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Mechanical Properties of Japanese Tertiary Sedimentary
Rocks under High Confining Pressures

By

Kazuo HOSHINO*, Hitoshi KOIDE*, Kazuo INAMI¥,
Shigeo IWAMURA** & Shinobu MITSUI***

Abstract

One hundred rocks from representative Tertiary sedimentary basins in Ja-
pan, most of which are fine- and medium-grained clastic rocks, ranging Pliocene
to Oligocene in age, were deformed at confining pressures up to 2,500kg/em? at
room temperature, in a strain rate of 10-¢ to 10-¢/sec. All were tested under
compression on dry cylindrical samples of 39.0 mm in length and 19.5 mm in dia-
meter.

The results of experiments were tabulated in Table 4. The mechanical pro-
perties of sedimentary rocks have a wide range of value and are much influe-
nced by lithological and geological factors. We tried to find relations among
strength, confining pressure, deformational behavior, angle of fracture, strain at
fracturing, failure type, porosity, grain size, axial shortening, sampled depth,
elastic wave velocity, geologic age, stratigraphic level and tectonic environment.

The mode of deformation, angle of fracture, and strain at fracturing are
related to the ratio of shearing stress to normal stress on the plane of fracture
or to the ratio of the maximum strength to the confining pressure. The failure
type corresponds almost to the deformational behavior, and the change among
failure types seems to be continuous. The “visco-ductile” flow is observed in
extreme porous rocks, possibly because the framework is crushed by higher
pressure than formerly applied.

The strength of sedimentary rocks increases with diminution of porosity.
Because of compaction, the rocks become, generally, stronger and less ductile
with the sampled depth and with geologic age. The degree and effect of compac-
tion, however, are much influenced by the lithofacies and tectonic history. The
degree of strengthening with geologic age is the greatest in argillaceous rocks,
greater in arenaceous rocks and less in pyroclastic rocks.

Among six areas studied, there exists an interesting contrast in deformational
behavior and strength. The rocks in Joban and Miura are much more ductile
and weaker than rocks in the other areas. The confining pressure of ductile~
visco-ductile transition and degree of strengthening with geologic age, too, suggest
that very lower compressive stress has been applied on the rocks in Joban and
Miura than in the other areas.

* Geological Survey of Japan
**% Tokyo Educational University
*¥% Kochi University



I. Introduction

This is a report on the mechanical properties of rocks which were deformed
experimentally under various confining pressures in Geological Survey of Japan.
The present report contains data on one hundred argillaceous, arenaceous,
pyroclastic and volcanic rocks, which were systematically sampled from horizons
ranging from Pliocene to Oligocene in representative Tertiary sedimentary
basins in Japan.

The large variety of mechanical properties of sedimentary rocks increases
the difficulty in the estimation of stability of rock mass and in the tectono-
physical study of geological structure. Large amounts of systematic experi-
ments are required to investigate the mechanical properties of the sedime-
ntary rocks which are influenced by many factors. In 1962, a new research
group for rock mechanics was organized in Geological Survey of Japan in view
of the increasing importance of rock mechanics in the structural geology,
engineering geology, mining engineering and geophysics. In 1965, the group had a
high pressure rock deformation laboratory equipped with a set of triaxial
testing apparatus. Since then, the authors, besides of their own subjects, have
made an effort in order to add the experimental data on the Japanese rocks
with the triaxial testing apparatus. Up to the present, the authors have
finished experiments on one hundred representative Tertiary sedimentary rocks
in Japan.

The first part of this report is a description of rocks studied, geological
setting, apparatus and procedure of experiments. In the middle part, the results
of experiments are summarized in the Table 4 followed by the figures of
stress-strain curves and Mohr’s envelops. In the last part, the authors tried
to discuss relations among strength, mode of deformation, failure type, porosity,
ages, among buried depth, etc.

The experimental study of the mechanical properties of the rocks under
the condition deep in the earth crust has been done by a lot of workers.

GRIGGS (1942) summarized the results of experiments on rock defor-
mation under high confining pressure and some other conditions in “ Hand-
book of Physical Constant” of the Geological Society of America, before the
last World War. The data and results of this kind of experimental work were
re-summarized by HANDIN in 1966, in the revised edition of “Handbook of
Physical Constant ”.

Betwesn both years, a lot of works were made in this field. BRIDGMAN
(1952) has made a few tests on rocks under extreme pressures to 30,000 kg/cm?.
E. C. ROBERTSON (1955) has done a triaxial test at pressures up to 4,000
kg/cm?® on various kinds of rocks including limestone, marble, dolomite, slate,
and granite to find a criterion of the strength of the rocks. From the end of
1950, we find, new experimental works on rock deformation from various
aspects have been published one after another. HANDIN and his co-workers
have made a series of experiments on the sedimentary rocks under high
confining pressures; at room temperature (1957), at high temperature (1958),
and with pore pressure tests (1963). Their studies cover six kinds of dolomite,
five limestones, one marble, one anhydrite, five sandstones, one quartzite, four



shales, one siltstone, and one slate, and they are, it should be noted, the first
systematic work on the sedimentary rocks. The scope of this study ranges
up to 2,000kg/cm? in confining pressure, 300 degree in temperature and 2,000
kg/cm? for pore pressure. HANDIN et al. have provided very interesting in-
formation about the state of the sedimentary rocks under different physical
conditions in the crust such as strength, ductility, or fracturing. They first
made the test up to the large strain; approximately 30%, that would be very
important on geological problems of deformation. PATERSON (1958) has done
a high pressure test on marble up to the confining pressure of 1,000 kg/cm?, and
provided an interesting result that there is a close relation between the behavior
of deformation on the stress-strain curve and failure pattern. The publishment
of “Rock Deformation” by the Geological Society of America (1960) was an
epoch-making work in the research of experimental rock deformation, which
includes very interesting and important 13 articles by 16 authors in various
fields of rock mechanics. Among them, those concerning experimental study of
rock properties in particular are by GRIGGS, TURNER, and HEARD on the
high temperature test up to 800 degree of such rocks and minerals as peridotite,
basalt, granite, marble, and quartz ; MAXWELL on compaction and cemzntation
of sand ; BORG, FRIEDMAN, HANDIN, and HIGGS on nature of deformation of
coarse-grained clastic rock- St. Peter sand; HEARD on the transition problem
from brittle to ductile deformation using Solenhofen limestone; ROBERTSON
on Creep of Solenhofen limsstone; HANDIN, HIGGS, and (’BRIEN on torsion
test on Yule marble.

We, then, see lots of recent experimental works. BRACE (1964) has made a
study of brittle deformation on dolomite, diabase, and quartzite. MATSUSHIMA
(1960) studied the deformation of some igneous rocks. MOGI (1964, 1965) has
made high pressure tests on 12 kinds of rocks produced in Japan, which contain
a diorite, a granite, a trachyte, two andesites, three dacite pumice tuffs, a sand-
stone, and two marbles. He has provided us some interssting observations
concerning the change of deformational pattern as a function of confining
pressure and strain hardening. MOGI (1966) and BYERLEE (1968) have given
the additional experimental data for presenting discussions concsrning the
transition from brittle to ductile deformation and strength. HEARD (1963) has
conducted high pressure tests at extremely low strain rate up to 107™%/sec on
Yule marble and showed an interesting results concerning the effects of strain
rate to the ductile deformation of the morble. The DONATH's (1961, 1964)
experimental work has provided the data on the effect of pre-existing freciures
such as cleavage to the strength of rocks. BORG and HANDIN (1966) have
made an experimental work on the deformation of crystalline rocks, 18 kinds
of igneous and metamorphic rccks such as amphibolite, diabase, gabbro, pyro-
xenite, under confining pressure of 5,000kg/cm?® at temperature of 500 degree,
up to strain of 32.29% at most. They described the change of failure characteris-
tics such as kink bands and gliding in a crystal. PATERSON and WEISS (1968,
1969) have done a series of high pressure experimentation on phyllitic rocks
under confining pressure of 5,000 kg/cm?. They deformed the phyllite up to the
strain of 70% at most and saw how kink bands, microfolding or other micro-
structural features are formed in much deformed rocks.

According to the previous works, we know many things for the scope, up to



5,000kg/cm® of confining pressure, to 800° or more in temperature, up to 2,000
kg/cm? of pore pressure, and at strain rate between 107%/sec and 107%/sec. The
results of different workers are consistent, and all rock specimens can be grouped
into few categories as to mechanical properties under the above conditions,
(HANDIN, 1966 p. 235).

However, questions still remain among the geologists; how about the effect
of geological factors? Is there no variety among mechanical properties of
sandstones from different places or in different geologic ages? We know that
non-carbonate rocks diverge much in petrological properties. Is there no effect
of grain size, grain-minerals, or porosity? HANDIN (1957, 1958) also noted as
a result of the study of 23 kinds of sedimentary rocks that the clastic rocks
such as sandstone and shale exhibit a considerable variety in mechanical pro-
perties under triaxial test, although carbonate rocks such as limestone and
dolomite behave almost similarly. One of the authors noticed in a preliminary
study (HOSHINO, 1967) that the Pennsylvanian ' 5900-foot sand’ shale, Eocene
Green River shale and Cretaceous Muddy shale in the U.S. are similar in strength
to Pliocene Nishiyama shale in Japan, and Cambrian Mettawee slate in the
U.S. is about same in strength with Middle Miocene Funakawa shale in Japan.

From geological purpose, it is very important to know the mechanical pro-
perties of the rocks in terms of geological factors. Obviously, the previous
available data were not sufficient in this point. This study intends to cover this
area by making systematic experiments on the sedimentary rocks from several
representative Tertiary sedimentary basins in Japan, most of which consist
of fine- and medium-grained clastic rocks, ranging a few to nearly 50% in
porosity.
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II. The Rocks Studied

The one hundred rocks studied consist of 51 argillaceous, 31 arenaceous, twelve
pyroclastic, and six volcanic rocks, (Table. 3). There are quite few carbonate rocks
in Japanese Tertiary System. The seven representative sedimentary basins, where
the samples were collected, are shown in Fig. 1. Detailed localities of each

0 500km

L 1 1 A

1. Kobe 2. Miyazaki 3. Shizuoka 4. Chiba 5. Joban coal field 6. Hokkaido
7. Akita 8. Sendai 9. Niigata 10. Toyama 11. Matsue 12. Northern Kyushu coal fields

Fig. 1 Cenozoic provinces. (after An outline of the Geology of Japan,
Geol. Surv. Japan, 1963)



sample are in locality maps. The stratigraphic relation of the specimens is
shorwn in Table 1. Since these Tertiary basins are without continuation each
other, it is difficult to make exact correlation among these areas. There are
still disagreements zmong the paleontologists about the correlation of some
stratigraphic units of these basins. However, it is not a direct purpose of this
report to discuss the correlation problem, and the problem of correlation may
have little substantial meaning for the result of this report. Therefore, we do
not intend to discuss the problem of correlation about Table 1, but we only
mention this correlation was made mainly on a basis of CHINZEI's table (1967).
The one hundred specimens are called with labo names in this report shown in
Table 1 for convenience. In Table 2, lithology, geological formation, geological
age, sampling locality, porosity, density, elastic wave velocity of each specimen
are shown. The classification of the clastic rocks was done primarily upon a
basis of averaze grain size. They were classified in this way; less than 3.9
micren is claystone, between 3.4 and 62.5 micron is siltstone, between 625 and
125 micron is very fine sandstone, between 125 and 250 micron is fine sand,
between 250 and 500 micron is madium sandstone, and 500 micron to 2mm is
coarse sandstone. Claystone and siltstone were grouped in category of argil-
laceous rocks, while very fine to coarse sandstones were grouped as arenaceous
rocks. Compact and hard claystone is called as shale. Five among 51 argil-
laceous rocks contain more or less tuffaceous material. Six among 30 arenaceous
rocks are tuffaceous more or less. The volcanic rocks here studied are those that
are found as sheets or lavas among the above-mentioned clastic rocks. Of six vol-
canic rocks, one is basalt, three are andesite and the rest two are liparite. Thirty-
seven among 51 specimens in Akita and Niigata areas are from the nine explora-
tory wells for prospecting oil and gas. The depth of these core samples is shown
in Table 2. The other 63 samples were collected from the surface exposures.

III. Apparatus and Procedure

The testing apparatus consists of a pressure vessel, loading press, and con-
fining pressure system. A schematic diagram of the apparatus is shown in Fig. 2.

0~ 10"/
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Fig. 2 Schematic diagram of testing apparatus.
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Fig. 3 Pressure vessel. (unit, mm)

The inside structure of the pressure vessel is shown in Fig. 3. The specimens
were cored into a cylindrical form (39.0mm long and 19.5mm in diameter) and
inserted in an annealed thin copper jacket. Because the copper jacket is thin
and annealed before the test, its strength is negligible in comparison with that
of the rock specimen and no correction is needed for the axial load sustained by
the jacket. The specimen is finished within the accuracy of 1/500. This
specimen and placers are placed to piston and anvil on each side. The O rings
are put between the copper jacket and piston or anvil to prevent the flow of
high pressure kerosene into the space between the inside of the copper jacket and
the specimen. This piston-specimen assembly is shown in Fig. 4, and inserted in
the pressure vessel as shown in Fig. 3. The inside of pressure vessel is filled with
kerosene. The kerosene is given pressure by a pneumatic pump, capacity of which
is 5,000 kg/cm?. Confining pressure is applied by the kerosene from the outside
of the copper jacket. In order to keep the confining pressure constant during
deformation test, the pneumatic pump was equipped with specially designed
regulator valves. By this equipment and with help of hand control in case when

Fig. 4 Photograph of parts used for mounting test specimen.



Fig. 5 Photograph of the
vesse] and frame.

the deformation goes rapidly near the breaking point or vielding point, we could
keep the change of confining pressure within 1% of the fixed figure. The confining
pressure was measured by Heise pressure gauge.

The loading press was equipped with 50 ton ram. The oil pressure to the
ram was generated by 700kg/cm® hand pump and a gear driven pump. The
gear driven pump has a gear train of 10:1 gear reduction, and allow a variation
in oil-flowing rate up to about 107%cm®/sec. The screw piston in the gear driven
pump is driven by a selector-gear. The gear driven pump permits each of the
ten pumping rates and provides a range of loading rates from 107!/sec to 107%/sec.
Because of the friction along the piston wall and different resistance to de-
formation of the specimen, the strain rate is different in each specimen and in
stages of deformation. We used usually the 2nd, 3rd, and 4th gears. With these
gears, we could make strain rate ranging 107 to 10™%/sec. As shown in a
recording chart (Fig. 6), strain rate is kept perfectly constant during the test
with this pump. In case of the 3rd gear, strain rate is around 107°, and 107*/sec
before and after the yielding, respectively. The hand pump was used in the
beginning of the test only.

The load was measured with a load cell and the displacement of the
specimen was measured with a differential transformer, which was fixed on the
pressure vessel. Since the apparatus was designed for the deformation test of
very large strain, the displacement meter was set outside of the pressure vessel.
The load and displacement thus measured were recorded on a chart of a X-Y
recorder. Fig. 6 gives an example of the chart.

The piston-specimen assembly is inserted into the pressure vessel. After
the preparation for the test is finished, load is applied lightly by the hand pump.
The piston is pushed into the vessel by the ram until the specimen assembly is
geated. The curve on the chart then begins to rise, or load begins to be applied
on the specimen (the mark “A” in the Fig. 6). Then, confining pressure is built
up. The increase of confining pressure tends to make the piston upward because
of the elongation of the specimen. Therefore we should apply the axial load
corresponding to the increasing confining pressure so that the length of the
specimen does not exceed the original length. When confining pressure attains
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Fig. 6 Recording chart.

up to the value which we plan to make a test, it is stopped to increase. We
continue further to press down the piston, but the axial load is kept constant
for a while. Under this state, confining pressure and axial stress are equal, in
other words, the specimen is under hydrostatic pressure (mark “C”). This state
continues until the specimen again seats under the hydrostatic pressure. This
point is marked “D” in the Figure. The specimen begins to be subjected to
differential stress from this point.

The timer was set on the X-Y recorder. We can set four kinds of time
interval ; 0.5, 1.0, 5.0, and 10.0 minutes.

The curve recorded on the X-Y recorder thus obtained is load-displacement
curve. The true shortening of specimen is obtained from the recorded displace-
ment subtracting distortion of the apparatus. Shortening of specimen wunder
hydrostatic pressure is calculated from displacement to the point “C”. The
strain under the differential stress is expressed as a percentage of specimen
length reduced by the hydrostatic pressure. True stress is obtained from
recorded value of load divided by cross-sectional areas of a specimen, under the
assumptions that the deformation is homogeneous and that no volume change
occurs by the differential stress. Fig. 7 is presented to show an example of
corrected true stress-strain curve compared with the apparent stress-strain curve.
The difference might be considerably large in case of ductile deformation at
large strain. The assumption of no volume change means the rock material
perfectly flows, and gives 0.5 as value of Poisson’s ratio. We have no definite
evidence for this assumption. Poisson’s ratio for sandstone and shale is ap-
proximately 0.2 or nearly 0.1. Therefore true stress-strain curve should be
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Fig. 7 An example of correction into true stress-strain curve.
A.C. is the original curve on recording chart, and
C.C. is corrected stress-strain curve.

between the corrected and apparent stress-strain curves.

All specimens tested are dry ones. However, they are exposed in atmosphere
to dry naturally, so the pore contains a little water. All specimens of each
rock are cored perpendicular to bedding. The specimens from a given rock are
taken from the same stratigraphic layer to achieve maximum uniformity among
the specimens.

After the experiment finished, some specimens were cut perpendicular to
fracture, then thin section was made from the half part for microscopic studies.

IV. Results

IV. 1 Explanation of tables and definition of terms

The results of experiments are summarized in Table 4. The first column of
the table gives the number for index and the second column gives the sample-
name and sample-number. The samples of the same sample-name are collected
from a uniform block. The lithology, geologic formation and localities of the
samples can be read from Table 2. The stratigraphic positions are shown in
Table 1. The porosity, density and elastic wave velocity are tabulated in Table
2.

