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5. Studies in the Sinking of the Eartl’s Surface in Tokyo, Iv.
—Periodic Movements of the Ground in Hukagawa, ToLyo-——

By Naomi Mivasg,

Farthquake Research Institute,

1. It has frequently been reported that the ground in Hukagawa, Tokyo, Js sinking at an annual
rate of about 10cm, This sinking of the earth’s surface was regarded ‘as due mainly to the
shrinkage of the surface layer of soft soil in the eastern part of Tokyo, the thickness of which is
about 30 m,

The sinking of the ground in Hukagawa has been recorded continuously by means of the ap-
paratus already described,? as the result of which it was found that the rate of sinking fluctuates,
which fact seems to be related to the tidal movements of the sea-level, As to the observed periodic
movements of the earth’s surface, the following points are notable :

(1) The period of fluctuation is about 12 hours,

(2) 'The amplitude of the fluctuation varies with a period of about 15 days,

(3). Movements with approximate diurnal periods are of smaller amplitude than those that are not,

These periodic fluctuations in the height of the earth’s surface were studied analytically, with
results as follows,

2. Recording' Apparatus, _
The recording apparatus formerly set up in Hukagawa® was improved in a number of places,

1) N, Mivase, Bull, Euarthg, Res, Inst., 16 (1938), 721~756.
9) N, MtvasE, bid,
3) N, MIYABE, 1bid,
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The apparatus for recording the change in the height of the surface of the earth relative to the
top of an iron tube, bored to a depth of 35m from the surface and fixed to the hard rock underlying
the layer of soft soil, is shown schematically in Fig, 1.

A part of the arm, BF in Fig, 1, for which a silk cord was used, was replaced by a brass bar,
The magnifying lever system was reconstructed, as shown in Fig, 1, by means of which the extent
of movement is magnified 38 times, As the magnification for the former records was about 4.9, the
periodic fluctuations in the past were not noticeable.

The platform, on which the recording apparatus, was mounted, was raised by about 30 cm, because
the recording apparatus, which was placed directly on the grouud surface, was inundated at the time
of high water last autumn,

With this new apparatus, the vertical movements of the surface of the soil layer relative to the
deeply buried iron tube have been recorded since the beginning of this year,

On studying these records, we notice a difference from those obtained by the former apparatus,
i.e,, the fluctuation associated with variations in atmospheric temperature noticed in previous records,
seem to have disappeared from the recent records® It was also noticed that the marked fluctua-
tions in the former records, which seemed to be associated with the precipitations, were not found in
the records for the last ¢ months, These facts probably show that the effect of atmospheric
temperature and humidity on the silk cord were too large,

‘3, Analysis of records,

Examples of the records taken at Hukagawa are shown in Fig, 2, from which it will be noticed
that the variation in the height of the surface of the soft soil layer is composed of secular variation
approximately linear with time and irregular fluctuations and fluctuations with approximate semi-diurnal
period, so that in order to study the periodic fluctuations, the secular variation in the height of the
surface of the soil layer must be eliminated, The elimination was made in the following manner,

The mean values of the hourly heights of the soil surface for 24 hours were calculated and
plotted on a diagram of an actual record, The points thus plotted being connected by a smooth
curve, the periodic fluctuations that were regarded as due to the-effect of the tide were eliminated,

The tidal fluctuations cannot be completely eliminated by taking the mean values for 24 hours,
The mean values for T hours is given by

1 t+3
Y= _;25\ sin(pat+qn)dt
¢ T

z
B E[Sin———PgT /—*P;;t ] sin (P'nt + 971) .

Tilc reducing factors, [sinl)’]'—r/p;;--l, for the various components of the tide are
k .
©0.035 for MMy,
0-072 for Oy,
0:003 for K.

Practically, however, these small residuals may be eliminated by hand when we connect the, plotted
points, The curve thus smoothed is shown in Fig, 3.. The difference between the actual curve and
that thus caleulated are plotted in Fig, 4. Since the curves in Fig, 4 are very similar to those of

4) -N, Muvasg, Bull, Earthq. Res. Inst., loc. cit, 1).
This was also noticed in similar records taken in Osaka: ¢, f. T, ITiroNo and K, WADATI,
Saigaikwagaku-Kenkyiisyo Hokoku, No, 2,
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of mareograms, they are compared with the actual mareogx;am taken at Motokibasi, the nearest
marebgraph station, : : )

The positions of the mareograph stations and the station for the measurements of the changes
in the heights of the soil surface are shown in Fig. 5, Since the marebgrams taken at Ieikyii-tyo
are quite similar to those taken at Motokibasi, onlyrihose taken at Motokibasi were used for com-
parison with the curves showing the movements of the soil surface, These two curves are shown in
¥ig, 4, in which the upper show the movements of the water surface, and the lower those of the
soil Jayer, In the lower curve, the downward movement of the soil surface was taken in positive
direction, and vice versa, ' '

It was found from the above comparison that:

(1) The epochs of maxima and minima in the curve of the movements of the soil surface are
very close to those of the maxima and minima in the curve of the movements of the mareogram
curves respectively, .

