as V,,
V, E, and 1 decrease somewhat rapidly
with the increase of the moisture con-
tent, especially is the rate of this de-
crease of V, and E greater than that of
V,and p. Evidently the manner of %2 30 ) 50
the decrease differs according. to each
soil specimen. The degree of decrease

05 - i &)

04 -

Nl 4

0.1

Poisson’s ratio

Moisture content (%)
Fig 14. Relation between Pois-

of all these things in the soil taken son’s ratio and the moisture
from Maru-no-uti seems to be greater content.

than in that of Hongd. (1) A kind of clay. (2) Silt

. . . . of Komatugawa. (3) Silty-

The solid viscosity coefficients of clay of Maru-no-uti. (4) Loam
the finer grained soils, such as that of of Hongd.

Maru-no-uti, Komatugawa, and a kind

of clay, seem to decrease also somewhat rapidly with the increase of
the moisture content; these coefficients are of the order of 104~105
(c.g.s.) at the moisture content ranges of about 509, ~209; ; while in
the case of coarse grained soils such as,that of Hongd, the coefficients,
of the order of which is 105 (c.g.s.), is somewhat constant even with
the increase of the moisture content to a certain limit.

We have found that the normal solid viscosity coefficient 7, of every
soil specimen is greater than its tangential solid viscosity coefficient 7,.
The ratio of 7, to 7, seems to approach 10 when the moisture content
of the soil increases, and vice versa.

(d) Resonance frequencies of the higher orders of vibration. (Par-
tials)

As already described in the preceding paper, the determination of
the mode of vibration of the soil specimen is one of the most im-
portant matters of investigation. We, therefore, studied the resonance
frequencies of the higher orders in every case. Five examples of the
relation between the resonance frequencies of the torsional vibrations
and the order of their successive maximum amplitude are shown in
Table III and Fig. 15, in which we took the frequency as ordinate and
the order as abscissa. We also found that these points are not in a
straight line, owing to the effect of the solid viscosity of the soil speci-
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Table 1II. Resonance Frequencies of the Fundamental

and the Higher Orders.

it " Transverse and longitudinal
Soil specimen Height resonance frequencies.
Kind ‘ State 1 h Fundamental E2nd order ‘ 3rd order| 4th order
T | em per sec per sec | per sec | per sec
; 5 . 54 149 247 330 * .
Silty-clay | vatural ot 93 280 168 -
(Maru-no-uti) ‘ 19 53 84 110
i Recomposed 247 35 o8 162 214
Silt . 43 112 187 263
(Komatugawa) Recomposed 332 73 198 327 —_— 4
; ) 42 111 187 288
A kind of clay| Recomposed 380 77 213 359 =
Loam i 104 296 486
(Hongd) Natural 315 165 63 | ——
mens. As will be seen in Fig. 15 or Table III, the successive resonance
frequencies of the higher orders are about
an odd number of times that of the funda- 500
mental resonance frequency. We ascertain- w00
ed, therefore, that the observed vibration of w
the soil specimen is revealed by the trans- § 300- -
verse vibration in a clamped- and free- end %zoo
bar, a fact which has already .been pointed & o0, o
out in the preceding paper. /
A ’ 2 3 4 5
4. Remarks. Order of the maximum
amplitude.
In the process of determining the velo- Fig. 15. Relation between the

resonance frequency and the

city of elastic waves in the soil specimen,
the investigation of the mode of its vibra-
tion is certainly one of the most important
matters. If the mode of vibration of the
soil specimen corresponds to that of the bar
with both ends free, the loop of which is
at both ends and the node at ifs center,
then the elastic wave-velocity computed
therefrom is, of course, reduced to half that

order of resonance position.
(1) Loam of Hongd in the
natural state, h=31'5cm. (2)
Silty-clay of Maru-no-uti in
the natural state, =251 cm.
(3) Clay in the recomposed
state, h=38cm. (4) Silt of
Komatugawa in the recompos-
ed state, h=33-2cem. (5) Silty-
clay of Maru-no-uti in the
recomposed state, h=24-7 cm.

computed‘ from the conditions corresponding to the mode of vibration

of a clamped-free bar.

However, in most of our present examples,

the mode of vibration of the soil specimen corresponds, unquestionably,
to that of a clamped-free bar, because the resonance frequencies of the
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higher orders are about an odd number of times that of the funda-
mental frequency. Inthe process of determining the velocity of elastic
waves in the soil specimen, we trace, therefore, a straight line, which
is to be an asymptote to the reducing curve passing through the point
of origin. This straight line represents the relation between the funda-
4h

———, from
/ 3
:‘I)
which we can determine the transverse wave-velocity V..