The mode of deformation of each sample is summarized in Table 4. The
confining pressure and axial shortening by the confining pressure are listed in
the third and fourth columns, respectively. Following the form of J. HANDIN’s
table (1966) of stress-strain relationships of rocks and minerals, values of the
differential stress at 1, 2, 5, and 10% longitudinal strain and ultimate strength
are picked from the stress-strain curve and listed. Moreover, strain at fracturing,
total strain, residual strain, strain rate, type of failure, angle of macrofracture,
and mode of deformation are tabulated. In Fig. 10 to Fig. 219, stress-strain curve
and Mohr envelope for each rock are illustrated. The Mohr envelopes were drawn
as envelopes of Mohr stress circles which connect the confining pressures and
ultimate strengths. In case the ultimate strength cannot be measured, they were
drawn for 2%, 5%, or 10% strength.

Here brief explanation on each item used in Table 4 and the definition of
some technical terms are described.
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Axial shortening by confining pressure : This is a ratio of shortening of the
specimen to the original length when it is subjected to the hydrostatic pressure

equal to confining pressure, that is &= l"g 2 where & is axial shortening, I,
0

and [, are lengths at atmospheric and hydrostatic pressures respectively.
Volume compressibility B is given as 3 times as large as &p, and therefore bulk
modulus K is given by the following formula.
P

K—?Ec—p e (4.1)
where P is confining pressure. However, it should be noted here that the accuracy
of the calculation of the axial shortening is not so good because the determina-
tion of /, includes two steps: one is reading of points A and C on the load-
displacement curve (Fig. 6) and the other substracting the displacement by
elastic distortion of the apparatus.

Strength : Ultimate strength is the maximum differential stress achieved
during an experiment. Ultimate strength is read only when the stress-strain
curve shows the maximum point. In brittle deformation, the point of maximum
differential stress is very clear, and it is a point of fracturing in most cases. In
very ductile and visco-ductile deformation, the stress-strain curves do not show
the maximum point. In case ultimate strength canmot be determined, the dif-
ferential stresses at strain of 1, 2, 5 and 10 % are taken to express the strength
for convenience, and are called 1, 2, 5 and 10 % stréngth respectively in this
report. Yield strength is the differential stress at the knee of the stress-strain
curve. In this report, yield strength was not used. In many cases, it is usually
difficult to decide a definite point as yielding “point”, because of very gradual
change of stress-strain curves from the linear to the flat part.

Strain at (macro)fracturing : This is a strain per cent at the point of wulti-
mate strength. If the point of ultimate strength is not ascertained, this value
is not recorded. The strain per cent thus determined is equal to the ductility
defined by HANDIN (1957).

Total strain : This means the maximum strain per cent attained during an
experiment.

Residual strain : This is a strain per cent when differential stress is reduced
to zero under the confining pressure after the deformation test had stopped
(point “F” in Fig. 6).

Strain rate : The strain rate were calculated for two parts of the stress-
strain curve; one linear part, and the other so-called plastic region. As men-
tioned in previous pages, the oil for axial load is poured into the ram at a
constant flow rate by the agency of the gear driven pump. Therefore, the
strain rate of each specimen at different stage of deformation under different
confining pressure would provide an information about the resistance of the
rock-specimen against loading pressure. We see that the strain rate in the linear
part is very constant, and that it is almost constant in the so-called plastic
region.

Type of failure : GRIGGS and HANDIN (1960) described macroscopic de-
formation mechanism with classifying into three phenomena; extension fracture,
faulting, and flow. We would like to classify the failure pattern into the next
four groups simply upon a basis of macroscopic appearance, (Fig. 8). As con-
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Fig. 8 Schematic diagram showing types of failure.

fining pressure increased up, the failure pattern changes in this succession without
any exception.

(A) Wedge fractures : This is observed at atmospheric pressure or extreme-
ly low confining pressure. Fundamentally, this involves both the extension
fractures and the faults defined by HANDIN (1966). At such low pressure, the
fractures observed are a combination of extension and shear fractures. It is
very rare that we find the specimen, in which extension fractures only are
occurred. This might be partly due to the contact condition between the end
of the specimen and the steel spacer, as suggested by BRACE (1964). However,
this is not all of the cause. In microscopic studies of deformed specimen, some
of the authors reported that most microfractures make angles of 0° to 45° with
the axis of maximum compressive stress, and, in more detail, there are some
preferred orientation; one nearly parallel, and the other ranging between 20°
and 40° to the maximum compressive axis, (HOSHINO and KOIDE, 19702). In the
same report, it is shown that the deformation bands, in which lots of microfrac-
tures are concentrated, occur near the yield point and the macrofractures are
formed along the deformation bands. It is probable that, under low confining
pressure, most rocks are very brittle or brittle and the strain at fracturing is
still small, which causes insufficient development of deformation bands. There-
fore, the fractures might be formed by connection of the microfractures rather
than by the connection of deformation bands, which would be resulted in the
formation of the fractures ranging in angles of 0° to somewhat 10° or 20°.

(B) Single shear fracture : In this type, one or few fractures or defor-
mation bands are observed in the only one direction of shear.

(C) Network shear fractures : In this type, shear fractures or deformation
bands develop in the conjugate directions as if they exhibit network pattern.
Single and network shear fractures are transitional, each other. In some cases,
there are two peaks on the stress-strain curve, and two planes of shear are
observed in these specimens. This is essentially single shear type. and the
further increase of strain might cause to make out the other plane of shear. In
most cases of single shear type, we find network pattern of deformation bands,
if we examine it in the thin sections with a microscope. Under the microscope,
the deformation bands, concentrated zones of microfractures, are observed in
conjugate directions at both brittle and ductile cases (KOIDE and HOSHINO, 1967 ;
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HOSHINO and KOIDE, 1970). The interval of deformation bands is wide in
brittle case, while narrow in ductile case.

(D) Flow : This denotes the failure without any macroscopic fracture.
This includes uniform flow defined by HANDIN (1966).

Angle of macroscopic fractures : This is the angle between the conjugate
fractures and expressed as 20. For wedge fractures, the largest angle of fracture
is measured as 6, and the value was doubled. In single shear pattern, the value @
was measured and doubled.

Mode of deformation : The mode of deformation was classified as Fig. 9 on
a basis of the patterns of stress-strain curve.

&

Fig. 9 Schematic diagram showing behavior of deformation.

(A) Very brittle behavior : This is characterized by a sudden occurrence
of macrofractures with an abrupt drop of stress-strain curve. The stress-strain
curve is kept almost linear up to the fracturing point.

(B) Brittle behavior : This is characterized by a rather rapid occurrence of
macrofractures soon after the yield point and the following moderate drop of
stress-strain curve.

(@) Transitional behavior : This is characterized by a nearly horizontal
stress-strain curve after the yield point.

(D) Ductile behavior : This is characterized by a stress-strain curve without
any drop after the yield point.

(E) Visco-ductile behavior : This is a rather conventional term, and refers
to such stress-strain relation that the stress-strain curve goes upward monotonously
without any indication of yield point. As far as the record of our experiment
is concerned, the strain rate seems nearly constant regardless to increasing
differential stress.

In 2ll cases, visco-ductile behavior is observed next to ductile behavior, when
confining pressure is increased. In porous rocks, visco-ductile behavior is found
even at moderately low confining pressure (Figs. 58, 59, 153 and so on.)
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Table 4 E perimental results.

Types of failure: W ; wedge type, S;single shear type, N;network shear type, F; flow (no

macroscopic fractures).

Behavior of deformation: V.B; very brittle, B; brittle, T ; transiti-

onal, D; ductile, V.D; visco-ductile. P ; strain rate after the yield point. ; angle of fracture
to the direction of maximum compression. 20;angle between conjugate shear fractures.

P ; Strain rate for plastic region.

Number Confining Avial Differential stress (kg/cm?) ’ Ultimate
. Rock pressure :Itloéct)i[t\ilnni%g at strain strength
for index (eg/omey  PrEsSure Lo 26 56 1000 | (eg/emy
$1 KSA 5 1 0 410 1190 1290
S 2 KSB 9 1 0 710 800 -
15 500 5.64%1073 | 1850 2820 1840 2930
10 1000 8.72X107° | 2300 3630 3190 3030 | 3800
14 1500 8.98%107% | 1920 3290 4180 4660
13 2000 ! 7.71x107% | 2370 3660 4820 1900
S 3 KSC 3 1 0 | 1250 1710
9 500 2.56X107% | 1950 2900 2920
10 1000 3.08%1073 | 2260 4000 4200
1 1500 7.70X1073 | 2540 4230 4380 4930
S 4 KSD 7 1 0 1 570 760
4 200 {1520 1850
2 500 5.13X107% | 1930 2760 2160 2880
9 1000 6.66X1073 | 1470 2730 3700 3730
11 1200 7.18X107% | 1890 3570 4620 4170 | 4620
12 1500 8.98X10™° | 2020 4080 5600 4910 1 5600
S5 JD 3 1 0 50 52
13 50 0.003 50 85 120 145 l
10 200 0.021 65 90 170 263
S6 Jz 7 1 0 20 21
3 50 0. 003 26 58 100 126
1 100 37 64 109 156
10 200 0.033 45 84 149 219
s7  JN 1 1 0 90 107 o m
5 100 0.016 100 140 193 231
6 300 0. 023 90 156 253 380
58 JM 3 Lo 0 I 9 97
6 50 1 0.002 128 169 200 230
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Ductility- — 0 I T a1 57—
strain-at o Res@dua]| : Type of | rﬁxalgl%-f? factures Behavior of)
?;Zggring straln strain | Strain rate failure ' —_— !deformation‘ Remarks
) W o | (ke | | 20
2.32 w 79,8° 15° V.B
.11 w 8° 16° V. B
2. 60 6.85  6.30 S 31°,34°  65° B
2.7 107 10.0 s,N | 303 6o B |double peaks
5.0 9.0 8.3 S 30°~38° 69° B
6.2 6.8 5.9 F 40°,39°  79° T
1./23 3 18° 36° V.B
1.8 S 18°,19°  37°
252 S 26°,24°  50° V.B
3.5 S 29°,29°  58° B
153 w 12° 24° V.B
1.8 S 21°,26°  47° B
3.0 syl 4.9 S 29°,27°  56° B
4.2 8.0 78 S 30°,30°  60° B
5.0 S,N giﬁ: ggi ZgZN B
5.2 142  13.8 g | 2 FiH B
1.4 1.4 1.1x10™* w 40° B
14.53  14.28 | 1,3%10°* F D
19.10 18.5 | 1.3%10™* F D~V.D
el 1.6 w 12°,8° 20° B
14.8 14.4 | 1.7x10™* F D
17.3 17.0 | 1.3x10~* F D
9.4 9.3 | 1.3x10™* F D~V.D
0.6 5.2 4.1 w 19°,25°  44° B
9.6 94 | 1.3%x10™* S AWML 52 D
0.4 10.2 | 1.1x10™* F D~V.D
ik 1.2 3 3%107° S B%22e B5° B
s s |DIXL :
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|Axial Differential stress (kg/cm?) '

N s Bl YU | i
for index (kg/cm?) |pressure Pl 2o Sen 100R) | (kg/em®)
s i = (kg/em
4 100 | 0.005 1 138 179 240 290 \
s9 JL 1 1 ‘ 0 | 1 | 140
2 100 0.058 | 124 190 257 310 |
5 200 | 0.008 ! 124 191 281 379
si0 I1C 1 1 106 230 246
2 55 0. 020 154 338 533 533
4 100 0.025 200 359 600 620
5 200 0.012 228 400 683 787 797
6 300 0.0 | 228 418 861 1050 1057
S11 JE ) 1 50 76 83
3 100 0. 006 50 83 150 217
8 200 0.003 50 93 183 27
siz2 IB 3 g 46 107 120
1 50 17 171 228 244
2 100 205 236 276 292
s13 JB 1 1 768 785
2 500 0.006 | 1000 1793 2524
3 1000 0.009 | 1000 1793 2960 3190 3280
4 1500 0.014 | 1000 1793 3420 4195 4200
s14 JT 5 1 0 638 790
3 100 0. 024 776 1220
4 200 0.002 | 1100 1508
2 300 0.003 931 1600 1799
1 1000 0. 007 776 1433 2207 2300 2350
6 1500 0.016 | 1100 1767 2732 3086 3100
8 2000 0.014 931 1600 2638 3293 3414
S15 JG 10 i 0 161 240
11 300 0. 009 552 800 865 838 866
9 500 0. 010 600 893 1049 1083 1100
12 1000 0.017 400 627 1083 1566

S16 JO 1 1 0 130 131



Ductility-
strain at  Total Residual
macro- strain strain
fracturing
o) (%) (%)
14.0 13.8
1.4 1.4
14. 4 14.2
19.4 18.8
245 2.5
5.0 5.0
5.8 5.8
8.5 20. 0 18.8
11.2 21.1 19.3
3.3 3.3 0
19.2 18.6
21.15  20.40
28] (2:3)
16.6
18.6
1.2 .2
4.0 4.0)
7.8 17.4 15.5
11.0 16.3 14.2
1.3 .3
1.9 1.9
1.5 2.7 1.8
3.0
8.3
11.0 19.05 17.9
14.7 18.5 17.8
1.4 a.o
52 14.6 13.9
14.0 18.2 18.0
13.0 12.3
1.1 v

I

Angle of

Strain rate g‘a‘l};ﬁ‘ereof _l'—na.C!‘O"fE:—tElreS
BN R SR
F {
1.1X107 w R
1.3%10™4 F
1.3%10™* F
1.4X10™* w
1.1%10™¢ S 22°,15°  37°
9.7%107° S 31°,29°  60°
1.3%107¢P N
1.3X107*P F
1.5%107* S 28°,29°  57°
1.2%X107* F
9.6X1078 F
1.9X10™* w 10°~28° 56°
1.4%X10™* F
F
6.7X 1075 w 5°~15°  30°
S 22°,23°  45°
el & 25°,25°  50°
N 60°
5.4X107° w 39~12°  24°
5.3X1075 S 23°,22°  45°
5.3%1078 ] 23° 46°
8.3X10°5 S 56°
S
1.03X107¢
1.09x10-¢¢ F
1. 05X 10~ F
4.7%10°° S 40°
1.3%10™* F
4.4%1075 F
1.3X1074P
1.2X 1074 F
S 50°

Behavior of|
deformation

Remarks

= =2 H w =

=4 = =5 w

T~D
V.D

27



28

for index

S17

518

S19

520

s21

S22

XVA

XVB

SAA

SAB

00 A W NN o W

[~ B UR S R - 2}

w KB e O,

D

Confining 1
pressure

100

1000

1500
2000
2500

300
600
1000
1500

600
1000
1500

300
1000

shortening

0. 003
0. 008
0.010
0.014

0. 045
0.048
0. 087

0.043
0. 040
0. 060

0. 0006

0.0010

0.0011
0.0010

0.0012
0.0010

0. 020
0-033
0. 057
0.077

0.015
0.016
0. 043

0.013
0.041

|

lat confining |

(kg/cm?) \pressurc

Differential stress (kg/cm?) (

at strain gg:;;e
1) 20 50 100 ’ (kg/cm?)
172 233 266 313 ‘
253 307 387 480
253 307 413 560
152 253 447 714
43 48 70
44 125 388 558
47 165 433 870
225 429 987 1730 2083
154 160
114 228 476 743
1814 336 743 1192
320 596 1120 1360 1370
638 1460
1121 2390 2685
1214 2495 3425 3440
1460 2640 4150 4185
1460 2677 4468 4830 4882
1596 2885 4710 5595 5605
61.2
118.4 208.1 416.3 563.2
65.3 126.5 306.1 620.4
171.4 330.6 746.9 1224.4
355.1 571.4 1118.4 1367.3
60 117
190 347 641 927
190 355, 734 1282
199 355 806 1476
81 137
124 226 415 625
218 379 791 1403
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DTm!_ﬂity_ 5 Y v Angle of | '
L Totgl Rcsl'dual : Type of magro-f ractures | Behavior of]
ﬁ-if:lt‘::; ing strain strain Strain rate } 2 } ottt Remarks
) e G | Used | g \ 26 | B
16.4  16.2 | 1.3X107*P F | D
3.2 12.9 1 SEel ] > D
8.3 8.3 | 1.2X10™P F D
9.5 9.1 | 1.3x10~*P F V.D
1.4 27 2.5 | 1.1x10~* W, S 36%~44° B
18.2 17.9 | 1.36x10~®| F A
18.5 F l V.D
15.8  17.8 1.28X10P| F |
1.1 .2 1.6 w 19°~17° 38° |
18.3  17.1 | 1.32%X107*P F | .D !
21.7  20.4 F | V.D t
10.5 13.8  13.6 | 1.21x107*P| F .D
1.7 a.7m 5.7%X107 w | V.B
2.5 (2.5) 5.5%10-¢ S 46° i B
4.7 6.4 4.4 | 5.5%10¢ S 58° | B :doublc peaks
i
5.1 Bl 5.4X 10~ S 64° B |
g2 18 1L |FAXITL N BT |
5 147 131 [§3XW0T 0§ T
0.7 .7 w 15° 30° B
16.8 17.2 | 1.22%10™* F V.D
17.8  17.8 | 1.23x10™4 F v.D |
16.8 | 1.12x10™* F V.D |
13.4  13.4 | 1.12%10-* F v.D |
1.9 1.9) S 20°,30°  50° | B
9.1 19.0 | 1.22%10-* F | Vv.D
20.6  20.5 | L.50X10~* | F | v.D
17.15 1715 | L17x10~ | F | WD
1.9 a€.9 w B~T
18.8  18.8 | 1.22X10-4 F V.D
17.4 17,1 | 1.15x10~ F | Vi D
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Number

for index

S$23

S24

S25

526

527

528
529

S$30

Rock

SAD

SBA

SBC

SBD

SCA
SCB

5CC

Axial

Differential stress (kg/cm?)

