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1. Introduction.

In our previous papers® we discussed the elastic properties of cer-
tain kinds of soil exhibited by subjecting them to vibration. As already
explained, the principal object of our experiments was to impart vari-
ous vibration frequencies to the foot of the soil specimen where it
touches the vibrating plate, and thus ascertain the fundamental reso-
nance frequency, after which its elastic constants were computed. In
order to determine the velocity of elastic waves in the soil specimen, a
diagram was constructed, in which the fundamental resonance periods
obtained from our experiments were plotted as ordinate, and the various
heights of the same soil specimen as abscissa. Seeing that the curves
showing these relations do not pass through the coordinate origin, we
concluded that these results are due to the solid viscosity of the soil.

We therefore formulated equations of motion for the longitudinal
and the torsional wave in the soil column with the assumption that the
stresses in the soil specimen could be regarded as having been derived
from the ordinary elastic stresses due to

Hooke’s law plus the viscous stresses, namely, A
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where 1 is the displacement in the direction
-of 2z, u the displacement in the direction of
‘'z (Fig. 1), p the density, ¢ the time; E, p
Young’s modulus and modulus of rigidity G x
respectively, and 7,, y, the normal and tan- Fig. 1.

1) M. IsHimoro and K. IpA, “Determination of Elastic Constants of Soils by
means of Vibration Methods,” Bull. Earthq. Res. Inst., 14 (1936), 632; 15 (1937), 67.
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gential solid viscosity coefficients respectively.
As already shown in our previous papers®, the longitudinal and
the torsional fundamental resonance periods, T, and T,, are given by

4h
Ty= e ——, 3
=TE o (3)
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T,= —,:/7——‘7—2);‘ . (4)
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With these equations it is possible to determine the elastic constants
E, i and the solid viscosity coefficients 7,, 7,. Although we have al-
ready pointed out that the ratio of y, to 7, thus obtained seems to
diminish with increase in water content, we did not prove the accuracy
of these quantities, so that it was found desirable to make further
experiments in order to ascertain these relations. On the other ‘hand,
it is yet unknown whether or not the normal-tangential viscosity ratio,
namely, 7./7,, might correspond to Poisson’s elasticity ratio.

The objects of our experiments were to ascertain the nature of s01l
with reference to its elastic and viscous properties, for which purpose
we studied not only the relations between the ratio y; to 7, and the
water content of the soil, but also the relations of the ratio y, to 7,
and Poisson’s elasticity ratio.

2. Soil Specimens.

In these experiments we used the same kinds of .soil- as those
previously used, namely, the loam at Hongd (Imperial University) and
the silty-clay at Maru-no-uti in Tokyd. The original conditions and the
mechanical properties of these soils are similar to those described in
previous papers®. The forms of the soil specimens were cylinders of
initial heights of from 20 to 80 ¢cm, with a diameter of about 5cm as
before. The soils were tested in their natural state, and sometimes in
their altered state. The water contents were altered by leaving the
original moist soil specimen to.dry under ordinary room temperature.
The physical properties in questlon were studied for the foregoing
variety of conditions.

2) M. IsHiMoTo and K. IiDA, loc. cit.
3) loc. qit.
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3. Experiments.

In the present experiments, both apparatuses and methods were
the same as those employed previously. When a soil specimen becomes
hard through loss of its water, it is difficult to observe the resonance
frequencies of the higher orders within the limit of our scope of ex-
periment, because of the increase in fundamental resonance frequency,
for which reason it was not possible for us to investigate the properties
of each soil for water contents other than those coming within the
scope of this paper. The diagram showing the relations between the
fundamental resonance period 7T, or T, and the height & of the soil
specimens are shown in Figs. 2 and 3, in which the period 7, or 7\ is
taken as ordinate and the height % as abscissa.

