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Summary

Changes in the resistivity of tuff specimens are measured by
a four-pole method and a bridge method. Simultaneous recordings
of the change in the resistivity and the deformation of rock specimen
make it clear that the rate of change in the resistivity of a pumice
tuff specimen from Oya, Tochigi Prefecture, is of the same order
as the strain and that the rate of a lapilli tuff specimen from
Aburatsubo, Kanagawa Prefecture, is extremely larger, 102~10°
times say, than the strain. The latter result supports Yokoyama’s
preliminary observation in situ. Yokoyama, who measured changes
in the resistivity of the ground by tidal loading, reported an
unusually large rate of change in the resistivity which approximately
agrees with the rate as measured by the present laboratory experi-
ment. Crude theories of electric conduction in such a material as
tuff specimen are advanced. It is also pointed out that the electrical
means as advanced here could possibly be applied to measuring
extremely small changes in the earth’s strain.

1. Introduction

Much effort has so far been made in observing changes in the earth’s
strain especially in relation to occurrences of earthquake. Although
geodetic means such as repetition of triangulation and levelling, observa-
tion by tiltmeter, extensometer and the like seem to be the most promising
for observing the earth’s strain, attempts to detect changes in the earth’s
strain by electric and magnetic methods have also been made.

Unlike magnetic methods which have been drawing much attention
of geophysicists for many years, it appears to the writer that little work
has been conducted on the relationship between changes in the electric
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properties of the earth and the earth’s strain. As far as the writer is
aware of, the only work along this line was reported by I. Yokoyama®
who observed changes in the electrical resistance of the ground by tidal
loading at Aburatsubo Geophysical Station where an observation by
extensometers had been under way all the time. He made use of an
apparatus almost the same as that for an ordinary electric prospecting.
An electric current of a few tens of cycles per second was driven into
the ground through two of the four equally spaced electrodes. The
voltage appearing between the inner two electrodes was then potentio-
metrically balanced by the voltage which was taken from the generator
through a transformer. When the earth’s resistance slightly changes,
the equilibrium breaks down, so that, if an appropriate circuit is provided,
the deflection of a galvanometer can be made proportional to the changes
in the resistance. In such a way Yokoyama reported that the earth’s
resistance changed with a lunar period. A comparison between the
changes in the earth’s resistance, the linear strain parallel to the line
on which the electrodes were placed, and the sea level suggested that
the rate of the changes in the earth’s resistance was larger than that
of the earth’s strain by 10°~10° as can be seen in Fig. 1. It was feared,
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Fig. 1. Yokoyama’s observation on the change in the
earth’s resistivity caused by tidal loading at Aburatsubo.
The resistivity itself was measured as 3.05x1032—cm. The
earth’s strain was measured by an extensometer and is also
shown together with the sea level.

1) 1. YoxovaMa, Read at the monthly meeting of the Earthquake Research Institute,
March 18, 1952.
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however, that the influence of sea-water, which is highly conducting,
could be very large because the observation point was very close to the
sea shore, only a few tens of meters say, and the rocks around there were
highly permeable. Because of adverse circumstances no more observa-
tions have been added to Yokoyama’s one since then. It has consequently
been doubtful whether or not the changes in the earth’s resistance as
observed by Yokoyama were free from the effect of sea-water. But the
point that the apparent rate of change in the earth’s resistivity might
be 10°~10° times as large as the mechanical strain has been considered
very important.

Professor T. Rikitake suggested to the writer that the result obtained
by Yokoyama might have an important bearing on the detection of
changes in‘the earth’s strain by an electric means. This is the reason
why the writer takes up a basic study of changes in the electrical resistance
of rocks which are strained. First of all, it is aimed at measuring changes
in the electrical resistance of rocks in a laboratory.