promurg” hortening | at srain | B
(kg/cm?) |pressure 1o 20 5¢ 1009 | (kg/em?)
;| 0 156 173 Y
300 0.011 247 453 774 984 ’
600 0.010 288 514 988 1547 |
1000 0.0059 | 350 650 1494 2874 |
1500 0.026 527 852 1523 2654 |
1 0 34 | 40
200 0.024 44 67 137 220 |
500 0. 062 93 140 200 470
1000 0.073 160 290 554
1500 0. 089 240 413 610
T 51 105 198 260
500 0.012 98 182 366 612
1000 0.034 183 311 671 ,
200 0.0013 | 582 1043 | 2
500 0.0044 | 830 1362 1562 1500 1572
1000 0.010 712 1255 1935 2285
1500 0.012 846 1426 2445 3080
2000 0.015 894 1455 2532 3500
1 1750
500 0.003 6500
b 89 171 207
1 230 240
200 0. 005 234 447 606 613
500 0.010 256 467 700 l
1000 0. 022 230 421 824 '
1500 0. 040 327 58 1058
1 226 460 504
200 0. 006 203 560 | 610
500 0. 009 363 787 1356 1358 ; 1404
1000 0.016 466 884 1740 2008 2022
2000 700 1372 2365 |
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Eg_qi]ity— i V | ‘ ‘ Xn;le ofr
am_at Total ReSI_dual G Type of macro-fractures | Behavior of’
Eiiiﬁring strain strain train rate Al | ; - derormation Remarks
5 ¢ 0 | Usedd B = 4 e
1.85 (1.85) | 6.94x107° w 3%z Ba° B
8.8  18.8 i1.23><10-4 F T
19.3  10.1 | 1.18X10-4 F 5 |
18,7  17.9 | L.11x10~* F | D
6.4 15,5 | L.04x10™* F V.D
1.3 (1.5) S o K0P B
120 dou7 | 1. ZaxiTo—* ¥ .D
14,2 11.8 | 1.27x1p-* F .D
6.9 6.5 | 1.20%X10* S 20°,19°  39°
8.5 7.9 | 1.24%10°¢ S 28°,29° 57° D
3.0 12.9 w 1i2° 24° t
12.8  12.2 | 1.19%1074 F | v.p |
8.1 7.5 |1.18x10-* F | wb
2.8 3.4 2.4 S 24°,24°  48° B
ar BE I8 |PEEC, W R g T
14.9  13.0 | L.0o5x107* F D
12.6 10.5 | 9.8%x10°% F D
11.4  10.7 | 9.5%X10°° F D
1.0 1.11x 10°% w 30°
1.1 1.90% 107" S 28° 56° V.B
2.9 2.9 A 32° 64° B
1.0 1l 7: 0341p~% W 25°,24°  49° B
0.7 96 T g;‘j%i@ N 32°,31°  63° T
6.0 5.2 | 1.11x1g™ F D
7l 7.4 | 1.11x10™* F D
Byl 7.5 | 1.15X107* F D
9L0) 2.9 | 8.4%107° w 18° 36° B
%) 5.1 4.8 | 9.2X107° W 19° 38° B
6.7 10.3 9.0 | 1.15%107* S 31°,34°  65° T
14400 18.4  16.8 | 1.17x1p™* F T
7.6 D
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for index

§31

S32

533

S34

S35

S$36

537

538

Rock
SCD 1
SSCE T

5
8
NJ 5
3
6
4
12
NK 10
)
NL 2
3
6
4
5
Z K, 1
ZK, 2
ZK, 4
Z Ky 3
ZK, 6
ZK, 5
ZC 1
5
8
6
NF 1
5
6

leferentlal stress (kg/cm?)

Confining ﬁ’; :t]emng
pressure . confining !
(kg/cm?) [Pressure
- 0
w3 0. 0005
i
1000
1500
: 0
e 00015
1000 0.0021
1500 .
2000 0.0038
¢ 0
100 0.010
300 0.018
1 0
ol 0.013
1000 0. 023
1500 0. 044
2000 0.075
1
L 0.0048
1000 0. 0068
1B 0. 0090
2000 b6
2500 -
£ 0
L 0.0018
1000 0.0030
1500 0. 0048
1
1000 i
1500 0. 0125

at strain j Wit
1o 200 50 %\(mmq

562 616
788 1328
318 422
534 882 1226 885 1260
669 1062 1865 2443
3327 3547 3853
4060 5947 6120
5587 7273
5587 8080 8200
5587 8100 9287

a5 50 50

50 65 120

35 65 170 330

170 286 290
289 400 780 1130

38 550 1014 1672 |

318 550 1250 2220

420 735 1640 2780

513

1220 2125 2340
1220 2157 2010
1999 3610 4760
2122 3790 5185

576 2042 3767 4827

970

2804 4050
2862 4120
2517 3052 4668 4908 i
470 710
850 1450 2100 2340 2340
850 1530 2600 2970 2080



33

Ductility- , Angle of
strain at  Total Residual . Type of macro-fractures | Behavior of
?:Zgﬁ-ring straln straln Strain rate fa)i,i)urc deformation Remarks
%) ORI (/sec) 0 20
1.1 6.9 6.7 w 27° 54° V.B
L45 9.8 9.0 |L33x107P S 32°,31°  63° V.B
L2 (12 W 18°,20° 480
6.4 1L.3 9.01x 103 N igZ; o T
2.3  24.8 | 1.09x10™* F
1.2 2.50%107° \i% 1°~10°  20° .B
1.6 2.42% 1075 S 16° 320 V.B
1.7 | 2.36% 107 s 15°~16° 32° B
2.2 2.62% 108 S 14°~16.5° 33° B
3.3 ' S 24°~25°  49° B
2.0 2.0 S 26°,23°  49° B
9.2 1.2%10-4P F D
11.2 1.2X10-4 F V.D
2.1 2.1 6.7%107% w 5°9~18°  36° B
7.5 17.1 F V.D
19.9  19.1 | 1.16x10™* F V.D
13.9  12.2 | 1.09x10~* F V.D
15.9  14.0 | 1.06X10~* F V.D
0.8 1.07 W 19~20°  40° V.B
2.8 3.7 2.1 |5.6x107° ] 20°~22°  44° B
113 10.2 82 |6.7x107 S 29°~30°  60° B
407 82 6.6 |4.5%107 N %Z’ 25° 500 B
6.2 4.0 N 38° 76° T
15.2  13.2 | 7.3X107° F V.D
0.8 0.8 W 15°~16° 31° V.B
1.6 1.6 3. 4X 1075 s 397 e V.B
L9 65 AL 31°,30°  61° B
iy 188 Soxie| N | Bl G | T |doublepeak
1.5 1.77 6.7X107 w 1°~21°  42° V.B
9.6 18.2 17.2 N 32°,34°  66° T
0.8 170 165 |S3FNTLLON | s 72°
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Differential stress (kg/cm?2)

Number Rock gf:sggigg Q?I?tlenin_g : at strain
for index (kg/cm?) ;;;(s)sf:mg : 1080 208 5%  10(%)
7 2000 ,‘ 0. 0148 } 690 1210 2280 3210
$39 NE 4 1 | 95
6 200 | 0.0079 | 248 400 437
1 300 . 0.0099 292 508 719
5 500 0.012 315 580 796
$40 ZA 5 1 380
4 500 7.52%1073 490 810 1150
1 1000 | 1.25%10°® . 550 970 1430 1400
2 1500 1.69X1072 | 550 1050 1650 1750
3 2000 1.99x 1072 ‘ 550 1050 1820
S41 NB 3 1 48
8 200 1.95%1072 | 87 137 226
4 500 2.83%107? 24 61 223 503
S 42 NC 7 1 34 50
3 200 4.32%1072 ¢ 71 123 226
4 300 4.43%1072 30 64 137 262
1 500 7.62X1072 | 71 123 242 425
S43 ND 5,7 T - 54
10 100 8.92%10°% | 90  1i4 282
8 200 | 1.08X107 | 105 162 270 428
S 44 NG 1 1
S45 NH 1 1 | 439.1
2 500 J 5.3X107% | 753.3 1239.8 1584.4
3 1000 f5.58><10-3 | 868.2 1304.1 1817.5 2317.5
1 1500 f 1.01x107% | 868.2 1689.1 2263.5 3016.8
5 2000 | 1.01X107% | 476.3 1047.3 2118.2 3371.6
S 46 NI 1 1
2 500 3.06% 10" 862 1253 1562
3 1000 | 5.3%107® 869 1259 1960 2263
5 1500 | 6.65X107 | 657  1l72 2246 3lod
S47  ZD 3 1 0 980

Ultimate
strength

{kg/em?)

470
1180
1470
1750

50

52

88

233
709. 4
1630
2427
3268

253

1170
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Ductility- o Anele of
strain at Total Residual T ¢ ngie fract Behavi ¢ o
macro- strain strain Strain rate £ Yli-’e N macro-iractures defavmr. ON Remarks
fracturing allure 0 0 eformation
) %) %) (/sec) 2
16.4  15.0 | 9.9x107 F V.D
1.5 8.3X%1p™% w 17°,19°  36° B
3.4 8.3 1.2X1074P F T
9.0 P 1.5X107P F D
: F D
1.4 9.35X%107° w 17°,9° 26° V.B
) 9.26X107°
4.2 9.6 8.1 | 151 %10-5P F T
10.7x1075
7.2 9.7 8.0 | 5 4% 10-5P F T
. 9.53x 107"
9.3 1.8 10.4 | 15765 10-p F D
7.1 5.8 | 11.5X107% F D
1.1 S 15°,16°  31° V.B
9.5 9.5 E 1.30X 1074 F D
124 12.4 } 1.27% 10~ F V.D
‘ _ 24°,23°
2.6 (4.2) P 1.40%x 1074 S faaiis 47° T
7.5 7.5 | 1.32%107* F D
16.8  16.8 | 1.29% 107 F V.D
16.3  16.2 | 1.29%x10™* F V.D
! 4 259,23°  58°
1.6 | 1.055%10 S 9907510 43° V.B
5.7 1.19% 1074 F V.D
7.1 16.7 | L.75%107* V.D
1.2 6.7X107% w 7° 14° B
1.6 S 21°,22°  43° V.B
1.03X10°* o o
8.75 8-4 | 17 30%10-4P S 32 (64°) T
13.4 20.25 19.8 | l.lox10™* S 35° 70° T
15. 4 19.4  18.3 | 1.07x10™* S 37°,34°  71° T
17.0 16.2 | 9.67%x107° F (40°) 80 V.D
0.4 . S 17°,22°  39° V.
5.55X107°
88 86 ilyxie| T b
12.2 1.7 | L.po2x10™* F V.
12.0  11.3 | 9.76x10°® F V.D
1.2 L 6.7X1078 w 18° V.B
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Number Confining ‘?1Xiatl i Differential stress (kg/cmé;‘ 774[;;imate
for index Rock pressure ;toéofl%lnniig at strain [ strength
(kg/cm?) |pressure 1) 2 5@ 1060 { (kg/cm?)
4 500 0.0038 | 1580 2520 ! 3300
S48 SDA 1 1 0 186 342
2 200 4.10X107 | 254 492 650 643 672
$49 SDB 1 1 0 114 435 e
2 200 4.62X107 ' 542 841 893 813 959
4 1000 1.79%1072 © 550 1102 1578 1549 1605
S50 SDC 1 1 0 51 136 279
2 200 123102 | 245 378 813 782 823
S51  SEA 1 1 0 64 100
2 200 0. 0079 102 176 305 418 |
3 500 0.029 102 183 412 643 “
4 1000 0. 060 186 320 674 1108 i
5 1500 0. 068 203 413 922 1523 |
S52 SEB 1 1 0 94 165 199
$53 SEC 1 1 0 34 27 1 w7
2 200 0.011 170 334 a1 479 |
3 500 0.013 131 269 471 758 |
4 1000 0.026 | 131 269 602 1046 |
5 1500 | 0.046 23 a1 910 1665 |
6 2000 | 0.050 | 303 653 1440 2706 |
$§54 SED 1 1o 0 6l 14 242
2 200 3 0.015 | 259 578  ols 946
3 500 | 0.018 | se+ 774 1178 1238 | 1238
4 1000 0.022 488 925 1521 1750 1757
5 1500 ' 0.031 391 825 1548 1934 1941
6 2000 | 0.032 522 994 1852 2287 2088
S55 SEE 1 1 ! 0 57 100
2 200 0.0088 | 461 773 729 682 789
3 500 |  0.0067 | 588 955 994 1062
4 1000 | o0.019 595 962 1246 1583
5 1500 | 0.021 ! 428 762 1278 1964
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S!‘:l:: 49 i | Angle of
o ur  Thial “Resldual . Type of | macro-fractures | Behavior of]
;‘I:‘zf:zz;ing strain strain Strain rate Failure deformation Remarks
) &G 0 | Used ¥ ( 26
3.1 | 7.9%X107% | w 50° I V.B
1.9 4.5 3.8 | 6.55X10~% :
5.8 13.7  12.75 | 127X 10 F ]‘ T
1.98 2.8 2.2 | 6.65%197% \ 13°,8°  21° | V.B
3,33 10.4 Ay ggiigjl, s 36,34 70° | T
7.5 140 135 | & ;g;ﬁ}gﬁiP F N
3.4 5.0 4.0 | 8.83X107° S 16°,16°  32° B
5.9 162 167 |TEXIT P s 7 T
17 42 3.5 | L4xio W el ol B
1345 13.0 | 1.3x10™* F V.D
13.8  13.4 | 1.2X10* F VoD
13.4 12,9 | 1.14x1p™* F V.D
13.6  13.0 | 1.1x10"* F V.D
2.4 Qo 1.1x10™* w 16° 32° B
1.5 4.8 4.5 | 1.4X10™ w B
14.0 135 |33% ing F 7
14.13  13.5 | 1.2x1p™* F V.D
14.0 13,5 | l.2x10™ F V.D
13.5 12,9 | 1.1x1p* F V.D
12.1 119 | l.ox1p™* F V.D
2.9 @.9 1.3%X10™* w 18°,22°  40° B
4.3 1.5 10.8 | 9.7X107% S 36°,34° 70° B
740 13.5  12.6 | 1.2x107*P F T
1.1 14.8 14,0 | 1.2x107*P F T
10.3 13.9  13.2 | 1.1x10~*P F T
G030 14.7  13.9 | 1.1X107*P F 45° (90°) T
157  (1.6) 1.1x10™* S 20°,19°  39° B
26 dksy Wa |y i’;}g:ﬁP ¥ T
13.5 128 | o %ig:il, | F T
5 @ |31 %839 | F D
14.4  13.6 | 1.1x10™* F V.D




88

Axial

Differential stress (kg/cm?)

|

e e A | O | i
or index (kg/em?) |Pressure 16 2@ 50 10%) | (k/em?)

6 2000 0.028 428 762 1460 2448 1

$56 SEF 1 1 0 47 210 L 220
2 200 0.0013 | 658 1160 877 | 1160
3 500 0.0069 | 732 1580 1604 1512 1634
4 1000 0.014 | 1064 1780 2072 2282 2283
5 1500 0.019 896 1332 1867 2346
6 2000 0.020 896 1662 2535 3336

$57 SEG 1 1 0 228 595
3 500 0.0054 | 870 1670 1398 1742
4 1000 0.0097 | 1240 2000 2265 2280
5 1500 0.012 | 1240 1930 2504 2458 2512
6 2000 1240 1789 2062 2258

$58 SFA 2 200 0.016 135 220 303 317

500 0.023 135 270 472 681

4 1000 0.030 216 398 769 1358
5 1500 0.042 280 532 1079

$59 SFB 1 1 403 160
2 200 0.00056 | 635 1030 904 1058
3 500 0.0047 | 1062 1462 1605 1540 1622
4 1000 0.011 922 1462 2000 2140 2162
5 1500 0.013 535 1253 2266 2793 2800
6 2000 0.023 922 1638 2734 3294 3330

$S60 SFC 1 1 927 1230
3 500 0.0052 | 23200 2790 2540 2873
4 1000 0.059 | 2450 3723 3827 3703
5 1500 1240 2227 3457 3897 3773

S61 SFD 1 1 515 573
i 500 0.0070 | 912 1492 1533

s62  XQ 3 i 332 . 362
16 300 0.0020 | 465 880 970
2 500 0.0065 | 498 1037 1302 1312
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Ductility-

strain at

macro-

fracturing
(%)

2.0

2.06

3.2
10.6

92
54
15

T

B B
PO N

10.3

11.4
1.5
1.6
3.0

11.7
1.15
2.25
1.2
2.9-

3.75

Total Residual

strain strain

%)

14.45

11.3
13,

wl

14.1
12.

SN

13.

12.56
9.30

13.70

14.6

15.65
14.7
9.8

6.9
13.5

4.0
1.9
4.3
8.1

(%)

10.
12.
3%
11s
12.

11.

15.
13.

10.
12.
14.
12.

12.

N = 00 o

62

.62
12.
13.