In the present case, we
determined both elastic con-
stants E, p, and solid viscosity 20{10"sec
coefficients 7,, 7, by means of
the method of least squares
with the aid of equations (3)
and (4), into which we put the
experimental values, such as
T,, T,, corresponding to each : i
height h. We then computed ) M%“’

the longitudinal and the trans-

m

Resonance period

verse wave-velocities V,, V, in 0 5 10 1's 20 Zsom

the soil specimen by means Height

of the following vrelations: TFig. 2. Relation between the fundamental
e Vo : resonance period of vibration and the

V,= E , V‘=V 2 AN height of soil specimen (the silty-clay at
r I Maru-no-uti).

the values thus obtained are (1)~(5): torsional vibration.

shown in Tables I, II, from (1)/~t5)’: longitudinal vibration.

e ’ Wat tent w=48-5%.
which it will be seen that the (1) Water content w %

. (2) w=423%. (3) w=39-5%.
probable errors in these values (4) w=37-4%. (5) w=31-5%.

range from about 2 per cent

to 20 per cent. The resonance periods, however, were determined
with an accuracy of from 1 to 2 per cent.

‘ It is possible to get from Tables I, II several diagrams represent-

ing the relations between the elastic constants and the solid viscosity

coefficients and the water contents.

These diagrams are shown in Figs. 4~8, in which the abscissa al-



394 K. IIDA. [Vol. XVI,
~
2
o
)]
=
51
o
<
=]
@
[
~
o ] T ¥ l
10 20 30 40 om
Height
Fig. 3. Relation between the fundamental resonance
period of vibration and the height of soil specimen
(the loam at Hongd).
(1)~(4): torsional vibration.
(1)/~(4)’: longitudinal vibration.
(1) Water content w=48-0%. (2) w=46-2%.
(3) w=43-6%. (4) w=40-0%.

Table I. Longitudinal and Torsional Wave-Velocities, Normal and
Tangential viscosity Coefficients, Density, and Water Content of Soils.
Kind of | Water| Den- v -

; . : - Ve . Vi

SOIINO' 12%2/:) SI;V (m/sec) (m/sec) & 1t vV,

. X105 X107

1| 510 | 146 63:6+ 45 37-24 3-0 0-359:£0:010 | 0-2124:0-009 | 1-709

hg 2| 485 | 1-50 961 61 560t 76 0-569+0-016 | 0-39840-012 | 1:716
S8 3] 423 | 156 | 167-6£23-1 | 103-8:225 | 1-576::0:045 | 0-921%0-044 | 1-615
j'?é 4| 395 | 1-63| 240-1+13-2 1515+ 87 | 3-182+0-053 | 1-76040-035 | 1585
ﬁg 5| 374 | 1-56 | 251-0%+21-6 157-1:£ 86 | 3:065+£0:633 | 1:3680-025 | 1597
~ 16| 315 | 1-59 | 377:6+33-8 2467+ 6°1 | 66000891 | 2:8900:325 | 1-531
7% 479 | 1-49 345+ 2-2 20-0+ 15 0:396£0-015 | 0-2124£0-011 | 1:729