As the writer would like to apply later the measuring techniques to
observations at a field station, a four-pole method like Yokoyama’s one
was adopted although some other ways were also made use of when
necessary. In Section 2 of this paper will be reported the changes in
the resistance of a pumice tuff specimen subjected to a bending together
with the measuring technique. Meanwhile similar changes of the same
rock specimen which is compressed by a loading will be reported in
Section 3. The results of experiments of a similar sort for rock specimens
taken from Aburatsubo will be desceribed in Section 4. In Section 5 will
be advanced erude theories of electric conduction through a porous medium
such as tuff specimens in relation to the present experiments.

2. Bending test

2.1 Four-pole method

Although a usual way of measuring electric resistance at a low
frequency is to insert it in one of the branches of a bridge circuit as
will be done in a measurement described in the following section, a four-
pole method similar to the one used for an ordinary electric prospecting
is first developed for the present experiment because the writer aims at
applying the measuring techniques to observations of changes in the

earth’s resistance at a field station after completing laboratory ex-
periments.
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Four tungsten wire electrodes, 0.5mm in diameter, are buried in
holes drilled 5 mm deep along a centre line of one side of a rock specimen
having a size of 92em < 14em < 8.Tem.  In order to achieve good electrie
contact between the electrodes and the specimen, silver paste is put in
the holes. A 65c.p.s. generator that is driven by a synchronous motor
is used for making an electric current flow into the specimen through
the outer two electrodes. The voltage used is 350 volts, while the current
driven into the specimen ranges from 10 to 20 mA.

The voltage picked up by the inner two electrodes is balanced by a
voltage taken from the secondary winding of a transformer of which the
primary winding is led to the generator. As can be seen in a circuit dia-
gram (Fig. 2), the balance is achieved by adjusting a variable resistance R, .
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Fig. 2. Schematic diagram of the bending experiment
by a four-pole method.

In the case of an actual experiment, the system is almost balanced
when no load is applied to the specimen. After loading a small voltage
appears at the output of the circuit because of the change in the apparent
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resistivity of the rock specimen. That voltage (65 c.p.s.) is then amplified
by an a.c. amplifier approximately by a factor 1.83x10° and rectified.
A certain part of the a.c. voltage thus obtained is potentiometrically
cancelled out by a voltage taken from a battery, so that, after being
amplified by a d.c. amplifier, we can easily record the voltage by a
pen-writing recorder.

2.2 Theory of the circuit

An equivalent circuit of the measuring network would be the one
as shown in Fig. 8. The theory of circuit analysis leads to
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Fig. 3. Equivalent circuit for the four-pole method.

I=T"+1,, (1)
Gyt (i+i)r—I'R' =0, (2)
V=I(R,+2R)+IR’, (3)
EV=1ir'"+@+1i,)r, (4)

where k is a constant proper to the transformer.
If I' is eliminated from (1) and (2), we obtain
r—IR’

Ry (%)

The potential drop e, between both the ends of 7, is then given as



788 Y. YaMAZAKI
r—IR’
14+ (r+R)/r,

Since 7, is the input impedance of an a.c. amplifier, a relation
r,>7r, B holds good. e, is therefore given by

e,=ir—IR’, (7)

(6)

g =

which is almost zero for a balanced state. In (4) we can ignore 4,
because it is extremely small, so that we obtain

kV

i=Y
r-47r

(8)

When R, is assumed to be larger than R and R’, we can approximately
neglect R and R’ getting

V=IR,. (9)
Putting (9) into (8), we obtain

_ kIR,

ot (10)

Introducing (10) into (7), we are then led to
—(TkR, _ R’) I
eg (1"+7" ) (11)

from which a small change in ¢, is obtained as
dey= — IR’ +(’""R R)ar. (12)

Since the coefficient of AI on the right-hand side of (12) is nearly zero
around the equilibrium state, a small deviation of e, from the balanced
state is approximately given as

dey=—IAR (= —I'4R)). (13)

A ballast lamp inserted in the actual circuit also serves for making
AI small. Hence we may safely assume that Ae, is proportional to 4R’ .