32
74

15
96

o W W

Angle of .
Strain rate Eﬁﬁfr:f macro-fractures g:?g;gf ;ti::iz‘ Remarks
| Gses | o 20
13.55 1 1.1X10™* | V.D
L LIX10¢ | S 119~17°  34° V.B
7.4% 10:: ‘ S gg:; gg: 78° B |
13% i?)—;p | ¥ ol &
i >
1.0X10% | F V.D
9.6x1¢3 F V.D
w 9o~17° 340 v.B
6.9% 157 s 27°~30° 58° B
GOXNTp| F | sr~acc 8ee T
]| ® 40° 80° T
F 420 84° D
1.25% 10~ F v.D |
1.27x107* F vV.D 1
1.14% 107 F v.p |
1.05% 10~ F V.D
4.58% 1075 w 23° 46° V.B
7.62X107 ] 31°(33°) 64° ! B
bixie| F o @E)  @ed| T
Loxioe F o @ @ T
10 ig:SP F T
r i xioel F D
6.66X107° w 13° 26° V.B
8.35X 107 s 30°,23°  53°
b, N EE w1
SN o S
7.67% 1075 w 15° 30° V. B
8.34x 107 S 29°,35°  64° B
W e, 17> au° B
8.2X10- S 38° 76° B
ey | W 33°,36°  69° T
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Number Confining )ll\]xial . Differential stress (kg/cm?) Ultimate
. Rock pressure IZ,togct)fl?ilnniig at strain strength
for index (kg/cm?) pressure e 2¢0 50 1008 | (rg/em?)
8 1000 0. 0070 664 1123 1727 1834 1860
563 XR 2 1 570 700 760
17 200 0.00010 | 1480 1690 1780
12 400 1270 1730 1220 1740
1 500 0.0041 1100 1630 1500 1730
19 600 0.0023 1270 1800 1760 2040
14 600 0. 0064 1270 1800 2020 1980 2030
13 800 0.0018 960 1580 1820 1870
15 800 0.0048 1270 2000 2170 2000 2210
8 1000 0.0082 1270 1900 2190
10 1000 0. 0090 1270 1800 2210 2150 2250
9 1200 0. 0080 1270 2040 2740 2760 2800
11 1500 0.011 1270 2040 2940 3190 3200
2000 0.012 1270 2040 3000

S64 XT 1 1 926 1532
9 500 2.56X%107% | 1347 2710 2239 2980
4 1000 7.80X107% | 1514 2842 3899
2 1500 8.82X107% | 1347 2441 4108 3987 4172
5 2000 1.44%1072 1347 2710 4360 4704 4704
8 2500 1.781x107%| 1431 2747 5185 5727 5758
S65 XS 1 1 66 157 144 302
3 500 1l.61x1072 216 426 639 915 1108

4 1000 2.82X107? 210 305 689 1111

5 1500 2.40X107% 180 446 1000 1767
S 66 X0 1 1 834 1126
2 500 4.19%x1073 1470 2815 3762 3311 3841
3 1000 8.84x 1078 1252 2483 4291 5278 5411

1500 1.15x107% | 1060 2318 5113

S67 XP 1 1 960
3 500 1.4%1078 1706 2659 2398 2660
4 1000 9.06X107% | 2575 4241 3886 5000




Ductility-

| .
st & Toal Rl e o | on e (B o e
fracturing failure - al T e | deformation
) G 0 | seo W .
1.7 20.6 ey s 379,33°  70° |
1.4 s 22° 40° ] V.B
1.5 &g 3.6X10° S 26°,30°  56° | B
2.6 5.8 6. 3% 105 S 32°,30°  62° J B
2.5 58 5.0 S 32° 6° | B
O % G N o S I 70° | B
3.7 13.3  12.6 gjﬁ_’ﬁg:il, N 35°,37°  72° T
44 97 gz |$3XWTLL N | s 610 T
wt mE me SRR m gl BS1 ¢
45 4.8 3.9 |41x10° F 4
&4 B gz (PN § T
B2y o BRI B T
a8 el ga [FERLCL | ¥ T~D
7.5 6.9 |8.1x10°8 F D
1.6 8.21%107% w 8%p7° 15° Ve
2.4 10. 0% 105 S 118 ago V.
3.4 11.7X10° 8 28°,21°  49° B
65 1.9 7.2 s 29°,31°  60° T
65 1.1 106 | HEXIT) s o5 i T
72 15 105 RN, N B0 @]
2ol 8.04% 1078 S 15° 30° B
1448 158 14.8 iﬁ‘.gii%ip F T~D
15.1 142 | 11.4x10- F V.D
14.7  13.7 | 12.1x10°9 F V.D
1.3 | 6.67X107° | W 2P, 155 410 V.B
o Lad A%y | ERONLEL N 27°,34°  §3° T
s Al ma | EREET N 379,32°  69° T
6.0 12.9% 1078 F V.D
0.6 5.0%1078 w 28°,20°  48° V.B
1.9 7.92%10 N 32°,30°  62° V.B
2.9 11.7%107° N 30°,34°  64° B
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. Axial
A
(kg/cm?) PTESsure
5 1500 7.11x1p73
11 2000 1.53x10-2
S68  XZ 2 1
24 300 0.0017
3 500 0. 0058
S69 XIL 1 1
5 500 0. 0020
10 1000 0.0018
7 2000 0. 0044
§70 XIN 1 1
3 500 0. 0018
it 1000 0. 0036
6 1500 0. 0069
10 2000 0. 0096
$71  XIP 1 1
3 500 0.0031
6 1000 0. 0062
7 1500 0.010
9 2000 0.013
S72 YP 7 1
8 1000 0.029
6 1500 0. 027
S73  YQ 1 1
7 500 0. 022
6 1000 0.035
9 1500 0. 050
§74 YO 10 1
1 500 0. 0024
4 1000 0.0058
9 1500 0.0072
§75 Nz 1 1

Differential stress (kg/cm?)

at strain
1 20
2575 4365
2776 5204
16 33
28 50
34 69
1200 1923
2633 3910
2733 5207
3833 6850
300
1080 1713
1580 2493
1400 2540
1400 2540
134 127
1137 1853
1739 3579
1003 1605
1064 1706
303 415
374 534
205
93 152
170 311
208 374
170
126 230
83 150
142 277

5 (%)

5525
6883
59
105
175

2013
3410
5847

2027
2980
4167
4413

94
1913
3856
2582
2893

311
612
785

431
328
617

10¢%)

4467

4163
4850

3421
4010

450
958
1356

628
628
1040

Ultimate
strength

(kg/cm?)

5719
6965
60

2010
4247
5207
7467

440
2073
3167
4373
4867

134
1973
4130

120
442
548
290

212
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Ductility- [ ' I & " [
strain at Total Residual ngle o .
macro- strain strain l Strain rate x ;FY})C of | macro-fractures gehav;or cta | Remarks
fracturing ailure - defornmiation
5] G @& | Gseo | - 30
RO ‘ ' e
G940
3.3 N 3;0 347 g0 B
7.42%10-%
4.4 1.1 18.3 235 q0-5p N 40° 80°
5.7 6.9 5.1 | 9.1X107°P S 32°,37°  69° B
7.0 1.1%10-4P F V. D
72 1.3%10-4P F V.D
1.6 3.33%107° w 220 V.B
7 2.96%10-% S Z8%26°° 53R B
2.0 3.25%X107% S 29° 58° B
23 2.64%1075 S 68° B
0.5 4.17%107% W 25° 45° V.B
5.47%1078 ’ .
3.1 7.6 6.6 |5 537%10~P 8 30° 60° r
~5
60 o7 &b |R88XIT. 5 | smesp0 ese T
5.33X107° . .
6.3 1.6 10.25 | 3'33570-p S 34° 68° 1
-5
86 1ss 15 |FBXITL e ®) T
-5
0.6 e }8_41, w 13°,13°  26° B
-5
3.5 76 BA | 0 }8_49 S 329,30°  62° B
-5
3.2 5.7 44 | ¥ %gﬁg_q, N 31°,32°  63° B
6.3 15,1 | 1.09%10™* S 320 64° V.D
13.0 1l.6 | 1.02x10™* S 11° 220
0.7 w 22° 44° V.B
1.23 3.10 3.02 | 1.2x10™* F
1.67 4.60  4.43 | l.2x10™* F T
1.4 7.8x1078 W 27°,18°  54° V.B
21.9 20.8 | 2.5%10™* F V.D
10.7  10.1 | 1.0x%10* F V.D
13.9  13.0 | 1.1x107* F V.D
1.3 7.2%X107F S 21°,26°  47° V.B
19.0 F V.D
17.60 15.8 | 2.3% 107 F V.D
17.0  14.8  2.2x10™* F V.D
0.9 6.0%107% w 36° (72°) V.B
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Number Confining Axial Differential stress (kg/cm?) Ultimate
i Rock pressure :}zoggg%ﬁig Bgtoain, strength
for index . }presme 1ep 200 500 1009 | i

b 500 0. 0018 81 127 292 500
4 1000 0. 0058 208 364 754 1233
6 1500 208 415 983 1788

576 M 1 1 190 200
5 1
6 20 0. 0014 252 322 267 322
U4 50 0. 0017 219 287 330 331
8 100 0.0019 235 335 417 440 440
9 300 0. 0050 235 364 550 696
2! 500 0.014 138 236 464
3 1000 0. 037 134 261 595 1030
4 1500 0. 055 194 368 887 1632

877 Z0 1 1 142
6 500 0. 010 122 163 327 581
3 1000 0.042 188 339 714 1237
4 1500 0. 067 163 339 918 1665

S78 ZP 1 1 320 324
2 500 0.010 260 426 678 945
3 1000 0.031 183 325 692 1134
4 1500 0.051 260 478 969 1599

S79 ZQ 1 1 80
2 500 0.021 98 179 379 670
3 1000 0. 080 223 393 786 1286
4 1500 0. 088 170 330 902 1696

$80 ZR 1 1 80
2 500 0. 036 53 101 285 592
3 1000 0. 082 206 395 860 1570

1500 0.091 232 443 1013 1930

§$81 ZS 1 1 125
2 500 0. 026 101 180 441 705
3 1000 0.030 163 295 700 1247
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g?:‘f:,h;{_ Total Resi.dua.lil . | Type of xﬁ:ﬂi-g factures ’ Beha\:ior of :
;‘xx{i(c::‘t-g;ing R SR ‘ Silain, ke | faijure : 9— deformationl Reemiirks
%) o) G | Useo)

17.5 | 1.2X107 F VD

13.0  12.2 | 1.2X10™* F V.D

17.0 F V.D

1.3 8.7X100 W He 44° V.B

7.2X107 w 115,125 gae V.B
1.86 6.1 58 | l.2x107 w 7% LT B
4.74 7.0 6.9 S 37° 74° T
11.00 187 185 F T
22.4 217 ¥ D

5.7 5.4 | 1.06X10™* F V.D

19.5 18.5 | 1.2%x1p* F Ve ID

16.2  15.6 | 1.04Xx10™* F V.D

0.8 5.3X107% S 24°,22° 46° V.B

2.6  20.7 | Ll.2x1p™ F V.D

18.3  17.1 | 1.1x10™* F V.D

17.4  16.4 | 1.2x10™* F V.D

1.05 w 16°(33°)92°(66°) V. B

16.9  15.2 F V.D

16.8  16.0 F V.D

19.2 F V.D

0.8 2.4 2.1 | 6.7X107° w 8P 16° V.B

19.3  18.5 | l.2x10™* F V.D

13.5 13.2 | L.2x10™* F V.D

14.1  13.8 | 1.2x107* F V.D

0.9 .4 L1 |e6.0xl0™® w o V.B

21,0 20.2 | l.24x107 F V.D

16.0  15.1 F V.D

13.6  12.8 | 1.19%x10™* F V.D

0.9 1.5 1.3 l 5.5X1075 S 31° 62° V.B

19.0  18.3 | 1.24X 104 F V.D

143 13.5 | 1.14x10% F V.D
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Number
Rock
for index

4

S82 ZT 1
{

2

S 83 ZU 1
2

3

}

S84 ZW 1
2

3

i

585 XA 1
5

6

39

586 XB 2
3

5

10

587 XC 6
1

3

L

55

7

588 XD 2
1

8

3

Axial Differential stress (kg/cm?)

prowmre. phoriowing | st stratn sirengds
(kg/em?) Pressure 10 200 5¢0 1009 | (eg/em®)
1500 | 0.089 189 352 903 1736
1 80
300 0.026 72 129 321 691
1000 0. 060 108 209 546 1044
1500 0. 064 161 313 876 1715
1 660 690
500 0. 0033 802 1302 1788 1865 1890
1000 0. 0097 712 1233 2017 2521 2985
1500 0.011 354 694 1510 2463
1 718 935
500 0.0033 976 1559 1814
1000 0. 0064 976 1664 2644 2922 2949
1500 0.011 976 1664 3024 3728 3735
1 0 2667 3127 3510
500 0.77%X107% ' 3367 5470 5763
1000 1.03X107% | 4567 7453 7667
1500 5. 44X 1073 : 1800 6200 9500
1 0 333 467
500 1.54%1078 750 2150 2517
1000 g 2.31X107% 848 2635 3500
1500 I 8.87%107% | 1700 4000 4833
1 0 1099 1150
500 l 1.19%107% | 2177 2909 2980
1000 ‘ 4.04%107% | 2953 3836 3347 4040
1500 f 5.93X107% © 3190 4073 4276 4039 4310
2000 | 5.50%107 | 3405 4224 5078 4909 | 5172
2500 | 2.77X10 | 3526 397 5767 5789 |
1 0 1517
1000 4.21X107% | 2700 4530 3910 4966
1500 3.72X107% | 3060 5410 5500 ! 5767
2000 !5.56%107% | 3060 5250 6500 | 6634



strain at TOt?” Resi'dual‘ . Type of rﬁgglr?)-f(?facturcs Behavior of
ﬁzglox;ing strain  strain Strain rate | failure - deformation" Remarks
%) Co e Used 020
16.6  15.7 ' 1.32X107 ¥ V.D
0.6 4.2 3.8  5.7X107° W 17° 34° V.B
15.6  15.0 - 1.16X107 ¥ V. D
17.4  17.0  1.27x107* F V.D
15.2 143  1.16x10~ ¥ V.D
L1 6.2%107° W 28° 56° V. B
7.8 12.9 114 :1.IoxIo™ . S 28°,30°  58° T
182 22,0  20.6 N T T
19.0 18.4  1.04x107* F (38°) (76°) V.D
1.27 5.3X107% W 16° 420 V. B
3.2 47 85| ?;gﬁg:ip S 279,28°  55°
85  12.2  10.6 ?;i%g:@ S 329,31°  63° T
10. 65 16.7 ¥ (38°,40°) (78°) T
1.2 w 7°,8° 15¢ V.B i4th gear
1.6 1,29% 10" S 16°,15°  31° V.B
1.8 3.91% 109 S 17° 330 V. B
3.0 S 15°,23°  38° V.B
1.2 434X 107 S 18° V.B
2.58 47 3.7 g-jﬁgi%g‘s S 70° B
a8z 66 51 DEXITL s 74° B
3.61 8.9 -y %ﬁgipf S 78°
1.0 5.7%107 W 37° V.B
1.6 | {éﬁg__@ s 28° 51 B
2 822 7. | FEXIOT S 33° 66° B
38 1058 9.96 | g:gﬁg:ip N 35°,30°  75° T
16.52  15.27 | %g{i}%:@ ¥
16.13 151 23100k D
0.7 1.67X1078 w 50° V.B
3.0 9.2 7.8 ??i?gﬁgiz"i N 71° B
3.9 9.5 | g: ;g;ﬁ}g_ipg N 740 B
1.2 9.5 8.89x10% | o 740 B

10. 1% 107%P
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590

S91

592

593

594

S$95

S97

XF

XG

XM

HSA

HSB

HSC

HSD

HSE

Axial

e I

g/ em®) |pressure 1 2 (%)
1 1 | 0 417
13 1000 2.05x107 | 1210 2897
6 2000 5.74X107% 920 3133
2 I 0 1197
63 500 | 5.3%x107 2334 2759
64 1000 '7.18X107° | 3010 2759
53 2000 L7.2><1o-3 3177 5030
1 1 ~833
4 1000 5.95X107% | 2492
18 2000 1 8.05%107° . 1000 3300
3 1 1
5 500 1.38x1078
6 1000 \ 6.65X1073
2 1 700
3 500§ 0.0026 | 1553 2916
1 1000 ; 0. 0062 , 2333 3756
5 1500 | 0.0082 | 2816 4490
2 1 562
3 500 ‘ 0.0054 + 1351 2184
4 1000 | 0.0054 | 1388 2462
5 1500 \ 0.0072 | 1472 2669
1 1 [ 444
5 500 | 0.0013 1 875 1492
4 1000 | 0.0059 | 1034 1646
2 1 387
3 500 0.0051 © 1017 1733
4 1000 0. 0098 1 1350 2290
5 1500 0012 “ 1350 2526
1 1 ;1308
2 500 0.00062 | 2458 3385
3 1000 0.0022 | 2736 4472

5 %)

5333

4181

5957

1943
3193

4477

1756
2920
3843

1478
1875

1743
2649
2803

Differential stress (kg/cm?)