1| 535 | 131 185-3:&10'1 110-0% 9:3 | 1-764+0-180 | 0-877-:0-092 | 1-684

EQI; 2| 480 | 1-24 | 217-0£19-6 134:24+136 | 3-525::0-450 | 1-481+0-104 | 1:617
s g 3| 462 | 119 | 233-0+% 91 149-0£21-0 | 3-750+£0:256 | 1-585£0-121 | 1-564
’JE 4| 436 | 116 | 2476 80 162:0% 51 | 4:090=:0-088 | 17360056 | 1-598
5| 400 | 109 | 299-8220-9 198:5£19'5 | 47600490 | 2:155+0-362 | 1-510
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Table II. Elastic Constants, 7,/i., and E/¢ of Soils.
Kind of Young’s Rigidity Poisson’s p 71 E
soil modulus F 2 ratio (c.2.5.) — —
No.| (c.g.s.) (c. g.8.) o C.8:5- Te #
-~ X 108 x10° X108
>§'-§ 1| 0:590£0-009 | 0-202%06-006 | 0-46=0-04 | 2-324 | 1-689£0:085 | 2:920::0-097
& | 2] 1-385::0-012 | 0-470:4:0-015 0:47+0-02 | 7-369 | 3:708=£0°065 | 2-944=0-037
Q& |3| 438240:046 | 1:681:£0-045 0:30::0:04 | 2-521 | 1-7130-093 | 2:607::0-074
P B 4| 940040264 | 3-7410-174 | 0-26:0-06 | 4-053 | 1-8080-047 | 2-511::0-136
;)': 151 9-826+0-432 | 3:850£0:017 | 0:27::0:05 | 4520 | 2:240%0-454 | 2-5503:0-112
S 1612267040676 | 9-677£0-121 | 0-17:0-04 | 4-984 | 2:28040-400 | 2:344:0-075
~ 1 7* 01760004 | 0-0550-003 | 0-49:4:0-03 | 2-911 | 1-866+0-121 | 2:991:£0-051
o | 1| 4498+£0-202 1-5850-018 | 0-42%+0:06 | 8321 | 2:012:0-294 | 2-836£0-131
g% 2] 5839£0:391 | 2:233£0-027 | 0-3140-08 | 3643 | 2:331+0-344 2:614£0-177
8 13| 64600184 | 2:642£0-042 | 0-22£0-04 | 2076 | 2:366:0-242 | 2-445::0-079
Q| 4| 71120159 | 3:04420-101 | 0-17:0-04 | 1:568 | 2:356:0-091 | 2-336::0-093
~ 151! 98000419 | 4-295:0-389 | 014002 | 1670 | 22090434 | 2-281::0-228

* The original moist soil (No. 2) was tested in its altered state of packing.

45 50 55 60

0
Water content (2)

Fig. 4. Showing that the elastic cons-
tants diminish with increase in water
content.

(1), (3): Young’s modulus E.
(2), (4): modulus of rigidity p.
Ordinate: E or /.

o The silty-clay at Maru-no-uti.

45 50 55

Water content (2

3 15 40

Fig. 5. Showing that the solid viscosity

coefficients diminish with increase in
water content.

(1), (3): normal viscosity 7.

(2), (4): tangential viscosity 7:.
Ordinate: 7: or 7:.

o The loam at Hongb.
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ways represents the water con-
tent and the ordinate one kind
of the following values, namely,
the wave-velocities; the elastic
constants E and p; the
normal and tangential viscosity
coefficients 7, and 7,; the ratio of
7: to 7.5 and the ratio of E to p.

The relations between any

g,

oneof V,, V,, E, p, o, 7,, 7, and

the water content are similar to
those previously obtained, that
is, the terms V,, V,, E, #, 1., 7.
all somewhat rapidly diminish
with increase in water content,
6 or E/p¢ increasing with in-
crease in water content, while
7:/7. seems to become maximum
when the water content is about
45 per cent, especially in the
case of the loam at Hongd (Im-
perial University). The varia-
tions in the ratio of 7.7, to water
in the case of the loam at

K. TipA. [Vol. XVI,
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Fig. 6. Relation between the longitudinal

wave-velocity as well as the transverse
wave-velocity and the water content.

o

The silty-clay at Maru-no-uti.
The loam at Hongb.

(1), (3) Longitudinal wave-velocity.
(2), (4) Transverse wave-velocity.
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Water content (25 Water content (24)
Fig. 7. Showing that Poisson's ratios Fig. 8. Relation between the water con-

increase with increase in water content.

Ordinate: Poisson’s ratio.

* The silty-clay at Maru-no-uti.

tent and E//t as well as 7:/7..

Ordinate: E/¢ or 7i/7:.

(1), (3): E/ﬂ- (2): (4): Tl/rb
° The loam at Hongd.
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Hongd are smaller than in the silty-clay at Maru-no-uti, so far as the
present experiments are concerned.