As is well known in the case of an electric prospecting by four-pole
method in a semi-infinite medium, the apparent resistivity in units of
O-cm is given by

pe=2rDV /I, , (14)

where D is the distance in em between the electrodes, V, the voltage
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in V picked up by the inner two electrodes and I, the electric current
in mA. (13) can be rewritten with the present notations as

p.=2=zDR'I'[I. (15)
If I' is eliminated from (15) with the relation (1), (15) becomes
p.=2rDR'(I—1,)/I . (16)

When the system is nearly balanced, it has been shown that ¢, and
consequently ¢, are very small, so that, ignoring 7,, we approximately
obtain

p.=2rDR’ . (17
We therefore have
dpo/p.=AR'|R'+ AD|D= — de,/IR'+ 4D|D , (18)

where IR’ may be replaced by I'R’ because i, can be neglected as before.
It is hence seen that the ratio of 4e,, which is the voltage impressed
at the imput impedance of the a.c. amplifier, to the voltage between
the inner two electrodes can be correlated with the rate of change in
the resistivity by

Ap,]p.=—4de,/]I' R'+4D|D . (19)

The rate of change in the resistivity is thus estimated from that in the
output voltage appearing at the end of a high resistance 7, provided 4D/D
is known. It should be borne in mind, however, that no capacitance
is included in the analysis. The effect of capacitance cannot be
neglected if an alternating current of a higher frequency is used for
the measurement.

2.3 Effect of the finite size of the specimen on the resistivity

The relation indicated in (14) holds good only for a four-pole method
in a semi-infinite medium. As the present experiment is made for a
finite specimen, the resistivity measured is rather an apparent resistivity
p.- In order to estimate p from p,, an experiment to measure p itself
is undertaken as described in the following.

After polishing both the ends of a specimen, plane copper electrodes
are attached there with the aid of a binding agent. Electric contact
between the specimen and the electrodes is made almost perfect by use
of silver paste. A 65c.p.s. a.c. voltage V, which is measured by a
valve voltmeter, is applied to these plates and electric current I, is then
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measured by an a.c. milliammeter. When the length and the area of
a cross-section of a rectangular specimen are denoted by L and A, the
resistivity is given by

Ve A
I, L
while p, is obtained by the four-pole method as described in Subsection

2.1.
An example of size-effect experiment is shown in Fig. 4 in which

, (20)
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Fig. 4. Apparent resistivity (ps), true resistivity (¢) and
size-effect coefficient (K) plotted against the electric current
intensity. The electrode distance is 25cm.

changes in p,, p and size-effect coefficient K(=p,/p) are shown as func-
tions of the electric current intensity. In this particular experiment,
the specimen size is 92emx14emx8.7em and the electrode distance
D=25cm. Although p, and p exhibit slight decreases as the current
intensity increases for an unknown reason, K takes on a value around
30. It has little physical meaning to compare p, to p plotted against an
abscissa which indicates the intensity of current flowing through the
plate electrodes for the present experiment and the one through the rod
electrodes for the four-pole experiment because the distributions of
current through the specimen are different from one another. No discus-
sion about the changes in K with the current intensity is therefore
tried here. It sounds reasonable, however, that a four-pole method
applied to a finite specimen apparently gives a much higher resistivity
because the path of electric currents is highly restricted. In Table 1
are indicated the values of K for different electrode distances.
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Table 1. Dependence of size-effect coefficient K
on electrode distance D. A pumice tuff
specimen (92cm X 14 em x 8.7 em) is used. The
electric current intensity is 12mA.

D (cm) K
20 24
22.5 31
25 34

2.4 Loading experiment and deformation of the specimen

The rock specimen is supported by two iron prisms which are placed
on a heavy iron platform as schematically shown in Fig. 5. In order
to apply a weight to the specimen, a bakelite plate of 8cm width is
placed at the centre. The weight that is suspended by chains from the
ceiling is then put on a brass plate placed on the bakelite plate which
prevents the electric leakage. Special caution is taken to put the weight
on the plate as quietly as possible.

