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1. Introduction.

In our previous papers® we discussed the elastic properties of cer-
tain kinds of soil by subjecting them vibration. From our previous
investigations® it was found that the elastic properties of soils differ
with the 'kind of soil, the natural and the recomposed states, and the
moisture content, etc. To apply our findings, not only to geophysical
problems, such as the propagation of seismic waves, especially in the
superficial layer of the earth’s crust, but to civil engineering problems as
well, it was found desirable to make further experiments with as large
a variety of sands and soils as possible.

The object of this study is to ascertain the properties of sand in
connexion with these subjects, and to develope the dynamics of granu-
lar substances like sand.

Some of the properties of sand have already been studied in Japan
by T. Terada and N. Miyabe®, namely the deformation of sand masses.
They applied the results of their experiments to geophysical phenomena,
such as chronic deformations of the earth’s erust. Recently K. Takahasi*,
who studied the dynamical behaviour of a granular mass, found that
there are two kinds of modes in the sand flow, similar to such natural
phenomena as snow slides and land slides. In the field of civil engineer-
ing, some of the mechanical properties of sand such as porosity,
shearing strength, etc. have received the attention of investigators®,
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with the result that some of their mechanical properties are now fairly
well known.

But as we are still ignorant how these substances will be affected
by elastic waves, in the present experiments we first tried to subject
sand to elastic waves in order to ascertain whether or not sand pos-
sesses any elastic properties, and also to know whether or not the rela-
tions between these properties and the kind of sand, its closeness of pack-
ing, and moisture content are similar to those ascertained for soils.

2. Mechanical Analysis of Sands.

Four kinds of sand were experimented with. These are shown in
Fig. 1.

As the size of the sand grains has an important bearing upon its
physical properties, we used sieves of Tyler’s standard type as adopted
by the U.S. Bureau of Standards. The experiments were conducted
in the laboratory of the Geotechnical Committee, Government Railways
of Japan. The methods of mechanical analysis are exactly the same
as those described in Watanabe’s paper®.  The water is first removed

from the sand, and the sand then passed through a series of Tyler’s
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Fig. 2. Frequency curves of sizes of sand grains.
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standard sieves mounted on a shaking machine and shaken for 15

6) T. WATANABE, loc. cit., 5).
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‘Table I. Mechanical Analysis of Sand.

Mesh number
(Tyler's standard sieves)
Kinds Silt Clay
of 8 14 28 48 100 200 |grain sizegrain size| True
sand - 0-07~0-005| 0-005~0 | density
grain | grain | grain | grain | grain | grain | mm mm
size size size size size size
No. [2:36 mm!1-17 mm|0-59 mmi0~30 mm{0-15 mm|(:07 mm
% 26 76 % 26 % % %
1 0 0 1-08 1870 32-98 21-58 18-22 7-44 2-825
2 .0 0 0:02 54:36 4402 1-58 0-02 0 2:732
3 0 0-08 16-92 79-96 3-04 0 0 2:660
4 0-16 69-84 29-98 0-02 0 0 0 0 2746

minutes, so that the grains are duly separated. The results are shown
in Table I and Fig. 2. .

The resulting sand was then classified into four kinds, Nos. 1~4,
No. 1 being the finest and No. 4 the coarsest. As will be seen from
the figure, the frequency curves of these sands differ. The frequency
curves of Nos. 2, 3, 4 are sharp, while that of No. 1 is comparatively
gentle. Upon classifying these sands according to their constituent
minerals, No. 1 differs from the other three kinds in containing chiefly
sediments derived from metallurgical slags, while the remainder are
river sand containing chiefly quartz.

3. Variation in Sand Density with Moisture Content.

Since as already shown in Table I, the true densities of sand range
from about 2:66 to 2-83, the differences between them are not great.

At any rate, the density of sand
No. 1 exceeds that of all the . ;
others, although their bulk den- [
sities vary with the water con- k- 4 423
tained in them. Moreover the *g
variations in densities seem to g
differ also with the kind of sand.