In order to know the possible relation between E/p and 7,/r,, we
plotted E/p against 7,/r, for every case of water content as shown in
Fig. 9, from which we found the relation in question within a certain
range of water content. As will be seen from Fig. 9, the white cireles
3, 4, 5 and the black cirele 6 fall on a part of such a straight line
as represented by 7,/r, = E/¢, while the white circle 2 and the black
cirele 5 fall on a part of the curve represented by 1./, = 1/3 - (E/n)%

% X_2E
3 I 14 y ;"n“s# 2.0 m
JPlie (<]
ttoed & ° ¢ ° ogé___.
-------- % o5.. %0
o= ,_L-' £ - -
N
""""""" %ie
P
1 110
: % 05
0 1.8 2.0 22 24 10 40 0
Water content (25)
Fig. 9. Relation between E/¢t and 7:/7.. Fig. 10. Relation between m and the

The numbers in this figure correspond to water content.
those in Table I (showing different water =~ m assumes a decreasingly smaller
content). value with decrease in water content.

o The silty-clay at Maru-no-uti. o The loam at Hongs.

the remaining circles lying similarly on other curves. We shall discuss
these relations later. If, experimentally, there were always such a
linear relation between 7,/y, and E/p¢ for certain water content, it
would be possible to assume that the relation is of the form

FE 7

= =m-tr,
Y4 Te
where m is a constant depending on the water content.
The values of m may be determined from the experimental result
as shown in Table I. The values of m thus determined (Table IIT)
are plotted against the water content (Fig. 10), which shows that the
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greater the increase of water in the soil the larger the value of m.

We are also going to determine
viscous coefficients 2’ and ¢/*® analogous
to Lamé constants 4 and g in the

Table II. The Value of m
~ and Water Content of Soils.

case of elasticity. For this purpose Kind of | Water h
we use equations of motion having the soil content m
No.l w(%)
same form as those of (1) and (2)
from the generalized stress-strain re- 1 51:0 1729
lations in a visco-elastic body. e 1723
g5 |3 42:3 1521
U ﬂ
e s . . i 4 395 1-388
4. Longitudinal and Torsional Vib- :E’ % 5 274 1138
. . . wn
ration of a Visco-elastic Rod. 2| 6 315 1-098
. . . * . .
The problem of longitudinal vib- ] 49 | 1602
rations in a visco-elastic rod has been 1 535 1-409
theoretically treated by W. G. Cady® g@o 2 480 1191
. ~ [+
and S. L. Quimby®. Cady used an .3m§ 3 46-2 1:033
equation of motion similar to our equa- <4 436 0991
tion (1), adding that the expressions 5 40-0 1032

derived will afford a means for deter-
mining the coefficient of viscosity of a solid when in a state of rapid
vibration. Quimby solved this problem under the assumption that the
ratio of the lateral to longitudinal strain is —o, ¢ being Poisson’s ratio.
Further, his theoretical treatments are based on the assumption that
the stress in the rod due to viscosity is proportional to the time rate
of shearing strain. Recently Thompson®, who worked out the analysis
of this problem, obtained an approximate solution of the equation of
motion derived from the general stress-strain relations.

In order to express 7, or 7, by # and ¢/, we also used the general
stress-strain relations of a visco-elastic substance.

The directions of the axes are denoted by x, y, z (Fig. 1), and the
components of displacement by u, v, w. The equation of motion then
becomes

Pw _oxz ayz+8zz (5)

otz ox ey oz

As is generally known, the stress-components are given by the equ-

4) K. SEzZAWA had already used these coefficients in his study on waves in visco-
elastic solid bodies. Bull. Earthq. Res. Inst., 3 (1927), 43.

5) W. G. Capy, Phys. Rev., 15 (1920), 145; 19 (1922), 1.

6) S. L. QuimBY, Phys. Rev., 25 (1925), 558.

7) J. H. C. THOMPSON, Phil. Tran. Roy. Soc., 231 (1933), 339.
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ations®
w=(1+ i'i>d+2(,u+ﬂ’—a—)eu , (6)
ot at
gr=(24+ 42 Nay oy pr 2 7
YY = +A—¥ + /1+/1*—a‘t—‘ €yy s (7
— 9 ]
= z+z'_)J 2( '—) 8
( 5t ) A ) ®
Py , 0 .
yz=2 /1+/1Tt e,., ete., 9)
d=e,,+e,+e.., (10)

when the strain-components become

€= cu , etc', eyz:-,l_(ﬂ_l_ a’l)>, ete.
ox oy

2 oz

If a rod, uniform over its plane ends, and free from traction on

its lateral surfaces, is subjected to z/z\, it will be in a state of stress,
such that