The strain caused by the loading is measured by a Shinko Tsushin
Type DS6/PX dynamic strain amplifier. Strain gauge elements are
attached to parts of the specimen as can also be seen in Fig. 5. As the
gauge is sensitive to temper-

NO. 1
ature change, effort is made i ax10-4 :
in keeping the room temper-
ature constant during an ex- 3
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Fig. 5. Schematic view of Fig. 6. Changes in linear strain at
the bending experiment. Strain points Nos. 1 and 3 with increase and de-
gauge elements are attached at crease of the weight. Solid and hollow
points 1,2, 3,4, 5, and 6. A weight circles are the results during the increase
W, is applied on a bakelite plate and the decrease respectively. The weight
at the centre of the upper side Wo is increased or decreased every one

of the specimen. minute.
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periment.

Examples of strain values for successive loadings are shown in Fig. 6
in which the changes in strain at elements Nos. 1 and 3 are illustrated.
The weight is increased stepwise every one minute. Probably the rate
of loading is too large for attaining equilibrium states, so that this is
the reason why we obtain hysteresis curves like those in Fig. 6. It is
observed, however, that the post-loading strain at zero weight gradually
diminishes as time goes on and so the permanent deformation is extremely
small. Young’s modulus and Poisson’s ratio of a pumice tuff specimen
which is used for the experiment in the following subsection is estimated
respectively as 0.6 x10"dyn/em® and 0.19 from the present experiment.

2.5 Relationship between changes in the resistivity and strains
According to the methods as described in Subsections 2.1 and
2.4, both changes in the resistivity of rock specimens and strain are
simultaneously recorded with two pen-writing recorders. An example
of the records for a pumice-tuff specimen from Oya, Tochigi Prefecture is
schematically shown in Fig. 7. For this particular experiment the

!
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M
\ 15 sec. —-1’
10'4[

Fig. 7. Schematic records of the rate of resistivity
change and the linear strain as observed by a bending
experiment for a pumice tuff specimen from Oya.
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specimen size is 92ecm X 15¢e¢m x 8.7cm, the electrode distance 25cm, the
electric current flowing into the specimen through the outer electrodes
9.2mA, the voltage between the inner electrodes 12.9V and the weight
138kg. The strain is measured at point No. 1 which has been shown
in Fig. 6. It is regrettable that the paper speeds for the two recorders
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are slightly different from one another. It is hoped, however, that time
marks provided by a clock serves for looking for the corresponding parts
of the records.

Since the weight is so heavy that it is difficult to give a sudden
loading, some irregularities in the strain curves cannot be avoided unless
a more sophisticated and expensive device for loading is made use of.
It is observed, however, that the change in the resistivity lags a little
behind that in strain although no argument about the time-constant is
intended to be made in this paper. Taking both the steady values of
the change in the resistivity and the strain, a value for the rate of
resistivity change amounting to —1.6x 10~ per 10~* in strain is obtained
in this particular case. In the estimate, 4D/D is estimated from a
relation

WL,

4D/D= —
/ Ea® '

(21)

where W is the weight applied at the central line, L, the distance
between the supporting prisms and £ Young’s modulus as before, ¢ and
b denote respectively the thickness and width of the specimen. It turns
out, however, that 4D/D is smaller than 4e,/I'R’ by a factor 10 or so.
Although the resistivity decreases in association with the extension at
point No. 1 of the bottom plane of the specimen, it is not clear whether
or not the true resistivity decreases in association with an extension
at the bottom because the upper half of the specimen must be subjected
to a contraction. Actually the strain gauges at points Nos. 5 and 6
indicate a contraction, while it is also proved that point No. 2 is a
neutral point where no strain takes place. In order to make this point
clear, a series of compression experiments are undertaken as will be
described in the following section.

