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Abstract .

The siress-sirain relations for granite under various high confining
: o P o
pressures were observed experimenially. Mean Young’s modulus is nu-
merically consiani independeni of increasing pressure. The volume in-
crease in the fracture range, observed characieristically at an aimospheric
pressure, decays with pressure. The empirical formula of pressure-sirengih
relationship is given by
P*=P*(kPg+1)2.

Ii seems that the phenomena above mentioned have the close connec-
ton with compressibility (i.e. porosity). The pressure-sirength relaiion
was calculated with use of Griffith’s crack (pore) theory, putting the re-
asonable (or convenieni) assumptions inio calculaiion. This calculaied
relation, deduced from the empirical equation of compressibility with pres-

sure, gives the same formula as above meniioned empirical one.

1. In recent years, a large number of experimenial resulis on the
deformation and fraciure of rocks have been reporied, bui mosi of them
were carried out for carbonate rocks such as marble and limestone (Griggs,
et al., 1951, Turner, et al., 1954, Roberison, 1955, Paierson, 1958). These
rocks exhibit the rheological properiies the same as igneous rocks ai an aimo-
spheric pressure and room temperaiure. Under high pressure, however,
these rocks flow plasiically showing the disiinct yielding zone, while ihe
igneous rocks have scarcely the sign of plastic deformaiion up io ithe con-
siderablly high pressure, at room temperature. The mechanism of the de-
formaion and fraciure of igneous rocks is much complicaied as is ob'slerved

about briiile substances in general. As the igneous rocks, however, have
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the close connection with the rheological behavior in the deeper part of
the crust, it must be made throughly clear how these rocks deform and
fracture under high pressure.

In the previous paper, the experimenial results of the déeformation and
fracture for granite under an atmospheric pressure have been reported
(Matsushima, 1960). Here, we report the experimental regults under high
confining pressure, then express a brief consideration upon the mechanism
of the fracture phenomena.

Of course, in order io obtain the definite knowledges on the earth’s
interior, we must iake into consideration the physical and the chemical
states of the earth’s interior such as temperature, its gradient and time-
fluctuation, heat-flow and -geneéraiion, siates of the iniernal siresses and
their dependence on time, and the constituent subsiances. Bui we shall
neglect all these effecis and confine ourselves into the studies of deforma-
tion and fracture of granite.

2. The apparaius used for this experiment is the conventional triaxial
tesiing cylinder as shown in Fig. 1. The shape and the size of specimen give
the considerable affection upon the aspeci of deformaiion and the sirenghth.
Especially as to the crystalline aggregaie constructed with a large size of
grains, such as granite, these effecis may be strikingly large. Then the
capacity of pressure vessel was
taken as large as possible to be
able to contain the large size of

. . Electrode
specimen. Therefore, the durabi-
lity against pressure of this vessel Specimen|
Confining

was sacrificed ineviiably.  This
Pressure

vessel can endure up to 5,000
aim., and axial siress can be
produced by the 300 ton press.

All the specimens were enclosed

to preveni the confining liquid

penetraiing inio the specimens.
Syniheiic adhesive rubber was locm
used as covering maierial, for Fig.. 1. Triaxial Testing Cylinder.

its good insulaiing character and flexibility. The sirain was measured

by the strain gauges of eleciric resistance type, same as in the previous
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experiments.. Accuracy of the measiremeni was within 50 aim. as to the
confining pressure, 100 kg/cm? as io the axial compressional siress and
107° as to the strain.

3. The relaiions beiween the axial compressional siress and the sirain
under various confining pressures are shown in Fig. 2. The strains were
measured in the axial direciion .and along the circular arc of the cylindrical
specimen. The long columns of Kiiashirakawa biotite graniie, 30 mm. in
diameter and 60 mm. long were used up io 1800 atm. confining pressure,
25 mm. in diameter 50 mm. long up to 3800 aim., and 20 mm. in diame-
ter 50 mm. long above 3800 aim.. The slender specimen has a tendency
to bend, and the siumpy one may deform inio barrel shape. In ihese ex-
periments, it was scarecely observed thai the specimens deform in barrel
shape within the elasiic range. Near the rupture point, however, the plas-
tic flow was observed, though it was not considerable, and a slighi barrel

shape deformaiion was recognized.
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Fig. 2. Stress-Strain Curves from Axial Compression Tests for Kitashirakawa

Gr]?‘;l:t}?.full line denotes the longitudinal direction and broken line the lateral
direction.

The siress-sirain curves in the longiiudinal direction have thé approxi-
maiely constant slope, independeni'l'y of confining pressure, as shown in Fig.
2. Thai is, it can be said that the mean Young’s modulus of this rock is con-
siant at any confining pressure. In the fraciure range under enough high
pressure, however, as above meniioned, the curves have the iendency to be
concave ioward the sirain axis and show ihe indistinci yielding zone, pro-
ducing the appreciable plasiic flow.