(2) As already mentioned, no variation with diurnal period has been observed in the curve
of the movements of the soil surface, although it is evident in the mareogram curves,

In order to study these periodic movements in more detail, thé curves showing the relative move-
ments of the soil surface were analysed into components, of which the periods are the same with
those of tides My, S,, O, Kj. ) .

The amplitudes and phases of these components were determined for epochs March 95~~April
7, and May 20~June 9, the results being given in Table I,

‘able I, Analysis of movement of the ground surface,

Period March 95~April-7 May 20~June 2
Ampl, - Ampl, , '
om Phase om . APhase‘
M, - - 0-00585 183° 0-00224 180°
Sy 0-00164 221° - 0:00199 ©190°
K 0-00164 228° 0-00081 206°
Oy 000117 173° 0:00025 307°

By comparing with these constants given in Table I, the amplitudes and phases of tides M,
Sz, Oy, Ky were also determined with respect to the mareogram data taken at the Motokibasi
mareograph station, the results of which are given in Table II, from which the phases of the cor-
responding components of the two curves will be seen to deviate considerably, which, however, may
be due largely to inaccuracy of the time marks on the records, For ascertaining the difference in
the phases, recording drums which rotate with greater speeds and having more accurate time marks
were used, ) : :

Table II, Analysis of Water Tide at Motokibasi,

\ Period March 25~April 7 May 90~]June 9

Comp, A:I;P]' . Phase M Agg)l' Phase M
M, 48-7 . 164° 1-24%X10-4 56-3 157° 7| 0-40X10-%
Sy 30'5 198° 0-54 15-8 195° 126 7
K 173 178° - | 095 7 - 26°3 167° | 031 7
0, - 168 | 167° 075 17:2 182° | 015 #
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4, Effect of atmospheric pressure, .

The smoothed curve of the relative movements of the soil surface given in Fig. 3 is.composed
of secular subsidence with approximate constant speed and irregular fluctuations, The irregular fluc-
tuations seem to be related to variations in atmospheric pressure,

In order to study the effect of atmospheric pressure, the following procedure was adopted, The
velocity of secular contraction of the soil layer was assumed to be constant during a period of 15
days, and the deviations of the smoothed curve from the straight line that represent the general
tendency of the smoothed curve were taken as the deformation of the earth’s surface due to atmos-
pheric pressure,

The deviations indicate quasi-periodic fluctuations, as shown in Fig, 3, in which the variations
in atmospheric pressure for the corresponding periods are also shown for comparison, '

In Fig, 5, the deviations are plotted against the atmospheric pressures, The relation between
atmospheric pressure p and the deviation or corresponding deformation w is then given by

w=aX (p—ps).

The value of the constant ‘“a” is given by the inclination of the major axis of an ellipse,
including the points distributed on a w~~p diagram (Fig, 5), The fluctuation in w that causes the
dispersion of the points on a w~p diagram may be attributed to the facts that,

(1) the secular deformation, being assumed linear with time, contains a term that is not linear
with time, ‘

(2) the soil is apparently visco-elastic, so that the deformation due to the atmospheric pres-
sure may be a function of the period of variation in atmospheric pressure or of the duration of
application of the pressure, ‘ )

From this constant the effective value of the elastic constant of the soil layer can he obtained,
assuming the deformation to be elastic,

If we consider the case in which the semi-infinite plane surface is subjected to vertical com-
pression of uniform pressure p, the equation of equilibrium is given by

(A+2u)§§=0 ,

where w is the vertical‘ component for the displacement and z the coordinate in the vertical direction,
Then w is given by
' w=0C+C,