While bending experiments are repeated, it has been noticed that
the rate of change in the resistivity depends on water-content of the
specimen. The rate of change seems to take a high value for a wet
specimen and a small one for a dry specimen. Although no detailed
study on this point has been made yet, the rate of change as obtained
from the bending experiments covers a range from —0.9 to —1.7x 10~
per 10~ in strain for the same specimen. As rocks at an actual field
site would have a fairly high water-content, it is very important to
study the relationship between rate of change and water-content. Such
a study will be reported in a following paper.



794 Y. YAMAZAKI

3. Compression test

3.1 Test by the four-pole method

Schematic diagram of the arrangement for a compression experiment
is indicated in Fig. 8. Points 1, 2, 3 and 4 are the points where the
elements of the strain gauge are attached. At their symmetry points
1, 2, 3" and 4" on the reverse sides of the
specimen are also attached the elements which
are connected in series with the corresponding
elements of the front sides in actual measure-

_g' ments. In such a way slight unbalance of
| AL t.e loading can be averaged out. ‘

D In a compression experiment, it is obvious

! P
|
| 3
L ——-—?—IE-—L'T__*"P that all parts of the specimen are subjected
i .
|
1
a

0
P to a contraction in the direction of loading.

Unlike the bending experiment, therefore,
there appears no ambiguity between change
in the resistivity and strain. A pumice-tuff

Fig. 8. Schematic view' gpecimen similar to the one which has been

of ,the Comp_re“io“ €X- yused for the previous test is also used. The

ff::lﬁe;rté;gi;ggiﬁig;' only difference is its size which, in the case

1,2, 8, and 4. A weight Of the present test, is 40.3emx13.9cmx 9.1em.

1, is applied on a bakelite The four-pole technique is first applied to

plate on the top side of the the experiment. A weight for loading heavier

specumen. than the previous bending test, 138kg say, is
needed in order to have a strain of the order similar to the previous
case.

Simultaneous recordings of changes in the resistivity and strains
provide records similar to that in Fig. 7. As a result of a series of
experiments, the rate of resistivity change is obtained as —(0.5+0.2)
x10~* per 10~ in strain. The effect of 4D/D which is given by an
expression similar to (21) is also taken into account in this case. However,
it is again confirmed that such an effect is unimportant. Although fairly
large scatterings of the rate are observed, a part of the errors are
believed to be caused by the fact that the condition of the specimen is
not always constant. It is noticed that the rate of change in the
resistivity seems likely to decrease as the specimen gets dry. As is the
case for the bending test, the effect of water-content on rate of change
in the resistivity should be examined.

o
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3.2 Test by a bridge method

In order to check the results obtained by a four-pole method, changes
in the resistivity are further measured by a bridge method. The specimen
to which two plane electrodes are attached at its ends is inserted in one
of the branches of a bridge as schematically shown in Fig. 9. After

Dynamic | |
l — Strain '
Ampllfler'

—
A. C. Voltage i
mV. Meter Stabilizer— 100V

LA C Rscfaifier .| D C Pen
Amplifier Balancer [ | Amplifier Recorder

Fig. 9. Schematic diagram of the compression experi-
ment by a bridge method.

balancing the circuit, a small voltage appearing at the output due to
the loading is amplified and recorded by a pen-writing recorder as was
done in the case of previous experiments. A circuit analysis proves
that the output voltage is proportional to the change in the resistance.
As the resistivity is given by

p=RA/L , (22)
where R is the resistance, A the cross-section area and I the length of
the specimen, the rate of change in the resistivity is estimated by

dplp=AR|R+ 4AJA— AL/L=AR/R —(1—25)4L/L (23)
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where & denotes Poisson’s ratio.
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An example of the simultaneous recordings of changes in strain and
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Rato of resistivity change
l ||_5- s_e:{: m Time

-—r—'r”'r“{ Linear strain

Fig. 10. Schematic records of the
rate of resistivity change and the linear
strain as observed by a compression
experiment for a pumice tuff specimen
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rorease

0.5x10°%
Increass

from Oya.

is unknown.

resistivity. is shown in Fig. 10.
Although some drift and noise are
observed on the record, there is
no doubt about the fact that the
resistivity changes as the specimen
is compressed.