5853

3217
4173

1873
2659
3512

1448
2148

1733
2533
2649

'

Ultimate
strength

1009 | (eg/em)

867

3533
5866
1400
3166
4300

700
2975
3885
4654

664
2245
2945
3840

450
1530

498
1900
2340
2963
1773
3421
4532
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D@ht)P - } » Angle of
frtlgaclr?)—at ;E?;.?i gfzsili?xual‘ Strain rate | 21P¢ °f macro-fractures | Behavior of Remarks
fracturing failure |- ~—-——-——-———|deformation
o) G G | Useo 0 20
!
1.35 5.42% 10" S 20°,21°  41° V.B
5.28% 10" o
3. 84 7.1 5.9 | 15 1% 10-5P S 30°,33° 63
7.41%107° o
6.64 1.8 10.2 | "0l 70ep S 35°,37° 72 T
1.45 3.38%10°° w 14° V.B
1.55 S 52° B
2.8 7.6 6.4 N 35°,30°  65° T
6. 68X 107" —
5.45 15.7 14.1 11, 2 % 10-5P N 75° T~D
1.0 | 2.85X1070 CHE 60° V.B
1.82 1.6 5.93%X 107 s 60° V.B
8.09%10°
4.55 8. 4 6.8 | g 92 % 10~P ) 30°,32°  62° B
0.88 3. 66X 1070 w 38° V.B
2.3 | 7.28%1078 N 27°,26°  53° B
7.18% 10
2.6 6.4 5.7 | 9 89%10-5P N 30°,33°  §3° B
1.0 2.4 2.1 3.4X107° w 12°(18°) 30° V.B
4.4X107° 25°9~26° 51°
2.26 6.3 1. 3% 10~P S 35034  §9° B double peaks
3.8x 1078 29°~27° 56°
2.47 11.6 1 3% 10_;1, N 302\’342 §4° B double peaks
3.4%10" 41°~39 o
2.93 127 1 4% 10~P N 390~40° 80 T
1.2 2.6 w 20°,21°  41° B
| 4.6X 107 36°,37°, 64
2.54 13.6 13.0 |4 A% 10~P S 28°.39° 719 B double peaks
L34 116  10.5 | 5°0%107 s 34,330 79 T
. : -5 1 1.4x107*P ’ ;
. 5.6%107° o
5.22  12.4  1L2 |3 570-p S 34°,28°  §2° T
1.0 1.9 1.6 | 2.6X107° w 26°,25°  41° V.B
-5
2.5 1.0 134 | 35X0p | F 40° (80%) T
5.8%107°
14.4  13.6 Lax1o-p F D
1.3 2.2 1.9 | V.B
6.0%107° 31° 62°
3.0 10. 6 11.0 1. 3% 10~4P S 339,320 65°
5.4X 1078
4.0 13.6  12.8 | {35 10~p F | (84%) |
4.4% 1075 ‘ i
3.1 10.9 9.4 | 1 5% 10—P F | :
1.2 3.4 3.0 | 3.4X1075 w 0°~14°  28° V.
1.85 4.0 3.5 | 3.4X107 } S 13°,21°  34° .B
2.2 4.8 4.4 |2.8x10% | s 22°,24°  46°



Differential stress (kg/cm?) :

N ek presmare’ hortening  at s
for index at confining
(kg/cm?) ~ pressure Cle Zee Sean 100
1 1500 0.0043 , 3204 5092
5 2000 0.0059 ' 3395 5234 5753
898 HSF 1 1 1600
2 500 0.0019 2253 3780
3 1000 0.0025 2913 5093
4 1500 0.0025 & 3440 6100
5 2000 0.0046 - 1847 5333 6167
8§99 HSG 1 1 800
2 500 0.0028 1367 2204 1894 2243
3 1000, 0.0049 I 1867 5500
4 1500 . 0.0077 1867 4917
5 2000 | 0-0098 @ 1550 4467
S100 HSH 2 1 \ 800
3 500 ‘ 0.00064 | 2250
4 1000 | 0.0033 1967 4100
5 1500 ’ 0.0057 . 2250 5500
s87  XC 29 1
26 500 1,19 1073 } 2254 2050
107 500 | 3841070 | 2089 g
52 1000 | 5.7X107* | 2769 3887 3279
9 1000 0.4x10 | 2820 3860
’ 3124
14 1000 4.4%X107° 2798 3201
. 2487
34 1500 7.0X107® | 2509 3770 4308
39 1500 9.1x107? 3962 4573

‘ 2415

Ultimate
strength

(kg/cm*)
5582
6368
1740
3800
5363
6660
7273

1100
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Ductility—~ Ancle of
strain at Total Residual T ¢ ngle ? Behavi f
macro- strain strain Strain rate ype © macro-fractures ehavior o Remarks
fracturing i failure deformation
(%) GO 0D | Useo 0 26 !
3.1 9.5 9.4 | 3.0%X10p7® S 32°,30°  62° B
3.4%107% double
4.1 13.2 | 1705 1g—p S 339,31°  §4° fractures
1.1 1.1 2.3% 1075 w 15° 30° V.B
Q (o]
216 4.6 3.7 |2.9%10" S %§Ia§6 43°~47° . B
2.67 6.0 5.4 | 3.0%X107° S 28°,25°  53° V.B
2.70  11.4 3.0%10-5 S 339,34°  67° V.
3.5 9.9 | 3.2X107% S 33°,36°  69° B
L2414 ' 5.0% 107 W 17°,19°  36° V.B
5.4X1079 22°,19°  41°
2.14 12.0 Lo | 7 3% 10-4P S 36°.30°  66° V.B double peaks
2.22 2.22 3.2X107% S 25°,25°  50° V.B
2.97 3.4X1073 S 30°,31°  61° V.B
3.64 | 3.2X107° S 30°,34°  64° V.B
1.44 1. 44 [ 5.0%x1073 w 22°,22°  44° V.B
s 22°,23° o
1.76 3.2%10 S (255} 46 V.B
2.05 L 3.4X107° S 24°,28°  52° V.B
2. 44 3.0%107° S 30°,28° 58° V.B
0.73 | 2.7X107% w V.B  |4th gear
3.5% 108 _
1.53 2.85  2.40 l e 1n— S 25° 50° B 4th gear
1.2x107°P Repeated
1.99 2.18 3.7x107° B ffoad
s th gear
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IV. 2 Argillaceous rocks

Oligocene argillaceous rocks

Tested specimens are XA (S85) : Tokuman shale, Nishisonogi group, northwestern
Kyushu ; HSH(S100) : Mikaeri shale, Kishima group from Nagasaki Prefecture ; ZW
(S84) : Hayama group siltstone; JT (S14) : Shirasaka shale, Shiramizu group, Joban ;
KSA(S1) : Charo shale and KSC(S3) : Shakubetsu shale from Kushiro, Hokkaido.
Except Hayama siltstonea nd Shirasaka shale, they all are hard black shale. Tokuman
shale is very brittle up to 1500kg/cm? of confining pressure and has strength more than
9000 kg/cm? at 1500 kg/cm? confining pressure. The three shales from northern and
southern ends in Japan, HSH(S100), KSA(S1), and KSC(S3) are quite similar in
behavior of deformation and strength. These three are very brittle at 1 or 1000
kg/cm? confining pressure, and brittle at 500 to 1500kg/cm? confining pressure.
They have ultimate strength about 1500 and 5000kg/cm® at 1 and 1500kg/cm?
confining pressures, respectively. The fracture of the above four shales exhibits
clearly wedge type and sharp single shear of small angle through every confining
pressure. Comparing with these hard shale from Kyushu and Hokkaido, the argill-
aceous rocks from the basins along the Pacific coast are more ductile and weak.
Shirasaka shale and Hayama siltstone are brittle up to 500kg/cm? confining pressure
and they turn into transitional behavior at 1000 kg/cm?. At 1500 and 2000 kg/cm?
of confining pressures, both do not produce fracture, although the tests were
continued up to strain 17% and up to more than 20%. Hayama siltstone, grey,
well sorted, 36.3% in porosity, exhibits single shear fracture type at 500 kg/cm?. At
1000 kg/cm?, it also forms single shear with a faint trace of network deformation
bands (PL.3). In Fig. 22, relation between ultimate strength and confining pressure
of six Oligocene rocks are shown.

Lower Miocene argillaceous rocks

As the argillaceous rocks as old as Burdigalian stratigraphic units, we have
two groups; the first group consists of different formations among Yunagaya
group, Joban coal field; and the other consists of samples of Onnagawa horizon
in Nagano, Niigata, Yamagata and Akita Prefectures in northeastern Honshu. In
addition, a shale from Nishikurozawa formation that is immediately below the
Onnagawa in stratigraphic section is taken into this units.

Honya claystone, IG(810) from Yunagaya group is a little tuffaceous. It is
very porous and ductile rocks. At 200kg/cm® confining pressure, it becomes
transitional and exhibits network failure type. At 300kg/cm? it produces no
fracture. Two Mizunoya siltstones, JE (S11) and IB (S12) are also very ductile
and weak. However, mode of stress-strain curves is a little different. JE (511)
shows visco-ductile behavior at 100 and 200kg/cm? confining pressures, while IB
(S12) does transitional behavior at 50 and 100kg/cm? confining pressures. Both
flow at extremely low confining pressure, less than 50 or 100kg/cm?. It seems
unreasonable that Honya claystone is stronger and more brittle than Mizunoya
siltstone, which is older than Honya in stratigraphic section. Possibly, this is due
to the petrological characteristic of Honya claystone, that is, which is more
compact, finer grained and less porous than Mizunoya siltstone.

Auxgillaceous rocks from the northeastern Honshu are generally much stronger
and more brittle than those from the Joban area. Bessho shale, XIL (569) which
is also a typical black shale of Onnagawa horizon but a little porous, is very
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brittle up to 500 kg/cm? confining pressure. Aosawa shale, ZK (836), more porous,
presents more ductile behavior. ZK (a) consists of black shale. It is brittle at 500
and 1000kg/cm?® confining pressures, but has less strength than Bessho and
Nambayama shales, ZD(547), (Fig.49). At 2500 kg/cm? confining pressure it becomes
perfectly ductile and flows. ZK (b) consists of shale and tuff at the other end. This
presents a different mode of stress-strain curves. It is more brittle in mode of
deformation than ZK (a), while it tends to moke network fracture type in
part of tufl material than shaly part, (PL.7). NJ(S33), SBD(S27), SBC(826), and
SCC(S830) are shale belonging to Onnagawa formation in Akita Prefecture. They
are from the same stratigraphic unit and show similar outlook in lithology.
However, they differ in strength and ductility. In Figs. 33,34,35 and 36, stress-strain
curves of 4 shales are shown. The difference might be resulted mainly from
porosity. N J(833) and SBD(S27) are little porous about 2% at most, while SBC
(526) and SCC(S30) have porosity around 25 and 30%. The former two are very
brittle and strong, while the later two are extremely ductile and weak. SBC(526)
and SCC(S30)are transitional as low as 500kg/cm? confining pressure, and show
ductile behavior above 1500 kg/cm?®. They are almost similar to Honya claystone
of Joban area in strength and mode of deformation.

SCE (S32) was taken from Nishikurosawa formation, dated in the lower part
of Burdigalian, and the oldest shale among the samples described in this section.
It is again strange that SCE(S32) is the weakest and most ductile among the
above-mentioned Onnagawa shales. The porosity is 25.0%, which is about the same
as those of SBC (826) and SCC(S30). The reason might be reduced to a particular
stratigraphic position, in which SCE(S32) had been placed. SCE(832) is found as
thin bed between thick basaltic pyroclastic rocks. Possibly, some effect of surro-
unding thick volcanic material upon the petrological characteristics of the shale
is a cause of weak and ductile property of this sample.

Upper Miocene argillaceous rocks

There are one sample from Sasebo group, northwestern Kyushu, seven from
the middle part of Miura peninsula, southern Kwanto, one from Takaku group
in Joban, one from Otokawa group in Noto peninsula, Ishikawa Prefecture, three
from Shiiya formation in Niigata, one from Teradomari formation in Niigata,
and two from Funakawa formation in Akita Prefecture, as argillaceous rocks in
this geological age.

Kase shale, HSE(S97), that is tight, hard shale from Sasebo group, Kyushu,
is very brittle up to 1000kg/cm? confining pressure. Up to 2000 kg/cm? confining
pressure it is brittle. The fracture type is sharp single shear fracture at all confining
pressures except for atmospheric pressure.

The seven siltstones from Misaki formation, Miura group, have been collected
within the thickness of about 800 m in stratigraphic columnar section. They are
siltstone(Zp(S78) only is finer grained, thus termed claystone), and some: ZT
(S82), ZS(S81), and ZQ (S79) ; include fine sand of volcanic origin. The porosity
ranges between 40 and 45% except one,r ZP(878), which has porosity of 30.2%.
They all have similar stress-strain curve at [, 500, 1000 and 1500kg/cm? confining
pressures. At atmospheric pressure, they are brittle and the fractures are wedge
type. However, at higher confining pressure than 500kg/cm? they exhibit visco-
ductile behavior. In order to study the transition of deformational behavior in
more detail, the experiments were done of ZM (576) at lower confining pressures.
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In Fig. 59, the results are shown. Here, a typical transition from brittle, to ductile
and to visco-ductile, is clearly presented as a function of confining pressure. At 1
and 20kg/cm?, it is brittle, and, at 50 and 100 kg/cm?, it shows fransitional behavior.
At 300kg/cm?, it turns into ductile behavior. Then, it becomes visco-ductile
behavior at higher confining pressures than 500 kg/cm? In Fig. 60, a sketch shows
the outlook of deformed specimens. At 20 and 50kg/cm®s specimens, it is seen
something like shear fractures, but, at 100 kg/cm? and more, no fracture is observed.
The seven Misaki formation rocks have a similar strength versus confining pressure
relation, that is, they are approximately 1500 kg/cm?, 1000kg/cm? 800 kg/cm?® and
200k g/cm? in 10% or ultimate strength at 1500, 1000, 500, and 1 kg/cm? confining
pressures, respectively.

Mushizaki claystone from Otokawa group,X Z(S568) and Takaku group siltstone,
JN (S68) are very porous, ranging 60 and 63% in porosity, and weaker than Misaki
formation siltstone, as shown in Fig. 81. They are more visco-ductile than Misaki
siltstone. JN(S7) shows ductile behavior at 100 kg/cm? confining pressure, which
is observed at 300 kg/cm? on ZM(S76)’s stress-strain curve.

As for argillaceous rocks from Akita-Niigata province, effect of porosity on
strength and deformational behavior is quite clear. Shiiya formation shale, XT
(S64)and Funakawa formation shale, XV (819), are 11 or 129 in porosity, and
both show similar stress-strain relation each other, (Figs. 71 and 77). They arev ery
brittle, brittle and transitional at 1, 500 and 1000 or 1500 (XV), and 1500 (XT),
2000 and 2500kg/cm?® confining pressures, respectively. Fracture types are also
similar : wedge at atmospheric pressure, shear at 500, 1000 and 1500 kg/cm?, and, at
more than 2000kg/cm? network fracture or faint ductile fault. Teradomari formation
shale, NF(S38) has porosity of 15.6% and is a little tuffaceous. It is transitional
as early as 1000 kg/cm?, and at 2000 kg/cm? it becomes visco-ductile behavior. At
transitional stages, it presents good network fracture pattern. ZA (840), one of
Shiiya formation claystones is nearly equal to NF(538) in porosity. However,
deformational behavior is much more ductile. It is transitional as early as 500
kg/cm? confining pressure. It is interesting that ZA (540) is more ductile at low
confining pressure than NF(S38), while NF is more visco-ductile at high pressure
than ZA. ZA (540) does not produce fracture at more than 500kg/cm? confining
pressure. SDA (S48), Shiiya formation claystone and SCB(529), Funakawa formation
claystone are next to ZA(S540) in porosity and ductility. They are transitional at
200 kg/cm? confining pressure, and weaker than ZA(S40). They have network
fracture (SCB), or no fracture (SDA) at 200 kg/cm?.

Lower Pliocene argillaceous rocks

The tested samples, that belong to lower Pliocene, contain three from the
upper part of Miura group, Miura peninsula, two from Taga group in Joban area,
five from Nishiyama and Hamatsuda formations in Niigata, and six from
Tentokuji formation in Akita Prefecture.

About the lower Pliocene argillaceous rocks, strong effect of porosity on strength
and ductility is observed, too. Most samples range between 30 and 60% in porosity.
Two Hamatsuda shales, XQ (862) and XR(S63) have smaller porosity. XQ has
porosity of 20.4% and XR has 7.0%.

XR(S63) is a black shale, and contains thin patch of silty sand. This impurity
in material caused a little irregular stress-strain relation among the specimens
deformed even at the same confining pressure, (Fig.98). It is brittle up to 500kg/cm?,



and, between 600 and 1200 kg/cm?, it shows transitional behavior. Under 500 kg/cm?
confining pressure, failure type is single shear. In transitional behavior, fracture of
network type will occur if the strain goes beyond 10 or 13%. At less strain than
those %, no fracture is produced. XQ (S62) is more porous, more ductile and
weaker than XR(S63). It becomes transitional at 500 kg/cm? confining pressure. It
produced single shear fracture in the test of 8% total strain at 500 kg/cm? confining
pressure. At 1000 kg/cm? confining pressure, it did not produce fracture although
the total strain attained up to 20% in this test.

The remaining 14 kinds of samples show similar strength versus confining
pressure relation, regardless the areas collected (Fig.112). These rocks are Zushi
formation siltstones or claystone, YQ (573), YT(S75), YO(S74) ; Taga siltstones,
JD(S5), JZ(S6) ; Nishiyama siltstones, NC(842), NB(S41), ND(843); Tentokuji
siltstones, NK(S34), SAA(S20), SBA (S24), SCA(S28), XVA(S17), XVB(518).
They show visco-ductile behavior as early as 500kg/cm? confining pressure. SBA
(824) becomes visco-ductile at 200 kg/cm? NK (834) turns visco-ductile at 100 kg/cm?,
and both JZ(S6) and JD(S5) seem to become visco-ductile at 50 ngcmz. Other
rocks have not been tested in detail between 1 and 500 kg/cm?. However such
changes of behavior as the samples JZ, JD, NK, and SBA, are probably common
in the other rocks. Therefore, it might be correct that very porous lower Pliocene
argillaceous rocks, ranging 30 and 60% in porosity, behave visco-ductile at a
confining pressure between 50 or 100 kg/cm?.

Upper Pliocene argillaceous rocks ] o
XA Two samples of Haizume formation, Niigata Prefecture

were tested. They are grey siltstones, 35 or 40% in porosity.
) SEA (851) becomes visco-ductile at 200kg/cm? confining
‘% pressure. We have no data between | and 200kg/cm?. SEB
(552) was tested at atmospheric pressure only.
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IV.3 Arenaceous rocks

Oligocene arenaceous rocks

In the Oligocene arenaceous rocks tested, there are two rocks HSF'(S98) and
HSG(899)from Kishima group, northwestern Kyushu; five, XD(S88), XE(889), XC
(887), XG(891), end XB(S86) from Maze formation, Nishisonogi group, northwestern
Kyushu ; two KSB (52) and KSD(84) from Ombetsu and Urahoro groups, Kushiro,
Hokkaido ; two, JG(S15) and JO(S16) from Shiramizu group, Joban coal field.

Fig. 182 shows a relation between strength and confining pressure of the
Oligocene arenaceous rocks. This Figure indicates that strength-confining pressure
relation for Kishima, Nishisonogi, Ombetsu, and Urzhoro groups is almost similar,
while that for Shiramizu group is considerably different from those of the other
groups. Among Kishima, Nishisonogi, Ombetsu, and Urahoro groups, Kishima
group is the strongest. Nishisonogi, Ombetsu, and Urahoro groups have nearly
the same strength. Since Nishisonogi, Ombetsu, and Urahoro groups are
considered approximately the same in geological =2ge, the above result is quite
acceptable from geological point. However, Kishima group shows larger strength
than Nishisonogi group, although the former is stratigraphically younger than the
lIatter. The reason is possibly due to its small porosity. The porosity of the
samples from Kishima group is about 4. 0%, and those of Maze sandstones are 3
to 12%. The porosities of Ombetsu and Urahoro groups ave 5 or 6%. The porosity
of JO(S16), Iwaki sandstone, Shiramizu group, is 30%. Therefore, the difference
among the strength-confining pressure relation for arenaceous rocks might be
reduced mostly to effect of porosity as well as in case of argillaceous rocks.
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HSF (S98) and HSG (899) from Kishimz group are very brittle up to 1000
or 1500 kg/cm? confining pressure and brittle to 2000 kg/cm?. The fractures are sharp
cut single shear fractures. Five samples of Maeze sandstones were collected
from the layer of about 300 m . in thickness and the rock materials are quite
similar. They are grey medium sandstones ranging 1.0 to 0.3mm in the greatest
grain size. The sorting of grains is quite well. They are very brittle or brittle to
1000 or 1500 kg/cm?. They present very brittle behavior at atmospheric confining
pressure, brittle behavior with clear cut single shear at 500 and 1000 kg/cm?,
and turned into transitional behavior having conjugate shear fractures meking an
angle of 75 degrees at 1500 kg/cm?. At 2000 kg/cm? there are still transitional,
without fracture, and, at 2500 kg/cm?, they become ductile and are not accompanied
with any fractures. The rocks from Hokkaido, KSB(S2) and KSD(S4), behave
similarly as Maze sandstones, but 2 little more brittle. They are brittle up to
1500 kg/cm? confining pressure. At 2000 kg/cm?, KSB(S2) seems to be changed into
transitional behavior without fracture.