In Fg. 3, the relations beiweea the siress and preudo-Poisson’s ratio

under various confining pressures are shown. Where perceniage siress is
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used as abscissa, ihe percentage siress is defined as a hundred times of the
raiio of stress o the rupture sirength. The stress and Poisson’s ratio rela-
tions under various pressures can be clearly shown by the use of percentage
siress. With ihe increase of ihe confining pressur, the unusual lowness of
pseudo-Poisson’s raiio ai the first siage of loading is gradually lost and
the volume increasing effeci in the fracture range, observed characteristically
at the ordinally pressure (Bridgman, 1949), decays rapidly.

Pseudo Poisson’s Ratio

. . . . ) . L
0 20 4o 60 80 i00 %
Percentage Stress Rupture
Stress

Fig. 3. Pseudo-Poisson’s Ratio (ratio of lateral strain to longitudinal strain) vs.
Percentage Stress under Various Confining Pressures.

Rupiure sirengih (approximaiely equal io yield sirengih) increases sirik-
ingly with the increase of pressure. The increment of sirengih, however,
was not so considerable ai fairly high pressure. The observed values of
sirengih ai various pressures are shown in Fig. 4(a). Blanc circles express
the values for the specimens in the ratio of lengih o diameier, 2: 1, and
full circle, 2.5: 1.

The empirical formula which expresses ihe pressure-sirength relation is,

P*=P*(kPg+1)'2,
where P* is ihe sirengih, k is the consiant and Pg is the confining pres-
sure.

The imporiani numerical resulis are listed in the following Table.
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Fig. 4. Strength vs. Confining Pressure.

(a) Observed values and empirical curve (full line) of strength for Kita-
shirakawa granite, and assumed strength (broken line) as the pores are perfect-
ly closed.

(b) Extended figure of (a), and strength of quartz.

Table. Mean Young’s Modulus, Rupture Strength, and Indistinct Yielding Point.

(:I?nﬁning Mean Young’s Modulus Rupture Strength | Yi€lding Point
Tessure | g 10-1 | Stress Range kg/cm? (indistinct)
atm. dyne/cm? l kg/cm? kg/cm?

1 5.4 0- 1250 1380 —
550 6.9 3960 4860 4200
1020 6.25 5940 6660 6000
1500 6.7 - 7800 9100 8300
1800 7.5 - 8530 9160 —
2600 6.5 - 8580 10400 8600
3250 6.25 11600 12110 —
3800 6.2 -12500 13520 12500
4400 6.0 210100 12150 10900
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On ihe other hand, the sirength of quariz measured by Bridgman
(1952) is shown by mark X in Fig. 4(b). The sirengih of ithis substance
is relatively liiille affecied by the pressure and only slightly increases as
pressure does. The pressure-sirengih relation of granite at considerablly
high pressure seems io become the same as that of quariz by the reason after
Griffith’s theory (1924). Therefore, the assumed P*—Pu curve can be ob-
iained by exirapolaiing the above relaiion ioward the lower pressure. This
curve is shown by the broken line in Fig. 4(a).

We regard ihe difference between the assumed curve and ihe observed
value as “‘the sirength lowering’” P*’, considering thai the sirength is
lowered by a ceriain cause characierisiic of granite.

Now, we compare the change of ‘‘the sirengih lowering” and the
volume increase in the fraciure siage with ithe decrease of compressibility
(Adams, 1951). As shown in Fig. 5, there is a close conneciion among
these phenomena.  As the compressibility decrement wiih ihe increase of
pressure may be caused by the closing of pores, it is reasenably consider-
ed that the sirength may be sirongly affecied by the existence of pores.
In Fig. 5, the volume increment S in the fracture range show the area of the

part where the pseudo-Poisson’s ratio goes over 0.5 in Fig. 3 as the index.

S PK

S arbitrary scale
x10%kg/cm?
~ %Xt

~
)

: Sirength lowering

o 7 2, 3x10° hg/cm*
H
Fig. 5. Comparison of ‘Strength Lowering'’, Volume Change in the Fracture

Range and Compressibility, for Granite under Various Pressures.

4. We will iniroduce one represeniailon wiih respeci io the relaiion-

ship beiween the sirengih and ihe prosiiy of graniie under various confin-
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ing pressures, it will be considered thai these wo have a close connec. on

with each other.

We assume ihai ihe pressure is able ic affeci 0 ihe porostiy alome,
bui not to iis sirengih. Then the rupiure can be direcily produced o-ly hy
the differential siress aciing on the porous specimen. Of course, the pres-
sure exeris the indireci effecc upon the sivengih, changing ihe shape of
the pores.

Compressibility x is given as follows,

K:_ng?%ﬂ—%?%=h+tmr’ V1>V27 .................. e))
where V. Vi, Vi, ihe ioial volume
of specimen and ihe volume of sub-
sianiial and empty pari respeciively,

<16 1 denoies the compressibiliiy of ma-

ierial and «u- the effective value wiith

respeci o the pores.