The rate of change in the
resistivity observed by the bridge
method roughly agrees with that
by the four-pole method. For
instance, —1.0x10~* per 10~* in
strain is obtained by the former,
while the latter gives —1.5x10™*
per 10~ in strain. These experi-
ments being made on different
days, the effect of water-content

It is only possible to say that the rate of change in the re-

sistivity observed by the two methods agrees with one another in its order.

4, Experiments on lapilli tuff from Aburatsubo

In order to check the pre-
liminary results obtained by Yoko-
yama®, a series of compression test
is made for a lapilli tuff specimen
taken from Aburatsubo. Yoko-
yama’s experiment was made in
a gallery dug in a formation
composed of the lapilli tuff.

A 20emx7.1lem x 7.2em speci-
men is used for the experiment.
Changes in the resistivity is in
this case measured by a bridge
method only. As can be seen in
an example as shown in Fig. 11,
the rate of change in the resistivity
is found to be surprisingly large

05x10"!

05x10™*

"‘ 15 sec =

Increase
-_—

Rate of
resistivity change

'«— 15 sec — ~|

Time

Linear strain ¥

Schematic records of the

1 Increase
I ——————

Fig. 11.
rate of resistivity change and the linear
strain as observed by a compression
experiment for a lapilli tuff specimen
from Aburatsubo.
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for the present specimen. 4p/p is estimated as —0.65x 10~ per 10~ in
strain. Although the reason why such a large rate of change in the
resistivity is observed for the present specimen is not quite clear, the
present result supports Yokoyama’s one of which the large change in
dplp with a lunar period has been suspected to be caused by an effect
of sea-water.

The specimen used for the present experiment is more porous than
the pumice tuff specimen described in Section 2. The water-content by
weight is estimated as 24.6 per cent when the experiment is made.
Young’s modulus and Poisson’s ratio of a lapilli tuff from Aburatsubo
is estimated as 0.13x10"dyn/ecm® and 0.28.

5. Discussion

The present series of experiments on tuff specimens make it clear
that there are at least two types of rock in its electrical aspect when
strained. Let us call the first one as revealed by the pumice tuff from
Oya the O-type. For this type of rock, the rate of change in the
resistivity is of the same order as the mechanical strain. Meanwhile,
rocks of the A-type represented by the lapilli tuff from Aburatsubo
exhibit an enormously large rate of change in the resistivity when they
are strained.

It is hard to calculate mechanisms of electric conduction for such
materials of complicated structure as rocks experimented here. But the
writer thinks that a mixture of air and solid particles of rock may be
a possible model for fairly dry rocks although the air, which may contain
vapour and ions, is not quite insulating in this case. Assuming spherical
particles, Maxwell® obtained a formula for the apparent conductivity
of such a mixture as

y 3—2p(1—o4/os) ,
30"1/0'5‘*'1)(1—'0'4/0‘5)

where o, is the conductivity of air, oy the conductivity of solid and »
the porosity. Mutual interaction between particles is completely ignored
in such a model. A reasonable assumption o¢,<os leads to a simplified
expression such as

op=0

(24)

GD=611(3_2p)/p ’ (25)

2) J.C. MAXWELL, A Treatise on Electricity and Magnetism. 8rd ed. ii, 1 (1904).
Oxford.
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which can be rewritten in terms of resistivity as

PD:PApl(g_zp) ’ (26)
from which we obtain

dop - 3 _dp (27)

pp  3—2p p

If it is assumed that the volume of solid does not change, the rate
of change in the porosity can be correlated to that in the volume by

dp _1—p dV

AL_—rer, 28

P » V =
so that (27) reduces to

dpy _ 3(1—p) dV
p»  D(3—2p) V

As the porosity of actual rocks would be 0.2 or so, dp,/p, is of the
order the same as dV/V. According to the experimental results, such
a model may be qualitatively applicable to a fairly dry state of an O-type
rock. A theory of change in the resistivity of a little more wet rocks
of the O-type will be advanced in a following paper.