The sandstones from Joban area, JO(S16) and JG(S15) are very ductile. JO
(516), Iwaki sandstone, becomes ductile and produced no fracture. JG(S15), Asagai
sandstone, is trensitional zbove 300kg/cm?® confining pressure without fracture.

Lower Miocene arenaceous rocks

Six lower Miocene arenaceous rocks from Sasebo group, northwestern Kyushu
and Onnagawa-Nanatani formation, Niigata-Akita province, show almost similar
strength-confining pressure relation, (Fig. 183). The strengths arve approximately
between 5000 and 3000 kg/cm?, 4000 and 2000 kg/cm? 3000 and 1400 kg/cm?, and
1000 and 500 kg/em?® at 1500, 1000, 500 snd 1 kg/cm? confining pressures, respectively.
Your rocks from Sasebo group are collected according to the stratigraphic order from
below, HSA(S93), Ainoura formation sandstone; HSB(S94), Yunoki formation
sandstone ; HSC (895), Sechibaiu formation sandstone; and HSD(S96), Fukui
formation sandstone. The strength and ductility decrease according to this strati-
graphic order except the case of HSD(S96). HSA(S93) is brittle up to 1500 kg/cm?
confining pressure and has strength 3885 kg/cm? at 1000 kg/cm? pressure. HSB(594) is
also brittle to 1500 kg/cm? but the strength at 1000 kg/cm? is 2945 kg/cm?. HSC
(895) and HSD(S96) zre changed almost to transitional behavior at 500 kg/cm?.
HSC(S95) turns into ductile =2t 1000 kg/cm?. HSD(S96) is a little stronger than
HSC(S95), although the former is younger than the latter in the stratigraphic
order.

Z.C(S37), Nanatani formation sandstone, collected from the northern part of
Niigata, is brittle up to 1000 kg/cm?, at which it produces single shear fracture
inclined at zn angle of 30 degree. At 1500kg/cm?, it changed to transitional
behavior and made conjugate shear fractures of 31° or 40° in angle. SCD(S31),
Onnagawa formation sandstone from Akita shows very brittle behavior at 1 and
200kg/cm?.

Upper Miocene and Lower Pliocene arenaceous rocks

The rocks in this section include one of Teradomari formation, four of Shiiya
formation, five of Hamatsuda formation, one of Tentokuji formation (the above
eleven rocks are from Akita-Niigata province) ; two from Tekaku and Nakayama
groups in Joban arca; and one from Zushi formation in southern Kwanto area.

Among the rocks in this section, those from the Joban and Kwanto arcas are
more ductile and weaker in strength, similarly to the case of argillaceous rocks
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(Fig. 184). Among the rocks from Akita-Niigata area, Shiiya formation sandstones
are the strongest, Hamatsuda formation sandstones are next, and Teradomari and
Tentokuji formation sandstones are the weakest. Shiiya sandstones, SFB(S59), SEF
(856), SEG(857), and SDC(S50) are transitional at 200 (SFB, SDC) or 500 (SEF)
or 1000 kg/cm?(SEG) confining pressure. They did not produce any fracture under
transitional and ductile behavior. Hamatsuda sandstones, SEC/(S53), SED(S54), SEF
(555), SFA(S58) and XS(865) are more visco-ductile. They become transitional
as early as 200kg/cm? except SED(S54), which is trensitional at 500kg/cm?, and
turn into visco-ductile at 500 (SFA, SEC and XS),or 1500 (SEE) kg/cm? confining
pressure. SED (S54) only keeps transitional behavior until 2000kg/cm?. The
Hamatsuda sandstones are not accompanied by fracture under transitional behavior.
The ultimate or 10% strengths of Hamatsuda sandstones are between 1800 and
1400 kg/cm?, end 1000 2nd 500kg/cm? at 1500 and 200 kg/cm? confining pressures,
respectively. The Tentokuji sandstone, SBB(S25), behaves visco-ductile from 1 to
1000 kg/cm? confining pressure. Teradomari formation sandstone, NE(S39), is very
ductile, too. It becomes transitional at 200 kg/cm? and ductile at 300 and 500 kg/cm?
confining pressures. The more ductile behavior and weaker strength of SBB(S25)
and NE(S39) are attributed to the larger porosity. The porosity of NE(S39) and
SBB(S25) are 30 and 55% respectively, while those of other rocks of the same age
range between 10 and 25%.

JM(S8), Takaku sandstone and JL(S9), Nakayama sandstone are very ductile.
They become ductile possibly at 50 kg/cm? (JM) or a little more. Zushi sandstone,
YP(S72), is very weak, but shows somewhat brittle hehavior. It is brittle at 1000
and 1500 kg/cm? confining pressures. JM(S8) and JL(S9) are around 400kg/cm? or
a little weaker at 200 kg/cm? confining pressure .YP(S72) is the wezakest in strength ;
550 kg/cm?* and 440 kg/em? at 1500 2nd 1000 kg/cm? confining pressures, respectively.
The above three sandstones flow under all confining pressures tested except
atmospheric pressure.
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IV. 4 Pyroclastic rocks

Fig. 207 denotes the relation between strength and confining pressure of the
tested pyroclastic rocks. It also seems, that porosity is the most important factor
to determine the strength and ductility. Three rocks, XO(866), Nishiyama formation
tuff ; XF(S90), Uridake formation tuff, Nishisonogi group ; and XIN(570), Kimyozan
tuff from Matsushiro, Nagano Prefecture, are less than 10% in porosity. These
rocks are the most brittle among tested twelve pyroclastic rocks (NG (S44), Hozumi
tuff of Teradomari formation, was deformed 2t atmospheric pressure only). XO
(866) and XF(S90) become transitional at 1000 kg/cm? and XIN (S70) becomes
transitional at 500 kg/cm?. XO(S66) and XF(S90), both. fine-grained compact tuff,
tend to make network type fracture. XO(S66) produces conjugate shear fractures
at 500 kg/ecm? in brittle behavior (or nearly transitional). XF (S90) presents a
typical network in the part that contains much tuffaceous materials. In the above
rocks, an effect of grain size upon strength and ductility is also an important
factor. XO(S66) is the most fine-grained, XF(S90) is next and XIN(S70) is medium
sand-grained.

ZU (883), Hayama group tuff has the porosity of 36.3%, but it is very fine-
grained. NH(S45), Katsumi tuff of Teradomari formation, is very fine sand-grained
tuft with the porosity of 14.09. ZU(S83) and NH(S45) are next strong and brittle.
They become transitional at 500 kg/cm? and turn into visco-ductile at 1500 kg/cm?
(ZU) or 2000 kg/cm? (NH). ZU(S83), finer-grained tuff, is found with network
type of fractures at 500 kg/cm? under transitional behavior, while NH(545), a little
coarser-grained tuff, presents single shear fracture from 500 to 1500 kg/cm? confining
pressure. SDB(549), Shiiya formation tuff, SAD (523), Funakawa formation tuff, NI
(S35), Nampeizawa tuff, SAC(S22), Nanakura tuff, and SAB, Tentokuji formation
tuff, are fine to coarse sand-grained tuff with. porosity ranging from approximately
40 to 16%. They are visco-ductile at low confining pressure. SAD(S23) is visco-
ductile behavior at 600 kg/cm? and others are visco-ductile approximately at 300
kg/cm?.
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IV. 5 Voleanic rocks

Because volcanic rocks were experimented incidentally, the tested rocks here
are limited to a kind of sheets or lava flows that are found among the clastic
sedimentary rocks in the studied area. The tested rocks contain one basalt.
three andesites, and two liparites.

Ohtawa basalt, XM(592), is upper Pliocene basalt that develops over a wide
area in northwestern Kyushu. It is brittle up to 1000 kg/cm? (Fig. 209). It produces
network fractures at 500 and 1000 kg/cm?.

Among the andesites, XP(S67), Nishiyama formation andesite, is the most
brittle and strongest. This is brittle up to 2000 kg/cm? confining pressure, and its
strength is about 7000 kg/cm? and 5000 kg/cm? at 2000 and 1000 kg/cm? confining
pressures, respectively. Of this rock, produced fractures are of network type from
500 to 2000kg/cm? Other two andesites show different curves. Minagamiyama
andesite, XIP(S71), is brittle up to 1000 kg/cm2. However, at 1500 and 2000 kg/cm?,
it becomes visco-ductile. Tsugawa formation andesite, SFD(S61) is 2 loose cemented,
dirty andesite. It belongs stratigraphically to green tuff horizon. The tested
pressures are 1 and 500 kg/cm? only. As far as up to the tested pressures, it is
brittle. XIP(S71) tends to be of network type under brittle behavior (1000kg/cm?).

Liparite samples show visco-ductile behavior comparatively. Taki liparite, JB
(S13) becomes transitional at 1000 kg/cm?. Nanatani formation liparite, SFG(S60)
is transitional at 1000 kg/cm?, too. SFG(S60) shows a similar change as XIP(S71;.
At 1500 kg/cm?, it seems to be more visco-ductile. JB (S13) shows network type
fractures at 1000 and 1500 kg/cm?. SFC(S60) shows network type fractures at 1000
and 1500 kg/cm?.
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Fig. 208 Stress-strain curve for Taki formation liparite, JB(S13).
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V. Discussion

V. 1 Deformational behavior and strength

It has been known that the rocks are brittle at low confining pressure, and
as confining pressure increases, the behavior of deformation becomes ductile
(ROBERTSON, 1955 ; HANDIN and HAGER, 1957 ; PATERSON, 1958 ; MOGI, 1966). MOGI
(1966) found out a simple rule of tramsition from brittle to ductile behaviors.
BYERLEE (1968) clarified the rule further. BYERLEE's work is based upon the
observation that, in brittle behavior, the stress-strain curve shows remarkable stress
drop after the yielding, while, in ductile behavior, the stress strain curve shows no
visible stress drop. According to this basis, BYERLEE calculated the frictional force
along the fracture plane. BYERLEE showed that an almost linear relationship exists
between normal stress and shear stress along the fracture planes thus determined,
and that this line is closely agreeable with the boundary line between brittle and
ductile behaviors in cases of silicate and carbonate rocks.

In order to study the transition from brittle to ductile, we also based on the
frictional hypothesis. However, the method is different from BYERLEE’s method.
BYERLEE calculated normal and shearing stress along the already produced planes.
Moreover, he used a conventional method in the calculation. He put the fracture
angle 6 as 30 degree for all cases. However, we tried to find out the initial
friction along the macrofracture-planes when the macrofracture is about to be
formed. MOGI(1964) and etc indicated that the angle of macroscopic fracture is
not constant, but increases as confining pressure increases. we, also, obtained the
result that this relation is varid for all tested rocks, (Figs.251, 252, 253, and 254).

When an ultimate point is clearly shown on the stress-strain curve, it is
probable that macrofracturing occurred at the ultimate point. Normal and shearing
stresses along the fracture plane inclining @ to compressional axis are given by the
next equation.

r=—;— (o1—0oy) sin 2@eirieriiniiiiiiiiiiin 5.1

o=1 (o1+o9)—1 (1= a3) cos 20 oo (5.2)

where oi—o; is ultimate strength, and o3 is confining pressure. Clompressional
stress is taken positive.

we obtained oy and oy from the experimentation and € by measuring the
deformed specimens. Precise measurement of the angle is something difficult. It was
measured as carefully as possible so that the figures obtained can represent an average
value of the fracture of a specimen. The measured angle is shown in Table 4.
The calculation was made for the test, in which the point of ultimate strength is
known on stress-strain curve. The points indicated by the calculated ¢ and o are
usually below the points determined from Mohr envelope (points P, Q, R in Fig.
221). The results for argillaceous, arenaceous, pyroclastic, and volcanic rocks are
shown in Fig. 222, 223, 224 and 225, respectively. On each point determined on
the o —rt co-ordinates, the mark showing the mode of deformation is drawn. We
find in these figures that a simple curve separates very brittle and brittle marks
from transitional and ductile marks. This, line is called the boundary from brittle
to ductile. The inclination of boundary line is approximately 0.8 for t/o at low
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pressure, and 0.65 for /o at high pressure for argillaceous rocks. For arenaceous
rocks, /o along the boundary lines is a little high, that is 0.8 and 0.7 at low and
high pressures, respectively. Pyroclastic rocks show the highest value of t/o, that
is, 1.02 or 1.03 at low and high pressures, respectively. For volcanic rocks, the
ratio /o lies between pyroclastic and arenaceous rocks, 0.9 to 0.75 from low to
high. pressure. Fig. 226 shows the boundary lines from brittle to ductile for four
kinds of rocks for comparison. The line showing friction along already fractured
plane for carbonate and silicate rocks by BYERLEE is shown in the same diagram
for reference.

It is very interesting that transition from brittle to ductile is closely related
to the ratio t/o. The ratio is not the same for all kinds of rocks, but differs
among the kinds of rocks. The ratio /o is related to the internal frictional force
along the fracture planes at the fracturing. The above results indicate that brittle
fracturing requires more shearing stress under the same normal stress to make
fracture than in ductile behavior. In Fig. 226, it is indicated that, for the same
t/o, argillaceous rcoks are the most brittle, arenaceous rocks are next brittle,
volcanic rocks are next, and pyroclastic rocks are the most ductile.

The transition from ductile to visco-ductile behavior is expressed by a simple
relation, too. In Figs. 227 to 230, the transition lines on confining pressure-strength
co-ordinates for argillaceous, arenaceous, pyroclastic and volcanic rocks respectively
are shown. As shown in Fig. 232, argillaceous rocks are the least visco-ductile,
especially at high confining pressure, arenaceous rocks are mnext visco-ductile.
Pyroclastic and volcanic rocks are more visco-ductile than the former two.
Pyroclastic rocks are more visco-ductile at low confining pressure and less visco-
ductile at high confining pressure than volcanic rocks.

o
\N’“

N 20 /\\

) SR
e (040 —

Fig. 221 A diagram showing how to find the respective
points P, Q, R, and so on, from the measured
angle 26 and principal stresses ¢, and ¢, on a
-t co-ordinate.
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Fig. 226 The boundary lines from very brittle and brittle behaviors to transitional and
ductile behaviors for each kind of rocks. A, for argillaceous rocks; B, for
arenaceous rocks; C, for volcanic rocks; and D, for pyroclastic rocks. " E is the
line for ths friction along pre-existed fracture plane of carbonate and plutonic
rocks cited from Byerree(1968).
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V. 2 Angle of fractures

In Fig. 233, value of observed 20 for argillaceous rocks is plotted at the
respective points on the o —t co-ordinate as Fig. 222. It is indicated that the value
increases in regular arrangement towards right-lower direction. The contour lines
for 30, 40, 50, 60, and 70 degrees were drawn on the chart as Fig. 234. In the same
way, those for arenaceous, pyroclastic, and volcanic rocks were drawn as Figs. 235,
236, and 237. Fig. 238 is for all rocks tested.

In these figures, thin lines are determined by the following formula:

,u=t‘/¢r=c0t L XTI TCITITO (5.3)
We see that both thick and thin lines are almost the same between 30 to 40
degrees, but the difference tends to increase as the angle increases.

The observed angle is smaller than that given by the formula (5.3). It is
expressed empirically as follows:

= cOt (20— ) verereeenins (5. 4)

Here, 4 is the difference. For argillaceous rocks, both lines are nearly parallel
between 30 and 40 degrees, but the difference amounts about 8 or 12 degrees
for 60 or 70 degrees of 20. For arenaceous rocks, the difference is larger than
for argillaceous rocks. Even at 40 degrees, the difference is counted about 6 degrees
and, at 60 or 70 degrees, it is about 14 or 17 degrees. Most specimens, that were
deformed at atmospheric pressure, show wedge type fracture pattern. In this case,
the angle of fractures shows different values ranging 0 to around 20 or 30 degrees,
and here the maximum value was measured and noted as in Table 4. Therefore,
the lines from the observation around low pressure are exceptionally larger than
that from the formula.
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Fig. 233 Angle of fractures for argillaceous rocks plotted on ¢-r co-ordinate.
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Fig. 234 Angle of fractures for argillaceous rocks on ¢-t co-ordinate, shown in contour
lines (thick lines). Thin dotted lines show those determined by formula (5.3).
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Fig. 235 Angle of fractures for arenaceous rocks on ¢-v co-ordinate. Thick lines are
from measured angle, and thin dotted lines are from formula (5.3).
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Fig. 237 Angle of fractures for volcanic rocks on ¢-t co-ordinate.
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Fig. 238 Angle of fractures for all rocks tested. Thick lines are from measured angle,
and thin dotted lines are from formula (5.3).

V. 8 Strain at fracturing

There is a comparatively regular relation between friction and strain at
fracturing. The relation is plotted on diagrams, in which the strain & and the
ratio u=t/o are shown on abscissa and on ordinate, respectively. The diagrams
were drawn for argillaceous, arenaceous, pyroclastic, and volcanic rocks in Figs.
239, 240, 241, and 242, respectively. It is indicated that the ratio p decreases
rapidly as the strain increases. In case of argillaceous and aremaceous rocks,
comparatively more data were available. It seems that the points are arranged on a
simple curve within a narrow zone except a few points. We obtain an empirical
formula as follows to express the curves.

p=cot (a=f@)-wrereree (5.5)
where “a” is a constant that is determined empirically for a kind of rock, and & =
cot B. The thick lines in Figs. 239 and 240 are represented by the above formula,
in which the values of “a” are determined 66°00' and 67°53', respectively, for
argillaceous and arenaceous rocks. For pyroclastic and volcanic rocks, data were not
enough to decide the relation. The values of “a” for the thick lines in Figs. 243 and
244 are 63°26' and 65°46/, respectively.