A~ N AN SN~

rx=yy=ay=2x=yz=0. (11)

The rod will then be in a state of strain, such that

2 2

P A’-—)A 2( 4 )e,,=o 12

(+ 5 +2( p+t 57 ) (12)
D 3 ‘

2 //__)A 2( '.—) =0, 13

<+ 5 +2( p+ ) o (13)

(x+z/ait)4+z /1+/4’ai;)en=’z\z. (14)

Substituting (12) in (13), we obtain
r_?_) - xa |
(/t+,u T ez,—(/1+/4 3 €y (15)
Adding (12), (13), to (14), we obtain
72 = { (31+2/1) + (3 + 2,/)%}4 , (16)

whence

8) - K. SEZAWA, loc. cit., 4)
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3\ , 2 G _
p z'_) =l 3120 + 3 ~2'._}<z )/%)A. 17
<+ 5 22 l(u+'/)+(/’} #)at + Y a7

Substituting (12), (13) in (17), we obtain

(z+z'ait)%2=— (/1+,L ){(37+2/1)+(3/’—% z;x)n} s (18)

(z+;.' aat )’2—-2(11+pa—>{(3x+2#)+(37/ +2u) 2

1
- (19)

By means of the same operation as (17), we get
' O \om ( ,__8_){ ’ rn 0 }
2</t+ya—t>zz_.2 prr )| @rt2 + G ) S ld. (20
Adding (18), (19) to (20), we obtain
R (o3 | (AL DR CLES OB PR )

Thus the equation of motion, namely, equation (5), becomes

! 7 ! o%w u / 7 o%w !
O+ A+ 1) at}atz (’ +"*){32+2 )+BY 42, )at} 522

The solution of the equation (22) is of the form

w=Ae7e??,
or v
w= (4 cosfz+B sinfz)e?, (23)

where p is the root of the equation,
ol + Xyt P (et i) [ 824200 + (32 +200m) =0 20

We shall determine the constants A and B in (23) under the con-
dition, such that

w=0, at 2=0, l

%=0 at z=h, (25)
oz J
where 7 is the height of the rod. We then obtain
A=0, =" (2r—1), r=1,23,...... . 26
o7 ( ) (26)

Thus we have the solution of (22) for r=1, namely,

9) J. H. C. THOMPSON got the same expression in a like manner. loc. cit., 7)
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w=sin %zj:zlAie”i‘ s
where p, is the root of (24) when r=1.

We can solve mathematically the equation (24), but owing to
the complexity of its solution, it is difficult to discuss the nature of the
vibration of a rod so that we have to resort to the method of physics.
Thompson shows that one of the roots is always large, provided that
p/y and A/ are large, while the other two roots may be small if the
height of the rod is large

Since the value of p/z#' of soil is of the order of 104, and the
height of soil specimen is of the order of 30 cm, we may suppose, ac-
cording to Thompson’s results, that one of the roots is large and the
other small. We  may then put (24) approximately in a form such
that : SRR

e (3,2 2 (14ip) =0, S
L4
where, .
4 4 4
(=LY 4 L 0t ) 324 20)
y= NA ) p , (28)
(A+1) (344-2p)

whence the equation of motion becomes approximately

2w 2\ 22w
=E<1 p 0 YW
Pt ) e

(29)
" (81+2 u)

where, Trp

This equation is of the same form as equation (1), by coinparing which
with (1), we obtain

ri=Ev

N P AW +oml L
—’1""(1 P)+ <z+p><3)+2/>}(l i (30)

In the case of the torsmnal vibration of a visco-elastic rod, the
stress-components are given by

u
oz’
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whence the equation of motion is given by

au

e

: 02u
32
(u # o (32)

Thus we obtain the relation between 7, and ¢ by comparing (32)
with (2), that is

A= (33)

5. The Ratio of 7, to 7,.

We can obtain the ratio of 7, to 7, from equation (30) and (31).

7i_

3! / !
z;z(’_‘—ﬁ)+£ (+ 1) (81 +2p)
Aoyl

e

/
E (4 )2
KU

Table IV. /¢, n, and Water
Content of Soﬂs.

.