A similar theory for a rock saturated by water leads to an expression
for the apparent conductivity such as

(29)

- 3—2p(l—o,fos) 3
Y 8o ,Jos+P(l—o,]os) ’ (30)

where o, is the conductivity of water which is much larger than os.
The condition that ¢, >os leads to

pr=p(8—D)[2p . (31)

Gy —

and

Piv pB—p) V'’

(82) indicates that the change in the resistivity is positive for a
decrease in the volume. Since it is shown by the experiments that the
change in the resistivity is negative for a decrease in the volume, the
model assumed does not work even for a rock of the O-type. In order
to account for the experimental results for a wet state, therefore, a
theory based on another model, in which mutual interaction between
the particles contained is necessarily taken into account, should be

dpw _ _ 3(1—p) dV (32)
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developed. The writer fears that it would be no easy matter to advance
such a theory though a very crude attempt will be made in the following.
Let us think of a permeable rock. Such a
rock could be represented by a model in which
spherical holes filled by conducting water are
arranged in such a manner as shown in Fig. 12.
Denoting the distance between the neighbouring
spheres by D, we assume that N spheres are
contained in a distance L, so that we obtain

_ Fig. 12. A schematic
D-—L/N- (33) model for electric con-

It is assumed that the neighbouring spheres duction for the A-type
are slightly overlapping. When the material is rock. Chains of spheres,

. Se which are slightly over-
subjected to a comression, the degree of overlap- 1apped with one another
ping increases. The intersection of the two and filled with conduc-

neighbouring spheres forms a circle of which the ting water, are assumed.
area is given by

S:m"z(l—ﬁ) , (34)

4r?

in which 7 is the radius of the sphere.

When an electric current flows in a direction parallel to a chain of
such spheres, the electric resistance could be, to a crude degree of ap-
proximation, assumed to be inversely proportional to S provided the
resistance of water filling each hole is very small. The resistance is
hence given by

e
R= ! . 3
P~ 2JAN? (85)

while the resistivity becomes

_k |
AL 49

where k, and k, are constant.
We then have
3 I}
dp dL 4 N2
=K R Ke—o— ==
P 1L o
4 N?

2—_—
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It is seen from (37) that K takes on a fairly large value when the
difference between r and L/2N is small. For instance, K amounts to
10° when r=1.001 L/2N. We therefore see that the change in the degree
of overlapping between the spheres as possibly expected in association
with a deformation of a rock specimen may lead to a large rate of

change in the resistivity although the model should be more refined

in order to reach a better understanding of an unusually large rate of
the change in the resistivity as found for a rock of the A-type. It
would be useful to measure permeability of rock specimen for studying
the conduction mechanism for such a rock.

It has been noticed in the course of experiments that the rate of
change in the resistivity becomes larger as the water-content of a
specimen increases. The erude theories of conduction in the above
being advanced only for dry and saturated states, it is therefore difficult
to apply the theories to an intermediate state. The writer hopes,
however, that the effect of water-content on the rate of change in the
resistivity will be studied both experimentally and theoretically in a
following paper.

6. Conclusion

Techniques for measuring a small change in the resistivity of rock
specimen are advanced. Four-pole method and bridge method are both
used. The former may also be applied to a measurement at a field
station.