If formula (5.5) is valid, the strain may be expressed on the o -t co-ordinate
as in case of the angle of fractures. In Figs. 243,244,245 and 246, the strain at
fracturing was plotted on the o -7t co-ordinate for argillaceous, arenaceous,
pyroclastic, and volcanic rocks, respectively. We, again, find regular arrangement
of the strain, which increases towards right-lower corner direction. In Figs. 247
and 248, the contour lines were drawn for argillaceous and arenaceous rocks. In
both figures, the lines deduced from the equation (5.5) were shown as thin lines. We
see the both lines are approximately parallel. Figs. 249 and 250 show the relation
between angle of fracture 20 and strain. Most points are found in a zone decided
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by thin dotted lines. Here, from formulas (5.3) and (5.5),
=g — 3 rrereeiien (5' 6)
The thin lines in both figures show this relation. As it is shown in the figures,
the curves are not agreeable with observed data. However, if we correct it by
empirical relation of formula (5.4), the curves run through the middle of the
zone decided by the thin dotted lines.
Thus, 20=a—B8+Fdeemeee (5.7)
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Fig. 239 Relation between the calculated internal friction #, and the measured strain at
the fracturing e, for argillaceous rocks. The thick line shows an empirical
formula, g=cot (66°— ), e=cot S.
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thin dotted lines are calculated from the formula in Fig. 241 for argillaceous
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V. 4 Failure type

It has been shown that the mode of deformestion chenges under a certain.
relation from brittle to ductile, and from ductile to visco-ductile as a function of
confining pressure. Here, we describe how failure type changes with deformationsl
behavior.

Fig. 255 shows the frequency of failure type in each mode of deformation in
cases of argillaceous, arenzceous, pyroclastic, end volcanic rocks. In very brittle
behavior, the most frequent failure type is wedge, which attains to 52.1%, 48.3%,
88.2%, and 83.3% in cases of argillacecus, srenacsous, pyroclestic, and voleanic
rocks, respectively. In cases of argillaccous end arenaccous rocks, 2 single shear
type occupies most of the rest part, that is, 47. 9%, or 48.3%. In case of pyroclastic
rocks, the rest 11.89 is shered with. a single shear type. In case of volcanic rocks,
the rest 16.7% is occupied with network type. In general, more than about 85%
is either wedge or single shear type for very brittle deformation. Most of wedge
type are observed in the tests zt atmospheric confining pressure. We observed 66
cases of wedge type fractures, of which 65 cases were from the tests at atmospheric
pressure, only one was observed for SCC (S30) at 200 kg/cm? pressure, (Iigs. 260-
263).

In brittle behavior, single shear type prevails, wedge type is still next
predominant, and network type appeers 2 little. Single shear type is counted 65.9
%, 70.3%, 57.1%, and 36. 49 in cases of argillaceous, arenaceous, pyroclastic, and
voleanic rocks, respectively. Wedge type is 27.3%, 10.8%, 28.6%, end 9.1% in
ceses of argillaceous, arenaceous, pyroclastic, and volcanic rocks, respectively. The
rest is occupied with network type. In case of volcanic rocks, 54.5% is network
fractures. Even in brittle deformation, more than 80% ore ecither single shear or
wedge type fractures, except volcenic rocks.

Transitional deformation is zn intermediate state between brittle and ductile
deformation. Failure types, too, src of intermediste character in transitional
deformation. The composition of the failure types is, however, quite different for
each kind of rocks. In cases of argillaceous and erenaceous rocks, about 85%
consists of either network or flow type. In case of =rgillaceous rocks, flow type is
45.5%, network type is 39.4%, and the rest 15.29% is single shear type. In case
of arenaceous rocks, 80.6% is flow, 6.5% is network, and 12.9% is single shear.
Pyroclastic rocks have 42.99% of single shear, the rest half is composed of 28.6%
of flow and 28.6% of network. The voleanic rocks of this deformational behavior
are only 4, all of which belong to network type. In transitional behavior, type
of failure of argillaceous and arenscecus rocks sesms to be near to ductile
characteristics while that of pyroclastic and volcanic rocks ave rather of brittle
characteristics.

In ductile deformation, most are of flow type in 2ll kinds of rocks. Exception
is three cases of ergillaceous rocks. One is seen on JN(S7) at 100 kg/cm? test, and
the other two are on SRA (S24) at 1000 and 1500kg/cm? tests. The observed
fractures in these cases zre of single shear type. Macroscopically, the nature of
fractures are not so much different from others. These two rocks are very porous
claystone. JN (57) has a porosity of 63.9%, and SBA (S24) has that of 60.5%. These
values are the highest among all rocks tested. Except these three, 22 argillaceous
rocks, 14 arenaceous rocks, and four pyroclastic rocks are all of flow type.
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In visco-ductile behavior, failure type becomes completely into flow type.
Flow type is shown in all cases of 55 axgillaceous, 18 arenaceous, 13 pyroclastic,
and two volcanic rocks.

It is concluded that, in very brittle and brittle behaviors, wedge and single
shear types are the most predominant, and that, in ductile and visco-ductile
behaviors, nearly 100% is flow type. The failure type in transitional behavior is
more similer to that of ductile behavior in argillaceous and arenaceous rocks but
simi lar to that of brittle behavior in pyroclastic rocks. Volcanic rocks deform
in a different manner with the predominant development of network type in
brittle and ductile behaviors.

The distinction between single shear and network types seems not to be
essential. The single shear in macroscopic observation is often found rather to be
of network pattern, when it is examined carefully on thin section with a microscope.
Under repeating load near the yielding point, it is observed that network fractures
become apparent. Wedge type is formed under compression tests at extremely low
confining pressure. Microscopically, the network fracture pattern is common in
every deformational behavior.

HANDIN (1966) and GRIGGS and HANDIN (1960) defined ductility as the ability
of the material to undergo large permanent deformation without fracture. Figs.
256, 257,258 and 259 show the change of deformational behavior in connection
with the strain at fracturing (that is, ductility) and confining pressure in
argillaceous, arenaceous, pyroclastic, and volcanic rocks, respectively. Also in Figs.
260, 261, 262 and 263, the changes of failure type are shown. In these Figures,
thin dotted lines are the transition boundaries between brittle and transitional
in Figs. 222~225, and 243~248,

In case of argillaceous rocks (Figs. 256 and 260) ; on the strain at fracturing
less than 3.5%, the deformational behavior is completely very brittle or brittle,
and failure type is wedge and single shear; on the strain at fracturing more than
6%, the deformational behavior is transitional without any exception, but failure
is a combination of single shear, network, and flow; between 3.5 and 6.0%, they
are mixtures of transitional and brittle, and of wedge, single shear, network, and
flow. In case of arenaceous rocks (Figs. 257 and 261), on the strain at fracturing
less than 4. 0%, deformational behavior is mostly very brittle or brittle, but failure
type is not so simple; on the strain at fracturing more than 4.9%, deformational
behavior is almost transitional, and failure type is flow with a few exception of
single shear type; between 4.0 and 4.9%, they are mixtures of brittle and transi-
tional and of single shear, network, and flow types. In case of pyroclastic rocks
(Figs. 258 and 262), the diagrams are simpler than the above two. On the strain at
fracturing less than 3.5%, deformtional behavior is very brittle and brittle, while
more than 3.5% strain at fracturing is a transitional region. But failure type is
something complex. On the strain at fracturing less than 3.5%, most are wedge
type, and on more than 3.5%, failure type is a combination of single shear, network,
and flow. In case of volcanic rocks (Figs. 259 and 263), on the strain at fracturing
less than 3.0%, deformational behavior is very brittle and brittle. Failure type
consists of wedge, single shear, and network. On the strain more than 4.4%,
deformational behavior is transitional and failure type is network ; between 3.0 and
4.4%, they are of very brittle, brittle, and transitional in behavior and single
shear, and network in failure type.
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The above results are quite consistent with the results shown in Fig. 255, The
transition of deformational behavior seems to be in good accordance with the
change of the strain at fracturing, while the change of failure type is more
complex. A possible reason is that the change of failure type is continuous in
essentials, but is affected more by the lithology of specimens. On the other hand,
the fracture angle increases in accordance with the strain at fracturing. It is
interesting for better understanding of the mechanism of brittle fracturing.
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DEFORMATION BEHAVIOR AND
FAILURE TYPE

Fig. 255 Relation between failure types and |

deformational behaviors. W: Wedge type,

S: Single shear, N: network, F: flow.
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V. 5 Porosity and strength

Porosity has close connection with the strength of sedimentary rocks. However,
the efiect of porosity is different in each kind of rocks.

In Figs. 264~267, the relation between porosity and strength at 1, 500, 1000,
and 1500 kg/cm? confining pressures on argillaceous rocks are shown. Ultimate
strength is shown on very brittle and brittle behaviors, and for comparison, 10%
differential stresses are used for transitional, ductile and visco-ductile behaviors.
In 1kgem? confining pressure test, there is approximately a linear relationship on
semi-logarithm diagram between the porosity and strength (Figs. 264 and 268).
However, as confining pressure increases, the relation becomes more complicated,
but still keeps a systematic relation. At more than 500 kg/cm?, the rocks less than
20% in porosity behave very brittle or brittle behavior and exhibit one linear
relation, while those more than 30% behave visco-ductile behavior and hold
another linear relation. In geological age, the former belongs to from upper
Oligocene to upper Miocene, while the latter from upper Miocene to lower
Pliocene. This diflerentiation on porosity-strength relation is possibly a reflection
of compaction process of argillaceous rocks.

In arenaceous rocks, a linear relation exists on semi-logarithm diagram as
shown in Figs. 272 and 273, if we take the similar specimens from well stratified
sequence of geologically same area.

In Fig. 274, the relation among strength, porosity, and grain size of pyroclastic
rocks is shown. The strength is affected by both porosity and grain size.
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V. 6 Porosity and axial shortening

In Figs. 276~278, the relations between axial shortening at each hydrostatic
pressure and porosity for argillaceous, arenaceous, pyroclastic, and volcanic rocks
are shown.

In case of argillaceous rocks, some specimens are low in axial shortening,
comparing with their porosity. In general, however there is a tendency that axial
shortening increases as porosity increases.
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V. 7 Depth of well core samples and strength

It has been shown that, for the mudstone of well cores, there is nearly linear
relationship between log ¢ and depth z, (ATHY, 1930; HUBBERT and RUBEY,
1959 ; NAGUMO, 1965). Here, ¢ is porosity. It is estimated that the depth z and
strength S comes in a linear relation because of the linear relationship between
log ¢ and strength S in some argillaceous and arenaceous rocks (cf.5.5). Some of
our specimens were collected from the wells for oil exploration. In Figs. 280~287,
the relations between depth of samples and strength are plotted. We see the
linear relation between them for some examples. The linear relation should be
examined on the same kind of rock at different depths in a well. In Fig. 287, a
linear relation is found on XQ (S62), XR (S63), and XT (S64) (argillaceous rocks
in upper Miocene) of Kambara GS-1 well. The linear relation is observed at 1,
500, and 1000kg/cm? confining pressure strength. Another case for argillaceous
rocks is seen of Sawame-oki well, where SCB, SCC, and SCD may be aligned
on a line in Fig. 280. Of Noshiro GS-1, Fig. 281, we see non-linear relation between
XVA(S17), XVB(S818), and XV (S19). The former two are lower Pliocene, and the

third is upper Miocene. This is possibly due to structural discontinuity between
them.

In case of arenaceous rocks, we see a good result on Shimoigarashi well, where
SEC(S53), SED(S54), SEE(S55), SEF(856), and SEG(S57) tend to be aligned on a
line at 1, 500, and 1000 kg/cm? confining pressure tests (Figs. 285 and 298).
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Fig. 280 Strength versus depth in Sawame-oki well. The alphabets in the figure indicate
the confining pressures; a: 1, b:50, c¢:100, d: 200, e: 300, {:500, g: 1000, h:
1500, i: 2000, j: 2500kg/cm?. O, claystone X, tuff A, sandstone
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V. 8 Elastic wave velocity and strength

In Figs. 288~291, the relation between elastic wave velocity (compressive) and
strength is shown for cases of argillaceous, aremaceous, pyroclastic, and volcanic
rocks. In general, strength increases in proportion to the elastic wave velocity.
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V. 9 Visco-ductile deformation

In experiments, soft and porous rocks are observed to flow under very low
differential stress. This mode of deformation is called “visco-ductile” in this report
(cf. 4.1). The visco-ductile behavior occurs at higher confining pressure than ductile
behavior.

Fig. 292 denotes the confining pressure of ductile-visco-ductile transition versus
the sampled depth of well cores. The tests were carried out at a few kinds of
confining pressure. The tronsition pressure was determined only in the wide range
indicated by the thick lines in Fig. 292. Some samples become visco-ductile at high
confining pressure and some hard rocks were not observed to be visco-ductile. The
range of transition pressure for most of soft rocks, however, is near to the straight
line B, which denotes the overburden pressure in case that the density of rocks
is uniformly 2.5. The rocks in shallow place are usually porous and lighter than
2.5. The probable overburden pressure is very near to the curve A which connects
smoothly the range of transition pressure.

The framework of rock can support the hydrostatic pressure under which the
rock was compacted during a sufficient time. The fragile framework may be crushed
by the higher hydrostatic pressure than formerly applied to the rock. It is considered
that the pressure of ductile-visco-ductile transition indicates the maximum. pressure
formerly applied to the rock over the duration enough for consolidation.

The older rocks, generally, experienced the higher pressure because of
overburden pressure and tectonic stress. The contour lines in Fig. 293 suggests the
maximum pressure formerly applied to the rocks of some ages in various districts.
Hard rocks are climinated from this figure because visco-ductile behavior is not
apparent. Fig. 293 suggests that the applied moximum pressures is the lowest in
the Joban district and lower in the Miura district than in the other districts.

It is considered that the overburden pressure and tectonic compressive stress
were low in the Joban and Miura districts.

Pressure kg/cm?
0 1500 2000

1600

2o

Cegth m
g

Fig. 292 Confining pressure]of ductile-visco-ductile” transition versus sampled depth of well
log cores. The mode of deformation becomes visco-ductile at higher confining
pressure than a certain pressure in the rangs indicated by thick lines. The
straight line B denotes the overburden pressure calculated under the assumption
that the density of rocks is uniformly 2.5. Thz curve A is the rock pressure
which is estimated from the transition pressure.
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Fig. 293 Th: maximum pressure formerly applied to the rocks (contour lines). It is
estimated from pressure of ductile-visco-ductile transition.

V. 10 Stratigraphic level

In Figs. 294, 295 and 296, schematic diagrams show confining pressures, at
which the rocks become brittle from ductile (including transitional), or ductile
from visco-ductile, in connection with the depth of well cores which are sampled
in Akita and Niigata. Fig. 294 was made on argillaceous rocks from four wells
near to Akita city (Fig. 301), and Fig. 295 from four wells in the middle plain of
Niigata Prefecture (Fig. 302). Thick lines are contours of the confining pressure, at
which, the deformational behavior of the rocks changes, and thin lines are the
stratigraphic boundary. The lines of transition of deformational behavior and that
of stratigraphic sequence are almost similar, especially in Akita area. In Noishi-oki
and Sawame-oki wells, the rocks are more brittle, in other words, the transitional
lines are more upward than Noshiro GS-1 well. The stratigraphic levels are also
more upward in the former two wells than the latter. For instance, the base of
Tentokuji formation of Noishi-oki well and Sawame-oki well is respectively 2200
m and 2000 m higher than, that of Noshiro GS-1 well, while the transition line from
ductile to brittle for 50 kg/cm? is about 1000 m higher in Sawame-oki than Noshiro
GS-l, 2nd the line for 1500kg/cm? is about 1000 m higher in Noishi-oki than
in Noshirc GS-1. Only local “abnormal” is seen on SCE(S32), claystone in
Nishikurozawa formation. The Nishikurozawa formation consists of mainly
pyroclastic and volcanic rocks, and SCE (S32) is derived from thin bed within
these rocks. The similarity between the transitional lines and stratigraphic level
is found for ductile-visco-ductile transition, too. One hundred kg/cm? transition line
runs nearly parallel to the top of Tentokuji formation. In Niigata area, such
concordant relation is not so clear, because of lack of sufficient data, although
there is no much contradiction as far as available data is concerned. The concordant
rclation in Niigata area is seen for arenaceous rocks better than argillaceous rocks.
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In Fig. 296, the transition line of deformational behavior offset about 500 m between
the deep part of Masugata znd Shimoigarashi wells, while the top of Shiiya
formation offsets in the same direction about 500 m. For ths depth around 2000
or 3000 m, good concordance is seen for 50kg/cm? transition line and top of
Nishiyama and Shiiya formations in Kambara GS-1, Masugata, and Obuchi wells.

In Fig. 297, porosity-depth relation is shown for argillaceous rocks of Kambara
GS-1 a2nd Noshiro GS-1 and for arenaceous rocks of Shimoigarashi. Also, standard
porosity depth relation for argillaceous rocks in Akita and Niigata zreas zre shown.
The relation for Kambara GS-1, and Noshiro GS-1 zre quite near to the standard
curve in respective area. Therefore, porosity-depth relation for both wells can
be considered to represent approximate standard compaction process in the
sedimentary basin in Akita c¢r Niigata. In Fig.298, strength-depth relation for
argillaceous rocks for Kambara GS-1 and Noshiro GS-1 is again reviewed. The
open circle, closed circle and square show visco-ductile, brittle, and transitional
pattern, respectively, as in Fig. 268.