) (3

Kind of VZgIt‘ﬁr oV
SmlNo. tent 7 7
|Now(z6)

~ | 1| 510 |-180-78::20-12 | -15-73
E o | 485 |—327-77430-56 | —2090
| ; 3| 423 | —4:08% 0-31| —272
% 4] 395 | —259% 0:23| —2:39
B 5| 374 —029x 009 025
:'3; 6| sis| o037+ 012 o072
@ | 7% 47.9 |- 2762522931 | —56-4
| 1| 535| —295% 386| —515 -
G| 2|30 —033% 018] —0.20
Fo, 3.1 46:2 ] . -0'53% 021 068"
E| 4436 056+ 018 109
S| 5| 400| . o2 010 0.64

30 - - 40 50
. . ‘Water content (2)
Fig. 11. Relation between 2//#/ and the water
content. A//p/ tends to assume a negatively
greater value with increase in water content.
The ordinates of ‘¢urves A, B are shown
in the left-hand side scale; those of A’ and
B’-in the right-hand side scale.
A: The silty-clay at Maru-no-uti.

B The loam at Hongo.

Since the Values of f,/r, are found expenmenta]ly, We can determine,
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by means of equation (34), the viscous coefficient # and also the value
of ¥/¢ for various water contents, the results being shown in Table
IV. The relations between /4 and the water content thus found ars
shown in Fig. 11, #/¢/, the water content being taken as ordinate and
abscissa. As will be seen from this figure, X[ assumes an increasingly
.larger negative value with increase in water content. In the case of
the silty-clay at Maru-no-uti, if its water content w is less than about
36 per cent, //¢/ >0, and if its water content is about 36 per cent,
A/ =0. In the case of the loam at Hongd, if w is larger than about
47 per cent, ¥/p/ < 0, and if w is less than about 47 per cent, /¢ > 0.

Hence the stress behaviour in the soil due to viscosity obeys the
law of compressible or incompressible viscous fluid, in agreement with
water content in the soils.

It would, moreover, be interesting to consider special cases of the
equation (34).

(a) If ¥/p/=2/p, from (34), we obtain

B | (35)

Tt M

This relation corresponds to m=1 in the empirical formula shown

in Section 3, such as E:mﬁ.

H Tt ‘ :

(b) If ¥ +§,u’ =0, as in hydrodynamics, then (34) beco‘mes)
LBy | 36
7. 3\ pu B S ‘( )

(c) If Quimby’s equations are satisfied, the following relation can
be obtained. Since Quimby’s equation' of motion is

2w 2w 4 '
=E° Y L 21t a)
o gz Tyt

S 03w’
oz20t’

7: can be obtained. Therefore the ratio of 7, to f, beqomes .
N n_ 28

2E .
7. 3 p . 37)
@ ¥ X=n¥,
o A 7
then '(34) becomes o T |
o o %=2{0(1—25)(n—1)+(1+&)}, o (38_f_

. 10) S.L. QuIMBY, loc, city 6) . - .
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These relations we have investigated experimentally, with results
as shown in Figs. 11~13. As already described in Section 3, soil seems
to be in a state represented by relations, such as (a), (b), (c) respec-
tively for certain ranges of water content. In other words, soil may
be regarded as changing with decrease in water content from the state
expressed by (c) to that of (b), and even to that of (a). It will thus
be noticed from these relations that, with increase in Water content, the
soil ‘will approach the condition of a viscous fluid.

Since the cases (a), (b), (¢), may be included in the cases of (d),
we specially studied the nature of = obtained from the relation of
(d) by introducing our experimental results. We plotted the values of
n (Table IV) against the water "
content as shown in Fig. 12, from SJ S
which we found that the value
of m assumes an increasingly 0=
larger negative value with in-
crease in water content. In the  -5-
case of the silty-clay at Maru-
no-uti, if the water content w 197
is less than 86 per cent, n '
0, whereas if the water con-
tent 7 is larger than 36 per cent,

. -20

n<0. Such a condition also held
in the case of the loam at Hongd.