In order to observe the varia- 10
tion in sand density with moist-
ure content, the specimens were 0 0 ‘ 20 50—%
first weighed in their moist state, Moisture content
after which they were gradually  Fig. 3. Relation between the density and
dried.  We then measured their  the moiture conert., The numbers b
volumes and weighed them in of sand.

their moist condition (weights of the sand grains and of the moisture),
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Table II. Bulk Density and Moisture Content of Sand.

* Sand No. 1 Sand No. 2 Sand No. 3 " Sand No. 4
Mot Densy | Mo | ety | Mo | pensity | MRS | penstey
0 1-54 0 1-28 0 137 0 1-49
21 1-60 2-2 1-30 2:2 1-38 24 1-50
4-2 162 41 1-34 4-3 1-44 4-2 1-54
81 1-75 73 1-37 6-2 1-44 61 1-59
10-4 179 9-2 1-43 81 1-48 8-2 1-64
13-3 1-85 10-8 1-46 99 ‘ 153 10-3 1-73
155 195 13-4 1-48 139 1-58 121 175
18-2 196 159 164 180 1:66 150 1-80
20-0 1-99 181 . 170 21-2 1-69 18-3 179
22:9 2:01 20-0 175 22-4 177 20-0 1-83

22-4 1-81 22-0 1-84

and calculated their densities o from the ratio of their weights to their
volumes. These are shown in Table II. The densities were plotted as
ordinates and the moisture contents as abscissae, as shown in Fig. 3.
As will be seen from this figure, the density seems slightly to increase
with increase in moisture content. However it was found that when
the moisture content exceeded 10 per cent, the density of No. 2 or 3
rapidly rose. This was more the case with No. 2 than any other. When
the moisture content exceeded 16 per cent, the rise in density of No. 1
or 4 became almost constant.

As is well known, although it is possible to make a ball of sand
only when it is moderately wet, it is impossible to do so when it con-
tains much more water. The approximate moisture limits for making
sand balls are shown in Table III.

Table 1II. Moisture Content that Sand Flow takes place.

Kind of sand No. 1 ‘ No. 2 ! No. 3 ‘ No. 4
Moisture . e " .
content 23-75% i 24675 22:525 ‘ 99

4. Experiments.

(@) Methods. In the present experiments, both apparatus and
methods were the same as those employed previously. The forms of
the sand specimens were cylinders of initial heights of from 20 to 30 cm
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and the diameter about 5 cm.

With moderately wet sand, balls could be made, while with dry and
very moist sand it could not be done, so that for the latter suitable
devices for making the sand-cylinders had to be contrived. Since a
receptacle in which to hold the sand is necessary, and since this recep-
tacle must be of a substance that will not affect the properties of the
sand in question, cellophane was selected to hold the sand. For reasons
to be given later, the effect of the cellophane-tube holding the sand in
the experiment is practically negligible. Thus in some cases of dry and
very wet sands, we experimented with the sand packed in the cellophane-
tube. In the case of moderately wet sand, we used brass moulds and
packed the sands into them, and then extracted the sand-cylinder from
the moulds. ’

These sand specimens were then set on the vibrating plate of our
apparatus, a schematic diagram of which is
shown in Fig. 4. In this figure m is a magnet,
M a small lens mirror attached to pivot P.
As already described in our previous papers,
these serve to magnify the vibration ampli-
tude of the top of the sand column. V is
the vibrating plate for vibrating the speci-
men. Photographic records were made while
applying forced transverse and longitudinal
vibrations to the specimen up to the limit of
vibration frequency. We could then find the 1
resonance frequency of its vibration, after LLJ T R
which we computed both the transverse and Fig. 4. Schematic diagram

the longitudinal wave-velocities in the speci- showing the arrangement

men. of the longitudinal vibra-
. ting system.

(b) Methods of packing the sand. As P: pivot. m: magnet.

the closeness with which the sand grains are M: small lens mirror.
packed is an important factor in the propaga- V': vibrating plate.

tion of elastic waves, the experiments were made with each of the sands
both closely and loosely packed. In order to pack as closely as possible,
the cylinder, which contained sand grains up to a height of 15 cm,
was allowed to drop by withdrawing our hand from it.