It is indicated that strength and deformational behavior of the -clastic
sedimentary rocks are related not only to either porosity or depth but to the
tectonics of the sedimentary basin. The accumulative lithostatic and tectonic
stresses are the most responsible for the strength and deformational behavicr.
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Fig. 294 Depth of transition among deformational behaviors at each confining pressure for
argillaceous rocks (Akita district). Thick solid lines, thick dotted lines, and thin
dotted lines indicate the boundary for transition from ductile (including transi-
tional) to brittle, from visco-ductile to ductile, and stratigraphic boundary,
respectively.
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Fig. 298 Strength versus depth for representative wells. (1) is Kambara GS-1, (2)
Noshiro GS-1, and (3) Shimoigarashi wells. The marks, @, ©, and [] show
brittle (including very brittle), visco-ductile and transitional (including ductilc)
behaviors, respectively for argillaccous rocks, and @ shows arenaceous rocks.

V. 11 Tectonic environment

In Figs.299 and 300, the transition among deformational behaviors is shown
in each area studied. In Fig. 299, a schematic relation with geologic age is shown
for argillaceous rocks. A contrast between one group: Kyushu, Kushiro, Niigata
and Akita and the other group: Miura and Joban, is very remarkable. In the
former areas, transition from ductile to brittle at 500, 1000, and 2000 kg/cm? is
pleced in lower Miocene, while, in the latter areas, the transition is placed in
upper Oligocene. The difference is larger in the transition from visco-ductile te
ductile. The 100 kg/cm? line is found at the top of Pliocene in Niigata, in lower
Pliocene in Akita, in upper Miocene in Miura, and in middle Miocene in Joban.
The same relation is also seen for arenaceous rocks, in Fig. 300, and the contrast
between both areas is more obvious. The transition lines from ductile to brittle
at 500, 1000 and 1500 kg/cm? exist in lower Miocene or upper Oligocene in the
former areas, while, in the latter greas, it can be found in the age concerned. The
100 kg/cm? line exists in lower Pliocene or upper Miocene in the former areas,
and it is found in the lower part of Oligocene in the latter areas. The rocks in
the Joban area are so much ductile. “The transition from ductile to brittle is
almost the same pressure (20 or 70kg/cm?) through upper Miocene to upper
Oligocene. This indicates that the depth of sedimentation had been quite shallow
through these geological ages in the Joban area. 200kg/cm? line is placed in
lower Pliocene or upper Miocene in both areas.

Distribution of Tertiary System. in Japan is divided into 12 areas as shown
in Fig. 1, (Geological Survey of Japan, 1960). However, this is not exact expression
in terms of tectonic classification. According to MATSUDA, NAKAMURA and
SUGIMURA (1966), the Japanese islands, in late Cenozoic age, which includes
Miocene, Pliocene and Pleistocene, are divided tectonically into two island arc
systems ; the east Japan island arc system and the west Japan island arc system.
The boundary between two groups is the western margin of Fossa Magna,
Itoigawa-Shizuoka tectonic line. The east Japan arc system has undergone a
series of tectonic movements, and has three tectonic arcs; Kurile, northeast Honshu,
and Izu-Mariana arcs. The west Japan arc system, on the other hand, has been
tectonically stabler than the east system, and has two arcs; southwest Honshu,
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and Ryukyu arcs. Among them, northeast Honshu and Izu-Mariana arcs contain
the thickest sedimentary basins, and experienced the most violent deformation
since Miocene. The southwest Honshu arc is probably older than the northeast
Honshu arc. During Early Tertiary time, two geosynclines existed; the Hidaka
geosyncline trending approximately north to south in central Hokkaido, and
Shimanto geosyncline on the Pacific side of southeast Japan.

Among 12 areas in Fig. 1, Akita (7), and Niigata (9) belong to the northeast
Honshu arc; northern Kyushu (12) belongs to the southwest Honshu arc. Kushiro,
Hokkaido (6) is located south of the Kurile arc. Miura (4) is east of the Izu-
Mariana arc. In the studied areas, Akita and Niigata were an area of thick
sedimentation and viclent deformation in later Cenozoic. Kushiro and northern
Kyushu were off the violent mobile belts in later Cenozoic, and less active in
tectonic deformation than Akita and Niigata. However, Oligccene sedimentary
rocks in Kushiro experienced considerable deformation by an influence of Hidaka
orogeny in early Cenozoic (HOSHINO, 1963). Also, northern Kyushu area was
subjected to tectonic stress through early and later Cenozoic time (HOSHINO, 1967).
Miura Peninsula is near to Izu-Mariana and is considered as an area subjected
to considerable sedimentation and vertical displacement in later Cenozoic. Joban
area was the stablest area among the areas studied. The area has undergone little
folding although it is faulted with lots of normal faults, (FHOSHINO, 1965).

The above comparison indicates that there is 2 good agreement between the
results of laboratory work and tectonic environment for each area except only
one case : Miura Peninsula.
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V. 12 Geologic age and strength

The relation between strength and the geologic age of studied areas is shown
in diagrams. For argillaceous rocks, the relation in northern Kyushu, Niigata,
Akitz, Miura, and Joben, is shown in Figs. 303~310. For northern Kyushu (Fig.
306), shales from the Kishima group, HSH (8100), upper Oligocene, znd from the
Sasebo group, HSE (S97), upper Miccene, show nearly the same strength, whereas
a shale from the Nishisoncgi group, XA (S85), upper Oligocene shows much larger
strength. Fig. 307 for Niigats shows rather complex pattern, which may be caused
by low strength of ZA (540), end ZK (836), or in other words, by high strength
of XQ (562), XR (863), XT (564). Kambara GS-1 well, from which XQ, XR, and
XT are brought, is considered to represent the thickest sequence in the sedimentary
besin of Niigata. Fig. 308 for Akita is also not so simple because of weakness of
SCC(S30), Onnagawa shale and SCE(S32), Nishikurozawa claystone from Sawame-
oki well. On the other hand, NJ (S33), Onnagawa shale from Onnagawa, Oga
Peninsula, shows extremely high strength. SCE(S32) is taken from stratigraphically
abnormal position os already mentioned. Figs. 309 and 310 from Miura and Joban
show rather simple pattern than those for Akita and Niigata. The value of
strength at respective age is nearly similar in both areas. The low inclined lines
of Joban and Miura show possibly a representative relation in comparatively
stable sedimentation areas. In I'ig. 317, a summeary diagram of relation between
strength at 500kg/cm? and geologic age is presented. It is interesting that the
strengths in Akita are very near to those in Miura up to 12 or 13x10° years or,
at least, up to Tentokuji and Katsura formations.

The ergillacecus rocks are divided into two groups; one group of gentle
inclination (dotted line) in stable sedimentation and mild compaction, and the
other of steep inclination (solid line) in thick sedimentation and, probably under
tectonic compression. This line is the nearly same as that presented by one of the
authors previously, (HHOSHINO, 1967 2, b).

In Figs. 311~314, the relation for arenaceous rocks in northern Kyushu,
Niigata, Miura, and Joban is shown. Fig. 311, for northern Kyushu, covers the
age ranging from middle Oligocene to middle Miocene. The rocks from the
Kishima group show larger strength than the Nishisonogi group rocks, which is
older than Kishimz group. Since there is no much diflerence between the porosities
of both groups, this might be attributed to difference in the tectonic deformation.
Fig.312 for Niigata shows rather complex relation. NE (839) is collected from an
outcrop located near to the top of anticline, and it is considered to have been
affected by bending. Tig. 313 shows the very simple relation in Miura. In Fig. 314
for Joban, the relation is simple, and the results are almost same as that from
Miura. In Fig. 318, & summary diagram of relation between strength at 500 kg/cm?
and geologic age of arenzceous rocks is presented. The data from Niigata covers
the scopz from lower Pliocene to upper Miccene and that from Kyushu covers
from middle Miccene to middle Oligocene. The curves would show a representative
relation between strength and age for arenacecus rocks in Japan. On the other
hand, those from Miura possibly indicate another representative relation that
might be applicable for rather stable area in Japan.

Fig. 315 shows strength-age relation of pyroclactic rocks in Niigata. It is
indicated that there is no definite relation in this case. It was indicated in
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previous pages that, for pyroclastic rocks, porosity, as well as grain size, is an
important factor to determine strength. Fig. 316 shows the relation in Akita. For
this case, a simple relation is indicated because three rocks, SAB, SAC, and SAD,
are collected from one boring well, Nishime-oki, and nearly same in grain size.
The inclination of solid line is greater in argillaceous rocks (Fig.317) than in
arenaceous rocks. In the stable basin of Joban, too, argillaceous rocks are more
affected by age than arenaceous rocks (Fig. 310, and Fig.314). The degree of

strengthening of rocks with geologic age, is the greatest in argillaceous rocks,
greater in arenaceous rocks and less in pyroclastic rocks.
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VI. Conclusion

One hundred dry sedimentary rocks, most of which are argillaceous and
arenaceous rocks, ranging Pliocene to Oligocene in age, collected from representa-
tive Tertiary sedimentary basins in Japan, were tested at confining pressures up
to 2500 kg/cm? at room temperature, mostly in a strain rate 107%/sec for the
linear stress-strain part, and 107/sec for part after the yield point. The results
of experiments were summarized in Table 4. The mechanical properties of
sedimentary rocks have a wide range of value and are influenced by many factors.
We tried to study relations among the strength, confining pressure, deformational
behavior, angle of fracture, strain at fracturing, failure type, porosity, grain size,
axial shortening, sampled depth, elastic wave velocity, geologic age, stratigraphic
level, and tectonic environment.

The deformational behavior was classified on a basis of the pattern of stress-
strain curves; very brittle, brittle, transitional, ductile, and visco-ductile. Transition
from brittle to ductile (including transitional) is shown as a simple curve on normal
stress-shearing stress co-ordinate, where normal and shearing stresses are calculated
from the measured angle of the plane of macroscopic fractures of the deformed
specimens. However, the transitional curves are different among argillaceous,
arenaceous, pyroclastic, and volcanic rocks. The ratio of shearing stress to normal
stress to the fracture plane (pu=rt/os) decreases as the angle of fracture and
strain at the fracturing increase (Eq.5.4 and Eq. 5.5).

The mode of failure was divided into wedge, single shear, and network shear
and flow types on a basis of observed mode of appearance. Failure types change
generally in this order as deformational behavior changes from brittle to ductile.
In very brittle and brittle behaviors, wedge and single shear are most predom-
inant, while, in ductile and visco-ductile behaviors, nearly all are flow. In
transitional behavior, the failure type is more similar to that in ductile behavior
in argillaceous and arenaceous rocks and to that in brittle behavior in pyroclastic
rocks.

It was indicated that the transition of deformational behavior seems in good
accordance with the change of the strain at fracturing, while the change of failure
type is more complex. The change among the types of failure is continuous in
essentials.

The strength irnicreases with reduction of porosity caused by compaction. The
strength of pyroclastic rocks are affected by both porosity and grain size. Defor-
mational behavior is also closely related to porosity. The porous rocks flow under
very low differential stress at high confining pressure (“visco-ductile” behavior).
The confining pressure of ductile-visco-ductile transition increases with sampled
depth and seems to suggest the formerly applied maximum pressure. The compac-
tion (consolidation) strengthens the sedimentary rocks remarkably. The sedimentary
rocks are strengthened with the geologic age. The degree of strengthening with
the geologic age is the greatest in argillaceous rocks and less in pyroclastic rocks.

Among the six areas studied, there exists an interesting contrast in deforma-
tional behavior and strength. The rocks in Joban and Miura are much more
ductile and weaker than those in the other areas. The confining pressure of
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ductile-visco-ductile transition and degree of strengthening with geologic age suggest
that lower compressive stress has been applied on the rocks in Joban and Miura
than in the other areas. Ductile character of the rocks from Joban probably
attributed to sedimentation in the shallow sea through late Cenozoic time. These
experimental results are quite agreeable with structural setting of the six areas
except Miura Peninsula, which has been considered as structurally considerably

deformed area.
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Appendix : Description of pyroclastic and volcanic rocks

JB(S13): This specimen was collected from liparite or liparitic tuff beds in
Taki coal bearing formation, the base bed of Yunagaya group in the
Joban coal field. The ground-mass is wholly glassy, and the phenocrysts
consist of quartz, orthoclase, and biotite. The phenocrysts occupy about
10% of the observed area, and range between 0.5 and 1.0 mm in size.

SAB(S21): This is collected at a depth of 994 m of Nishime-oki exploratory
well, seated in lower Tentokuji formation. In microscopic observation,
most are amorphous matrix, with pumices of quartz and feldspar, less than
0.05mm in size.

SAC(822): This was collected from a depth of 1506 m of Nishime-oki well.
Stratigraphically it belongs to upper Funakawa formation. It is quite
similar to SAB(S21) in petrofabric.

SAD(S23) : This was collected from 1811m deep, Funakawa formation of
Nishime-oki well. It is whitish grey, acidic tuff. Pumice size is a little
bigger than SAB(S21) and SAC(S23). The matrix exhibits lamination
structure, partly amorphous and partly microcrystalline. The pumices
consist of angular quartz, feldspar, and biotite.

NL(S35): This is called Nampeizawa tuff, found in Funakawa formation. It
is acidic, white, medium grained tuff. Most parts of the ground-mass are
amorphous. The pumice content is a little, consists of quartz, orthoclase,
and a little augite.

NG(S44): This is also found in the upper part of Teradomari formation,
known as Hozumi tuff. It is medium grained pumice tuff. The pumices
occupy about 30% in area, and consist of quartz and feldspar, from 0.2
to 0.1mm in size. The matrix is amorphous, and exhibits somewhat
lamination structure.

NH(S45): This is known as Katsumi tuff, seated in the upper part of
Teradomari formation. It is white-coloured, rather fine grained acidic tuff.
The phenocrysts, less than 0.5mm in size, include quartz, orthoclase and
plagioclase. Most of the phenocrysts are granular. The ground-mass is
mostly amorphous, and partly changes to sericite.

NI(S46) : This is stratigraphically found between Shiiya and Teradomari
formations and known as Gomoto or Betsuyama tuff. It contains coarse
grained pumice, which consists of feldspar and quartz, 1.0 to 2.0mm in
size. The matrix, 20% in area are amorphous.

SDB(S49) : Acidic tuff from a depth of 2485m of Obuchi exploratory well.
It belongs to Shiiya formation. It is white, fine grained pumice tuff,
consists of mostly quartz and feldspar.

SFC(S60) : This was collected from Nanatani formation of Masugata
exploratory well at a depth of 4510 m. In this case, the Nanatani formation
consists of mostly greenish grey or whitish grey liparite or liparitic tuff
for several hundreds meters in thickness. This specimen is whitish grey
liparite, which contains much plagioclase.

SFD(S61) : This was collected from so-called Green Tuff beds, Tsugawa
formation of Masugata well at a depth of 5000m. This rock of Tsugawa
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formation consists of altered basalt, basaltic tuff, of tuff breccia. This
specimen is rather andesitic including orthoclase.

12. XO(S66) : This was collected from Nishiyama formation of Kambara GS-1
exploratory well at a depth of 2097m. It is white, liparitic tuff. The
ground-mass is amorphous, and contains fragments of quartz and
zeolitized feldspar. The size of the fragments is approximately 0.1 mm or
less.

13. XP(S67): This was collected from Nishiyama formation of Kambara GS-1
well, too. It is hornblende andesite bearing biotite. The size of phenocrysts
is from 3 to 5mm. The ground-mass is microcrystalline.

14, XIN(S70): This is known as Kimyozan tufl in Matsushiro, Nagano Prefec-
ture. It is hypersthene-augite andesite. The size of phenocryst ranges
between 0.2 and 2.0mm, mostly about 1.0mm. The ground-mass is
microcrystalline. It was dated as 5.4 million years ago by K-Ar method.

15. XIP(S71): This is the specimen from Minagami-yama in Matsushiro.
Minagami-yama andesite is hornblende andesite, bearing augite and
hypersthene. Minagami-yama mountain is lava dome, Pleistocene in age.

16. ZU(S83): This is white acidic tuff from Hayama group. It contains ashes
of quartz and feldspar in amorphous matrix.

17. XF(S90): This was collected from Uridake formation of WNishisonogi
formation. It is greenish grey acidic tuff. The matrix exhibits lamination
structure with flakes of opaque minerals. The ashes are aggregates of
quartz, orthoclase, and plagioclase, about 0.1mm in size. In the specimen
XF(S90), 4/5 length of the middle is tuff, and both ends are of common
mudstone.

18, XM(S92) : Hypersthene olivine basalt from Nishisonogi, Nagasaki Prefecture.
This basalt is a part of the basaltic rocks that develop over northwestern
Kyushu. The specimen contains phenocrysts of plagioclase, olivine, and
hypersthene, most of which are 0.5 to 1.0mm in size. The ground-mass
exhibits ophitic structure.
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As a general rule, each issue of the Report, Geological Survey of Japan will have one
number, and for convenience’s sake, the following classification according to the field of

interest will be indicated on each Report.

[ a. Geology
b. Petrology and Mineralogy
A. Geological & allied | c. Palcontology
sciences I d. Volcanology and Hot spring
e. Geophysics
. f. Geochemistry
{a. Ore deposits
b. Coal
B. Applied geology ) ¢. Petroleum and Natural gas
d. Underground water
e. Agricultural geology and Enginecring geology
. f. Physical prospecting, Chemical prospecting and Boring

C. Miscellaneous
D. Annual Report of Progress
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HosHivo, K. et al.

Mechanical Properties of Japanese Tertiary Sedimentary Rocks
under High Confining P’ressures
Kazuo HosHino, Hitoshi Koipg, Kazuo INAMI,
Shigeo IwAMURA & Shinobu Mitsul
Report, Geological Survey of Japan, no. 244, p. 1~200, 1972
334 illus., 23pl., 4 tab.
One hundred Tertiary sedimentary rocks in Japan were experimentally deformed
under confining pressures (up to 2,500kg/cm2)at room temperature in a strain
rate of 107* to 1079/sec. The results of experiments are summarized in tables,
stress-strain curves and Mohr's diagrams. The authors discuss relations among
strength, confining pressure, deformational behavior, angle of fracture, strain at
fracturing, failure type, porosity, ‘grain size, axial shortening, sampled depth,
wave velocity, geological age, stratigraphic level and tectonic environment. The
Tertiary sedimentary rocks are compacted with geologic age and depth, although
the degree of compaction is different in sedimentary basins.
552.5 : 551,78 : 53(52)
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