Applying the boundary conditions

w=0, for e=—H

- dw
(A—{-ﬂ/,()‘(—l-z—‘:p for z=0,

we have for w

w=—sL—(z

We then have at z=(

w=—>L H,
A+ou

The elastic constants are then given by,

H
).+2,u=£H=~7 .
w a
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.In an actual case, for the value of Ff, the thickness of the layer of soil is substituted, i, e,
H=30m, The other constants are o/=qa/p, p=density of mercury=13-6, Thus the value of
(A+24) becomes

1210 kg/em 2

Since

dop=— il
(1+o)(1—2a)
where ¢ and J7 are the Poisson’s ratio and Young’s modulus respectively, if the value of ¢ is 025,
or the soil is perfectly elastic,

FE=1950 kg/cm,

which is much greater than the value of F obtained by statical test,”)

This large value of FE can be explained in various ways, One of them is that, if we assume
that the valae of J¢ is 25 kg/cm?, roundly, as given by the statical tests, the value of Poisson’s ratio
o is k0‘-495, This means that the soil layer is almost an incompressible substance, The value of
Poisson’s ratio thus obtained is very close to that value when the soil contains much water, as ob-
tained by Iida®) by dynamical tests of soil specimens,

5. Deformations that follow the tides,

The important points in connexion with the observed facts of the periodic movements of the
surface of the soil layer so far described are:

(1) The surface of the soil layer moves vertically with referrence to the top'of the iron tube
that is immbedded to a depth of 35m, and fixed to the deeper layer of hard rock,

(2) This movement follows the tidal movements of the water surface as observed at the near-
est mareograph station, The surface of the soil layer rises at the time of flood-tide and falls at
the time of ebb- tide, '

(3) The ratio of amplitudes of the semi-diurnal components to those of the dlumal components
to those of the diurnal components of the movements of the soil surface is demdedly larger than that
of the amplitudes of the corresponding components of the water tides,

In explanation of these facts, various mechanisms can be invoked, namely.

(1) The deformation of the surface of the soil layer is caused by tidal loading,

(2) The observed deformation is due to movements of the plastic or highly viscous soil layer
caused by tide-generating forces,

(3) The observed deformation is due to the alternations of swelling and shrinking that follow
changes in the water contents of the soil mass,

Of these mechanisms in explanation of the periodic movements of the earth’s surface, (1) is
not applicable to the present case without special modification to the property of the soil. Generally
speaking, the surface of the soil layer is depressed when a part of the surface is loaded, In the
present case, however, the surface of the soil layer is elevated at the time of flood-tide, i, e, a part
of the surface is loaded,

In order to deal with the mode of deformation by applying mechanism (2), the data of
measurements of the deformations at various places were used,

The theory of soil swelling is also applicable in explaining the phenomenon mentioned above,
Applying the theory of swelling proposed by K, Terzaghi,™ the observed periodic deformation of
the soil surface was treated as follows,

5) N. MivaBe, Bull. Farthq, Res. Inst., loc. cit., 1). .
6) K. ItpA, Bull, Farthq. Res. Inst., 16 (1938); 391~406.
7) K. Trrzacin u, E, Frvicn, ** Theorie der Setzung ron Tonschichten.” Leipzig u, Wien,

1936.
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For this purpose, the height of the level of water that penctrated the soil layer was first esti-

mated,
Referring to Fig, 7, the level of the penetrated water at distance ¢ from the sea-shore when

the sea-level changes periodically, is given by
. ) t g )
&=he=mz sin 27:(—,17—1> > ' (6))

where

m=%l/ 29”{ 1+;/1+ i)}

=% 2;{{ 1+;/1+ ng)}

H=Thickness of soil layer,
pt=Porosity of soil layer,
k=Water-permeability of soil layer,

T'=Period of tidal movememts of sea-level,

The values of m and ) are given approximately by
T HT
m=‘/g.7fﬁ,, R )‘____2‘/@,6_1{_{ ,
kHI v fl
Al

191
“hen <—~ ﬁ) is much greater than unit
onk & v

Terzaghl and Frolich mtroduced aterm ‘¢ hydrostatwche Ul)f:rdruc]\,” which is given as a func-

tion of z and ¢, by solving the equation®

0t Qu @

where
p=(leﬁsity' of water,

JY——

1+

a=compressibility of soil,
The ‘‘hydrostatische Uberdruck”at the mean he’ght of the water that has penetrated the soil
layer is considered the same as.the hydrostzmc pressure at this level, whence the boundary condition

that should be satisfied is

w=pghe="* sin 27:(*v —%) z=0.