Then as the cylinder droped the sand particles in the cylinder
settled down, and the height of the sand-cylinder diminished with the
number of times the cylinder was allowed to drop. The results of this
treatment are shown in Fig. 5, in which the amounts of the fall in
height are plotted against the number of times it was dropped. As
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will be seen from the figure, after it has been dropped five times,
the height of the sand-cylin-

der becomes almost constant.

To ensure densest packing,

the same cylinder was also 30
subjected to vibration, when
its height diminished by about
1~2 per cent. For example,
in the case of dry sands, we
investigated that the porosity
of sand No. 3 varies from
about 49 per cent to about 20-
41 per cent, and that of sand
No. 4 from about 46 per cent 0 5 10 15

Number
to about 40 per cent. To - .
b th lati bet Fig. 5. Relation between the height of sand-
observe e relation between cylinder and the number of times the cylin-
the denseness of packing and der was allowed to drop. 1, dry sand No. 1.

the velocity through the sand, 2, wet sand No. 2. 3, wet sand No. 4.
the experiments included sand both closely and loosely packed, detailed
results of which will be given later.

(¢) The effect of the cellophane boundary wall. It is evident that
the effect on the experiment of the boundary wall of the cellophane-
cylinder holding the sand
should also be considered.
To determine the effect we
used cellophane-cylinders
of various diameters; as
shown in Table IV. 1In
Fig. 6, the curves show-
ing the relation between
the resonance frequency
and the diameter are drawn
for dry sand No. 4 and ol '

3 % 5 6C
wet sand No. 2, the latter Diameter m.

being considered from ap- Fig. 6. Relation between the resonance fre-
pearances toc be in the quency of vibration and the diameter of

s s cellophane-cylinder.
fluid state. As will be ® Dry sand No. 4. O Wet sand No. 2

seen from the curves in with moisture content 19-425. 1, 3 show

Fig. 6’ the resonance fre- the case of longitudinal vibx:atior}. 2, 4
. . . show the case of transverse vibration.
quencies of vibration are

independent of the diameter of the cellophane-cylinder, -from which it

(] m

Height

[n%]

(=3

oS
T

100}~

Resonance frequency
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Table IV. Resonance Frequencies and Diameters
of Cellophane-cylinder.

(N1: longitudinal resonance frequency; Nt: transverse resonance frequency.)

Sand No. 2 Sand No. 4

Dia. | M ] Nt . } Dia. NI Nt
350 | 135 ‘ 98 | 347 166 | 118
4-49 ; 134 i 97 | 434 166 i 118
5-49 i 136 ’ 100 T 510 165 1 119
600 i 136 ; 100 | 572 164 | 120

will seem that the effect of the boundary wall is practically negligible
so far as the present experiments are concerned. We may, therefore,
extend the results of our experiment to the case of no boundary wall.
We may say that the resonance frequencies obtained in our experiments

are those of the sand column itself without the effect of the cellophane-
boundary wall.

5. Results of the Experiments.

(@) Determination of two kinds of wave-velocities. With the same
methods that were describ- )
ed in our previous papers,
we determined two kinds of
elastic wave-velocities: the
longitudinal and the torsio- oo1s|-
nal. An example of a dia-

0020 Sec

. . =]
gram showing the relation 2
between the fundamental &
resonance periods T, T, & 00
and the height of the sand  §
column, k, may be seen in g
Fig. 7, in which the period, 0005
T,or T, is taken as or-
dinate and the height 7 as
abscissa. The figures are
: r 1 !
the reducing curYes, by 0 70 25 30T
which the two kinds of Height .
wave-velocities are deter- Fig. 7. Relation between the resonance period
mined. The values thus of vibration and the height of sand-cylinder.
. . . Specimen: wet sand No. 3, w=14-8%.
obtained in each kind of 1, the case of torsional vibration.
sand are shown in Table 2, the case of longitudinal vibration.

V. To observe the effect of moisture content on the physical properties
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of sand, we plotted the wave-velocities obtained by the experiments
against the moisture content, as shown in Figs. 8~9, in which we al-
ways took the moisture content as abscissa and the velocities as ordi-

nate. In the experiments for
determining these moisture re-
lations, we sometimes used sand
columns in the form of cello-
phane-cylinders and other times
in the form of the sand-cylin-
der itself.