> Pui N ihe number of :he pores
=k . . - .
z co>aned in ihis specimen, and v,
g Voyroeee v~ the volumes of ihe respec-
Q. . .
§“ Rockport granite “ve pores, then
N Quincy granite 1 d (¥
A S U ,
‘8’ or V dPH LZ=:1 [) ( )
. enclosed . .
)4 S The empirical formula of &pr is
unenclosed g.vea as follows
‘ - 1 1
\ T = S T T N e T T
0 500 wooatm. . (mPg+r): #2(EPp+1)%°
PfBSSU"e V773
Fig. 6. Compressibility of Enclosed k= n T 3

and Unenclosed Specimens of Granite
under Various Pressures (Zisman,

from ihe experimeni on the measure-
1933).

meais of the compressibility by Zisman
(1933), considering the difference beiween ihe compressibiliiy of the cover-
ed specimen and the uncovered one.
Now, we assume that ihe coniraciion of the respeciive po-es wiih pres-
sure has the similar iendency, ihen ihe effeciive compressibilivy of i-ih
pore in ihis specimen is given by
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This formula (4) correspoids o the 7-th term of [ormula (2), ithen

VAP mE GPaEDy
Integraiing and pui the coadiiion Pg—oo, v:—0 inio accouns,
e Vo1
nun, (BRPr+1)
On the ocher hand, we assume the shape of poru as ellipsoid rotaied
around the minor axis, then the volume is

V= 4"%”@ .................. <)

where ¢; and b are the major and minor radius respeciively.
Equaiing formula (6) and (7), and assumeing that ¢;: does noi vary with
pressure, then the relaiion of the lengih of &; with pressure is given by

-3 v .1
bt_4ncf'mml (kPH+]) (8)

Nex:, we iry io obiain the crivical siress pi, according io Griffith’s
theory (1921), at which the ellipiic pore or crack begin io elongaie by the

applied compressional sress P along major axis, as is shown in Fig. 7.

We iake ellipiic co-ordinaies a, 8 and

put a=ay ai the boundary of the i-th

crack. The major and minor radius - .
o . P = F
is given by ¢; and by=aoicy, puiiing — -—
¢y the half length of focal line, as cm -

ao; is very small. Fig. 7. Elliptic Pore Fxposed under

Then the increase of sirain en- Axial Compressional Stress P along
ergy W by such crack is given by the Major Axis.
PZC 2
Wimao, =52 (1)) e,
t = Cog AE (1-a), (9)
where E, ¢ are ihe Young’s modulus and Poisson’s ratio of this material
respeciively. On ihe other hand, the surface energy of this crack is

Ui=4CiT, .................. ao
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where T is ithe surface energy per unit area. From the condivion ihau the

crack may exiend

d =] assressasrscssvine
%T(Wt—Ut)—O’ (11)

the sirengih of this crack can be expressed as
* — / E_T_,_ 1z =12 e 1
pi*=a 7?'(1;0_)) b ’ 12)
where @ is ihe numerical cons:ant (Ono, 1949).

Subsiiiuiing (8) inio (12), the reladon of confining pressure and ihe
sirengih of the crack orienied io the direciion of compressional siress is
givea by

2 + ET w2
*__ 4 et (g 101 : 1/2
o 73 ac; -9V ) (kPr+1)

=p*(EPg+ 1)1, a3
where pu* is ihe sirengih of ihis crack ai Pa=0.
The value of % obiained from ihe above staied empirical equaiion is

k=2.49 1072x (kg/cm®) 1.

Though the value of % for Kiiashirakawa granite from the compressibility
measuremenis has not been given, ihe values of %2 from Zisman’s daia are
k=0.22 1073 (kg/cm?®)*

for Quincy granite, and
k=0.30 102X (kg/cm?)"1
for Rockpori graniie.

5. The mechanism of deformaiion and fracture of graniie becomes
much simpler ai high confining pressure, as seen in ihe case of quariz
and so on, than ai lower pressure, by ithe aciion of hydrosiaiic compression
which decreases the porosity of porous media, while such rocks show a
very complicaied behavior under low pressure. This iendency may be kept
at high temperaiture and high pressure. Therefore, in the deeper pari of
the crusi where rocks are confined with enough high pressure, the feaiure
of mechanical behavior of rocks seems io have losi their complicacy such
as seen at the earth’s surface, and may behave as a simple aggregaie of
consiiiuent minerals.

So far as it is concerned ai room iemperaiure, ithese soris of rocks are
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no: so much plasiic even under high pressure. 02 the conirary, ihe elastic
range is ex:ended sirikingly wiih ihe increase of pressure as ihe resulis of
the raise of sireng.h. However, if the pressure increases highly enough, the
incremen: of sirengih does no:i become so remarkable, then the elevaiion of
temperaiure may become more sirongly effeciive on ihe plasiicicy ihan the

increase of pressure, in the earih’s interior.
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