Replacing 2—;— by w, and ‘/ % by &, the solution of equation (2) is given by

8) Z. Anzo, Kyusyu-Teikohudaigaku Kogaku-Tho, 2 (1934), 1~11.
9) K. Trrzaciu u, E, Frovcr, loe, cif, )
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u=pghe-"«¢e% sin(wt— 271'9' +E&) .

The amount of swelling due to the change in ‘‘ hydrostatische Uberdruck ” believed to' be pro-
portional to the ** hydrostatische Uberdruck ” and to the total swellmg, that is, the surface displace-
ment, is given by

Y G kT e B 2T
wg_S_"uuL gh/— /ve m;/f sin (w¢ 2 9,

where

—e~YHsinE H—e-%cos EH
1+e EHcos £ H—e- 8 sin&E H

b= (1+e- M- He-%cos £ H)E, tan¢)=

At the bottom of the soil layer, namely, z= — H, the ‘‘hydrostatische Uberdruck” is obviously
discontinuous, This condition may affect solution (3), in which it was not taken into consideration,
Since, however, the depth of the soil layer, H, is very large, the effect of discontinuity at the bottom
of the soil layer may actually be very small,

From (3), the ratio of the amplitude of the soil tide w to that of the water tide % is given by

lwzl_ /kfl' ST m ) _
B =pg W' ve xl/——

M(v),

which is evaluated by taking appropriate values for %, v, 7, H etc,

Of these, the values of £ and v must be obtained experimentally,

6. Measurement of permeability %,

As shown in the preceding paragraph, the water permeability % of the soil is of great impor-
tance in calculating the theoretical values of the amount of deformation of the soil surface due to
the penetration of water, to accomplish which the water permeability of the soil specimen taken
from Flukagawa was measured by means of the apparatus shown in Fig, 8.

In this experiment, water flows from B to A. The water head or the pressure difference bet-
ween B and A was initially given, and the changes in levels at B and A with time were measured
on occasions,

The change in the height z of the water level at A is given by

dx (2p—2%)
AW=A’k—T;
where % is the water permeability in the soil, I the distance between a and b, 4 and A’ are the
sectional areas at A and at a, b, respectively,
Solving this equation, the water permeability % is given' by

=B (L)

where 7, is the time elapsed till the water level at A was raised by z, and lowered by the same
amount at B,
If g=-2
4

A 1
o9LA? Tz=*0
4
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By using this relation, the value of & can be evaluated from the measurement of the time inter-
val 7,=20_ The amount of change in the height of the level at A, z, and the corresponding time
4

intervals T, are measured, and plotted against z, as shown in Fig, 9,
From this experiment, the value of 7, was found to be
22:6~24.0 k.

Substituting this value in the formula given above, we have
k=0-075.

Substituting the value of % thus obtained and H=30m, f2=55%, the value of M (v) is cal-
culated for 7'=745 min, and for 7’=1440 min, whence the ratio of the theoretical values of Mr-144
and Mr-745 are

MT=1410

— /o emtX0 B
Mr=545 Ve =21

On the other hand, the ratios of Wii/Hx1 or Wos/Hot to Wase/Hae or Wssf Hss, obtained
from analyses of the mareograms and the records of sinking of the soil surface, are nearly equal to
or less than 1 (refer to Table 1II), the ratio being regarded as the observed values of A7 (v).

Table III,
Period March 95~ May 20~ Period March 95~ May 20~
R April 7 June 9 R April 7 June 2
Mt/ Ms2 1:76 0-25 Mor/ Ms2 1:30 0-12
M1/ Mg 077 0-78 Mot/ Mys 0-56 0.38

This fact shows that the amplitude of the diurnal oompohents of the movements of the soil

surface are much smaller than those expected from theory,
That the diurnal components of the actual earth movement are of smaller amplitude than those

expected may be attributed to the effect of atmosphenc temperature

The iron tube, taken as the standard for measuring the deformation of the soil surface, as well

as the soil layer itself, expand and shrink with varmtlons in the atmospheric temperature,

If the

expansion coefficient of the iron tube exceeds that of the soil, which is highly probable, the effect

of atmospheric temperature may act to reduce the diurnal components of the movements of the ‘soil

surface,

A detailed discussion of this point, based on newly obtained data, will be pubhshed in due course,
In concluding this report, the writer wishes to express his sincere thanks to the council of the
Hattori IIoko-Kwai, for grant of research fund to enable prosecution of the present study, The

writer’s thanks are also due to Mr,
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R, Takei and to Miss I,
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