As will be seen from these
figures, the transverse wave-

velocities, V,, of these sands .

decrease somewhat rapidly with
increase in moisture content,
though the manner in which
they do so differs with the
particular kind of sand. Their
longitudinal wave-velocities, V,
also decrease with increase in
moisture content within the
range of about 0~19 per cent
of moisture, whereas those of
sand Nos. 1 and 2 increase
with moisture content below
19 per cent. Furthermore, in
the case of sand No. 1, the
relation between the longitudi-
nal and the transverse wave-
velocities and the moisture
content fluctuated as shown in
Figs. 8~9. As to the main
reason for the fluctuation, it is
believed that still -finer grained

particles or some adherent col-..

loidal particles are introduced

C 300?11 /S€C
200

100

Longitudinal wave-velocity

| |
0 10 20
Moisture content

TFig. 8. Relation between the longitudinal
wave-velocity and the moisture content.
1, sand No. 1. 2, sand No. 2.
3, sand No. 3. 4, sand No. 4.

lsoLtn/Soc

100

Transverse wave-velocity
=

1
0 10 20
Moisture content
Fig. 9. Relation between the transverse
wave-velocity and the moisture content.

1, sand No. 1. 2, sand No. 2.
3, sand No. 3. 4, sand No. 4.

into the kind of sand, such as No. 1, and these adherent particles
undoubtedly greatly affect its elastic properties. It seems that thixotro-
pic phenomena may occur as the result of these colloidal particles.
Further in the case of finer sands, such as Nos. 1 and 2, it was ob-
served that their longitudinal wave-velocities seem to increase with in-
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crease in moisture content exceeded 20 per cent, while their transverse
wave-velocities become too small for detection. These sands may be in
the transition state from solid to liquid or to viscous fluid. Such
phenomena may not be observed in coarse sand like No. 4.

(b) Variation in velocity with denseness of packing. Since as
just mentioned, the closeness with which the sand grains are packed
is an important factor affecting its elastic properties, we experimented
with sand in various states of packings (Table VI). In order to deter-
mine the relation of the velocity to closeness of packing, we plotted

Table VI. Longitudinal and Transverse Wave-velocities,
Porosities, and Densities.

Sand No. 3

Sand No. 1 Sand No. 3

(w=15%) (w=12%) (w=5%)

P Vi V. P Vi Ve ‘ P Vi Ve
e (26) |(m/sec)|(m/sec)| * (2) |(m/sec)| (m/sec)| * } (26) |(m/sec)|(m/sec)
1-78 | 465 95 55 1-51 | 50-1 “ 86 50 1-42 1 49-2 130 80
179 | 46-2 98 56 1-53 | 494 : 91 55 147 | 47-6 138 84
1-80 | 459 97 55 1:60 | 47°1 113 65 1:49 | 469 145 89
1-83 | 450 103 58 163 | 462 | 118 69 1-51 ¢ 46-1 148 90
1-86 | 44-1 113 65 1:66 | 451 ' 130 75 152 | 45-8 \ 152 94
1-87 | 43-8 112 64 1:68 | 44-4 “ 135 78 1-54 | 45-1 152 93
190 | 429 112 64 170 | 439 J 141 80 1-57 | 440 158 98
1-95 | 41-4 122 71 171 | 435 1 144 54 160 | 429 170 105
199 | 402 | 136 80 : ‘ i

150]
Fig. 10. Showing the relation of

the velocity to closeness of pack-

ing.
® sand No. 3; moisture content w=
> 100
B 12%.
3 O sand No. 3; w=5%.
> © sand No. 1; w=152%.
1, 3, 5; the case of longitudinal vibra-
501 6 4 tion. .
9, 4, 6; the case of torsional vibra-
tion.
0 [} | i
40 45 50 %
Porosity

the velocities as ordinates and the corresponding porosities of the sand as
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abscissae, as shown in Fig. 10, in which porosity P, in percentage, is
calculated from the true density and the bulk density, that is

P=100 —~§:—-(100—w), I (1)

where p, is the true density, ¢ the bulk density corresponding to the
moisture content w per cent. As will be seen from Fig. 10, the veloci-
ties vary with the closeness of packing and seem to increase with
diminishing porosity as a linear function of it. The curves of No. 1,
2, 3, 4, seen in the figure, are for the same kinds of sand as No. 3,
and the curves of No. 5, 6 for the other kind of sand as No. 1. We
see that the relations between the velocities and the porosities in the
case of moist sand fluctuate somewhat more than those in the case of
dry sand. We also noticed that this relation in the case of sand No. 1
fluctuates, which it seems, is partly due to its constituent particles, as
already hinted.