Applying the techniques to rock specimens subjected to bending or
compression, it is established that the resistivity changes in association
with deformation of specimen. As far as two tuff specimens already
experimented are concerned, there seem to be two types of rock. For
a pumice tuff specimen from Oya, Tochigi Prefecture, the rate of change
in the resistivity amounts to the order the same as the mechanical
strain. Meanwhile, an extremely large rate of change in the resistivity
is observed in the case of a lapilli tuff specimen from Aburatsubo,
Kanagawa Prefecture. The writer named the former the O-type and
the latter the A-type.

Although crude theories are developed in Section 5, it is hard to
understand well conduction mechanisms through the rocks. Especially
the unusually high rate of change in the resistivity for rocks of the
A-type seems difficult to understand. However, it is suggested in Section
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5 that such a high rate could be caused by an interaction of some sort
between water particles contained in a permeable rock specimen.

It is extremely interesting that a high rate of change in the
resistivity of rocks as observed by Yokoyama’s experiment in situ is
confirmed by the laboratory experiment. Since the rate of change in
the resistivity is 10*~10° times as large as the mechanical strain for
rocks of the A-type, it might be possible to apply the technique to
measuring extremely small earth strains. Such a measurement at a
field station will be undertaken in the near future.

The present study was started by the suggestion of Professor Riki-
take. The writer wishes to express his sincere thanks to him for the
advice given to the writer in the course of the study. The writer has
also been helped by colleagues in the Divisions of Geophysics and Geology
of the Earthquake Research Institute to whom the writer’s hearty thanks
are also due. Part of the expense for the present study was defrayed
from a fund given to Professor Rikitake by the Ministry of Education.

50. HAZIE & WRIZEEZAL (BE—H)
HER B I 2T O ERNTER)

wEptEsT b O] HE

HEBAEHTAEINC LT, AN T 2 HOBREBEENTLTHTHA 5 L\ 3 HRIC
HLT—20flns 5,

FRIFANL SR X b 1951 sEA B B2 fEizdTo b, WENIR=ENH SRR S iz oTHh
%, COBINT X3 E, BNST < OB 0Lz X OGNS = b, = Offiis 106 R
2B EE, WROBKEELE, Tichbiyin 1072 & TE T2 2 NI, D% D
HEE D et UC o ARPIZEEERIE 102~108 fRoEd 5o & & D,

Z OISR A TEND B iz, FSRERY ZIHTOMREST O THR Y, UToHERSE S
iN SVl o

(1) R&uEE, BERIKE (Pumice tuff) offilidiHk

BEEKED TMLREIDOLOXARAEL, i izt SRR Ltz
138 kg DIEMEH A T A IIFERER, B IUEAR 2T WT, Lz U 188ke OIEH [
T B BRI 0 IR 1oy, WAL EEREOE & IIKIZMER E oiliciy, k¥
B iedote, ZOFTRZR W CHERRN AT IRER O, EHMEL & 3D TR ES
HAR OB LRI H B 5 T &%, 27, ThE DWW TUIL D EHE L DEGRE
DWT, < bhLFEHRETIHHR TREMNAL T E2v2 /v, ok, FEMERCs LTI, ihiFs
B L sin UHEOMTRES, SAENEZIITIRT 2 7Y » 20o—T2vwh3 7Y » SHhEo o0
HET, A—DERRFRZ W THERE T2, Zh b0 o0 kol bR L,
IEHZER & DBIRITA e D X —F LTz,
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(2) whaEeE, KIUBSEKE (Lapilli tuff) offlidis:

Bl SR OIS A S PIIEA CRED 8 B 72DIT, il O KILUBREIK S OFH 5, K& X 20em
x7.lemx7.2em ORI LT, EHIFLT L HVEUNIC X 2EARPNOEL, HIKHE
{ERE2 7Y » SR L DRDE, DA ETATO MK LR OTC K 5 ik HEE
LEL, MU ROFROBl0 s XLz AEHBEEOMYR L LIS DZ & THS.

B LEROFBHEROFRICOWT, FT O e T2l