When the soil specimen becomes hard by reason of the diminishing
of its moisture content, it is, however, difficult to observe resonance
frequencies of the higher orders within the limit of our field of ex-
periment, owing to the increase of fundamental resonance frequency. In
such a case the mode of vibration of the soil specimen is not to be
determined, but, at any rate, we adopted the mode of vibration corre-
sponding to the vibration in a clamped-free bar. Here, we remark that
in the case of hard material, the boundary conditions must be changed.
These problems are to be dealt with in future experiments.

In our laboratory, we endeavoured not to allow a decrease of mois-
ture in the soil, so it is probable that moisture values were always con-
stant in the interval of each of our experiments; since each allowed
for no more than half an hour of exposure. ~We noticed during our
other investigations that the finer grained soils, such as that of Maru-
no-uti, have a tendency to great shrinkage in height with the decrease
of moisture content and the density was almost constant; while in the
case of coarse grained soils, such as that of Hongé, this tendency is not
so conspicuous, but the density became small; this difference may be
chiefly due to the state of the internal structure of the soils.

mental resonance period 7, and the height h, such as 7,=

5. Summary and Conclusion.

1) We studied the elastic properties of the same kinds of soil
taken from several sections in To0kyé as those adopted in our preceding
studies. The soils were taken out in the natural state from various
depths underground in Hongd, Maru-no-uti, and Komatugawa, by means
of the boring processs All of specimens, which were divided into 4
classes,” namely, clay, silt, silty-clay, and loam, were made into the
form of a cylinder, and tested in both the natural and the recomposed
states.

2) We obtained the transverse wave-velocity in these soil specimens
as well as the longitudinal wave-velocity, by means of the vibration
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methods, and then computed their moduli of rigidity and Young’s
moduli from the following equations, respectively p=pVj, and E=pVi.
We calculated Poisson’s ratio of these soils from the following

equation
L1 Viy_o S LIE 5
=5 1(y) 2] o =5l

The values of these constants are shown in Tables I and II

3) We determined the normal and the tangential solid viscosities,
namely 7, and 7, from the curved portions near the origin of each
reducing curve, by means of the following equations

—, and T,=
]/,, T /E nr,ﬂ'
16p°h* 16p*h*

in which the symbols have the same meaning as before. The normal
solid viscosity coefficients of these soils are greater than their tangen-
tial solid viscosity coefficients, and the greater the decrease of moisture
content in the soil specimen, the less difference there is between normal
and tangential viscosities. The ratio of 7, to 7, seems to be about 2:0 in
the case of diminishing the moisture content of the soil, while it
approches about 10 when the moisture content increases.

4) The transverse wave-velocity, the modulus of rigidity, and the
tangential solid viscosity coefficient, as well as the londitudinal wave-
velocity, Young’s modulus, and the normal solid viscosity coefficients of
the soils in the natural state are greater than those obtained in the
recomposed state.

5) The elastic constants, such as Young s modulus and the modulus
of rigidity, decrease somewhat rapidly with the increase of moisture
content. These are of the order of 107~108 (c.g.s.) at the moisture con-
tent ranges of about 5024 ~800¢; ; the solid viscosity coefficients of these
soils are of the order of 10¢~10% (c.g.s.); and also the transverse wave-
velocity varies from about 60 m per sec to about 250 m per sec at the
above moisture content ranges.

Poisson’s ratio of these soils, however, increases with the increase
of the moisture content; the variation of which is 043~019 at the
moisture content ranges of about 499 ~32¢; in the case of silty-clay at
Maru-no-uti; while 0:30~0-15 at the moisture content ranges of about
480, ~409; in the case of soils at Hongd. It seems to us that Poisson’s
ratio of loam at Hongd is smaller than that of silty-clay at Maru-no-uti
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within a certain moisture content limit. This difference may be chiefly
due to the state of the internal structure of the soils.

6) The resonance frequencies of the second maximum amplitude
attain about three times the frequency of the fundamental resonance, a
fact of which was already pointed out in our preceding paper. The
observed vibration of the soil specimen can be, therefore, revealed by
the transverse vibration in a clamped- and free-end bar.

In conclusion, our sincerest thanks are due to Dr. T. Watanabe,
member of Geotechinical Committee, Government Railways of Japan,
who kindly gave us the soils of Mar-no-uti and a kind of clay adopted
in our experiments. We also wish to express our thanks to Dr. N.
Miyabe, member of our institute, who gave us a permission to study
the soil specimen of Komatugawa which was recently collected himself.
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Fig. 4. Resonance curves of soils taken from Hongd, Imperial University.
Moisture content 48-222, p=1-24, h=height, N =frequency.
(a) h=31-4cm, N =168 vib. per sec. (a) 1 =31-5cm, N=104 vib. per sec.
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