6. Remarks.

As already explained in the preceding section, the elastic properties
of sand are greatly affected by colloidal matters and the water contain-
ed in them. We noticed that in every kind of sand, the ratio of V,/V,
increases with the moisture content, especially the finer grained sands,
such as No. 1 and No. 2. ©° When the moisture content in the finer
grained sands, exceeds about 20 per cent, V, increases somewhat rapid-
ly, while V, diminishes to such an extent as to be scarcely observable,
When the water in sand is increased very much more, V, seems to ap-
proach the velocity of sound in liquid. Consequently, sand in such a
state behaves like a liquid. Therefore, it will be seen that there are
two states in sand, according to their moisture contents. Since elastic
waves propagate through sand, it is probably only natural that sand
should possess elastic constants. It may be necessary to determine
these elastic constants, although it may not be possible to do so from
the theory of elasticity; its procedure will nevertheless be difficult in
practice. It has never been shown that sand is fully governed by the
condition required by the elastic theory. The assumption that the for-
mulae of elastic theory can be applied to sand requires experimental
justification. Although the exact mechanism by which the elastic waves
propagate in sand seems to be still wrapped in mystery, we wished to
know the elastic constants of sand from formulae similar to those of
the elastic theory. We concluded, therebore, that the sand-cylinder
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would behave like an elastic solid, and assumed that the relations
between the velocities and the elastic constants of sand at moisture
content ranging from about 0 to 18 per cent are given by

T e
V= '/E y V= }/L ’
0 0
1/FE
Lt —
g = 2( ’u, 2> ’ ‘

where E’, 1/, ¢’ are the elastic constants similar .to Young’s modulus,
modulus of rigidity, and Poisson’s ratio respectively, and o the bulk
density. The values derived from Table VI by equation (2) are given
in Table VII.

The values for the coefficients, such as E’, ¢ obtained these me-
thods are of the order of 10% in c.g.s. units at moisture content ranging
from about 0 to about 10 per cent. These magnitudes are comparable
with those of soils given by the' foregoing investigations.

()

7. Summary and Conclusion.

We investigated the velocities of elastic waves in four kinds of sand.
The relation between density and moisture content was also studied.
The velocities of elastic waves in sand were obtained by means of the
vibration method. Moreover, we succeeded in ascertaining the elastic
wave-velocities of granular substances, such as sand, by using cellophane.
It was ascertained that the elastic properties are greatly affected by
the closeness of packing, the moisture content, and the presence of ad-
herent colloidal particles in the sand. The velocities decrease with
increase in moisture content or with increase in porosity. The trans-
verse wave-velocities decrease somewhat rapidly with increase of mois-
ture content, while the longitudinal wave-velocities of some sands in-
crease with moisture content exceeded 19 per cent. We were thus able
to observe the transitional state of sand from the ordinary solid state
to the liquid state by virtue of the increasing water in the sand.

The velocities through the finer grained sands seem to be greater
than those through the coarse grained sands.

Finally, the elastic constants of the sands were determined by the
assumption that formulae similar to that of the elastic theory could be
applied.

These studies on the properties of granular substances are being
continued, and the results will be discussed a future issue of the Bul-
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letin.

In conclusion, my sincerest thanks are due to Professor Mishio Ishi-
moto for his kind guidance and encouragement, and also to Dr. T.
Watanabe, by whose kind guidance the mechanical analysis of the sands
which were used in the present experiments was carried out.
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Fig Photographs showing the grain size of sand specimens,
el graj g g

(a) Sand No, 1 (actual size), (b) Sand No, 2 (actual size),
(¢) Sand No, 3 (actual size), (d) Sand No, 4 (actual sizex1-3),