. T
If w is smaller than 47 per cent, 30 40 50 60
n>0, whereas if w is larger than Water content (2
about 47 per cent, n<<0. Thus Fig. 12. Relation between n and the water
there must be such a case as content. = tends to assume a negatlvely

.\ greater value with increase in water

n=0. The water content in que- content.

stion differs with the kind ' of o The silty-clay at Maru-no-uti.

soil, namely, the content is about * The loam at Hong3.

47~48 per cent for loam, and about 36~38 per cent for silty-clay.
Hence when the water content increases, the soil behaves as a vis-

cous fluid.

6. Summary and Conclusion.

In this paper, the writer discussed the experimental results in con-
nection with the elastlc properties and the solid viscosity of certain
kinds of soil.

The relations between their propertles and the water content are
investigated. The elastic constants and solid viscosity coefficients di-
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minish somewhat rapidly with increase in water content, as before.
" The Poisson’s ratios of these soils increase with increase in water
content; the variation in which is the same as that previously described.
The ratio of 7, to 7, seems to be maximum at a certain water
content. In the case of the loam at Hongd, the variation in the ratio
of 7,/r, to water, so far as the present experiments are concerned, is
smaller than that of the silty-clay at Maru-no-uti.
The relations between the ratio of 7, to 7, and that of E to p are

investigated.
The value of m obtained under the assumption % —m%, varies with
z
the water content, the greater the increase of water in the soil the
larger the value of m.

The viscous coefficients 4 and ¢ similar to both Lamé elastic con-
stants 4, p are determined by means of an approximate solution derived
from the generalized stress-strain relations in a visco-elastic body.

The relations between /¢ and the water content are investigated.
M|y assumes an increasingly larger negative value with increase in water
content. In the case of the silty-clay at Maru-no-uti, if its water con-
tent is about 36 per cent, ¥/¢/=0. In the case of the loam at Hongd,
if its water content is about 47 per cent, A/¢'=0. It was ascertained
that in the case of water contents exceeding these values, the soils behave
like a viscous fluid. It is supposed that /¢ may assume an increasingly
larger positive value with decrease in water content below the values in
question, and the state of the soils may then approach to that of a solid.

The relations between the ratios of 7,/7; and E/¢ obtained in our
experiments are investigated in the following three cases.

¥ f 1

(a) If —=n—, then w—2la(1 —20) (n—1) + (1+a)J

e M e
E\?

v, 2 /:_ T
(®) 1t Z+Zx=0, then 3(#

Iz

(¢) If Quimby’s equation holds,
then s
We observed that, from our experimental results, these relations
seem to be approximately satisfied with different conditions of water
contents. In the case of the loam at Hongd, we obtained ﬁzg for a

. ) o T M
water content ranging from about 40 per cent to 46 per cent, with



406 Relation between the Normal-Tangential Viscosity Ratio [Vol. XV,

2
-~e2~E for a Water content of 54 per cent and Ty 1 <£) ~ for a
7. 3¢ e 3\p

water content of 48 per cent. In the case of the silty-clay at Maru-

no-uti, i~ E' at about 32 per cent, 7’~ ( ) for a water content

7t #
rangmg from about 87 per cent to 40 per cent, T~ 2 B at about 42

re 3 p
per cent. Since the water content exceeded nearly 42 per cent, these
simple relations do not hold.

'The relations between #» in the conditions of (a) and the water con-
tent are investigated. In the case of the silty-clay at Maru-no-uti, if
the water content w is less than 36 per cent, n>0, while if w is
greater than about 36 per cent, n<<0. In the case of the loam at
Hong6, if w is smaller than 47 per cent, n=>0, while if w is greater
than about 47 per cent, n<<0. It was thus ascertained that these
water relations differ with the kind of soil.

From the fact that » assumes an increasingly larger negative value
with increase in water content, it was concluded that the condition of
the soil approaches that of a viscous fluid.

It was ascertained that the stress behaviour in the soil due to
viscosity obeys the law of compressible or incompressible viscous fluid,
in agreement with different water content in the soils.

In conclusion, the writer wishes to express his sincerest thanks to
Professor Katsutada Sezawa for his kind advices and critiques, and
fo Drs. C. Tsuboi, H. Kawasuml, and G. Nishimura for their valuable:
discussions.
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